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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Introduction 

Trauma remains the leading cause of death in people under 401,2 and accounts for 
9% of total deaths worldwide1. To put this into perspective, this is nearly 1.7 times 
the number of deaths caused by malaria, HIV/AIDS and tuberculosis combined1. 
Historically, trauma mortality was described to be trimodel, distinguishing immediate 
deaths (< 1 hour), early deaths (< 24 hours) and late deaths (> 24 hours)3–5. 
Immediate and early deaths are mostly the result of injuries leading to nonsurvivable 
exsanguination or irreversible neurological damage5. Late deaths, on the other hand, 
are mainly the result of either severe neurological injuries or immune-related 
complications3,4,6. These immune-related or inflammatory complications typically 
occur after 4 days post-trauma, causing a mortality peak between week 1 and 37. 
Over the past decades, advances in resuscitation, damage control and intensive 
care led to a dramatic decrease in immune-related mortality in the Western world5,7–

11. Nonetheless, immune-related complications after trauma, and especially 
infections, remain a significant cause of morbidity and mortality after trauma 
worldwide12–14. Moreover, the decreased mortality rates underscore that immune-
related deaths are preventable mortality and that possibilities to further improve 
trauma outcomes worldwide are related to these complications and their underlying 
processes.  

 

Immune-related complications after trauma 

Immune-related complications occur when the immune responses to tissue injury 
become dysregulated15. In the first 3-4 days, this dysregulation can be observed as 
an overwhelming immune activation, which can cause hyperinflammatory 
complications leading to organ dysfunction16. In the days thereafter, patients can go 
into a refractory immune state, during which they are prone to develop infectious 
complications such as sepsis16. Advances in trauma care led to a significant 
decrease in early hyperinflammatory complications, leaving the infectious 
complications as main challenge17. Over 50% of the trauma patients admitted to the 
Intensive Care Unit (ICU) still develop these infectious complications18. Since 
complication related mortality rate has decreased, more severely injured patients 
survive the initial weeks after trauma and can now progress into a state of prolonged 
immune dysregulation during which patients are prone to develop late infectious 
complications (> 2 weeks). Some of these patients develop multiple infections, 
experience loss of lean body mass and have disproportional difficulties recovering. 
The combination of these symptoms fits with a clinical phenotype that recently has 
been described as the persistent inflammation, immunosuppression and catabolism 
syndrome (PICS)19–21. This should not be confused with the post-intensive care 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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syndrome, also abbreviated as PICS, which is characterized by impairment in 
psychological health, cognition, and physical function after ICU admission22. The 
initial statement paper of Rosenthal and Moore suggested that PICS (persistent 
inflammation, immunosuppression and catabolism syndrome) causes substantial 
morbidity in the trauma population and that it is associated with high mortality rates 
(up to 50%)21. This implies that PICS is one of the most severe immune-related 
complications that can occur after trauma. As such, it is possible that instead of being 
a single entity, PICS should be seen as a combination of symptoms that is at the 
end of the spectrum of immune-related complications after trauma. Investigating 
PICS could therefore not only reveal information about the syndrome itself, but also 
about trauma-induced immune dysregulation and long term inflammatory 
complications after trauma. 

 

Immune analysis for prediction and monitoring of infectious complications  

Although advances have been made in understanding the post-traumatic immune 
responses, it remains challenging to identify patients at risk for both short-term and 
long-term infectious complications after trauma. Clinical biomarkers used to detect 
infectious complications (leukocyte counts and C-reactive protein (CRP)) become 
positive after or just before the onset of complications23,24. As a result, infectious 
complications are mostly recognized too late; after clinical deterioration, leaving no 
opportunity for early or preventive interventions. Furthermore, it is essential to 
observe patients who have developed an infection to monitor the effects of treatment 
and to gain information on the normalization of the immune system. Since generally 
used biomarkers such as mentioned above, remain positive for a while even after 
infections have resolved, there is an unmet need for more accurate ones. 

 

Neutrophils as a biomarker after trauma   

After trauma, numerous inflammatory mediators circulate in the blood to modulate 
the post-traumatic immune responses, such as damage-associated molecular 
patterns, pro-inflammatory cytokines and anti-inflammatory cytokines. Neutrophils 
integrate the signals of these single mediators into a cellular response. Hence, 
neutrophil biomarkers could give an overall idea of the cumulative effect of these 
mediators, representing the inflammatory state after trauma. Neutrophils play an 
essential role after trauma by resolving tissue damage and by forming the defense 
against bacteria by phagocytosis, the release of antimicrobial molecules, and the 
release of neutrophil extracellular traps (NETs)25–27. Hence, neutrophil analyses 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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have the potential to reflect the inflammatory state of the patient, as well as provide 
critical information on the effector cells of importance after trauma. 

In this context, multiple studies investigated neutrophils after trauma. For a long time, 
the neutrophil pool was thought to be a homogenous pool of short-lived cells that 
migrate into tissues with as single mission the eradication of bacteria28. Recently, 
however, it was found that neutrophils live up to approximately 5 days29,30 and that 
they are involved in many processes ranging from acute injury and infections to 
chronic inflammatory processes and cancer.28,31–33  Different neutrophil subtypes 
were identified in the blood during various clinical conditions34–38. After trauma, it was 
found that specific neutrophil subtypes with different phenotypes and functions were 
mobilized into the blood39–41. Much remains to be elucidated about these neutrophil 
subtypes and their role in the immune responses to injury because most studies 
investigated the neutrophil pool as a whole. Also, many studies focused on 
neutrophil receptor expression after trauma, but very little is known about actual 
neutrophil function in the peripheral blood and in the tissues. Moreover, longitudinal 
data on neutrophils that can be used for immunemonitoring after trauma, are scarce. 
Therefore, this thesis describes studies on neutrophil changes as complex 
biomarkers that can be measured immediately after trauma and over time, with a 
specific emphasis on neutrophil (functional) heterogeneity. The aim of these studies 
is to find biomarkers suitable for immunemonitoring after trauma and for early 
identification of trauma patients at risk for infectious complications.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Outline of the thesis 

Chapters 2-4 give an overview of the clinical challenges after trauma with respect to 
immune-related complications. Chapter 2 describes a new model for the post-
traumatic immune response, the role neutrophils and neutrophil subtypes play in this 
response and how this relates to specific immune-related complications after 
trauma. Chapters 3 and 4 then focus on one of the most severe and lesser known 
complications, PICS, to describe the severe end of the spectrum of post-traumatic 
inflammatory complications. These chapters cover the clinical course (chapter 3), 
the incidence (chapter 4), the accuracy of diagnostic markers (chapter 4) and overall 
clinical outcomes of PICS (chapter 4).  

Next, chapters 5 to 7 focus on immunemonitoring of trauma patients using 
hemocytometry measurements that are readily available in the hospitals' databases. 
In these chapters it is discussed how hemocytometer measurements can be used 
to assess the risk of nonunion (chapter 5), to identify organ dysfunction (chapter 6), 
and to detect severe critical illness and clinical deterioration (chapter 7). In contrast, 
chapter 8 investigates differences between hemocytometry and flowcytometry for 
the detection of a “left shift” (presence of younger neutrophils) after trauma. 

Subsequently, chapters 9 and 10 continue with the use of flow cytometry for 
immunemonitoring of trauma patients. These chapters describe the usage of fully 
automated flow cytometry for the development of point-of-care assays for neutrophil 
phenotype (chapter 9) and neutrophil functionality (chapter 10). Also, it is 
investigated how such assays can be used for the initial assessment (chapter 9) and 
monitoring (chapter 10) of trauma patients.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Abstract 

Background: Trauma leads to a complex inflammatory cascade that induces both 
immune activation and a refractory immune state in parallel. Although both 
components are deemed necessary for recovery, the balance is tight and easily lost. 
Losing the balance can lead to life threatening infectious complications as well as 
long-term immunosuppression with recurrent infections. Neutrophils are known to 
play a key role in these processes. Therefore, this review focusses on neutrophil 
characteristics and function after trauma and how these features can be used to 
identify trauma patients at risk for infectious complications. 

Results: Distinct neutrophil subtypes exist that play their own role in the recovery 
and/or development of infectious complications after trauma. Furthermore, the 
refractory immune state is related to the risk of infectious complications. These 
findings change the initial concepts of the immune response after trauma and give 
rise to new biomarkers for monitoring and predicting inflammatory complications in 
severely injured patients. 

Conclusion: For early recognition of patients at risk, the immune system should be 
monitored. Several neutrophil biomarkers show promising results and analysis of 
these markers has become accessible to such extent that they can be used for point-
of care decision making after trauma.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Background 

Both mortality and morbidity after trauma have globally decreased in the past 
decades1. However, trauma remains the leading cause of death in people under the 
age of 40 worldwide2,3. The reason that more patients survive the initial trauma 
nowadays is mainly due to advances in (surgical) hemorrhage control and 
resuscitation4. However, after this first critical phase, patients can deteriorate again 
due to immune-related complications, such as an overwhelming immune response, 
severe infections or recurrent infections later on5,6.  

 After trauma, the injury induces an immediate innate immune response to 
protect disrupted barriers from pathogens, to clear tissue damage and to induce 
healing7. Many humoral and cellular mediators including leukocytes, the coagulation 
and complement cascades strictly regulate these processes. However, sometimes 
these processes become dysregulated and severe immune mediated complications 
can occur8. Neutrophils are the most abundant leukocytes of all innate effector cells, 
and the first responders to tissue damage and invading pathogens9. These cells are 
able to internalize and kill microbes, as well as to perform tissue debridement and 
attract monocytes to initiate healing10. Therefore, neutrophils are known to play a 
key role in the post-traumatic immune response11,12. Moreover, neutrophils do not 
only sense and clear molecular danger, but also respond to many soluble factors 
and it is likely that neutrophils therefore represent the cumulative effect of these 
factors13. Hence changes in neutrophil phenotype could be one of the most accurate 
monitoring opportunities of the immune system currently available. Several reviews 
focused on neutrophils and post-traumatic complications14–17. Since then, however, 
new data on the post-traumatic immune response and the role of neutrophils in the 
development of infectious complications have become available. Although several 
recent reviews discuss the immune response after tissue trauma, the neutrophil 
kinetics and the pathologic role which neutrophil subtypes might play in these 
processes, are only slightly touched upon7,17. Furthermore, due to reduced mortality, 
the clinical scope of interest has shifted from complications shortly after injury to 
long-term outcomes, such as recurrent infections and functional recovery18–20. This 
review discusses the up-to-date knowledge and hypotheses on the role of 
neutrophils and their subtypes after trauma in the development of both short-term 
and long-term clinical outcomes, with a special focus on infectious complications.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Methods 

For this narrative review, a literature search was performed using PubMed, Embase 
and Cochrane Library by two authors (LH, RS) in July 2018. English or Dutch articles 
were included. No restrictions on publication date were applied. When articles were 
not available in full text, the author was contacted. Cross reference check was used 
to search for additional articles. Included articles were imported into reference 
manager Mendeley and duplicates were removed. Articles that were not relevant for 
this review and articles with low validity, were excluded. Data regarding neutrophil 
(subset) function (e.g. phagocytosis, killing, production of antimicrobials and NETs), 
the post-traumatic immune response and monitoring the immune system, were 
extracted from the included articles.  

 

Main text 

The innate immune response to severe trauma: losing the balance  

The immune response after major trauma is characterized by initial immune 
activation, followed by a refractory immune state (Figure 1)15,21. It is thought that the 
impact of injury and the correlating degree of tissue damage (often denominated by 
the injury severity score (ISS)22) determine the amplitude of these components23,24. 
Both components seem to be necessary after trauma: the immune activation to 
resolve tissue damage and combat invading pathogens and the refractory immune 
state to resolve persistent overwhelming inflammation. However, these components 
can become dysregulated. Severe injury, especially when accompanied by 
additional insults such as hemorrhagic shock, mechanical ventilation and major 
operative procedures, can cause extensive tissue damage leading to overwhelming 
immune activation14,25. This overwhelming immune activation (e.g. the systemic 
inflammatory response syndrome (SIRS)), if severe, can lead to barrier dysfunction 
and organ dysfunction15,26.  It is thought that migration of activated neutrophils into 
organs is one of the key components in the development of early organ dysfunction 
(e.g. multiple organ dysfunction syndrome (MODS) and acute respiratory distress 
syndrome (ARDS))27–29.  

 The following inflammatory response, initially described as anti-
inflammatory30, is characterized by a period in which patients are more susceptible 
to nosocomial infections, viral reactivations, and sepsis. During this period, patients 
can develop a septic shock and late, infectious related MODS15. Hence the 
occurrence of MODS was originally described to have a bimodal distribution caused 
by either an excessive early pro-inflammatory response or an excessive late anti-
inflammatory response30. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Later it was recognized, however, based on cytokine profiles, leukocyte function and 
leukocyte gene expression, that the anti-inflammatory response largely coincided 
with the pro-inflammatory response after trauma21,31–34. Inflammatory complications 
were found to be associated with extravasation of activated neutrophils27,28,32 and 
infections with the presence of less responsive neutrophils in the circulation8,35. For 
example, neutrophils normally express C5aR abundantly to migrate towards the 
potent chemoattractant C5a generated in damaged or infectious tissues36. However 
after trauma, neutrophils with a loss of expression of C5aR (CD88) have been found 
in the circulation of trauma patients37, especially in those patients who later 
developed infectious complications or MODS38,39. An explanation for these findings 
could be that activated neutrophils migrate into damaged tissues leaving the less 
competent or dysfunctional neutrophils behind. This implies that the susceptibility to 
infections is not caused by an active anti-inflammatory process, but rather by an 
immune refractory period caused by loss of more competent neutrophils from the 
bloodstream. Hence, instead of a “pro-inflammatory response” and an “anti-
inflammatory response” as causes of immune mediated complications after trauma, 
it might be more accurate to refer to excessive “immune activation” and “refractory 
immune state”, respectively.  

 Over the past years the incidence of severe infections has significantly 
decreased and in particular late MODS has become rare40–42. Also, mortality due to 
severe infections has dramatically decreased over time40. Since more trauma 
patients survive the first weeks after trauma, especially when treated by trauma 
experts, nowadays more attention is drawn to the clinical course after this first critical 
period4,6,43,44. A small portion of patients that survive this period, now progress to a 
state of persistent immunosuppression, characterized by a long Intensive Care Unit 
(ICU) stay and recurrent nosocomial infections6,45. This phenomenon is often 
observed in combination with persistent inflammation and increased protein 
catabolism and is thus called the persistent inflammation, immunosuppression and 
catabolism syndrome (PICS)44. Recurrent wound- or fracture-related infections and 
failure to sufficiently rehabilitate, as seen in these patients, form an increasing 
problem for both patient and society18,44. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Figure 1. Concept of inflammatory response after trauma. Trauma leads to immune activation, during 
which the most competent neutrophils are mobilized into tissues, leaving the less competent neutrophils 
behind in the circulation. The green lines represent the uncomplicated course after trauma. The immune 
response can become dysregulated by overwhelming immune activation (upper red line), a refractory 
immune state (lower red line) or low-grade inflammation and immune impairment later on (both red lines). 
The vertical axis indicates the immune status. The horizontal axis represents time after trauma. SIRS = 
systemic inflammatory response syndrome, PICS = persistent inflammation, immunosuppression and 
catabolism syndrome.  
  
 
 
Neutrophil function as key factor in the post-traumatic immune response 

The inflammatory response after trauma is initiated by damage-associated 
molecular patterns (DAMPs) and microbe-associated molecular patterns 
(MAMPs)16. DAMPs or “alarmins” are endogenous compounds released by cellular 
injury46,47. MAMPs are non-self-molecules derived from microbial agents that can 
enter the blood stream after trauma due to contaminated wounds, intestinal injuries 
or broken barriers7,48. DAMPs and MAMPs can activate neutrophils through pattern-
recognition receptors (PRRs), which induce an amelioration in a range of neutrophil 
functions7,49. Also, these molecules cause an increase in circulating neutrophils from 
the marginated pool (neutrophils adhered to vascular endothelium that are not 
measured in the bloodstream under normal circumstances) as well as from the bone 
marrow, a process generally referred to as emergency granulopoiesis50. Although 
the mechanisms of emergency granulopoiesis are not well described, it is thought 
that this process leads to an increased generation of immature and mature myeloid 
cells in the bone marrow at the expense of lymphopoiesis and erythropoiesis4,51,52.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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After trauma, neutrophils help to resolve tissue damage and to form a sufficient 
defense against bacteria by phagocytosis, release of antimicrobial molecules 
through degranulation, and the release of neutrophil extracellular traps (NETs)7,53,54. 
Antimicrobial molecules include proteases and reactive oxygen species (ROS). 
These molecules are essential for bactericidal activity, but can also contribute to 
collateral organ damage of the host when released into tissues17. At the same time, 
disrupted protective barriers7 in combination with the presence of 
immunosuppressive neutrophils55,56 and less responsive neutrophils8,13,32,35,57, 
enhance the susceptibility to post-traumatic infections. The knowledge that there are 
less responsive and immunosuppressive neutrophils in the circulation after trauma 
is relatively new and not much is known about the clinical implications of these 
neutrophils. Therefore, specific emphasis on these neutrophil subtypes in relation to 
inflammatory complications is needed.    

 

Neutrophil heterogeneity and its role in post-traumatic complications 

 

Neutrophil subtypes during inflammation 
Neutrophils were traditionally considered a homogenous pool of cells, but lately a 
growing body of evidence shows heterogeneity within this pool, both morphologically 
and functionally58–64. After severe injury, neutrophils in different maturation stages 
are rapidly released into the bloodstream, leading to an increase in total leukocyte 
count28,55,65,66. A rapid decrease in leukocyte counts afterwards has been associated 
with excessive migration of activated neutrophils via activated endothelial surfaces 
into tissues and septic complications later on27,65,67. Insight into which neutrophils 
migrate into tissues and cause further damage, as well as insight into which 
neutrophils remain in the blood stream and by impaired functions cause increased 
susceptibility to infections, might reveal diagnostic as well as therapeutic options for 
inflammatory and infectious complications after trauma.  

 

Low density neutrophils  
Numerous studies have aimed to identify neutrophil subtypes during inflammatory 
conditions58,61,62,68–74. Neutrophils with immunostimulatory and neutrophils with 
immunosuppressive characteristics have been described. In this context, low density 
neutrophils (LDN) have gained much attention lately60,70,71,75,76. These neutrophils 
can be distinguished after density gradient centrifugation of blood from patients with 
systemic inflammation due to e.g., trauma, infections, autoimmune diseases and 
cancer60,77. After density gradient centrifugation of whole blood, LDNs can be 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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isolated from the peripheral blood mononuclear cell (PBMC) fraction, whereas 
normal density neutrophils (NDNs) can be isolated from the polymorphonuclear 
(PMN) cell fraction, the fraction where neutrophils are normally found during 
homeostasis. LDNs are generally described as activated neutrophils and can be 
divided into (1) immature neutrophils, (2) immunosuppressive LDNs, also known as 
the “granulocytic myeloid derived suppressor cells” (MDSCs), and (3) pro-
inflammatory LDNs60. The definition of the pro-inflammatory LDNs relies on their 
enhanced or primed release of pro-inflammatory cytokines and NETs compared to 
NDNs60,71. Paradoxically, in the same fraction of these immune-stimulating 
neutrophils (and thus with similar buoyancy), the immunosuppressive LDNs are 
found. These immunosuppressive LDNs are so defined by their ability to suppress 
T-cells (both the proliferation as well as their IFNγ production) through CD18-
mediated arginase 1 release and/or ROS60,70. The mature LDNs can be 
distinguished from the immature LDNs by CD10 expression70. It was found that the 
immature LDNs (CD10-), in contrast to the mature LDNs (CD10+), were able to 
promote T-cell survival, proliferation and IFNγ production70. Thus, the LDNs form a 
heterogeneous population of neutrophils with increased buoyancy as common 
factor. The appearance of these cells is related to inflammatory pathologies and, 
based on some correlation between disease severity and the amount of LDNs60, 
clinical interest in these cells is raised. However, the role these cells might play in 
the immune processes after trauma needs to be further elucidated.   

 

VLA-4 positive neutrophils 
Another distinct neutrophil subset that was lately identified in mice, was a subset of 
very late antigen-4 (VLA-4 (CD49d/CD29)) positive pro-angiogenic neutrophils58. 
These neutrophils exhibit a higher expression of vascular endothelial growth factor 
receptor 1 (VEGFR 1) and C-X-C chemokine receptor type 4 (CXCR4)78 and 
recruitment of these cells to hypoxic tissues is associated with enhanced vessel 
growth79. VLA-4 positive neutrophils have also been identified in a murine model of 
infection by Tsuda et al.61 In this study, PMN-I (CD49dhighCD11blow) and PMN-II 
(CD49dlowCD11bhigh) neutrophils were isolated from methicillin-resistant 
Staphylococcus Aureus (MRSA)-resistant hosts with mild SIRS and MRSA-
susceptible hosts with severe SIRS, respectively. These findings suggest that the 
presence of CD49dhighCD11blow neutrophils decreases the susceptibility to MRSA 
infections. The PMN-I and PMN-II neutrophils exhibited differences in expression of 
Toll-like receptors, cytokine patterns and interaction with macrophages, indicating 
that these neutrophils were derived from functionally different neutrophil subtypes. 
Although the clinical significance in humans is yet to be determined, especially in the 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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context of trauma, these findings do underscore the functional relevance of 
neutrophil heterogeneity.  

 

Neutrophil subtypes in relation to trauma 
Neutrophil subtypes that have been studied in humans after trauma include subtypes 
based on neutrophil maturation. Under homeostatic conditions, there is only a 
homogeneous population of mature neutrophils (CD16bright/CD62Lbright) with a 
segmented nucleus circulating in the peripheral blood. After trauma however, large 
amounts of immature neutrophils with a banded shaped nucleus 
(CD16dim/CD62Lbright) enter the circulation almost immediately 55,80, and after several 
days also hypersegmented neutrophils (CD16bright/CD62Ldim) can be observed55. In 
addition, after trauma an expansion is observed of immature myeloid cells with 
immunosuppressive properties, the myeloid-derived suppressor cells (MDSCs)81,82. 
It should be noted though, that the function of these maturation subtypes is mainly 
studied in a human endotoxin model and unambiguous translation to trauma might 
not be accurate.  

 

Neutrophil subtypes in the human endotoxin model 
The human endotoxin model, in which lipopolysaccharide (LPS) is intravenously 
administered to healthy volunteers, is a well-accepted model to study acute 
inflammation such as that found during SIRS83. It seems that challenge with LPS (a 
MAMP) and injury (through DAMPS mainly, but also by MAMPs) both cause a similar 
increase in neutrophil count84 and appearance of neutrophil subtypes (banded, 
segmented and hypersegmented neutrophils)55 in the circulation. Regarding 
neutrophil phenotype, however, both similarities85 as well as differences84 between 
the LPS model and the situation found after injury, have been reported. Therefore, 
caution should be taken in extrapolating experimental findings derived from LPS 
models to the clinical setting. However, data from LPS studies are often less 
heterogenic and due to a lack of trauma data, the best available data on this subject.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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The hypersegmented neutrophil as ‘Trojan horse’ 
After trauma, as well as after LPS administration, banded and hypersegmented 
neutrophils can be observed in the circulation55,68. Based on proteome profiling, 
banded and segmented neutrophils show similar characteristics68. However, banded 
neutrophils have a 2-day shorter maturation time68. Thus, neutrophil maturation 
seems to coincide with an increase in nuclear lobes. Therefore, it is tempting to 
speculate that hypersegmented neutrophils are even “older” than segmented 
neutrophils. However, comparison of proteomes, suggests that hypersegmented 
neutrophils are a truly separate subset recruited to the bloodstream during 
inflammation68. Hypersegmented neutrophils do not only differ in phenotype, but 
also in functionality. Endothelial adhesion, important for neutrophil migration into 
tissues, is decreased in these cells, probably due to a low expression of L-selectin 
(CD62L)86. Also, it has been described that hypersegmented neutrophils are able to 
suppress T cell proliferation through release of H2O2 in the immunological synapse 
created by the integrin Mac-155. Lastly, hypersegmented neutrophils were found to 
be less capable of preventing bacterial outgrowth than banded and segmented 
neutrophils in a LPS model56. Banded neutrophils showed the best antimicrobial 
capacity, in contrast to what was suggested before87. The reason for increased 
bacterial outgrowth in hypersegmented neutrophils was impaired intracellular killing 
after adequate phagocytosis, most likely due to a deficit in the acidification of the 
phagolysosome56. If this leads to a release of bacteria back in the circulation, this 
could have detrimental effects for the host. The hypothesis that hypersegmented 
neutrophils may act as “Trojan Horses” during systemic inflammation, complies with 
our observation that severe infectious complications are mainly seen after 5 days 
post-trauma35 when there are also hypersegmented neutrophils in the circulation. 
Neutrophil lifespan is estimated to be approximately 5 days88,89. It is possible that 
the massive release of neutrophils into the bloodstream immediately after trauma, 
leads to depletion of well-functioning neutrophils 5 days later. Hypothetically, this 
could lead to the release of inferior hypersegmented neutrophils or a release of 
immature not adequately functioning neutrophils (progenitors) into the blood stream. 
It is tempting to speculate, that in this case, intravenous application of normally-
segmented neutrophils with an uncompromised bactericidal activity may be 
beneficial for the posttraumatic course.  

 

Less competent neutrophils after injury contribute to bloodstream infections  
Immediately after severe injury, neutrophil activation is observed, characterized by 
increased expression of activation epitopes (e.g. CD11b)12,33,90 and decreased 
expression of L-selectin (CD62L)12,33.  This is followed by a decrease in activation 
markers of circulating neutrophils8,91,92 and the presence of highly activated 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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neutrophils in the lungs13. This implies that the most activated neutrophils migrate 
into tissues and the less activated neutrophils are left behind in the circulation, a 
phenomenon also seen in eosinophils during asthmatic airway inflammation93. For 
example, in the setting of porcine traumatic hemorrhagic shock, the 
electrophysiological membrane potential of blood neutrophils becomes 
unresponsive towards potent anaphylatoxin stimuli in comparison to pre-shock 
neutrophil function94. Another finding that supports this hypothesis is that neutrophils 
in the peripheral blood show decreased responsiveness towards the bacteria-
derived stimulus N-formyl-methionyl-leucyl-phenylalanine (fMLF) after severe 
injury8,13,32,57,91,95. The more severe the injury, the less neutrophils responded to 
fMLF in the expression of active FcγRII and CD11b57. The decrease in neutrophil 
responsiveness was found to have a strong association with the development of 
septic shock several days later35. These findings support the hypothesis that partly 
refractory, possibly less competent neutrophils are left behind in the circulation after 
severe injury and that this enhances the susceptibility to bloodstream infections.  

 Recently, it was recognized that competitive phagocytosis exists among 
neutrophils64. This refers to the finding that all neutrophils are able to phagocytose 
bacteria, but some are more potent than others. It seems plausible that the more 
potent neutrophils represent the neutrophils that enter the tissues after activation, 
while the less potent neutrophils stay in the bloodstream. It was shown that, in the 
absence of these more potent neutrophils, the less potent neutrophils start 
phagocytosing bacteria64. It is unknown if these neutrophils are able to adequately 
compensate for the loss of the more potent neutrophils. It is tempting to speculate 
that these less potent neutrophils are also less competent in bacterial clearance and 
thus might contribute to the enhanced susceptibility to bloodstream infections after 
trauma. Further research is needed to investigate which neutrophils exactly remain 
in the bloodstream and how this relates to post-traumatic infections. 

 

Immunosuppressive myeloid cells contribute to long-term inflammatory 
complications 
Lately, a growing body of evidence suggests a role for MDSCs in the pathogenesis 
of post-traumatic inflammatory complications. MDSCs are a heterogeneous pool of 
immature myeloid cells96, that circulate in low numbers in the peripheral blood of 
healthy individuals, but increase during cancer and (post-traumatic) inflammation4,82. 
MDSCs seem to have the potential to mature, but are inhibited to do so in the 
environment of chronic inflammation81. These cells were found to promote 
immunosuppression through the inhibition of T-cell proliferation and the production 
of anti-inflammatory cytokines, suggesting a contribution of the MDSCs to the 
restriction of the posttraumatic response72,97,98. On the other hand, MDSCs are also 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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known to be involved in persistent inflammation through the production of ROS, nitric 
oxide and myeloperoxidase72,97. During sepsis, the role of MDSCs remains elusive 
and both protective and harmful effects of these cells have been reported4,81. 
However, regarding long-term post-traumatic complications, persistent expansion of 
granulocytic MDSCs seems to have harmful effects mainly. In this stage, these cells 
are associated with increased mortality, prolonged ICU stay, recurrent nosocomial 
infections and poor discharge status6,97,99. The combination of immunosuppression, 
persistent low-grade inflammation, recurrent nosocomial infections, prolonged ICU 
stay and other adverse long-term outcomes, is consistent with the PICS phenotype. 
Thus, these studies support the concept of a pathophysiologic role of persistent 
expansion of the granulocytic MDSC pool in the development of PICS. 

 

Altogether, these studies support the hypothesis that specific neutrophils subtypes 
are involved in the pathogenesis of post-traumatic inflammatory complications 
(Figure 2). Accumulation of activated neutrophils in organs can contribute to organ 
dysfunction. At the same time, refractory and possibly less competent neutrophils in 
the circulation pose a threat in case of invading pathogens, subsequently causing 
bloodstream infections. Moreover, circulating neutrophils that can release 
pathogens in the circulation (hypersegmented neutrophils functioning as “Trojan 
horses”), could increase this risk of infections even further. Long-term inflammatory 
complications, such as seen in patients with PICS, seem to have a relation with 
persistent expansion of immature granulocytic cells, the granulocytic MDSCs. These 
findings underscore the importance of understanding the function and 
characteristics of various neutrophil subtypes. Although progression has been made 
in the last decade, much remains to be elucidated. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Figure 2. Schematic representation of theories regarding neutrophil subtypes and post-traumatic 
inflammatory complications. Under homeostatic conditions, there is a homogeneous population of mature 
neutrophils circulating in the peripheral blood. After trauma, large amounts of immature banded 
neutrophils enter the circulation. Injury leads to activation of neutrophils and the most activated 
neutrophils migrate into tissues, leaving less responsive and possibly less competent neutrophils behind 
in the circulation (the refractory neutrophils). Hypersegmented neutrophils are released into the blood 
stream after several days post-injury. These cells are known for their decreased bacterial killing after 
adequate phagocytosis. Therefore these cells could function as Trojan horses contributing to blood 
stream infections, especially when present in combination with refractory neutrophils. Also, granulocytic 
MDSCs with immunosuppressive and immunostimulatory properties, are observed after trauma. 
Persistent expansion of this granulocytic MDSC pool is associated with recurrent infection, prolonged ICU 
stay and increased mortality, consistent with the PICS phenotype. MDSC = myeloid derived suppressor 
cells, ICU = intensive care unit, PICS = persistent inflammation, immunosuppression and catabolism 
syndrome.  

 

Monitoring the immune system after trauma 

Understanding the immune system would enable early recognition of patients at risk 
for inflammatory complications after trauma, which is important since trauma 
patients can deteriorate quickly. Immune monitoring of trauma patients would 
provide integrated information about the severity of tissue damage, the reaction of 
the immune system on this tissue damage, the extent of systemic inflammation and 
the development of infectious complications. This information could guide clinicians 
in decisions regarding damage control surgery and resuscitation, the administration 
of (preventive) antibiotics and timing of definitive surgery. Even more, this would 
enable personalized treatment, which is vital since therapeutic measures that 
modulate the immune response can potentially avert inflammatory complications, 
but should not be used liberally because the immune response is tightly regulated 
and inappropriate use of such treatments could lead to further deterioration. It is 
tempting to speculate that clinicians could use neutrophil immune monitoring to 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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select those patients who would benefit from neutrophil transfusions, transfusions of 
specific neutrophil subsets or intracellular antibiotics functioning inside neutrophils 
that are unable to adequately kill bacteria and as such function as “Trojan horse”.   

 

Nowadays C-reactive protein (CRP) and leukocyte count are mainly used to monitor 
the development of infections. However, differences in these markers are usually 
observed after the onset of infections28,100,101 and to enable early interventions, there 
is a need for an earlier prognostic marker. Recently, increased neutrophil cell size 
has been proposed as an early marker, preceding organ dysfunction by two days28. 
The increase in neutrophil size preceded the increase in CRP and neutrophil count28 
and was independently associated with post-traumatic mortality102. However, a 2-
day interval between change in marker and clinical manifestations is still limited and 
only a moderate correlation was found between increased neutrophil size at 
admission and septic complications later on (unpublished results). Several studies 
attempted to find earlier markers with predictive value for post-traumatic septic 
complications. Non-neutrophil related markers that seemed useful included 
monocyte human leukocyte antigen-DR (mHLA-DR) and procalcitonin (PCT)100,103–

106. PCT showed the best results reaching specificity and sensitivity levels around 
70% when analyzed 1 day after trauma, and slightly more accuracy when analyzed 
over time103. Hence, PCT could be of value in predicting septic complications, 
although prognostic accuracy is still limited when used as single indicator107. Another 
disadvantage is that PCT is best analyzed in multiple longitudinal measurements, 
limiting the window of opportunity between measurements and onset of septic 
complications. A marker with predictive value found in a univariate analysis as single 
measurement immediately after injury, was fMLF-induced active FcγRII on 
neutrophils12,35. Expression of neutrophil fMLF-induced FcγRII showed high 
sensitivity (90%), with a rather low specificity (20%) in a heterogeneous trauma 
population35. Although this marker seemed to have negative predictive value 
immediately after trauma, multivariate analysis for correction of possible 
confounders is needed to confirm these results. Another prognostic marker found in 
a cohort of critical care patients, was decreased C5aR on neutrophils. A decrease 
in this receptor within 2 days after ICU admission was a strong predictor for 
nosocomial infections later on39. Although a similar decrease in C5aR has been 
observed in trauma patients37, further research should validate the predictive value 
of this marker in this population. Moreover, there is a need for additional markers to 
increase prognostic accuracy. Further studies should therefore focus on new 
biomarkers and combining existing biomarkers to develop an accurate predication 
model.   
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Advances in neutrophil analysis can enable clinical application after trauma 

Many neutrophil biomarkers can be analyzed using flow cytometry. During flow 
cytometry, single cells are measured based on light scattering and fluorescence 
detection108. This enables features like cell counting, measuring cell receptor 
expression and measuring intracellular components108. In the clinical setting, flow 
cytometry is frequently used for cell counting and immunophenotyping of 
lymphocytes in patients with cancer and immune deficiencies108,109. However, flow 
cytometry is also a useful technique to analyze neutrophils110. Characteristics like 
neutrophil size, neutrophil differentiation (banded, mature and hypersegmented 
neutrophils), neutrophil activation markers, responsiveness of these markers to 
bacterial stimuli, neutrophil viability and neutrophil phagocytosis, can all be 
measured using flow cytometry28,35,111–114. Although flow cytometry analysis of 
neutrophils has proven useful after trauma35, research on this topic is still limited. 
Possibly, this is because there are several challenges to encounter:  

1) To analyze most neutrophil characteristics other than neutrophil counts, blood 
needs to be manually processed by experienced laboratory personnel, which 
roughly takes about 2 hours.  

2) Neutrophils are sensitive to ex-vivo manipulation, which can cause neutrophil 
activation and might cause loss of fragile neutrophils during analysis115.  

3) Neutrophil characteristics quickly change over time, thus blood is best drawn as 
quickly as possible and preferably no later than an hour after trauma33,116.  

 

Advances in flow cytometry can presumably overcome these challenges. Recently, 
flow cytometers with automated sample preparation have become available. These 
flow cytometers are able to lyse red blood cells, stain leukocytes, count cell types, 
and analyze marker expression or intracellular staining112,117. Afterwards, analysis 
results can be automatically transferred into the electronic patient registry. The main 
advantages of such a closed system are that it does not require any expertise in 
laboratory techniques such as flow cytometry, that results are very reproducible117,118 
and that the analysis is quick (15 minutes instead of +/- 2 hours). In a clinical setting, 
laboratories recently started using these automated flow cytometers for lymphocyte 
analysis, in particular for determining CD4 T-cell counts in patients positive for 
human immunodeficiency virus (HIV)117,118. For neutrophil analysis however, these 
flow cytometers have never been used before. It is likely that the combination of 
features these flow cytometer offer, will minimize the previously described 
challenges in neutrophil analysis and will enable neutrophil research on a larger 
scale, as well as clinical application of neutrophil flow cytometry. With such flow 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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cytometers it is possible to analyze the aforementioned biomarkers (e.g. CD16, 
CD62L, C5aR, CD11b, FcγRII, neutrophil size) precisely and within 15 minutes after 
blood drawing by any health care worker. Furthermore, the design and features of 
these machines make it possible to measure samples directly after blood drawing, 
enabling point-of-care decision making after trauma. 

 

Conclusion  

Trauma leads to a complex inflammatory cascade in which many mediators are 
involved that induce immune activation as well as a refractory immune state. Both 
components seem necessary for recovery after trauma. However, overwhelming 
immune activation or an excessive refractory immune state after trauma can lead to 
immune mediated complications. Since neutrophils respond to multiple soluble 
factors and thus reflect the cumulative effect, neutrophils could be the most accurate 
read-out of the immune system currently available. Adequately monitoring the post-
traumatic immune response would enable early recognition of both short-term and 
long-term inflammatory complications. Neutrophil-related biomarkers have shown 
promising results and analysis of these markers is becoming more accessible and 
applicable. Future research should therefore focus on combining biomarkers to 
develop an accurate prediction model for post-traumatic inflammatory complications 
as a first step to improve personalized and point-of-care decision making after 
trauma. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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ARDS = Acute respiratory distress syndrome 
CRP = C-reactive protein  
CXCR4 = C-X-C chemokine receptor type 4  
DAMPS = Damage-associated molecular patterns  
fMLF = N-formyl-methionyl-leucyl-phenylalanine  
ICU = Intensive care unit  
ISS = Injury Severity Score  
LDG = Low density granulocyte 
LDN = Low density neutrophil  
LPS = Lipopolysaccharide  
MAMPS = Microbe-associated molecular patterns  
MDSC = Myeloid derived suppressor cells   
mHLA-DR = Monocyte human leukocyte antigen-DR   
MODS = Multiple organ dysfunction syndrome 
MRSA = Methicillin-resistant Staphylococcus Aureus  
NDN = Normal density neutrophil 
NET = Neutrophil extracellular traps  
PCT = Procalcitonin  
PICS = Persistent inflammation, immunosuppression and catabolism syndrome  
PMN = Polymorphonuclear  
PRR = Pattern-recognition receptor 
ROS = Reactive oxygen species 
SIRS = Systemic inflammatory response syndrome 
TAN = Tumor-associated neutrophil  
TGF-β = Transforming growth factor beta  
VEGF-A = Vascular endothelial growth factor A  
VEGFR1 = Vascular endothelial growth factor receptor 1  
VLA-4 = Very late antigen-4 (CD49d/CD29) 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 

40

CHAPTER 2

 

- neutrophils present in G-CSF-treated donors display opposite effects on T 
cells. Blood. 2017:blood-2016-04-713206. doi:10.1182/blood-2016-04-
713206. 

71.  Carmona-Rivera C, Kaplan MJ. Low density granulocytes: a distinct class of 
neutrophils in systemic autoimmunity. Semin Immunopathol. 
2014;35(4):455-463. doi:10.1007/s00281-013-0375-7.Low. 

72.  Gabrilovich DI. Myeloid-derived suppressor cells. Cancer Immunol Res. 
2017;5(1):3-8. doi:10.1158/2326-6066.CIR-16-0297.Myeloid-derived. 

73.  Fridlender ZG, Sun J, Kim S, et al. Polarization of Tumor-Associated 
Neutrophil (TAN) Phenotype by TGF-β: “N1” versus “N2” TAN. Cancer Cell. 
2009;16(3):183-194. doi:10.1016/j.ccr.2009.06.017.Polarization. 

74.  Deniset JF, Kubes P. Neutrophil heterogeneity : Bona fide subsets or 
polarization states ? J Leukoc Biol. 2018;103:829-838. 
doi:10.1002/JLB.3RI0917-361R. 

75.  Deng Y, Ye J, Luo Q, Huang Z, Peng Y, Xiong G. Low-Density Granulocytes 
Are Elevated in Mycobacterial Infection and Associated with the Severity of 
Tuberculosis. PLoS One. 2016;11(4):e0153567. doi:10.1371/j 
ournal.pone.0153567. 

76.  Wright HL, Makki FA, Moots RJ, Edwards SW. Low-density granulocytes : 
functionally distinct , immature neutrophils in rheumatoid arthritis with altered 
properties and defective TNF signalling. J Leukoc Biol. 2017;101:599-611. 
doi:10.1189/jlb.5A0116-022R. 

77.  Bryk JA, Popovic PJ, Zenati MS, Munera V, Pribis JP, Ochoa JB. Nature of 
Myeloid Cells Expressing Arginase 1 in Peripheral Blood. J Trauma, Inj Infect 
Crit Care. 2010;68(4):843-852. doi:10.1097/TA.0b013e3181b026e4. 

78.  Massena S, Christoffersson G, Vagesjö E, et al. Identification and 
characterization of VEGF-A-responsive neutrophils expressing CD49d , 
VEGFR1 , and CXCR4 in mice and humans. Blood. 2016;126(17):2016-
2027. doi:10.1182/blood-2015-03-631572. 

79.  Christoffersson G, Vågesjö E, Vandooren J, et al. VEGF-A recruits a 
proangiogenic MMP-9-delivering neutrophil subset that induces 
angiogenesis in transplanted hypoxic tissue. Blood. 2012;120(23):4653-
4662. doi:10.1182/blood-2012-04-421040. 

80.  Hampson P, Dinsdale RJ, Wearn CM, et al. Neutrophil Dysfunction, 
Immature Granulocytes, and Cell-free DNA are Early Biomarkers of Sepsis 
in Burn-injured Patients. Ann Surg. 2017;265(6):1241-1249. 
doi:10.1097/SLA.0000000000001807. 



41

THE COMPLEMENT SYSTEM IN AMD: A REVIEW

47

was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 

NEUTROPHIL HETEROGENEITY AFTER TRAUMA

2

 

2012;17(July):642-647. doi:10.3109/1354750X.2012.712161. 

103.  Ciriello V, Gudipati S, Stavrou PZ, Kanakaris NK, Bellamy MC, Giannoudis 
P V. Biomarkers predicting sepsis in polytrauma patients: Current evidence. 
Injury. 2013;44(12):1680-1692. doi:10.1016/j.injury.2013.09.024. 

104.  Jin H, Liu Z, Xiao Y, Fan X, Yan J, Liang H. Prediction of sepsis in trauma 
patients. Burn Trauma. 2014;2(3):106-113. doi:10.4103/2321-3868.135479. 

105.  Rajkumari N, Mathur P, Sharma S, Gupta B, Bhoi S, Misra MC. Procalcitonin 
as a predictor of sepsis and outcome in severe trauma patients: a prospective 
study. J Lab Physicians. 2013;5(2):100-108. doi:10.4103/0974-
2727.119852. 

106.  Cheron A, Floccard B, Allaouchiche B, et al. Lack of recovery in monocyte 
human leukocyte antigen-DR expression is independently associated with 
the development of sepsis after major trauma. Crit Care. 2010;14(6):R208. 
doi:10.1186/cc9331. 

107.  Ciriello V, Gudipati S, Stavrou PZ, Kanakaris NK, Bellamy MC, Giannoudis 
P V. Biomarkers predicting sepsis in polytrauma patients: Current evidence. 
Injury. 2013;44(12):1680-1692. doi:10.1016/j.injury.2013.09.024. 

108.  Adan A, Alizada G, Kiraz Y, Baran Y, Nalbant A. Flow cytometry: basic 
principles and applications. Crit Rev Biotechnol. 2017;37(2):163-176. 
doi:10.3109/07388551.2015.1128876. 

109.  Jaye DL, Bray RA, Gebel HM, Harris WAC, Waller EK. Translational 
Applications of Flow Cytometry in Clinical Practice. J Immunol. 
2012;188(10):4715-4719. doi:10.4049/jimmunol.1290017. 

110.  Kuethe J, Mintz-Cole R, Johnson B, Midura E, Caldwell C, Schneider B. 
Assessing the Immune Status of Critically Ill Trauma Patients by Flow 
Cytometry. Nurs Res. 2014;63(6):426-434. 

111.  Vermes I, Haanen C, Reutelingsperger C. Flow cytometry of apoptotic cell 
death. J Immunol Methods. 2000;243(1-2):167-190. doi:10.1016/S0022-
1759(00)00233-7. 

112.  Groeneveld KM, Heeres M, Leenen LPH, Huisman A, Koenderman L. 
Immunophenotyping of posttraumatic neutrophils on a routine haematology 
analyser. Mediators Inflamm. 2012;2012:509513. doi:10.1155/2012/509513. 

113.  Nordenfelt P. Quantitative Assessment of Neutrophil Phagocytosis Using 
Flow Cytometry. Quinn MT, DeLeo FR, eds. Methods Mol Biol. 
2014;1124:279-289. doi:10.1007/978-1-62703-845-4_18. 

114.  Fine N, Barzilay O, Glogauer M. Analysis of Human and Mouse Neutrophil 



Chapter 1B

46

for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Abstract 
 
Background: After trauma, patients occasionally suffer from recurrent infections, 
recover disproportionately slowly and experience loss of lean body mass despite 
adequate nutrition. Although not much is known about this phenotype, it is recently 
recognized as the persistent inflammation, immunosuppression and catabolism 
syndrome (PICS). Literature suggests that PICS is associated with poor long-term 
functional outcomes and high mortality rates. This paper reports on three patients 
who suffered from PICS after severe injury.  
 
Case presentation: Three patients, a 23-year old female, a 57-year old female and 
57-year old male, all severely injured after motor vehicle accidents, were 
hospitalized for 10, 23 and 22 weeks respectively, before being able to be 
transferred to a rehabilitation clinic. They suffered from multiple severe infections 
and lean body mass wasting until 2 to 3 years after the accident. Eventually, they 
fully recovered and now they are all event free.  
 
Conclusion: The description of these cases demonstrate the imbalance in which the 
immune system can be after severe trauma. Furthermore, these cases show that 
these patients can recover with adequate treatment and care, although it is a long-
term process. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 

CASE SERIES OF PICS
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Background 

Trauma is still the leading cause of death in patients aged under 451,2. However, 
recent studies showed a decrease in mortality, because fewer patients die of 
exsanguination3 and inflammatory complications such as acute respiratory distress 
syndrome (ARDS), sepsis, and multiple organ dysfunction syndrome (MODS)4,5. 
Since more patients survive the initial trauma and fewer patients die of inflammatory 
complications, more patients reside for a prolonged period in the intensive care unit 
(ICU) and develop a state called chronic critical illness (CCI)6. 

Some of these trauma patients with CCI experience disproportional trouble 
recovering and suffer from poor wound healing, recurrent and peculiar infections and 
excessive loss of lean body mass. This phenomenon has been described as the 
persistent inflammation, immunosuppression and catabolism syndrome (PICS)7,8. 
This should not be confused with the post-intensive care syndrome, also abbreviated 
as PICS, which is characterized by impairment in psychological health, cognition, 
and physical function after ICU admission9. Here, the persistent inflammation, 
immunosuppression and catabolism syndrome (PICS) is described, which 
comprises of long-term dysregulation of metabolism and the immune system after 
trauma.  

PICS is expected to be an increasing problem in the trauma ICU, since age is a risk 
factor for PICS and the elderly population is growing10. Also, it has been suggested 
that PICS is associated with poor functional outcomes and high mortality rates11. 
PICS has therefore been described as the “next challenging horizon” in several 
reviews7,8,11,12. Despite this, very little is known about the clinical course and 
outcomes of PICS. Therefore, the aim of this case report was to describe the clinical 
course and outcomes of three patients who suffered from PICS. 

 

Case presentation 

Case 1 – Female, 23 years old 

A 23-year-old female, Body-mass-index(BMI) of 22.7, was admitted to UMCU after 
being involved as cyclist in a collision with a van. She sustained traumatic brain 
injury, injury of the superior mesenteric vein and pancreas which were repaired and 
drained during laparotomy, an unstable pelvic injury which required immediate 
surgical stabilization with an external fixator and packing, injury to the lower right 
extremity which was stabilized with an external fixator and several fractures that 
could be treated conservatively. She remained in the intensive care unit (ICU) and 
seemed to recover well within the first days. After 6 days, definite stabilization of the 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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pelvic and lower extremity fractures was performed. Three days later, she 
deteriorated and an infection was suspected. In the days thereafter, a bladder injury 
and pelvic abscess were diagnosed, for which a drain was placed that could be 
removed after 5 days. After this however, the clinical signs of infection did not resolve 
and an infected hematoma was diagnosed at the fracture site of the right tibia. A 
fracture related infection (FRI) was suspected (no microorganism cultured) for which 
several debridements were performed and antibiotics were administered. After this, 
she slowly recovered and 3 weeks after trauma she was discharged from the ICU. 
A week later, she was readmitted to the ICU because of hemodynamic instability, 
first due to effusion pericarditis with tamponade which was drained, later this was 
complicated by constrictive pericarditis, for which a pericardial resection was 
performed. Thereafter, she developed a pneumonia (Pseudomonas Aeruginosa). 
Antibiotics were administered after which she stabilized and could be transferred to 
the ward 7 weeks after trauma. Here, oral candidiasis was diagnosed which was 
treated with nystatin. She slowly recovered during the following weeks and 10 weeks 
after the accident she was transferred to a rehabilitation clinic with enteral feeding. 
At this time she was cachectic (BMI of 16.8) and not able to mobilize. Within 2 
months after discharge, she was readmitted to the hospital twice, firstly because of 
pneumonia (Pseudomonas Aeruginosa) and later because of a urinary tract infection 
(Enterococcus Faecium and Staphylococcus Epidermidis). One year after trauma, 
the patient had regained the same weight as before the accident, she was able to 
fully mobilize, perform the regular daily physical activities and she was back to work. 
Also, she had not sustained any new infections that required hospital admission.  
 
 

Case 2 – Female, 57 years old 

A 57-year-old female, BMI 31.0, was admitted to the UMCU after a collision with a 
car as a pedestrian. She sustained traumatic brain injury, facial and cervical spine 
fractures, thoracic injuries (multiple rib fractures and pneumothorax), abdominal 
injuries, pelvic fractures and several complicated crushed multilevel lower extremity 
fractures. Abdominal injuries were packed and the pelvic and extremity fractures 
were stabilized with a C-clamp and external fixators, respectively. After two weeks, 
she developed a skin infection (Staphylococcus epidermidis) of the left hip, which 
was treated with antibiotics. Despite this, she was recovering well and was 
discharged from the ICU three weeks after the accident. Two weeks later however, 
she developed a FRI (Candida albicans) in the pelvis for which antibiotic treatment 
was started and several debridements were performed. Six weeks after trauma, she 
developed pneumonia induced respiratory failure (no microorganism cultured) which 
required ICU readmission. Antibiotics were administered. Despite this, she did not 
recover and a month later she developed sepsis because of a FRI of the lower leg. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Wound cultures showed methicillin resistant Staphylococcus aureus (MRSA)-
bacteria and Candida. After extensive antibiotic treatment and several 
debridements, a transfemoral amputation had to be performed to control the 
infection in the lower leg muscles that had become non-vital due to the crush injury. 
At this point, she had lost a significant amount of weight (BMI 21.5), had developed 
an abducens nerve palsy, muscle weakness and cognitive problems. Eventually, 23 
weeks after the accident, she could be transferred to a long term care clinic without 
nutritional support.  
After this, she was readmitted to the hospital 4 times; after 2 months because of a 
urinary tract infection (Pseudomonas Aeruginosa), after 6 months because of a 
pyelonephritis induced sepsis (Klebsiella oxytoca and Pseudomonas Aeruginosa), 
after 1.5 years because of a skin infection (Staphylococcus Aureus) and after 3.5 
years for a surgical repair of a ventral incisional hernia. Four years after the accident, 
she was able to walk with a prosthesis, although walking distance was still limited. 
Furthermore, she had a BMI of 25.3, no cognitive problems anymore and she had 
not developed any new infections.  
 
 

Case 3 – Male, 57 years old 

A 57-year old male, BMI 25, was admitted to the UMCU after a collision with a truck 
as pedestrian. He sustained degloving injury of the left leg and severe fractures of 
the pelvis and lower extremities, which were surgically stabilized with an external 
fixator. Three days after admission, he developed a wound infection, which 
progressed into multiple organ dysfunction syndrome (MODS). Several 
microorganisms were cultured from the wound (Pseudomonas Aeruginosa, 
Enterobacter, Stenotrophomonas, Coagulase-negative staphylococci, Enterococci) 
for which several debridements were performed and multiple broad-spectrum 
antibiotics were administered. Although the leg infection was hard to control, the 
patient did recover from the MODS to such an extent that he could be transferred to 
an intermediate care unit 12 weeks after trauma. Four weeks later however, he was 
transferred back to the ICU for a week because of pneumonia (Pseudomonas 
Aeruginosa) and pulmonary edema, treated with antibiotics and furosemide. With 
several debridements and skin grafts, the wounds slowly healed and after 6 more 
weeks (22 weeks after trauma), he could be transferred to a rehabilitation clinic with 
a BMI of 21.5. He was readmitted one month after discharge for four more months 
because of multiple abscesses of the upper leg. Osteosynthesis material was 
removed, arthrodesis of the hip was performed and long term antibiotics were given. 
After this, he was readmitted three more times for short periods to surgically treat 
fistulas of the leg. Three years after the accident he had recovered well; he was able 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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to fully mobilize, do sports, perform daily physical activities and had not developed 
any new infectious complications. 
 
 
Discussion and conclusion 

The former three cases are clinical representations of PICS patients. All patients 
were in need of extensive medical care for a prolonged period of time, which resulted 
in multiple weeks in the ICU and many more in the hospital and a rehabilitation clinic. 
The medical care needed was mostly due to recurrent infections and pour wound 
healing during hospitalization and after initial discharge. Moreover, not only the 
number of infections, but also the severity of infections and types of opportunistic 
pathogens (eg. Pseudomonas Aeruginosa and Candida), were an indication of a 
dysfunctional immune system in these patients. Besides the infections, these 
patients all lost a significant amount of weight despite extensive nutritional 
interventions. This ongoing dysfunction of the immune system in combination with 
increased catabolism is in line with how PICS is described in the literature8. 

Although the PICS phenomenon was already described in 2012 by Gentile et al.7, 
up until today no clear definition for PICS has been established. Most studies so far 
described PICS as a combination of CCI with persistent inflammation, 
immunosuppression and increased catabolism8. Although there is a clear definition 
for CCI (ICU stay ≥14 days with ongoing organ dysfunction)6, no definition exists for 
persistent inflammation, immunosuppression and increased catabolism. In an effort 
to identify PICS in an early stage, Mira et al. suggested several laboratory markers8. 
However, the accuracy of these markers still needs to be tested.  

Even though there is no consensus on the PICS definition, it is clear that these 
patients presented here suffered from disproportionate weight loss and an excessive 
amount of severe and opportunistic infections. It is well described that trauma 
patients are at risk for such complications due to a dysregulated immune system13. 
These complications can range from single pneumonia to severe sepsis and 
occasionally severe recurrent infectious complications, such as seen during PICS13. 
In this context, it was described previously that PICS is associated with the most 
severe adverse clinical outcomes. Rosenthal and Moore suggested that one year 
after ICU discharge, half of the PICS patients are dead and a quarter is fully 
functionally dependent11. However, the three representative cases described here 
suggest that if PICS patients receive adequate medical care for a long period after 
trauma, they eventually do recover to a very acceptable level.  

In conclusion, these cases suggest that PICS is an ongoing process of immune 
dysregulation until years after trauma and thereby takes an enormous toll on 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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patients. However, with extensive medical care and optimal nutritional support, 
patients might recover and the immunes system does seem to re-establish its 
balance.  

 

List of abbreviations 

ARDS = acute respiratory distress syndrome 
BMI = Body-mass-index  
CCI = chronic critical illness 
FRI = fracture related infection 
ICU = intensive care unit 
MODS = multiple organ dysfunction syndrome 
MRSA = methicillin resistant Staphylococcus aureus 
PICS = persistent, inflammation, immunosuppressive and catabolism syndrome 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Abstract 

Nowadays, more trauma patients develop chronic critical illness (CCI), a state 
characterized by prolonged intensive care. Some of these CCI patients have 
disproportional difficulties to recover and suffer from recurrent infections, a 
syndrome described as the persistent inflammation, immunosuppression and 
catabolism syndrome (PICS). A total of 78 trauma patients with an ICU stay of ≥14 
days (CCI patients) between 2007-2017, were retrospectively included. Within this 
group, PICS patients were identified through 2 ways: 1) their clinical course (≥3 
infectious complications) and 2) by laboratory markers suggested in literature (CRP 
and lymphocytes), both in combination with evidence of increased catabolism. The 
incidence of PICS was 4.7 per 1,000 multitrauma patients. Sensitivity and specificity 
of the laboratory markers were 44% and 73%, respectively. PICS patients had a 
longer hospital stay(median 83 vs 40, p<0.001) and required significantly more 
surgical interventions(median 13 vs 3, p=0.003) than other CCI patients. Thirteen 
PICS patients developed sepsis(72%) and 12(67%) were readmitted at least once 
due to an infection. In conclusion, patients who develop PICS experience recurrent 
infectious complications that lead to prolonged hospitalization, many surgical 
procedures and frequent readmissions. Therefore, PICS forms a substantial burden 
on the patient and the hospital, despite its low incidence.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Introduction 

Over the past decades there has been much improvement in the clinical care for 
trauma patients, which has led to a decrease in mortality by exsanguination and life-
threatening inflammatory complications, such as Acute Respiratory Distress 
Syndrome(ARDS), sepsis and multiple organ dysfunction syndrome (MODS)1,2. In 
particular, the initial approach and resuscitation, the introduction of standardized 
operating procedures, early hemorrhage control and improved clinical critical care, 
have contributed to this decrease3–6.  

The increased survival directly upon trauma and the fact that fewer patients die of 
inflammatory complications nowadays, led to an increase in average intensive care 
unit (ICU) stay7. A prolonged ICU stay is also referred to as a state of chronic critical 
illness (CCI)8,9. Although no consensus exists on the definition of CCI10,11, >14 days 
ICU stay is often used in recent literature8,9,12.  

Some of these CCI patients suffer from poor wound healing, recurrent infections and 
a disproportionately slow recovery7,8,13. This syndrome has been described as the 
‘persistent inflammation, immunosuppression and catabolism syndrome’ 
(PICS)5,7,14, not to be confused with the post-intensive care syndrome15. PICS is 
characterized by chronic low grade inflammation, suppressed host immunity and a 
loss of lean body mass, despite nutritional intervention7,13. It is not quite clear which 
patients develop PICS and what the clinical course of these patients is. As the 
course is suggested to be complicated with multiple infections and high mortality 
rates, it is essential to identify patients at risk for PICS as early as possible. Clinical 
risk factors described so far include a poor premorbid health status and an age of 
65 years and above8,13,16. Also, previous studies investigated readily available 
laboratory markers to enable identification of PICS patients shortly after trauma. 
Markers suggested in literature include decreased lymphocyte counts, increased 
elevated C-reactive protein (CRP) levels and substantial weight loss or persistently 
decreased albumin levels5,7.  

To date, the perioperative care continues to improve and the elderly population is 
growing. Although literature is scarce on the subject, it suggests that PICS will be an 
increasing problem for ICU patients13. Therefore, the objectives of this study were to 
investigate the incidence of PICS after trauma in a Level I trauma center, to 
determine the clinical course of these patients and to test the postulated markers to 
identify PICS patients in this study population. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 

60

CHAPTER 4

 

Materials and methods 

Study design 

We conducted a 11-year retrospective cohort study of severely injured trauma 
patients admitted to the University Medical Center Utrecht (UMCU) from the 1st of 
January 2007 to the 31st of December 2017. PICS patients were identified in two 
ways: 1) by their clinical course and 2) by markers described in literature5,7,16. The 
incidence of PICS was calculated and sensitivity and specificity of the markers were 
analyzed. 

 

Patients 

As an intensive care stay of >2 weeks is the common denominator in most definitions 
of CCI and PICS, all patients ≥ 16 years of age with an ICU stay of 14 or more 
consecutive days during hospitalization, were selected from the trauma registry 
database of the UMC Utrecht. Patients were excluded if they were admitted to the 
ICU for other reasons than critical illness (e.g. logistical reasons or requiring 
ventilation support due to spinal cord lesions). Also, patients with isolated 
neurotrauma (e.g. traumatic brain injury or spinal cord injury) were excluded 
because these patients often have a prolonged ICU stay in the absence of systemic 
pathologies. Isolated neurotrauma was defined as having brain injury without injuries 
in other regions with an Abbreviated injury scale (AIS) ≤ 2 17. Patient characteristics 
and data concerning trauma mechanism, treatment and complications, were 
obtained. These data were collected from the prospective trauma registry and 
supplemented with hematological data from the Utrecht Patient Oriented Database 
(UPOD) and clinical data from the medical record system. The technical details of 
the UPOD have been described elsewhere18. In short, this database is an 
infrastructure of relational databases that allows (semi)automated transfer, 
processing and storage of data, including administrative information, medical and 
surgical procedures, medication orders, and laboratory test results for all clinically 
admitted patients and patients attending the outpatient clinic of the UMC Utrecht 
since 2004.  

 

Definitions, variables and outcomes 

CCI is used for patients with a prolonged ICU stay and PICS is used for a subset of 
CCI patients who exhibit a clinical phenotype consisting of inflammation, 
immunosuppression and catabolism. However, no uniform definitions exist for either 
CCI or PICS. An overview of the definitions used in this study is given in Figure 1. 
We defined CCI as an ICU stay of ≥ 14 days. Furthermore, we defined PICS clinically 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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as: ICU stay of ≥ 14 days, ≥3 infectious complications and evidence of a catabolic 
state. A catabolic state was defined as either weight loss >10%, Body Mass Index 
(BMI) <18 or albumin <30g/L during hospitalization7. If none of these markers for 
catabolic state were available (which was the case in 4/78 patients), the medical 
record system was searched for the nutritional state of the patient in dietitians’ notes, 
explicitly stating if the patient was in a catabolic state or not. An infectious 
complication was defined as an infection during hospitalization which required some 
kind of intervention (either pharmacological, surgical or radiological) or a 
readmission due to an infection after discharge. Patients meeting these criteria were 
considered to be the “clinical PICS group”. This group was compared to other CCI 
patients not meeting these criteria.  

Secondly, an attempt was made to identify PICS using the markers suggested in 
literature (the PICS markers-positive group)5,7. Patients were considered to be PICS 
markers-positive if they had ≥2 days of immunosuppression (lymphocyte count <0.8 
x 109/L), ≥ 2 days of inflammation  (CRP >50mg/L) and a catabolic state as described 
above, during the first 30 days of hospitalization. PICS markers-positive patients 
were compared to other CCI patients not meeting these criteria (PICS markers-
negative).  

Infectious complications, hospital length of stay (LOS), ICU LOS, readmissions due 
to infectious complications, surgical procedures during hospitalization and surgical 
procedures after discharge, but related to the initial trauma or to acquired 
complications, were collected. Sepsis was defined as an increase in the sequential 
organ failure assessment (SOFA) score of 2 points or more in response to infection, 
according to the third international consensus definition for sepsis (Sepsis-3)19. 
Multitrauma was defined as ISS ≥ 1620. Massive transfusion was defined as >10 
units packed red blood cells within 24 hours. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Figure 1. Overview of definitions used in this study and number of patients who fulfilled criteria according 
to these definitions. CCI = chronic critical illness, PICS = persistent inflammation, immunosuppression 
and catabolism syndrome, ICU = intensive care unit, BMI = Body Mass Index. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Statistical analysis 

All data were analyzed with IBM SPSS version 25(IBM Corporation, NY, United 
States). Distribution of normality was tested using the Shapiro Wilk test. Continuous 
patient characteristics were presented as median with interquartile range (IQR) and 
compared using the Mann-Whitney U test, because the data were not normally 
distributed. The Fisher exact test was used to compare categorical patient data. 
Laboratory values are depicted as median with IQR because values were not 
normally distributed. Statistical significance was defined as a p-value <0.05. 
Incidence was determined using the clinically identified PICS patients and calculated 
per 1,000 trauma and multitrauma patients admitted to this hospital annually. 
Sensitivity and specificity of the markers were tested for our population using the 
clinical PICS group as gold standard. To compare lymphocytes and CRP between 
groups over time and to correlate for within-subject correlation, a linear generalized 
estimated equation (GEE) was used with an AR-1 correlation structure. 

 

Ethics 

A waiver was provided by the institutional medical ethics committee for this 
retrospective analysis of this prospectively collected database. In addition, in line 
with the academic hospital policy, an opt-out procedure was in place for use of 
patient data for research purposes. The process and storage of data were in 
accordance with privacy and ethics regulations. Data were analyzed anonymously.  

 

Results 

PICS incidence 

Between 2007 and 2017, 13,576 trauma patients were admitted to the UMC Utrecht. 
Of these patients, 3,859 were multitrauma patients and a total of 183 patients were 
admitted to the ICU for 14 days or longer (Figure 2). Two patients were excluded 
because they had no ICU indication (but needed ventilation support due to 
preexisting pathologies, which could not be provided elsewhere due to logistical 
reasons) and a total of 103 patients were excluded because of isolated neurotrauma.  

The remaining 78 patients fulfilled the criteria for CCI. The incidence of CCI in our 
trauma population was therefore 5.7 per 1,000 trauma patients and 20 per 1,000 
multitrauma patients. Of the 78 CCI patients, 18 patients met the criteria for the 
“clinical PICS group” (Table 1) and 22 patients met the criteria for the “PICS markers-
positive group” (Table 2). A total of 8 patients fulfilled the criteria for both groups. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Based on clinically identified PICS patients, the incidence of PICS was 1.3 per 1,000 
trauma patients and 4.7 per 1,000 multitrauma patients admitted to our center. 
 
 

 
Figure 1. Flowchart of patient inclusion. 

 

 

Clinical PICS patients vs other CCI patients   

Clinical PICS patients received massive transfusion twice as often as the other CCI 
patients (67% vs. 33%, p=0.015). Despite the long ICU stay in both groups, the 
clinical PICS patients were hospitalized twice as long as the other CCI patients (83 
vs. 40 days, p<0.001) (Table 1). ICU stay and duration of mechanical ventilation 
were also significantly longer for the clinical PICS group (30 vs. 19 days, p=0.006 
and 17 vs. 20 days, p=0.001, respectively). Thirteen clinical PICS patients (72%) 
developed sepsis, while only 10 other CCI patients (17%) developed sepsis 
(p<0.001). Also, PICS patients developed significantly more infections with multi-
drug resistant organisms (p=0.000).The number of readmissions due to infectious 
causes was significantly higher in the clinical PICS group (67% vs. 13%, p<0.001). 
Surgical procedures during hospitalization were required for all (100%) clinical PICS 
patients and 61% needed additional surgical procedures after discharge related to 
the initial trauma or due to infectious complications. These percentages were 
significantly lower for the other CCI patients (73%, p=0.016 and 22% p=0.001). The 
number of surgical procedures per patient was higher in the PICS group too, both 
during hospitalization (8 vs. 2, p<0.001) as well as after discharge (3 vs. 0, p=0.006). 
During hospitalization, 1 clinical PICS patient died due to sepsis. Of the other CCI 
patients, 3 died due to irreversible neurological injuries and 1 due to sepsis during 
hospitalization. Within 3 years after trauma, an additional 2 clinical PICS patients 

Trauma patients with 
>14 days in the ICU 

(n = 183)

Excluded (n = 105)
- No trauma ICU indication (n = 2)
- Isolated neurotrauma (n = 103)

Included (n = 78)
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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died, 1 due to sepsis and 1 due to an unknown cause. Also, 6 other CCI patients 
died, 1 due to sepsis and 5 due to unknown causes. 

 
PICS markers-positive group vs other CCI patients 

Patients in the PICS markers-positive group had a significantly longer ICU stay than 
those not fulfilling the criteria (27 vs. 19 days, p<0.001) (Table 2). Also, these 
patients more often required dialysis (5 vs. 0, p=0.001) and were significantly longer 
mechanically ventilated (27 versus 17 days, p=0.000). Significantly more patients 
had infectious complications in the PICS markers-positive group (90% vs. 66%, 
p=0.045) and there were more infectious complications per patient in the PICS 
markers-positive group (median of 2 vs. 0, p=0.008). Sepsis also occurred more in 
the PICS markers-positive group (50% vs. 21%, P=0.025). During hospitalization, 3 
patients died in the PICS markers-positive group (2 sepsis, 1 neurological injury) 
and 2 patients died in the PICS markers-negative group due to neurological injuries. 
Within 3 years after trauma, an additional 2 patients died in the PICS markers-
positive group (1 sepsis, 1 unknown) and 6 patients died in the PICS markers-
negative group (1 sepsis, 5 unknown). 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Table 1. Patient characteristics of clinically identified PICS patients vs. other CCI patients. 
     

Characteristics Entire cohort 
(n=78) 

No PICS 
(n=60) 

Clinical PICS 
(n=18) 

P- 
value 

Gender, male (%) 63(80.8%) 48(80.0%) 15(83.3%) 0.999 
Age 49(32-65) 46(28-62) 57(45-68) 0.086 
Injury severity score  34(26-42) 34(27-41) 29(22-48) 0.548 
Injury mechanism 

Traffic accident 
Fall from height 
Crush injury 
Other 

 
51(65.4%) 
18(23.1%) 
4(5.1%) 
5(6.4%) 

 
39(65.0%) 
15(25.0%) 

2(3.3%) 
4(6.9%) 

 
12(66.7%) 
3(16.7%) 
2(11.1%) 
1(5.6%) 

0.261 

Massive transfusion protocol 32(41.0%) 20(33.3%) 12(66.7%) 0.015 
Hospital days  43(35-63) 40(31-52) 83(41-106) <0.001 
ICU days  20(16-29) 19(16-26) 30(19-37) 0.006 
Tracheostomy 45(57.7%) 33(55.0%) 12(66.7%) 0.427 
Mechanical ventilation days 20(15-27) 17(14-26) 20(27-38) 0.001 
Continuous Veno-Venous Hemofiltration 5(6.4%) 2(3.3%) 3(16.7%) 0.078 
Infectious complications  

per patient  
57(73.1%) 

1(0-2) 
39(65.0%) 

1(0-1) 
18(100%) 

3(3-3) 
0.002 

<0.001 
Sepsis* 23(29.5%) 10(16.7%) 13(72.2%) <0.001 
Type of infections 

Pneumonia 
Surgical site infection 
Blood stream Infection 
Infected OSM 
UTI 
Abscess 
Other 

 
40(51.3%) 
14(17.9%) 
15(19.8%) 
7(9.0%) 
5(6.4%) 
4(5.1%) 

12(15.4%) 

 
28(46.7%) 
6(10.0%) 
6(10.0%) 
1(1.7%) 
4(6.7%) 
2(3.3%) 
5(8.3%) 

 
12(66.7%) 
8(44.4%) 
9(50.0%) 
6(33.3%) 
1(5.6%) 

2(11.1%) 
7(38.9%) 

 
0.185 
0.002 
0.001 

<0.001 
0.999 
0.226 
0.005 

Multi-drug resistant organisms 
MRSA 
ESBL 
MDR-GNB  
Multi-drug resistant Pseudomonas 
aeruginosa 
Multi-drug resistant Acinobacter 

 
1(1.3%) 
5(6.4%) 
5(6.4%) 
2(2.6%) 
2(2.6%) 

 
0(0%) 

3(5.0%) 
1(1.7%) 
0(0%) 

1(1.7%) 

 
1(5.6%) 

2(11.1%) 
4(22.2%) 
2(11.1%) 
1(5.6%) 

0.000 

Infectious readmissions  
Per patient  

20(25.6%) 
0(0-0) 

8(13.3%) 
0(0-0) 

12(66.7%) 
1(0-3) 

<0.001 
<0.001 

Total infectious complications during or after 
hospitalization per patient 1(0-3) 1(0-2) 6(3-7) <0.001 

Surgical procedures during hospitalization  
Per patient 

62(79.5%) 
3(1-6) 

44(73.3%) 
2(0-5) 

18(100%) 
8(3-13) 

0.016 
<0.001 

Surgical procedures after discharge 
Per patient 

27(34.6%) 
2(0-2) 

16(22.4%) 
0(0-1) 

11(61.1%) 
3(0-5) 

0.011 
0.006 

Total surgical procedures during or after 
hospitalization per patient 3(1-7) 3(1-5) 13(2-22) 0.003 
Discharge  
 Other hospital 
 Nursing home 
 Rehabilitation facility 
 Home (+/- additional care) 

 
8(10.3%) 
11(14.1%) 
27(34.6%) 
27(34.6%) 

 
7(11.7%) 
9(15.0%) 

19(31.7%) 
21(25.0%) 

 
1(5.6%) 

2(11.1%) 
8(44.4%) 
6(33.3%) 

0.931 

Total mortality 
 In hospital 
 <3 years  

13(16.6%) 
5(6.4%) 

8(10.3%) 

10(16.6%) 
4(6.7%) 

6(10.0%) 

3(16.7%) 
1(5.6%) 

2(11.1%) 

1.000 
1.000 
1.000 

 

 

All data are shown as n (%) or median(IQR). CCI =  chronic critical illness. ICU = Intensive care unit. OSM = 
Osteosynthesis material. UTI = Urinary tract infection. MRSA = Meticilline-resistente Staphylococcus aureus. ESBL 
= Extended Spectrum Beta-Lactamase. MDR-GNB = Multidrug-resistant Gram negative bacilli. Mortality <3 years 
does not include mortality during hospitalization. Variables are compared between patient meeting the clinical PICS 
criteria and those not meeting the clinical PICS criteria with a Fisher’s exact test, a Mann-Whitney U test or a Student 
T-test * Sepsis = defined as an increase in SOFA score > 2 within a day in response to infection. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Table 2. Characteristics of CCI patients with positive PICS markers vs. other CCI patients. 
      
Characteristics Entire cohort 

(n=78) 
PICS markers- 

(n=56) 
PICS markers+ 

(n=22) 
P- 

value 
Gender, male (%) 63(80.8%) 45(80.4%) 18(81.8%) 0.999 
Age 49(32-65) 49(33-66) 40(27-63) 0.512 
Injury severity score  34(26-42) 34(29-43) 29(20-42) 0.147 
Injury mechanism 

Traffic accident 
Fall from height 
Crush injury 
Other 

 
51(65.4%) 
18(23.1%) 

4(5.1%) 
5(6.4%) 

 
36(64.2%) 
14(25%) 
3(5.4%) 
3(5.4%) 

 
15(68.2%) 
4(18.2%) 
1(4.6%) 
2(9.1%) 

0.702 

Massive transfusion protocol 32(41.0%) 21(37.5%) 11(50.0%) 0.322 
Hospital days  43(35-63) 42(34-60) 50(35-93) 0.281 
ICU days  20(16-29) 19(16-25) 27(23-36) <0.001 
Tracheostomy 45(57.7%) 31(55.4%) 14(63.6%) 0.613 
Mechanical ventilation days 20(15-27) 17(14-26) 27(22-37) 0.000 
Continuous Veno-Venous Hemofiltration 5(6.4%) 0(0%) 5(22.7%) 0.001 
Infectious complications  
per patient  

57(73.1%) 
1(0-2) 

37(66%) 
1(0-2) 

20(90%) 
2(1-3) 

0.045 
0.008 

Sepsis* 23(29.5%) 12(21.4%) 11(50%) 0.025 
Type of infections 

Pneumonia 
Surgical site infection 
Blood stream Infection 
Infected OSM 
UTI 
Abscess 
Other 

 
40(51.3%) 
14(17.9%) 
15(19.8%) 

7(9.0%) 
5(6.4%) 
4(5.1%) 

12(15.4%) 

 
24(42.9%) 
11(9.6%) 
8(14.3%) 
3(5.4%) 
4(7.1%) 
1(1.8%) 

7(12.5%) 

 
16(72.7%) 
3(13.6%) 
7(31.8%) 
4(18.2%) 
1(4.5%) 

3(13.6%) 
5(22.7%) 

 
0.024 
0.746 
0.110 
0.094 
0.999 
0.066 
0.303 

Multi-drug resistant organisms 
MRSA 
ESBL 
MDR-GNB  
Multi-drug resistant 
Pseudomonas aeruginosa 
Multi-drug resistant Acinobacter 

 
1(1.3%) 
5(6.4%) 
5(6.4%) 
2(2.6%) 
2(2.6%) 

 
1(1.8%) 
3(5.4%) 
2(3.6%) 
1(1.8%) 
1(1.8%) 

 
0(0%) 

1(4.5%) 
1(4.5%) 
1(4.5%) 
1(4.5%) 

0.233 

Infectious readmissions  
Per patient  

20(25.6%) 
0(0-0,25) 

13(23.2%) 
0(0-0) 

7(31.8%) 
0(0-1) 

0.565 
0.246 

Total infectious complications during or 
after hospitalization per patient 1(0-3) 1(0-2) 2(1-5) 0.018 

Surgical procedures during hospitalization  
Per patient 

62(79.5%) 
3(1-6) 

46(82.1%) 
3(1-5) 

16(72.7%) 
3(0-9) 

0.365 
0.720 

Surgical procedures after discharge 
Per patient 

27(34.6%) 
2(0-2) 

20(35.7%) 
0(0-1) 

7(31.8%) 
0(0-2) 

0.797 
0.937 

Total surgical procedures during or after 
hospitalization per patient 3(1-7) 3(1-7) 3(0-14) 0.980 

Discharge  
 Other hospital 
 Nursing home 
 Rehabilitation facility 
 Home (+/- additional care) 

 
8(10.3%) 

11(14.1%) 
27(34.6%) 
27(34.6%) 

 
5(8.9%) 

9(16.1%) 
20(35.7%) 
20(35.7%) 

 
3(13.6%) 
2(9.1%) 

7(31.8%) 
7(31.8%) 

0.488 

Totally mortality 
 In hospital 
 <3 years  

13(16.6%) 
5(6.4%) 

8(10.3%) 

8(14.3%) 
2(3.6%) 

6(10.7%) 

5(22.7%) 
3(13.6%) 
2(9.1%) 

0.500 
0.133 
1.000 

 

All data are shown as n (%) or median(IQR). CCI =  chronic critical illness. ICU = Intensive care unit. OSM = 
Osteosynthesis material. UTI = Urinary tract infection. MRSA = Meticilline-resistente Staphylococcus aureus. ESBL 
= Extended Spectrum Beta-Lactamase. MDR-GNB = Multidrug-resistant Gram negative bacilli. Mortality <3 years 
does not include mortality during hospitalization. Variables are compared between patient meeting the clinical PICS 
criteria and those not meeting the clinical PICS criteria with a Fisher’s exact test, a Mann-Whitney U test or a 
Student T-test * Sepsis = defined as an increase in SOFA score > 2 within a day in response to infection.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Testing the accuracy of PICS markers 

Sensitivity and specificity 
The total population consisted of 78 patients. Eighteen PICS patients were clinically 
identified (clinical PICS). Of these patients, 8 patients were also identified as PICS 
patients using the PICS markers. Therefore, of the 22 patients who were in the PICS 
markers-positive group, 14 did not have clinical evidence of PICS. This resulted in a 
sensitivity of 44% and a specificity of 77% in our study population (Table 3). 
 
 

 
 
Lymphocytes and CRP 
No significant differences were found in lymphocyte count (β=0.02, p=0.999) and 
CRP levels (β=-.12, p=0.999) between patients who developed clinical PICS and 
patients who did not develop PICS. Median lymphocyte count was within criterion 
values (>0.8 x 109/L) and median CRP levels were outside criterion values 
(>50mg/L) for both groups during the first month after trauma (Figure 3). Although 
not significant, there was a trend towards lower lymphocyte counts in clinical PICS 
patients during the first week after trauma. When comparing clinical PICS patients 
with lymphocytopenia (≥ 2 days of lymphocyte count <0.8 x 109/L) to clinical PICS 
patients without lymphocytopenia (Table 4), these patients did have a longer ICU 
stay (27 vs. 19, p=0.001), longer duration of mechanical ventilation (35 vs. 21 days, 
p=0.001), more infectious complications per patient (6 vs 3, p=0.020) and more 
surgical procedures per patient after initial discharge (0 vs 5, p=0.037). 

 

Table 3. PICS markers tested for sensitivity and specificity in the study population. 
 

Total cohort 
(n = 78) 

Clinical PICS 
(n = 18) 

Other CCI patients 
(n = 60)  

PICS markers + 
(n = 22) n = 8 n = 14 Positive predictive 

value = 36% 

PICS markers – 
(n = 56) n = 10 n = 46 Negative predictive 

value = 82% 

 Sensitivity = 44% Specificity = 77%  
 

PICS markers + = patients with positive PICS markers, PICS markers – = patients not fulfilling the 
PICS markers criteria. Sensitivity = 8/18x100. Specificity = 46/60x100. Positive predictive 
value=8/22x100. Negative predictive value = 46/56x100. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Figure 3. C-reactive protein levels and lymphocytes counts in clinically identified PICS patients (clinical 
PICS) in red and other CCI patients (no PICS) in green. Grey areas depict reference values. Data are 
presented as median with interquartile range. 
 

 

 

  

Lymphocyte count (x 109/L) C-reactive protein levels (x 109/L) 

0 10 20 30
0

1

2

3

4

5

    

Days

Not PICS
PICS

0 10 20 30
0

100

200

300

400

500

  

Days

Not PICS
PICS



Chapter 1B

46

for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 

70

CHAPTER 4

 

   

 
Table 4. Outcome comparison of clinical PICS patients with lymphocytopenia** versus 
clinical PICS patients without lymphocytopenia. 
 
 
Characteristics Normal lymphocyte 

count (n=9) 
Lymphocytopenia 

(n=9) 
P- 

value 
Hospital days  58(40-128) 92(71-110) 0.401 
ICU days  19(16-25) 27(23-36) 0.001 
Tracheostomy 4(44.4%) 8(88.9%) 0.131 
Mechanical ventilation days 21(16-27) 35(31-60) 0.001 
Continuous Veno-Venous Hemofiltration 0(0%) 3(33.3%) 0.206 
Infectious complications during 
hospitalization  
per patient  

9(100%) 
3(3-3) 

9(100%) 
3(3-4) 

0.999 
0.090 

Multi-drug resistant organisms 
MRSA 
ESBL 
MDR-GNB  
Multi-drug resistant 
Pseudomonas aeruginosa 
Multi-drug resistant Acinobacter 

 
1(11.1%) 
2(22.2%) 
1(11.1%) 

0(0%) 
0(0%) 

 
0(0%) 
0(0%) 

3(33.3%) 
2(22.2%) 
1(11.1%) 

0.217 

Sepsis* 7(77.8%) 6(66.7%) 0.999 
Infectious readmissions  

Per patient  
5(55.6%) 

1(0-1) 
7(77.8%) 

2(1-5) 
0.620 
0.050 

Total infectious complications during or 
after hospitalization per patient 3(3-4) 6(4-8) 0.020 

Surgical procedures during hospitalization  
Per patient 

9(100%) 
4(2-10) 

9(100%) 
9(6-15) 

0.999 
0.156 

Surgical procedures after discharge 
Per patient 

4(44.4%) 
0(0-3) 

7(77.8%) 
5(1-15) 

0.335 
0.037 

Total surgical procedures during or after 
hospitalization per patient 7(2-12) 17(8-24) 0.051 

Discharge  
 Other hospital 
 Nursing home 
 Rehabilitation facility 
 Home (+/- additional care) 

 
1(11.1%) 
1(11.1%) 
2(22.2%) 
5(55.6%) 

 
1(11.1%) 
1(11.1%) 
6(66.7%) 
1(11.1%) 

0.091 

Totally mortality 
 In hospital 
 < 3 years  

0(0%) 
0(0%) 
0(0%) 

2(22.2%) 
1(11.1%) 
1(11.1%) 

0.471 
0.999 
0.999 

 

All data are shown as n (%) or median(IQR). ICU = Intensive care unit. OSM = Osteosynthesis material. 
UTI = Urinary tract infection.  MRSA = Meticilline-resistente Staphylococcus aureus. ESBL = Extended 
Spectrum Beta-Lactamase. MDR-GNB = Multidrug-resistant Gram negative bacilli. Mortality <3 years does 
not included mortality during hospitalization. Variables are compared between patient meeting the PICS 
markers criteria and those not meeting the PICS markers criteria with a Fisher’s exact test, a Mann Whitney 
U test or a Student T-test *Sepsis = defined as an increase in SOFA score>2 in response to infection. 
**Lymphocytopenia = defined as lymphocyte count below 0.8 x 109/L for 2 or more consecutive days. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Discussion 

In this study we identified 18 PICS patients in eleven years, which translates to an 
incidence of 4.7 per 1,000 multitrauma patients admitted to our level 1 trauma center 
annually. Both in-hospital mortality and 3-year mortality was low in the clinical PICS 
group. It may seem that PICS is a negligible problem with rather low incidence rates 
and high survival rates. However, PICS forms a substantial burden on the daily life 
of patients who develop the syndrome. These patients often require frequent and 
complex medical care for up to 3 years after trauma. Also, they experience recurrent, 
sometimes life-threatening, recognition infections and require recurrent surgical 
procedures for this. 

Costs of long term medical care, and especially critical and surgical care, are high. 
The costs of an ICU and ward bed were recently calculated at approximately €2200 
and €450 per day in the Netherlands, respectively21. Since PICS patients had an 
average of 30 days in the ICU and 83 days in the hospital, the average cost of total 
hospital stay is estimated at €89.850 per PICS patient. Compared to the average 
hospitalized trauma patient, these expanses are estimated to be a thirteen fold 
difference at least, based on average Dutch length of hospital and ICU stay reported 
in literature22,23. This is a gross underestimation since it does not include costs of 
imaging, medication, surgical procedures24, readmissions and long-term care 
facilities. Therefore, PICS accounts for a substantial part of trauma-related expenses 
and forms an exuberant financial burden on the hospital, despite its low incidence.   

The adverse outcomes associated with PICS were most evident in the clinically 
identified PICS patients. Outcomes of patients identified by the previously suggested 
markers were not as bad as those of the clinical PICS patients, but slightly worse 
than outcomes of other CCI trauma patients. This suggests that the PICS markers 
are not accurate enough to detect the clinically relevant PICS patients with the worst 
outcomes. This was supported by the low marker sensitivity and specificity found in 
this study. 

Besides these laboratory markers, which are described to facilitate the detection of 
PICS, an ICU length of stay of 14 days or longer is a frequently described criterion 
for PICS8. Therefore, we used this as an inclusion criterion in our study to make a 
selection in the many trauma patients who were admitted over eleven years. 
However, ICU care differs greatly among countries, making a cut-off in ICU days an 
arguable criterion. In some countries patients are not admitted to the ICU because 
of critical illness, but because a higher nurse to patient ratio is needed for other 
reasons or simple monitoring is required. In other countries however, patients are 
only admitted to the ICU when they are severely ill or require mechanical ventilation, 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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such as in our hospital25,26. When there is no need for mechanical ventilation, but 
patients do need more care than a ward can deliver, patients are typically admitted 
to the intermediate care unit (IMCU) in our hospital. Therefore, it is possible that 
higher PICS incidence rates are found in countries with no IMCU or with different 
admission criteria for the ICU.   

Furthermore, retrospective identification of a catabolic state in trauma patients can 
be challenging. Although BMI <18 is a fairly undisputed criterion for poor nutritional 
state, body weight can, especially in the ICU, fluctuate daily (e.g. under influence of 
fluid in and output)27. Albumin (half-life of 14-20 days) is widely used to assess the 
nutritional status of patients, but is also a negative acute-phase protein and thus 
decreases when a patient experiences physiological stress (e.g. infection, surgery 
or trauma)28. Other markers for catabolism also included pre-albumin, retinol-binding 
protein(RBP) and creatinine-height index(CHI) 7, but these were not retrospectively 
available. Pre-albumin is also a negative acute phase protein, but with a shorter (2-
3 days) half-life and smaller body pool, which theoretically makes it a more reliable 
indicator for nutrition. However pre-albumin, RBP and CHI, are all greatly influenced 
by renal function, infection and trauma as well28,29. 

It is not surprising that specificity of these markers was low. CRP is an acute-phase 
protein, that is elevated due to many causes, including trauma, surgical procedures 
and infections30–33. Many PICS and other CCI patients underwent surgical 
procedures and developed infections in their first week after admission. 
Furthermore, lymphocytes are affected by trauma and infection and failure to 
normalize lymphopenia was described to increase mortality after trauma34,35. 
However, no significant difference in lymphocyte counts was found between PICS 
patients and other CCI patients, suggesting that this marker is not adequate to 
identify PICS. On the other hand, PICS patients who did have low lymphocyte counts 
had worse outcomes than PICS patients who did not have this. Therefore, although 
lymphocyte counts alone cannot be used to identify PICS, lymphocyte counts might 
be a useful addition to identify the PICS patients with the worst outcomes. 

Hence, the PICS markers described so far are nonspecific, insensitive and arguable, 
and there is a need for better biomarkers to identify PICS. Recently, automated flow 
cytometry became available which enables fast and point-of-care analysis of 
receptor expression of immune cells36,37. Further research should investigate if such 
analyses can be used to identify patients at risk for PICS in an early stage. Early 
identification of patients at risk would enable earlier interventions. Although no 
specific treatment options exist so far, these patients might benefit from an 
immunoprotective protocol. Nowadays, trauma patients at risk for adverse 
inflammatory outcomes, often undergo damage control surgery, damage control 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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orthopedics and damage control resuscitation38,39. Patients at risk for PICS are likely 
to benefit from these damage control strategies as well. In addition, limited evidence 
suggests that enhanced nutritional support (e.g. the addition of addition of arginine 
and glutamine40) and adjusted prophylactic antibiotic strategies41,42 can have an 
immunoprotective effect in critically ill trauma patients. It is tempting to speculate 
that combining these interventions into an immunoprotective protocol, could improve 
clinical outcomes of patients at risk for PICS. Furthermore, it is remarkable that the 
mortality rate amongst PICS patients is low, in contrast to what was previously 
suggested in literature43. This suggests that it is justified to keep continuing 
supportive treatment in PICS patients despite recurrent severe adverse outcomes.”. 

The main limitation of this study was that there is no consensus on the definition for 
PICS in the literature. PICS is considered a clinical diagnosis, often recognized by a 
disproportionally long ICU/hospital stay, recurrent and nosocomial infections, failure 
to rehabilitate and disproportional weight loss. Physicians identify PICS patients 
through a combination of these characteristics, which to date, have not been well 
translated into criteria. The PICS definition for this study (³ 3 infections, ICU stay of 
≥ 14 days, evidence of catabolic state) was therefore based on the clinical course of 
the patients and was chosen during a consensus meeting with trauma surgeons 
treating these patients. Although this was needed to objectify the incidence of PICS, 
it is possible that this led to a slight overestimation or underestimation of the PICS 
incidence. Another limitation was the retrospective design of the study. Due to this, 
we were only able to obtain regular laboratory data. Genomic data or phenotypic 
cellular data were not available. Furthermore, other measures (e.g. urine 3-
methylhistidine) or modalities (e.g. dedicated ultrasound) to detect disproportional 
muscle loss, were not available. Also, a limitation of a retrospective design is the 
change of missing values. However, because the data were extracted from the 
UPOD, and the UPOD contains all hematological parameters irrespective of the 
requested parameter, the number of missing values (e.g. lymphocyte counts and 
CRP levels) was limited. Moreover, laboratory values are generally requested daily 
for trauma patients in the ICU. Therefore, there were barely any missing values 
during the patients’ ICU stay.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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In conclusion, there is a need for a clear PICS definition and better markers to detect 
PICS. Patients who develop PICS experience recurrent inflammatory complications 
that lead to frequent readmissions and surgical procedures. Furthermore, infectious 
complications are frequently the result of multi-drug-resistant organisms. Therefore, 
PICS forms a substantial burden on the patient and a significant burden on hospitals, 
despite its low incidence.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 

76

CHAPTER 4

 

12.  Gardner AK, Ghita GL, Wang Z, et al. The Development of Chronic Critical 
Illness Determines Physical Function, Quality of Life, and Long-Term 
Survival Among Early Survivors of Sepsis in Surgical ICUs. Crit Care Med. 
2019;47(4):566-573. doi:10.1097/CCM.0000000000003655. 

13.  Rosenthal MD, Moore FA. Persistent inflammatory, immunosuppressed, 
catabolic syndrome (PICS): A new phenotype of multiple organ failure. J 
advd Nutr Hum Metab. 2015;1(1):1-16. doi:10.14800/janhm.784.Persistent. 

14.  Loftus TJ, Moore FA, Moldawer LL. ICU-Acquired Weakness, Chronic Critical 
Illness, and the Persistent Inflammation-Immunosuppression and 
Catabolism Syndrome. Crit Care Med. 2017;45(11):e1184. doi:10.1097/ 
CCM.0000000000002576. 

15.  Rawal G, Yadav S, Kumar R. Post-intensive care syndrome: An overview. J 
Transl Intern Med. 2017;5(2):90-92. doi:10.1515/jtim-2016-0016. 

16.  Vanzant EL, Lopez CM, Ozrazgat-baslanti T, et al. Persistent Inflammation, 
Immunosuppression and Catabolism Syndrome after Severe Blunt Trauma. 
J Trauma Acute Care Surg. 2014;76(1):21-30. doi:10.1097/ 
TA.0b013e3182ab1ab5.Persistent. 

17.  Gennarelli TA, Wodzin E. AIS 2005: A contemporary injury scale. Injury. 
2006;37(12):1083-1091. doi:10.1016/j.injury.2006.07.009. 

18.  ten Berg MJ, Huisman A, Van den Bemt PMLA, Schobben AFAM, Egberts 
ACG, van Solinge WW. Linking laboratory and medication data: New 
opportunities for pharmacoepidemiological research. Clin Chem Lab Med. 
2007;45(1):13-19. doi:10.1515/CCLM.2007.009. 

19.  Singer M, Deutschmann CS, Seymour C warren, Shanka-hari M, Annane D, 
Bauer M. The Third International Consensus Definitions for Sepsis and 
Septic Shock (Sepsis-3). JAMA. 2016;315(8):801-810. doi:10.1001/ 
jama.2016.0287.The. 

20.  Baker SP, O’Neill B, Haddon W, Long WB. The injury severity score: a 
method for describing patients with multiple injuries and evaluating 
emergency care. J Trauma. 1974;14(3):187-196. doi:4814394. 

21.  Plate JDJ, Peelen LM, Leenen LPH, Hietbrink F. The intermediate care unit 
as a cost-reducing critical care facility in tertiary referral hospitals: A single-
centre observational study. BMJ Open. 2019;9(6):1-5. doi:10.1136/bmjopen-
2018-026359. 

22.  Eurostat. Hospital discharges and length of stay statistics. 
https://ec.europa.eu/eurostat/statistics-
explained/index.php/Hospital_discharges_and_length_of_stay_statistics. 
Published 2019. Accessed August 10, 2019. 



77

THE COMPLEMENT SYSTEM IN AMD: A REVIEW

47

was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Abstract 

Background and purpose: Nonunion is common in patients with femoral fractures. 
Previous studies suggested that the systemic immune response after trauma can 
interfere with fracture healing. Therefore, we investigated if there is a relation 
between peripheral blood cell counts and healing of femur fractures.  
 
Methods: Sixty-one multitrauma patients with a femoral fracture presenting at the 
University Medical Centre Utrecht between 2007 and 2013 were retrospectively 
included. Peripheral blood cell counts from hematological analyzers were recorded 
from the first through the 14th day of the hospital stay. Generalized Estimating 
Equations were used to compare outcome groups.  
 
Results:  Twelve of the 62 patients developed nonunion of the femoral fracture. The 
peripheral blood-count curves of total leukocytes, neutrophils, monocytes, 
lymphocytes, and platelets were all statistically significantly lower in patients with 
nonunion, coinciding with significantly higher CRP levels during the first 2 weeks 
after trauma in these patients. 
 
Interpretation: Patients who developed femoral nonunion after major trauma 
demonstrated lower numbers of myeloid cells in the peripheral blood than patients 
with normal fracture healing. This absent rise of myeloid cells seems to be related 
to a more severe post-traumatic immune response and persistent inflammation.         
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Introduction  

Nonunion has been reported in one tenth of patients with femoral fractures. This risk 
further increases in cases of multiple fractures and open fractures, as frequently  
seen in multitrauma1.  
 

Local factors, such as severe soft tissue injury and reduced weight-bearing on the 
affected extremity, can impair bone healing1–3. In addition, an increasing body of 
evidence suggests that the systemic immune response can also influence bone 
healing4. For instance, blunt chest injury in an experimental setting or intraperitoneal 
injection of lipopolysaccharides, which are both models for systemic inflammation, 
impaired fracture healing in animal models5–7. However, the exact mechanism 
underlying the fracture healing impairment after systemic inflammation remains 
unknown.  
 

Secondary bone healing consists of at least 4 different stages: the inflammatory 
phase, soft callus formation, hard callus formation, and tissue remodeling. During 
the inflammatory phase, neutrophils and macrophages are recruited to the fracture 
hematoma within days up to a week after injury8,9. The inflammatory phase normally 
ends within a week, after which the formation of callus starts9,10. Disruption of the 
inflammatory process, for example by sustained inflammation, may interfere with the 
consecutive stages of bone healing and, thereby, increase the risk of nonunion9. 
   

It is unclear if a correlation exists between the cellular systemic immune response 
after trauma and femoral fracture healing. Hence, we investigated if peripheral blood 
cell counts differ between multitrauma patients with normal and impaired fracture 
healing of the femur.  

 

Patients and methods 

Study design and setting 

Patients were selected from the trauma registry database of the University Medical 
Center (UMC) Utrecht which collected data of all patients who were admitted to the 
trauma department. Patients admitted between the 1st of January 2007 and the 31st 
of December 2013, were included. Total number of leukocytes, neutrophils, 
monocytes, platelets, erythrocytes, lymphocytes and hemoglobin concentrations 
were compared during the first 2 weeks after injury between multitrauma patients 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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with nonunion and multitrauma patients with normal healing of the femoral fracture. 
In addition, the acute phase protein C-reactive protein (CRP) and reticulocyte counts 
were obtained. Outcome data concerning healing of the femoral fracture were 
obtained from the electronic medical record system 1 year after trauma. 

 

Participants 

Multitrauma patients ≥ 16 years of age with a femoral shaft or distal femoral fracture 
presenting in the emergency department (ED) of the UMC Utrecht were included. 
Exclusion criteria were: 1. transfer to another hospital and 2. non-weight bearing of 
the affected extremity, for instance due to paresis, amputation or severe head injury. 
Also, patients were excluded if the healing outcome could not be determined due to 
death or loss to follow-up. Data concerning patient characteristics, trauma 
mechanism, injuries and treatment were obtained from the trauma registry database 
and supplemented with information from the electronic medical record system.  

 

Procedures 

Hematological parameters were obtained from the Utrecht Patient Oriented 
Database (UPOD). Data were collected from the day patients arrived in the 
Emergency Department (ED) through the 14th day of their hospital stay. The 
technical details of the UPOD are described elsewhere11. In short, this database is 
an infrastructure of relational databases that allows (semi)automated transfer, 
processing and storage of data, including administrative information, medical and 
surgical procedures, medication orders, and laboratory test results for all clinically 
admitted patients and patients attending the outpatient clinic of the UMC Utrecht 
since 2004. The process and storage of data are in accordance with privacy and 
ethics regulations. UPOD data acquisition and data management is in line with 
current Dutch regulations concerning privacy and ethics and is approved by the 
institution’s medical ethics committee. Because no extra material, such as blood 
samples, was taken from patients, there was no requirement to obtain informed 
consent from individual patients. The data were analyzed anonymously. Routine 
hematological analysis was performed using the Cell-Dyn Sapphire hematology 
analyzer (Abbott Diagnostics, Santa Clara, USA)11. The reliability and validity of the 
laboratory results were monitored through routine quality control.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Variables and outcome measures 

The study outcome was femoral fracture healing. Union was defined as pain-free 
mobilization (clinical union) or bridging of 3 of the 4 cortices (radiological union) 
within 12 months after injury. Nonunion was defined as lack of radiological and 
clinical union within 12 months after trauma or a fracture which required a re-
intervention to achieve union. Peripheral blood cell counts of multitrauma patients 
with union were compared to peripheral blood cell counts of multitrauma patients 
with nonunion. Soft tissue injury was scored according to the Gustilo classification12.  

 
Statistics  

Data were analyzed with IBM SPSS version 23 (IBM Corporation, NY, United 
States). Descriptive statistics are presented as median (range) for non-normally 
distributed variables and mean (SD) for normally distributed variables. Comparison 
of baseline variables between outcome groups was performed with a Fisher’s exact 
test for categorical variables or a Mann-Whitney U test for the continuous data, that 
were not normally distributed. Statistical significance was defined as a p-value < 
0.05. Since the design of the study is longitudinal with repeated measurements, we 
chose linear generalized estimating equations (GEE) to compare the development 
over time of hematological parameters between outcome groups. This linear 
analysis was performed to analyze whether the course of hematological parameters 
differed between the outcome groups during the first two weeks after trauma. The 
GEE was used to account for within-subject correlation between repeated 
measurements. Based on spaghetti plots we chose the autoregressive working 
correlation structure for platelets and the exchangeable working correlation structure 
for the other hematological parameters.  
 
Ethics, funding and potential conflicts of interest 

A waiver was provided by the institutional medical ethics committee for this study. In 
addition, in line with the academic hospital policy, an opt-out procedure is in place 
for use of patient data for research purposes. The process and storage of data are 
in accordance with privacy and ethics regulations. The authors did not receive 
financial support for the research, authorship and publication of this article. All 
authors declare to have no potential conflicts of interest. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Patients 

A total of 100 multitrauma patients with a distal or shaft femoral fracture were 
enrolled in the study (Figure 1). Multitrauma was defined as an Injury Severity Score 
(ISS) ≥ 1613. Eleven patients were lost to follow-up, of which 8 were transferred to 
another hospital, 2 did not visit the outpatient clinic and in one case the information 
in the patient record system was insufficient to determine healing outcome. Twenty-
one patients died. Causes of death were severe traumatic injuries (n = 18), 
inflammatory complications (n = 2) and unknown (n = 1). Six patients were excluded 
because of the disability to bear weight on the affected leg due to severe ipsilateral 
injuries, an amputation, severe head trauma or spinal cord injury. Of the remaining 
62 patients, union of the femoral fracture was seen in 50 patients (50/62) and 
nonunion was seen in 12 patients (12/62). Clinical parameters of patients with union 
and patients with nonunion are shown in Table 1.  

 

 
Figure 1. Flowchart of patients who met inclusion/exclusion criteria for the study population. AIS = 
Abbreviated Injury Scale. ISS = injury severity score. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Table 1. Baseline characteristics.   
 

 

Data are shown as number (percentage), median [range] or mean [standard deviation]. Baseline variables of 
patients with nonunion are compared to baseline variables of patients with union with the use of a Fisher’s exact 
test or a Mann-Whitney U test as indicated. IMN = intramedullary nailing, ICU = intensive care unit, MODS = 
multiple organ dysfunction syndrome. 

  Total (n=62) Union (n=50) Nonunion 
(n=12) 

P- 
value 

Gender, male  46 (74) 38 (76) 8 (67) 0.5 
Age 32 [16-85] 30 [16-85] 40 [11.7] 0.2 
Injury Severity Score  25 [17-48] 26 [17-48] 24 [4.9] 0.3 
New Injury Severity Score 27 [17-50] 27 [17-50] 28 [6.2] 0.6 
Femur fracture localization        

Shaft 43 (69) 36 (72) 7 (58) 0.5 
Distal 19 (31) 14 (28) 5 42) 0.5 

Type of femur fractures (AO)        
Simple extra-articular 27 (44) 29 (60) 6 (50) 0.8 
Complex extra-articular 21 (34) 10 (20) 3 (25) 0.7 
Intra-articular 14 (23) 11 (22) 3 (25) 1.000 
Soft tissue injury (Gustilo)        
0: closed fracture 35 (57) 29 (58) 6 (50) 0.5 
1: wound < 1cm 8 (13) 5 (10) 3 (25) 0.2 
2: wound > 1 cm 6 (10) 5 (10) 1 (8) 1.000 
3a: adequate soft tissue cover 4 (7) 3 (6) 1 (8) 1.000 
3b: inadequate soft tissue cover 2 (3) 2 (4) 0 1.000 
3c: associated arterial injury 0 0 0  
Unknown 7 (11) 6 (12) 1 (8)  

Type of fixation     
External fixation +  IMN 6 (10) 5 (10) 1 (8) 1.000 
External fixation + plates 9 (15) 7 (14) 2 (17) 1.000 
External fixation + screws 1 (2) 1 (2) 0 1.000 
IMN 35 (57) 30 (60) 5 (42) 0.4 
Plates 10 (16) 6 (12) 4 (33) 0.1 
Screws 1 (2) 1 (2) 0 1.000 

Number of surgical procedures 3 [1-18] 3 [1-13] 3 [1-18] 0.4 
Inflammatory complications        

Urinary tract infection 6 (10) 5 (10) 1 (8) 1.000 
Surgical site infection 3 (5) 2 (4) 1 (8) 0.5 
Pneumonia 10 (16) 9 (18) 1 (8) 0.7 
MODS 3 (5) 2 (4) 1 (8) 0.5 

Nonunion 13 (21)    
Atrophic 11 (18)  11 (92)  
Hypertrophic 1 (2)  1 (8)  

Infected nonunion 2 (3)   2 (17)  
ICU stay (days) 2 [0-68] 2 [0-46] 0 [0-68] 0.2 
Hospital stay (days) 20 [4-154] 20 [4-95] 16 [4-154] 0.3 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Results 
 
 
Demographics 

There were no statistically significant differences in sex, age, ISS, new injury severity 
score (NISS), fracture localization, type of fracture, soft tissue injury, type of fixation, 
number of surgical procedures, inflammatory complications, length of stay in 
Intensive Care Unit (ICU) and total hospital stay between patients with normal and 
impaired fracture healing of the femur. 

 

Peripheral blood cell counts (Figure 2) 

Neutrophil and leukocyte counts were similarly elevated in both outcome groups 
upon arrival in ED and decreased to normal values within 1 day. In patients with 
union, mean leukocyte, neutrophil, monocyte and platelet counts rose above 
reference values in the second week after trauma. In contrast, leukocyte, neutrophil, 
monocyte and platelet counts of patients with nonunion remained within reference 
values. Lymphocyte counts remained within reference values in patients with union 
and decreased to just below reference values in patients with nonunion. When 
compared to the union group, in the nonunion group there was an average change 
in leukocytes of -0.33/day (p = 0.03), neutrophils of -0.39/day (p = 0.03), monocytes 
of -0.03/day (p = 0.03), platelets of -21.2/day (p = 0.001) and lymphocytes of -
0.04/day (p = 0.02). Hemoglobin and erythrocytes decreased after trauma and 
remained below reference values for both outcome groups. 

 

  



89

THE COMPLEMENT SYSTEM IN AMD: A REVIEW

47

was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Figure 2A-G. Leukocyte count (A), neutrophil count (B), monocyte count (C), lymphocyte count (D), 
erythrocyte count (E), hemoglobin (F) and platelet count (G) during the first two weeks after major trauma. 
Patients with union are depicted in green and patients with nonunion in red. Data are presented as mean 
with standard error of the mean. Grey bars represent reference values. SEM = standard error of mean. 

 

0 2 4 6 8 10 12 14
 

0

5

10

15

Union
Nonunion

Days after trauma

N
eu

tr
op

hi
l c

ou
nt

 (x
10

6 /m
l) 

A

C

E F

G

                  
                       

                      
   

B

D

0 2 4 6 8 10 12 14
 

0

5

10

15

20

Nonunion
Union

Days after trauma

Le
uk

oc
yt

e 
co

un
t (

x1
06 /m

l) 

0 2 4 6 8 10 12 14
 

0.0

0.5

1.0

1.5

Union
Nonunion

Days after trauma

M
on

oc
yt

e 
co

un
t (

x1
06 /m

l) 

0 2 4 6 8 10 12 14
 

0

1

2

3

4

5

Union
Nonunion

Days after trauma

Ly
m

ph
oc

yt
e 

co
un

t (
x1

06 /m
l)

0 2 4 6 8 10 12 14
 

0

2

4

6

8

Union
Nonunion

Days after trauma

Er
yt

hr
oc

yt
e 

co
un

t (
10

9  c
el

ls
/m

L)

0 2 4 6 8 10 12 14
 

0

2

4

6

8

10

12

Union
Nonunion

Days after trauma

H
em

og
lo

bi
n 

(m
m

ol
/L

)

0 2 4 6 8 10 12 14
 

0

250

500

750

1000

Union
Nonunion

Days after trauma

Pl
at

el
et

 c
ou

nt
 (x

10
6 /m

l) 



Chapter 1B

46

for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Reticulocyte count and CRP level (Figure 3) 

Figure 3A and Figure 3B show reticulocyte counts and CRP levels during the first 2 
weeks after trauma for patients with union and nonunion of the femoral fracture. In 
both outcome groups, CRP levels rose to 200 – 300 within 3 days, and gradually 
decreased thereafter. After day 2, higher CRP levels were observed in patients who 
later developed nonunion than in patients with union. The average change in CRP 
levels in patients with nonunion was 7.42/day (p = 0.01) compared to CRP levels of 
patients with union. No statistically significant differences were observed between 
outcome groups in the number of infections and the number of severe infections 
leading to multiple organ dysfunction syndrome. Reticulocyte count rose in both 
outcome groups after trauma, similar in patients with union and patients with 
nonunion. 

 

 

Figure 3A-B. Reticulocyte count (A) and C-reactive protein (B) during the first two weeks after major 
trauma. Patients with union are depicted in green and patients with nonunion in red. Data are presented 
as mean with standard error of the mean. Grey bars represent reference values. SEM = standard error 
of mean.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Discussion  

Leukocytes, neutrophils, monocytes and platelets were above reference values in 
patients with normal fracture healing during the second week after severe injury. 
Patients with nonunion did not exhibit such an increase in myeloid blood cells and 
exhibited a statistically significant, but minor, decrease in lymphocytes. Although 
CRP levels were elevated in both outcome groups, there was a small but statistically 
significant increase in CRP in the nonunion group compared to the union group. 
 
An increase of myeloid cells after trauma, as seen in patients with union, has been 
described before14–16. Moreover, a previous study found similar trends in peripheral 
blood cell counts in patients with and without union of their tibia fracture14. This study 
additionally investigated CRP and reticulocyte count. CRP provided information 
about inflammation and reticulocyte count reflected the production of immature red 
blood cells from the bone marrow, and can thus be used as an indicator of bone 
marrow function17,18. There are different hypotheses that can explain the lack of 
leukocytosis and thrombocytosis in the nonunion group. Firstly, persistent 
inflammation might suppress the bone marrow response18. However, the increase 
found in reticulocytes that did not differ between outcome groups, suggests an 
adequate bone marrow response and makes this hypothesis less likely. Secondly, 
the lack of leukocytosis and thrombocytosis might be caused by persistent 
extravasation of myeloid cells to the tissues, a process associated with inflammatory 
conditions19,20.  
 
Both hypotheses regarding the lack of leukocytosis and thrombocytosis in nonunion 
patients without bone marrow suppression, are based on sustained inflammation. 
This is supported by the finding that nonunion patients had slightly higher CRP 
levels, while there was no statistically significant difference in clinically evident 
infections between outcome groups.  Previous studies have demonstrated that a 
local controlled inflammatory reaction is key to successful bone healing21 and that 
sustained systemic inflammation after trauma can impair this process6,22. The influx 
of leukocytes in the fracture hematoma is an essential step during the inflammatory 
phase in the first week after trauma10,23. However, termination of this phase to 
prevent persistent inflammation, seems to be at least as important9,24 Decreased 
numbers of myeloid cells in the blood of nonunion patients during the second week 
after trauma supports the hypothesis of enhanced extravasation of these cells after 
the inflammatory phase and thus persistent local inflammation. This is in line with 
previous studies showing a relation between impaired fracture healing and 
increased numbers of pro-inflammatory leukocytes in the fracture hematoma24 and 
decreased numbers of leukocytes in the peripheral blood during the second week 
after trauma14. Furthermore, previous studies showed that both the reduction of 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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neutrophils in the fracture hematoma, and the inhibition of extravasation by blocking 
the anaphylatoxin C5a, improved fracture healing in rats25–27. Taken together, it is 
tempting to speculate that increased extravasation of myeloid cells can disturb 
fracture healing in the included patients and that this is reflected by decreased 
numbers of myeloid cells in the peripheral blood. 
 
It is not surprising that conditions that further enhance the post-traumatic immune 
response, such as open fractures and multiple injuries, are additional risk factors for 
nonunion. However, we did not find statistically significant differences in soft tissue 
injury and injury severity between both outcome groups. Other factors that can 
influence peripheral blood cell counts, such as infectious complications and the 
number of surgical procedures, were also not significantly different.  
 
An important limitation of this study is that blood values were retrospectively 
obtained and were, therefore, not available for each patient at each time point. It is 
possible that blood was more frequently drawn from patients who were more 
severely injured or from patients who developed complications during hospital stay. 
Yet, we did not find a relation between ISS or complications and healing outcome, 
precluding a substantial bias. 
 
In summary, multitrauma patients who developed femoral nonunion after major 
trauma demonstrated lower numbers of myeloid cells in the peripheral blood than 
patients with normal fracture healing. Patients with union demonstrated leukocyte 
numbers above reference values in the second week after trauma, reflecting a 
normal physiological response. These findings support the hypothesis that 
persistent systemic inflammation after major injury can affect physiological 
processes necessary for bone healing.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Abstract 

Introduction: Organ dysfunction remains a major cause of morbidity after trauma. 
The development of organ dysfunction is determined by the inflammatory response, 
in which neutrophils are important effector cells. A femoral fracture particularly 
predisposes for the development of organ dysfunction. This study investigated the 
chronologic relation between neutrophil characteristics and organ dysfunction in 
trauma patients with a femoral fracture. 

Methods: Patients with a femoral fracture presenting at the University Medical 
Center (UMC) Utrecht between 2007 and 2013 were included. Data of neutrophil 
characteristics from standard hematological analyzers were recorded on a daily 
basis until the 28th day of hospital stay or until discharge. Generalized Estimating 
Equations were used to compare outcome groups. 

Results: In total 157 patients were analyzed, of whom 81 had polytrauma and 76 
monotrauma. Overall mortality within 90 days was 6.4% (n=10). Eleven patients 
(7.0%) developed organ dysfunction. In patients who developed organ dysfunction 
a significant increase in neutrophil count (p = 0.024), a significant increase in 
neutrophil cell size (p = 0.026), a significant increase in neutrophil complexity (p < 
0.004) and a significant decrease in neutrophil lobularity (p < 0.001) were seen after 
trauma. The rise in neutrophil cell size preceded the clinical manifestation of organ 
dysfunction in every patient.  

Conclusion: Patients who develop organ dysfunction post injury show changes in 
neutrophil characteristics before organ dysfunction becomes clinically evident. 
These findings regarding post-traumatic organ dysfunction may contribute to the 
development of new prognostic tools for immune mediated complications in trauma 
patients. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Introduction 

The incidence of post-traumatic organ dysfunction has decreased in recent years 
due to improved therapeutic strategies. However, organ dysfunction, including acute 
respiratory distress syndrome (ARDS) and multiple organ dysfunction syndrome 
(MODS), remains a significant cause of morbidity and occasionally mortality after 
severe trauma1,2.  
 
Immune imbalance is important in the pathogenesis of organ dysfunction3–5.  
Expression of simultaneous hyper-inflammation and immune paralysis characterize 
this immune response6. Hyper-inflammation can cause additional tissue damage, 
which can exacerbate and lead to organ dysfunction7. Paradoxically, a parallel 
immune paralysis can lead to organ dysfunction as well, due to an increased risk of 
infections and sepsis7. Neutrophils are important effector cells of the innate immune 
system. Neutrophil products and sequestration of primed neutrophils in end-organs 
are linked to organ dysfunction8–11.  
 
A dose response relation exists between injury severity, immune dysfunction and 
the risk of developing organ dysfunction12,13. Some injuries, such as femoral shaft 
and distal femoral fractures, are associated with a more profound immune 
response14. Therefore, these injuries are independently associated with an 
increased incidence of inflammatory complications, in particular ARDS15,16.  
 
Although a growing body of evidence suggests that neutrophil function is related to 
clinical outcome, time dependency and recognition of patients at risk remain elusive. 
Better understanding of neutrophil kinetics after trauma in relation to the 
development of organ dysfunction is necessary to improve prognosis and targeted 
therapy. The aim of this study was to investigate the chronologic relation between 
neutrophil characteristics and the occurrence of organ dysfunction after trauma. 
 

Materials and Methods 

Study design 

Neutrophil characteristics after trauma were compared between monotrauma 
patients and polytrauma patients with and without organ dysfunction. Data were 
retrospectively collected from the day patients arrived in the emergency department 
(ED) until the 28th day of their hospital stay or until discharge. Neutrophil 
characteristics were based on routinely available light scatter data obtained by a 
routine hematological analyzer (see below). To determine the occurrence of organ 
dysfunction, MODS and ARDS were determined daily during the first 28 days with 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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the use of the Denver score and the Berlin definition, respectively17,18. MODS was 
defined as a Denver score > 3 on any given day at least 48 hours after injury. Both 
Injury Severity Score (ISS) and New Injury Severity Score (NISS) were used to 
quantify the severity of the trauma.  

 
Patients 

Patients were selected from the trauma registry database of the UMC Utrecht that 
collects data of all patients that were admitted to the trauma department19,20. For 
demographic data see Table 1. All patients were ≥ 16 years of age and had a femoral 
shaft or distal femoral fracture. Patients that presented in the ED of University 
Medical Center (UMC) Utrecht between the 1st of January 2007 until the 31st of 
December 2013, were included. Patients were stratified in a polytrauma (ISS >16) 
group and a monotrauma (ISS 9-10) group. Hereafter, polytrauma patients who 
developed organ dysfunction (MODS and ARDS) were compared with polytrauma 
patients without organ dysfunction and with the monotrauma group. Exclusion 
criteria were pathologic fractures, dead or transfer < 48 hours and the absence of 
neutrophil parameters < 12 hours after trauma. Patient characteristics and data 
concerning trauma mechanism, injuries and treatment, were obtained. These data 
were collected from the trauma database and supplemented with information from 
the electronic medical record system. A waiver was provided by the institutional 
medical ethics committee for this retrospective analysis of a prospectively collected 
database. In addition, in line with the academic hospital policy, an opt-out procedure 
is in place for use of patient data for research purposes. The process and storage of 
data are in accordance with privacy and ethics regulations. 

 
Hematological parameters 

Neutrophil parameters and C-reactive protein (CRP) levels were obtained from the 
Utrecht Patient Oriented Database (UPOD). This database contains complete blood 
count analyses from the Abbott Cell-Dyn Sapphire hematology analyzer from every 
blood sample irrespective of the requested parameter21. The analyzer uses laser 
light scattering (Multi Angle Polarised Scatter Separation [MAPSS]) to classify 
leukocytes. The analyzer registers the neutrophil cell size (axial light loss [ALL], 0° 
scatter), neutrophil cell complexity (intermediate angle scatter [IAS], 7° scatter) and 
neutrophil nuclear lobularity (polarized side scatter [PSS], 90° scatter)22. Additional 
experiments were performed to investigate which mediators induce an increase in 
neutrophil size in vitro. Whole blood of 7 healthy controls was incubated with n-
formyl-methionyl-leucyl-phenylalanine (fMLF), tumornecrosisfactor-alfa (tnf-α) and 
granulocyte-macrophage colony-stimulating factor (GM-CSF) for 30 minutes. Then 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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leukocytes were stained for 15 minutes on ice with CD45-APC for recognition during 
analysis. Neutrophil size (neutrophil forward scatter) was measured using the BD 
LSRFortessa™ (BD Biosciences, San Jose, USA). Granulocytes were identified 
based on their specific forward/side scatter patterns. Neutrophils were identified by 
excluding granulocytes that demonstrated eosinophil-specific autofluorescence. 
Flow cytometry data was analyzed with FlowJo® v10 software (FlowJo, LLC, 
Ashland, OR).  

 
Statistical analysis 

All data were analyzed with SPSS version 23 (IBM Corporation, NY, United States). 
The distribution of continuous variables was assessed with the use of the 
Kolmogorov-Smirnov test. Results are presented as median with interquartile range, 
because the data were not normally distributed. Comparison of baseline 
characteristics between polytrauma patients with organ dysfunction and polytrauma 
patients without organ dysfunction was performed with a Fisher’s exact test or a 
Mann-Whitney U test as indicated. Statistical significance was defined as a p-value 
< 0.05. Graphs were created with SPSS version 23. Neutrophil characteristics of 
polytrauma patients with organ dysfunction were compared to neutrophil 
characteristics of polytrauma patients without organ dysfunction with the use of 
linear Generalized Estimating Equations, to account for within-subject correlation. 
Based on the spaghetti plots an exchangeable correlation structure was chosen. 
Outcome groups consisted of a different composition of patients at every time point 
depending on the availability of laboratory parameters. Patients who developed 
organ dysfunction were also compared to patients with a similar injury severity 
without organ dysfunction. This cohort of ten patients was matched on ISS and 
severity of thorax injury using the case-control matching option in SPSS. Neutrophil 
size after the addition of fMLF, tnf-α and GM-CSF was compared to neutrophil size 
without the addition of these mediators with a Wilcoxon matched-pairs signed rank 
test. 

 

Results 

Patient characteristics 

A total of 157 patients with a femoral shaft fracture or distal femoral fracture were 
enrolled in the study. Eighty-one polytrauma patients were included. Nineteen 
polytrauma patients were excluded because of death or transfer within 48 hours to 
other hospitals (Figure 1).  Eleven polytrauma patients developed organ dysfunction. 
Seventy-six monotrauma patients were included after exclusion of 10 patients 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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because of pathologic fractures or the absence of neutrophil parameters within the 
first 12 hours. No monotrauma patient developed organ dysfunction. Eleven 
polytrauma patients developed organ dysfunction (13.6%), of which 3 developed 
isolated ARDS, 4 developed MODS, and 4 patients complied with both ARDS and 
MODS criteria. Patients developed ARDS on day 1-6 and MODS on day 2-9 after 
admission. One patient died due to organ dysfunction. There were no significant 
differences in gender, age, reaming of the femur shaft, neutrophil count at admission 
or mortality rates between groups (Table 1). Polytrauma patients with organ 
dysfunction had a higher ISS (p = 0.004) and NISS (p < 0.002), received more 
intravenous fluids within the first 3 days (p < 0.001), were more often intubated (p = 
0.016) and had a longer hospital stay (p = 0.009) than polytrauma patients without 
organ dysfunction. Also, the mechanism of injury (p = 0.039) and the classification 
of the femoral fracture (p = 0.031) differed significantly between outcome groups. 
 
 
 

 
Figure 1 Flowchart of patients who met the inclusion/exclusion criteria for the study population.  
ISS = injury severity score. 

 
  

Patients ≥ 16 years with ISS ≥ 16 and distal or shaft
femur fracture 01/01/2007 – 12/31/2013 (n = 100) 

Polytrauma patients included (n = 81) 

Patients included (n = 157) 

Monotrauma patients included (n = 76) 

No parameters < 12 hours (n= 8)
Pathologic fracture (n= 2)

Transferred < 48 hours (n= 5)
Died < 48 hours (n= 14)

Patients ≥ 16 years with ISS 9-10 and distal or shaft
femur fracture 01/01/2007 – 12/31/2013 (n = 86) 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Table 1. Baseline characteristics. Monotrauma versus polytrauma without organ dysfunction 
versus patients with organ dysfunction 
 
 

 

Data are presented as median (IQR) or n (%). ISS = Injury Severity Score. NISS=New Injury Severity 
Score. ARDS = Acute Respiratory Distress Syndrome. MODS = Multiple Organ Dysfunction Syndrome. 
Intravenous fluids = crystalloids and colloids. Variables are compared between polytrauma patients with 
organ dysfunction and polytrauma patients without organ dysfunction with a Fisher’s exact test or a Mann-
Whitney U test.  
 
 

  

 Monotrauma  
(n=76) 

Polytrauma, no 
organ dysfunction 

(n = 70) 

Polytrauma, organ 
dysfunction  

(n = 11) 
P-

value 
     

Gender, male (%) 51 (67.1%) 51 (72.9%) 11 (100%) 0.059 

Age 38.5 (21.0-56.8) 36.0 (20.0-46.3) 32.0 (22.0-48.0) 0.868 

ISS 9 (9-10) 24 (19-30) 34 (25-41) 0.004 

NISS 10.0 (9.0-16.3) 27.0 (22.0-34.0) 34.0 (34.0-41.0) 0.002 
Intravenous fluids  
day 0-3 [L]   9.3 (7.2-10.2) 17.7 (12.6-19.7) <0.001 

Mechanism of injury (%) 
Traffic 
Fall from height 
Sport injury 
Other 

 
35 (46.1%) 
6 (7.9%) 

11 (14.5%) 
24 (31.6%) 

 
59 (84.3%) 

7 (10%) 
0 

4 (5.7%) 

 
8 (72.7%) 
1 (9.1%) 

2 (18.2%) 
0 

0.039 

Type of femoral fracture 
Shaft fracture 
Distal fracture 
Unknown 

 
70 (92.1%) 
5 (6.6%) 
1 (1.3%) 

 
47 (67.1%) 
21 (30%) 
2 (2.9%) 

 
11 (100%) 

0 
0 

0.031 

Reaming, n (%) 24 (31.6%) 16 (22.9%) 2 (18.2%) 1.000 

Intubated pre-hospital or 
during hospital stay, n (%) 0 42 (60%) 11 (100%) 0.016 

Neutrophil count [x109/l]  
at admission 
 

7.7 (5.0-11.8) 12.3 (9.5-15.6) 12.2 (6.0-16.7) 0.770 

Organ dysfunction  
ARDS 
MODS 
ARDS + MODS 

  

 
3 (27.3%) 
4 (36.4%) 
4 (36.4%) 

 

Mortality 
28 days 
90 days 

 
1 (1.3%) 
2 (2.6%) 

 
4 (5.7%) 
1 (1.4%) 

 
2 (18.2%) 

0 
0.300 

Length of hospital stay 
(days) 9.0 (6.0-14.0) 19.0 (12.0-26.5) 49.0 (18.0-95.0) 0.009 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Hematological parameters 

The mean neutrophil count, neutrophil cell size, neutrophil complexity and neutrophil 
lobularity were analyzed over time and plotted in Figures 2 - 4. Figure 5 shows CRP-
levels after trauma. Upon presentation in the ED, a significant elevation in neutrophil 
cell size (ß 0.15, p = 0.029 over 0 – 48 hours) and significant decrease in lobularity 
(ß – 0.20, p < 0.001 over 0 – 48 hours) was seen in patients who later developed 
organ dysfunction (Figure 2). 

  

 
 
Figure 2. Neutrophil cell count (A) neutrophil cell size (B) neutrophil complexity (C) and neutrophil 
lobularity (D) 0 - 48 hours after trauma. Data are presented as mean with standard error of the mean 
(SEM). Neutrophil count and neutrophil characteristics of polytrauma patients with organ dysfunction are 
compared to neutrophil count and neutrophil characteristics of polytrauma patients without organ 
dysfunction. AU = arbitrary units. 

 

 

 

 

              
                

              
            

       

   

   

      

   

   

    
 

   

   

 
 

 
 

  

 
 

 

  

 
 

 

����������
���������� ������� �������������
���������� ���� �������������

 
 



105

THE COMPLEMENT SYSTEM IN AMD: A REVIEW

47

was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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In all patients a decrease in lobularity within 5 days and an increase in neutrophil 
count after 6 days was seen (Figure 3). These shifts were significantly more 
pronounced in patients who later developed organ dysfunction (lobularity: ß -3.25, p 
< 0.001, day 1-4 and neutrophil count: ß 2.30, p = 0.024, day 6-9). However, a 
significant increase in cell size (ß 2.64, p = 0.026 over day 1-5) and complexity (ß 
1.23, p < 0.004 over day 1-9) within the first week after trauma was only observed 
in patients with organ dysfunction. Of these parameters, only neutrophil cell size 
rose above reference values.  

 
Neutrophil parameters and CRP-levels in relation to the onset of organ dysfunction 
are depicted in Figure 4 and Figure 5, respectively. Neutrophil lobularity slightly 
decreased after the onset of organ dysfunction, whereas neutrophil complexity and 
neutrophil count increased. Neutrophil cell size, however, increased to levels only 
observed in patients with organ dysfunction, already before organ dysfunction 
became clinically evident.  

 
Subsequently, neutrophil characteristics were analyzed in a cohort matched on 
injury severity (ISS and severity of thorax trauma) for 10 polytrauma patients with 
organ dysfunction and 10 polytrauma patients without organ dysfunction. In patients 
with organ dysfunction, neutrophil cell size and neutrophil complexity were increased 
and neutrophil lobularity was decreased (figures not shown). The differences 
between outcome groups were similar to those presented in Figure 3. 

 
Linear regression showed that there was no significant relation between intravenous 
fluids and cell size after correction for ISS, leaving cell size as an early independently 
related factor in the development of organ dysfunction.  

 
The effect of fMLF, tnf-α and GM-CSF on neutrophil size is depicted in Figure 6. A 
significant increase in neutrophil size was observed after in vitro addition of 10-6 
mol/L fMLF (p = 0.016), 10-5 mol/L fMLF (p = 0.016), 103 U/ml tnf-α (p = 0.016), 10-
9 mol/L GM-CSF (0.016) and 10-8 mol/L GM-CSF (p = 0.031).  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Figure 3. Neutrophil cell count (A) neutrophil cell size (B) neutrophil complexity (C) and neutrophil 
lobularity (D) during the first 28 days after trauma. Data are presented as mean with standard error of the 
mean (SEM). Neutrophil count and neutrophil characteristics of polytrauma patients with organ 
dysfunction are compared to neutrophil count and neutrophil characteristics of polytrauma patients 
without organ dysfunction. AU = arbitrary units. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Figure 4. Neutrophil cell count (A) neutrophil cell size (B) neutrophil complexity (C) and neutrophil 
lobularity (D) relative to the onset of organ dysfunction. Day 0 is the first day that acute respiratory distress 
syndrome or multiple organ dysfunction syndrome occurred according to the Berlin definition and Denver 
criteria respectively. Data are presented as mean with standard error of the mean (SEM). AU = arbitrary 
units.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Figure 5. CRP-levels after trauma (A) and CRP-levels relative to the onset of organ dysfunction (B). Day 
0 is the first day that acute respiratory distress syndrome or multiple organ dysfunction syndrome occurred 
according to the Berlin definition and Denver criteria respectively. Data are presented as mean with 
standard error of the mean (SEM). Polytrauma patients who developed organ dysfunction had 
significantly higher CRP-levels (ß = 7.12, p = 0.012, day 1-10) than polytrauma patients who did not 
develop organ dysfunction. CRP-levels slightly increased before organ dysfunction and further increased 
thereafter, to levels only observed in patients with organ dysfunction. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Figure 6. Neutrophil cell size after administration of fMLF (A) tnf-α (B) and GM-CSF (C) in seven healthy 
controls. Data are presented as mean with standard error of the mean (SEM). Neutrophil size after 
administration of these mediators is compared to neutrophil size without administration of mediators with 
the use of the Wilcoxon matched-pairs signed rank test. AU = arbitrary unites, M = molar concentration 
(1 mol/L), U = units, fMLF = n-formyl-methionyl-leucylphenylalanine, tnf-α = tumornecrosisfactor-alfa, GM-
CSF = granulocyte-macrophage colony-stimulating factor. * P < 0.05. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Discussion 

This study demonstrated that neutrophil characteristics differ between polytrauma 
patients who later develop organ dysfunction and polytrauma patients who do not. 
Of these differences, the increase in neutrophil cell size was most evident and 
already present before organ dysfunction was diagnosed.  

 
A number of studies focused on neutrophil cell size before. An increase in neutrophil 
volume has been associated with enhanced neutrophil migration23,24. This is thought 
to play an important role in the development of inflammatory complications including 
organ dysfunction4,7. Also, numerous studies found that cell size was an indicator of 
bacterial infection and sepsis25, and that neutrophil cell size was a significant 
predictor of mortality in severely injured patients26. Our findings also suggested that 
neutrophil size was related to the degree of inflammation, since changes in CRP 
seemed to coincide with changes in neutrophil size within outcome groups. 
However, the increase in CRP to levels observed during organ dysfunction, occurred 
after the onset of organ dysfunction, whereas the increase in neutrophil size to levels 
during organ dysfunction already started two days earlier. Moreover, neutrophil cell 
size in polytrauma patients who did not develop organ dysfunction remained stable 
and within reference values, while neutrophil cell size in polytrauma patients who did 
develop organ dysfunction raised above reference values during the entire first week 
after trauma. These findings suggest that neutrophil cell size is a superior parameter 
to distinguish patients at risk for organ dysfunction. Although an increasing body of 
evidence suggests the significance of neutrophil cell size, it remains unknown which 
mechanism underlie the increase in size. 

 
A possible explanation for an increase in cell size is osmotic swelling of neutrophils 
due to administered fluids27. Although patients who developed organ dysfunction 
received more intravenous fluids within the first 3 days, it seems unlikely that 
neutrophils enlarged mainly due to the administration of fluids. No correlation was 
found between the amount of intravenous fluids and increase in cell size after 
correction for ISS. Hence a more plausible explanation is that the increase in cell 
size and the administration of intravenous fluids were both the result of the 
inflammatory processes after severe injury. This is supported by our finding that CRP 
levels were significantly higher in patients who developed organ dysfunction and by 
our finding that in vitro addition of pro-inflammatory mediators such as GM-CSF, tnf-
α and fMLF, led to an increase in neutrophil size. Previous studies also found an 
increase in neutrophil size after administrating complement product C5a, 
lipopolysaccharide (LPS) and fMLF23,28–30. Interaction with these mediators leads to 
neutrophil polarization with a characteristic increase in cell size and a loss of 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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circularity to enhance neutrophil migration23,29. Swelling of neutrophils seems to be 
an essential step in the migration process, since inhibition of swelling by 
hyperosmotic solutions or blocking of Na+/H+ antiporters, suppresses neutrophil 
migration towards fMLF23,30. Also, neutrophil migration towards fMLF is enhanced 
after neutrophil swelling in a hyposmolar buffer23 Migration of primed neutrophils into 
the lungs and other organs is one of the most important factors in the 
pathophysiology of ARDS and MODS8,31. These findings support our hypothesis that 
pro-inflammatory mediators induce an increase in neutrophil size, which is 
independently related to organ dysfunction, possibly because it enhances neutrophil 
migration into tissues.  

 
Previous studies showed a significant relation between inflammatory complications 
and injury severity13. This is in line with our finding that ISS was significantly higher 
in patients who developed organ dysfunction, compared to other polytrauma patients 
and that differences in neutrophil cell size between outcome groups were already 
seen within 48 hours after trauma. This suggests that the severity of trauma 
determined the amplitude of the initial inflammatory response and the susceptibility 
to organ dysfunction later on. This theory is supported by previous studies, that 
found a relation between early (< 24 hours) decreased neutrophil responsiveness, 
and late (>5 days) onset septic complications32,33. To investigate if neutrophil cell 
size was independently associated with organ dysfunction, we matched a cohort on 
injury severity and severity of thorax injury. An increase in mean cell size > 165 
arbitrary units was only seen in patients who later developed organ dysfunction. 
Hence, the increase in cell size seemed to be more related to the development of 
organ dysfunction than the severity of the injury.  

 
Besides a consistent increase in neutrophil cell size, patients with organ dysfunction 
also showed a gradual decrease in neutrophil lobularity immediately after trauma. 
Young banded neutrophils are known to have a C-like shaped nucleus instead of a 
lobulated nucleus that mature segmented neutrophils have34. These banded 
neutrophils have been described to circulate in the bloodstream directly after severe 
injury35. Hence, the decrease in neutrophil lobularity directly after trauma might be 
explained by the release of banded neutrophils into the bloodstream. This was 
described before by Botha et al. who found a significantly higher percentage of 
banded neutrophils in patients who developed MODS (43.3%) compared to non-
MODS patients (19.7%) 24 hours after trauma9. There is also limited evidence that 
banded neutrophils are slightly bigger than segmented neutrophils28. We showed 
that cell size further increased after 24 hours and remained elevated until day 10, 
whereas lobularity decreased until 4 days after trauma. Moreover, a decrease in 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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lobularity was observed in all outcome groups, whereas the increase in cell size was 
only observed in patients who later develop organ dysfunction. Therefore, the influx 
of banded neutrophils might explain the decrease in lobularity, but does not explain 
the increase in cell size.  This was supported by van Hout et al., who found a dose 
dependent increase in cell size of neutrophils after in vitro stimulation with LPS28 and 
by Denk et al., who found an increase in cell size after in vitro stimulation with C5a29. 
Moreover, an increase in neutrophil cell size has proven to be a separate and 
superior parameter in predicting sepsis, besides banded cell counts25.   

 
Multiple studies focused on neutrophil characteristics in relation to post-traumatic 
organ dysfunction before. Some of these studies found a relation between neutrophil 
phenotype and the occurrence of septic complications after trauma11,32,33. However, 
neutrophil phenotyping by looking at receptor expression profiles is costly and labor 
intensive, and therefore not yet suitable for routine assessment. Hence there has 
been a need for a routinely available parameter instead. This study investigated light 
scatter characteristics, which are automatically generated for every blood sample 
irrespective of the requested parameter. Since blood samples are frequently drawn 
from trauma patients, the assessment of neutrophil scatter data would not require 
any additional blood samples and is therefore particularly suitable for clinical 
practice. Also, this is the first study to investigate neutrophil characteristics up to 28 
days post-injury, adding to the existing literature on post-traumatic neutrophil kinetics 
before, during and after organ dysfunction. In addition, the plotting of light scatter 
parameters in relation to the onset of complications contributes to a better 
understanding of the time dependency between neutrophil characteristics and organ 
dysfunction. Since the increase in neutrophil size above reference values is already 
seen before organ failure occurs, neutrophil size is a promising marker for prognostic 
analyses and patient specific therapeutic regimes.  

 A limitation of this study is that neutrophil parameters were not always 
available at each time point, which is inherent to the retrospective design and the 
choice to analyze routinely obtained laboratory parameters. This possibly resulted 
in a patient selection bias, because patients who were less severely injured tend to 
get discharged relatively fast after admission and thereafter laboratory data are often 
not available. Despite this bias, a difference could still be demonstrated. A larger 
number of samples would enable a separate analysis for MODS and ARDS. 
However, since ARDS and non-infectious MODS are thought to have a similar 
pathogenesis, we chose to investigate both as parts of the disease entity organ 
dysfunction4,5. Another limitation is that neutrophil surface markers and cytokines 
were not available. Therefore, future studies should focus on how these neutrophil 
scatter characteristics are related to surface markers and cytokines. Moreover,  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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larger studies are needed to investigate the prognostic value of these factors and to 
investigate the additional prognostic value of neutrophil cell size.    

 
In conclusion, trauma patients who developed organ dysfunction had an increase in 
neutrophil cell size preceding the clinical manifestation of organ dysfunction. This 
increase in cell size seems to reflect the degree of inflammation and could not be 
explained by the injury severity alone. These findings may contribute to the 
development of prognostic tools and targeted therapies for immune mediated 
complications in trauma patients. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Abstract  

Leukocyte viability (determined by e.g. propidium iodide [PI] staining) is 
automatically measured by hematology analyzers to check for delayed bench time. 
Incidental findings in fresh blood samples revealed the existence of leukocytes with 
decreased viability in critically ill surgical patients. Not much is known about these 
cells and their functional and/or clinical implications. Therefore, we investigated the 
incidence of decreased leukocyte viability, the implications for leukocyte functioning 
and its relation with clinical outcomes.  

An automated alarm was set in a routine hematology analyzer (Cell-Dyn Sapphire) 
for the presence of non-viable leukocytes characterized by increased fluorescence 
in the PI-channel (FL3:630±30nm). Patients with non-viable leukocytes were 
prospectively included and blood samples were drawn to investigate leukocyte 
viability in detail and to investigate leukocyte functioning (phagocytosis and 
responsiveness to a bacterial stimulus). Then, a retrospective analysis was 
conducted to investigate the incidence of fragile neutrophils in the circulation and 
clinical outcomes of surgical patients with fragile neutrophils hospitalized between 
2013–2017.  

A high FL3 signal was either caused by 1) neutrophil autofluorescence which was 
considered false positive, or by 2) actual non-viable PI-positive neutrophils in the 
blood sample. These two causes could be distinguished using automatically 
generated data from the hematology analyzer. The non-viable (PI-positive) 
neutrophils proved to be viable (PI-negative) in non-lysed blood samples, and were 
therefore referred to as ‘fragile neutrophils’. Overall leukocyte functioning was not 
impaired in patients with fragile neutrophils. Of the 11 872 retrospectively included 
surgical patients, 75 (0.63%) were identified to have fragile neutrophils during 
hospitalization. Of all patients with fragile neutrophils, 75.7% developed an infection, 
70.3% were admitted to the ICU and 31.3% died during hospitalization.  

In conclusion, fragile neutrophils occur in the circulation of critically ill surgical 
patients. These cells can be automatically detected during routine blood analyses 
and are an indicator of critical illness.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Background 

Neutrophils are the most abundant type of leukocyte found in the peripheral blood1 
and contribute to the host's first line of defense against invading micro-organisms. A 
shortage of functional neutrophils can lead to the development of severe bacterial 
infections and sepsis2,3. Increased neutrophil death might be either a cause or a sign 
of such an infectious state. 

 
A classic method to show the presence of dying leukocytes is staining of nuclear 
DNA with propidium iodide (PI). This method visualizes diminished membrane 
integrity as PI is impenetrable in healthy intact cells. Hence, a high PI signal is 
associated with late apoptosis or necrosis of the cells4,5. The fraction of viable PI-
negative leukocytes is assessed during every routine blood analysis by the Cell-Dyn 
Sapphire hematology analyzer (Abbott Diagnostics, Santa Clara, USA). This fraction 
is expressed as the white cell viability fraction (WVF) in the range 0-1 with 1 being 
100% viable6. In fresh blood samples, the WVF generally ranges from 0.97 – 1.0.7 
The WVF decreases with prolonged bench time and 0.95 is used as cut-off point for 
quality control of timely processing of blood samples7.  

 
However, preliminary findings showed intriguing results concerning a decreased 
WVF in fresh blood samples. These incidental findings showed PI-positive 
neutrophils in the blood of patients with severe septic shock with fatal outcome. 
Similar decreased WVF’s were found in fresh blood samples of severely injured 
patients who had developed organ dysfunction (multiple organ dysfunction 
syndrome and/or acute respiratory distress syndrome) (Figure 1). To our knowledge, 
non-viable neutrophils in the circulation have never been described before8. 
However, neutrophils are considered very sensitive cells that are easily damaged by 
ex vivo manipulation9. Hence, it was unknown whether a decreased WVF was really 
caused by the presence of non-viable neutrophils in the peripheral blood of these 
patients or by an artificial mechanism caused by ex vivo manipulation. 

 
Therefore, the aim of this study was to reassess the presence of non-viable 
neutrophils in surgical patients with a decreased WVF. The presence of such non-
viable neutrophils could influence overall neutrophil function and the susceptibility to 
infections. Therefore, the secondary aim of the study was to investigate neutrophil 
function and clinical outcomes of surgical patients with a decreased WVF.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Figure 1. White cell viability fraction in polytrauma patients developing organ dysfunction. (A) White cell 
viability fraction in polytrauma patients over days after trauma. (B) White cell viability fraction in 
polytrauma patients who develop organ dysfunction relative to the first day organ dysfunction became 
clinically evident. Patients with organ dysfunction (n = 11) are depicted in red (▲) and patients without 
organ dysfunction (n =70) are depicted in green (●). Organ dysfunction is defined as acute respiratory 
distress syndrome and/or multiple organ dysfunction syndrome. In Figure 1B, day 0 is the first day that 
organ dysfunction became clinically evident. Data are presented as mean with standard error of the mean 
(SEM). 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Materials and methods 

Study design  

A prospective analysis was carried out in which surgical patients with a WVF ≤ 0.95 
were included to reassess leukocyte viability and leukocyte functioning. Based on 
this analysis, we were able to determine which patients had a true positive 
decreased WVF due to actual non-viable neutrophils in the sample and which 
measurements were false positive (due to autofluorescence). Secondly, a 
retrospective analysis was performed to investigate the incidence of a true positive 
decreased WVF and investigate its consequences for clinical outcomes in surgical 
patients. 

 

Prospective analysis 

 
Patients 
Surgical patients (≥ 18 years of age) with a WVF ≤ 0.95 in routine diagnostic blood 
samples were prospectively included between October 2017 and April 2019 in the 
University Medical Center (UMC) Utrecht, the Netherlands. These patients were 
recruited from the departments of general surgery, trauma surgery, vascular surgery, 
surgical oncology, the surgical intermediate care unit and intensive care unit (ICU) 
KG. Exclusion criteria were present or recent (< 3 months) use of 
immunosuppressive or cytotoxic medication, a known HIV-positive status or other 
immunosuppressive diseases, and the use of clozapine, since this is associated with 
an increased FL3 signal10. Control blood samples were provided by anonymous, sex 
and age matched healthy volunteers. Blood samples were only collected after written 
informed consent of the subject or legal representative in accordance with the 
Declaration of Helsinki. In addition, when proxy consent was obtained and the 
patient recovered to good mental health, the patient also provided informed consent 
for the use of the previously collected blood samples for research purposes. All 
experiments were performed in accordance with the relevant guidelines and 
regulations. This study was approved by the UMC Utrecht ethical review committee 
(17-546). The trial was registered by the Central Committee on Research Involving 
Human Subjects in The Netherlands before participant enrollment started 
(NL60543.041.17).  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Viability alarm and experimental blood sampling 
Diagnostic blood samples from surgical patients were drawn as indicated by their 
treating physician. Samples were routinely analyzed on the Cell-Dyn Sapphire 
hematology analyzer. This is an automated hematology analyzer that uses 
spectrophotometry, electrical impedance, laser light scattering and 3 color 
fluorescent technologies to classify blood cells11. The Cell-Dyn Sapphire is a top of 
the range hematology analyzer that is found to have an excellent precision, linearity 
and inter-instrument agreement12,13. During every blood analysis PI is added for 
determination of the WVF in the third fluorescent channel (FL3: 630±30 nm). For this 
study, an alarm was set on samples with a WVF ≤ 0.95 (≤ 95% viable leukocytes) 
after which a notification was sent to the research team. When bench time of the 
diagnostic blood sample was not prolonged (measured < 60 minutes) and the 
patient met the inclusion criteria, he/she was enrolled after written informed 
consent was obtained. Since leukocyte characteristics change rapidly, blood 
samples were drawn as soon as possible but no later than 3.5 hours after the 
alarm. Two 4 milliliter sodium heparin blood tubes were obtained for viability staining 
and functional assays.  

 

Data obtained from the diagnostic hematology analyzer Cell-Dyn Sapphire 
Cell-Dyn Sapphire light scatterplots and FL3 plots of included patients were obtained 
to analyze the characteristics of leukocytes with a high FL3 signal. These light 
scatter plots were automatically generated during routine diagnostic blood sampling. 
The FL3 signal was analyzed to confirm or negate the existence of a PI-positive 
neutrophil population separate from the PI-negative neutrophil population, indicating 
the presence of actual non-viable neutrophils in the blood sample (true positive) and 
excluding other causes for a high FL3 signal such as autofluorescence (false 
positive). Also, scatter characteristics were analyzed to investigate whether an 
algorithm could be developed to automatically distinguish true positive from false 
positive samples. 

 

Viability assays 
Leukocyte viability was reassessed in the experimental blood sample (sodium 
heparin tube) both in whole blood and after lysis of red blood cells (RBCs) with 
ammonium chloride (NH4Cl) hemolysis solution14. For the whole blood viability 
analysis, whole blood was stained with PI (Sigma-Aldrich, St. Louis, USA) and with 
CD45-APC (Clone 2D1, APC-labeled; BD Biosciences, San Jose, USA) for 
recognition of leukocytes during flow cytometry analysis. For the viability analysis 
after hemolysis, RBCs were lysed in isotonic ice-cold NH4Cl solution. Then, 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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leukocytes were washed twice and resuspended in Dulbecco’s phosphate buffered 
saline (Merck KgaA, Darmstadt, Germany) complemented with pasteurized plasma 
solution (10%) and trisodium citrate (0.4%[wt/vol]) (PBS2+) to a concentration of 10 
x 106 cells/ml for flow cytometric analysis and to 20 x 106 cells/ml for ImageStream 
analysis (Amnis® ImageStream®XMk II, Luminex, Austin, USA). Then, leukocytes 
were stained with PI (Sigma-Aldrich, St. Louis, USA), Vivid LIVE/DEAD® fixable 
violet dead cell stain (Thermo Fisher Scientific, Waltham, USA), AnnexinV (BD 
Biosciences) and 7-aminoactinomycin D (7AAD) (BD Biosciences) for flow 
cytometry analysis. During early apoptosis, phosphatidylserine is transferred from 
the inner leaflet of the plasma membrane to the outer leaflet and becomes 
recognized by AnnexinV. During late apoptosis and necrosis, the membrane 
integrity is compromised and leukocytes become permeable for small molecules15. 
As a consequence cell become positive for Vivid (staining free amines in the 
cytoplasm) and for  7AAD and PI (staining DNA)4,15–18. Double staining with 
AnnexinV/7AAD was used to assess early apoptosis and late apoptosis/necrosis in 
the same sample. Additionally, vivid and PI were used to assess late apoptosis and 
necrosis. Moreover, leukocytes were stained with PI for ImageStream analysis to 
confirm actual nuclear PI staining and exclude other causes for PI-positive 
leukocytes, such as staining of extracellular free DNA19–21.  For this analysis, 
samples were run at 100 cells per second on the Amnis® ImageStream®XMk II and 
the data were analyzed using the ImageStream Data Analysis and Exploration 
Software (IDEAS, Luminex, Austin, USA). 

 

Neutrophil phagocytosis 
The phagocytosis assay was performed in whole blood. First, leukocyte count and 
differentiation were measured using the Cell-Dyn automatic hematology analyzer. 
Then Staphylococcus Aureus strain expressing green fluorescent protein (S. 
Aureus-GFP)22 was added to samples with a bacteria-to-phagocytes ratio 
(multiplicity of infection [MOI]) of 1 and 10 based on measured phagocyte numbers. 
The whole blood with bacteria was shaken for 40 minutes at 37 ̊C. After 20 and 40 
minutes, part of the sample was removed and put on ice. Leukocytes were stained 
for 15 minutes on ice with CD45-APC (Clone 2D1, APC-labeled; BD Biosciences) 
for identification during analysis. After staining, cells were fixed with 
paraformaldehyde 1% (wt/vol). The phagocytic capacity of neutrophils was analyzed 
by determining the percentage of neutrophils containing S. Aureus-GFP (GFP-
positive neutrophils) and by measuring the median fluorescence intensity (MFI) of 
GFP-positive neutrophils.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Neutrophil phenotype and responsiveness  
This assay was performed on total leukocytes after RBC lysis, as described above. 
Leukocytes were resuspended in PBS2+ to a concentration of 10 x 106 cells/ml and 
divided over two samples. One sample was incubated with 1�M N-formyl-methionyl-
leucyl-phenylalanine (fMLF) for 15 minutes in a 37 C̊ water bath and the other 
sample was placed in the same water bath without the addition of fMLF. After 
incubation, cells were stained with antibody-fluorochrome conjugates for the 
markers CD16 (clone 3G8, Krome Orange labeled; Beckman Coulter, Fullerton, 
USA), CD62L (clone DREG-56, Brilliant Violet 650 labeled; Sony Biotechnology, San 
Jose, California), CD11b (clone BEAR1, Alexa Fluor 750 labeled; Beckman Coulter), 
CD35 (clone E11, FITC labeled; BD Bioscience), CD64 (clone 10.1, Alexa Fluor 647 
labeled; Sony Biotechnology), CD66b (clone G10F5, PerCP-Cy5.5 labeled; Sony 
Biotechnology), CD49D (clone 9F10, PE/Cy7 labeled, Biolegend, San Diego, USA), 
LAIR-1 (clone DX26, PE labeled; BD Bioscience), active CD11b (clone CBRM1/5, 
Alexa Fluor 700 labeled; eBioscience, ThermoFisher, Waltham, USA) and 
CD14(clone 61D3, eFluor 450 labeled; Invitrogen, ThermoFisher). Leukocytes were 
kept on ice in the dark for 30 minutes, after which cells were washed once and 
resuspended in 100µL paraformaldehyde 1% (wt/vol). The expression of neutrophil 
markers was quantified and expressed as MFI. Responsiveness of all receptors, 
except CD62L, was defined as (MFI sample with fMLF) / (MFI sample without fMLF). 
Responsiveness of CD62L, which is shed after stimulation with fMLF, was defined 
as (MFI sample without fMLF) / (MFI sample with fMLF).  

 

Flow cytometry analysis 
Samples from the viability assay were measured on the BD FACSCanto™ II (BD 
Biosciences). Samples from the phagocytosis assay and the fMLF responsiveness 
assay were measured on the BD LSRFortessa™ (BD Biosciences). For all 
experiments a minimum of 10 000 leukocytes were measured. In case of whole 
blood, leukocytes were identified based on their CD45 expression. In all samples, 
granulocytes, monocytes, and lymphocytes were identified based on their specific 
forward/side scatter patterns. Neutrophils were identified by excluding granulocytes 
that demonstrated eosinophil-specific autofluorescence or low CD16 expression. 
Flow cytometry data was analyzed with FlowJo® v10 software (FlowJo, LLC, 
Ashland, USA).  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Retrospective analysis 

Patient selection 
A retrospective analysis was conducted to analyze the incidence of a decreased 
WVF in surgical patients and the relation with clinical outcomes of these patients. All 
surgical patients ≥ 18 years of age admitted to the UMC Utrecht between January 
1, 2013, and December 31, 2017, were included. Again, patients were excluded if 
they used clozapine, cytotoxic or immunosuppressive medication. Surgical patients 
were selected from the Utrecht Patient Oriented Database (UPOD). The technical 
details of the UPOD have been described previously23. In short, this database is an 
infrastructure of relational databases that allows (semi)automated transfer, 
processing and storage of data, including administrative information, medical and 
surgical procedures, medication orders, and laboratory test results for all clinically 
admitted patients and patients attending the outpatient clinic of the UMC Utrecht 
since 2004. Laboratory test results came from the Cell-Dyn Sapphire hematology 
analyzer23. The reliability and validity of laboratory results were monitored through 
routine quality control. The process and storage of data were in accordance with 
privacy and ethics regulations. Because no extra material, such as blood samples, 
was taken from patients and the data were completely anonymized, there was no 
requirement to obtain informed consent from individual patients. A waiver was 
provided by the institutional medical ethics committee for this retrospective analysis. 
In addition, in line with the academic hospital policy, an opt-out procedure was in 
place for the use of patient data for these research purposes.  

 

Determination of the incidence and causes of a decreased WVF after surgery 
Original flow cytometric data files of the Cell-Dyn Sapphire hematology analyzer 
were obtained. All data files of patients with a decreased WVF were analyzed to 
investigate the cause of the decreased WVF. Furthermore, anonymized electronic 
health records of patients with a decreased WVF, that was not repeatedly 
decreased, were checked for other causes such as a delay in bench time and 
sample errors. For example, a sample error was recorded if the sample with the 
decreased WVF was not recorded in the electronic health record and instead 
another blood sample was obtained that did not have a decreased WVF. Afterwards 
the incidence and causes of a decreased WVF were determined for the different 
surgical patients.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Clinical outcomes  
Baseline characteristics (gender, age, surgical specialty) and clinical outcomes of 
patients with a decreased WVF were recorded. These outcomes included ICU 
admission, mortality and length of stay in hospital and/or ICU. Additionally, 
significant complications (Clavien-Dindo ≥ II)24 and cause of death were recorded 
for patients with a decreased WVF.  

 

Statistical analysis 

Data were analyzed with IBM SPSS version 23 (IBM Corporation, NY, United States) 
and Graphpad Prism version 5 (GraphPad, La Jolla, United States). The distribution 
of continuous variables was assessed with the use of the Kolmogorov-Smirnov test. 
Clinical outcomes and demographics were compared between outcome groups 
using a Fisher’s exact test or a Mann-Whitney U test, as indicated. Neutrophil 
phagocytosis and neutrophil responsiveness to fMLF were compared between 
patients and healthy control donors. For these analyses a Mann-Whitney U test was 
used, because the data were not normally distributed. A receiver operating 
characteristic curve with an area under the curve was generated to analyze the 
predictive value of the algorithm that distinguishes samples with non-viable 
neutrophils (true positive decreased WVF) from samples with autofluorescent 
neutrophils (false positive decreased WVF). Statistical significance was defined as 
a p-value < 0.05.  

 

Results  

Prospective analysis 

A decreased white cell viability factor is either caused by neutrophil autofluorescence 
(false positive) or caused by non-viable neutrophils (true positive). 
In total, 18 surgical patients with a WVF ≤ 0.95 were prospectively included. Cell-
Dyn Sapphire scatterplots of these patients either showed an elongated neutrophil 
population alongside the PI-axis (n = 9, Fig 2B) or a PI-positive neutrophil population 
separate from the PI-negative neutrophil population (n = 9, Fig 2C). Image stream 
analysis showed that the elongated neutrophil population was not caused by PI 
staining of nuclear or extracellular DNA, but caused by neutrophil autofluorescence, 
since intracellular fluorescence was observed in the absence of any fluorochromes 
including PI (Fig 2B). On the other hand, image stream analysis showed nuclear PI 
staining in neutrophils from samples that contained a PI-positive neutrophil 
population separate from the PI-negative neutrophil population, confirming the 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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presence of truly non-viable neutrophils in these blood samples (Fig 2C). In these 
blood samples, both early apoptotic (7AAD-negative/AnnexinV-positive) and late 
apoptotic/necrotic neutrophils (Vivid-positive, PI-positive and 7AAD-positive) were 
found (results not shown). 

 

 

 
 
Figure 2A-C. Cell-dyn Sapphire light scatterplots and image stream figures. (A) Cell-dyn Sapphire light 
scatterplots and image stream figures of a healthy control, (B) the same figures for a patient with 
autofluorescent neutrophils, and (C) the same figures for a patient with non-viable neutrophils in the blood 
sample. In patients with non-viable neutrophils, light scatter plots showed a PI-positive neutrophil 
population separate from the PI-negative neutrophil population and image stream analysis showed 
nuclear PI staining. In patients with autofluorescent neutrophils, light scatter plots showed an elongated 
neutrophil population alongside the PI-axis and image stream analysis showed neutrophil fluorescence 
without the addition of fluorochromes. Neutrophils in Fig. 1A and Fig. 1C were stained with both PI and 
surface marker CD16 prior to image stream analysis. Lymphocytes are light blue, monocytes are purple 
and granulocytes are yellow. PI = propidium iodide, FCS = forward scatter. SSC = side scatter.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Non-viable neutrophils in vitro are fragile neutrophils in vivo. 
When non-viable neutrophils were found during routine diagnostic blood sample 
analysis, these cells were only found after RBC lysis, both manually in the 
experimental blood samples (Fig 3C) as well as in blood samples processed by the 
Cell-Dyn Sapphire (Fig 3A). These non-viable neutrophils were not found during 
whole blood viability analysis (Fig 3B). This indicated that these patients had PI-
negative neutrophils in vivo, that became PI-positive due to manipulation (i.e. RBC 
lysis) in vitro. Therefore, non-viable neutrophils in vitro are likely to be fragile, but 
viable neutrophils in vivo.  

 

Figure 3A-G. Different viability outcomes depending on red blood cell lysis. (A) Viability assay after 
automated PI staining and red blood cell lysis by the Cell-dyn Sapphire. (B) Viability assay after manual 
PI staining in whole blood. (C) Viability assay after manual PI staining and red blood cell lysis. (D-F) Same 
viability assays in a healthy control. (G) Gating strategy to identify neutrophils. Neutrophils are PI-negative 
in whole blood and a subset of neutrophils becomes PI-positive after manual lysis or lysis by the Cell-dyn 
Sapphire. Thus, non-viable neutrophils in vitro are fragile, but viable, neutrophils in vivo. PI = propidium 
iodide, FCS = forward scatter. SSC = side scatter.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Patients with fragile neutrophils showed a different neutrophil phenotype 

Patients with fragile neutrophils were found to have a lower neutrophil CD16 
expression (without fMLF: p = 0.046, with fMLF: p = 0.046), a higher neutrophil CD64 
expression (without fMLF: p < 0.001, with fMLF: p < 0.001) and a higher LAIR 1 
expression (without fMLF: p < 0.001, with fMLF: p = 0.001) compared to healthy 
controls (Fig 4). Moreover, in patient samples with fMLF, CBRM1/5 and CD14 
expression were slightly higher (p = 0.034 and p = 0.023, respectively) than in 
healthy controls.  
 

 

 
Figure 4A-J. Neutrophil receptor expression with and without bacterial stimulus (A-J) Neutrophil receptor 
expression with and without adding fMLF to blood samples of healthy controls (n = 6) (l) and patients 
with fragile neutrophils (n = 9) (n). Data are presented as scatter plot with median. Patients with fragile 
neutrophils were compared to healthy controls with the use of a Mann-Whitney U test. MFI = median 
fluorescent intensity, fMLF = N-formyl-methionyl- phenylalanine, AU = arbitrary units. *P < 0.05, **P < 
0.005, ***P < 0.0005.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Figure 5A-L. Neutrophil phagocytosis and responsiveness to a bacterial stimulus. (A-J) Neutrophil 
responsiveness to fMLF in healthy controls (n = 6) and patients with fragile neutrophils (n = 9). 
Responsiveness of neutrophils was defined as (MFI [AU] sample with fMLF) / (MFI [AU] sample without 
fMLF) for all receptors except for CD62L. CD62L is shed after stimulation with fMLF, and responsiveness 
was therefore defined as (MFI sample without fMLF) / (MFI sample with fMLF). (K) Percentage of GFP-
positive neutrophils in healthy controls (n = 6) and patients with fragile neutrophils (n = 6) after incubation 
with S. Aureus-GFP. (L) GFP MFI of GFP-positive neutrophils after incubation with S. Aureus-GFP. 
Healthy controls are depicted in green (l) and patients with fragile neutrophils in red (n). Data are 
presented as scatter plot with median. Patients with fragile neutrophils were compared to healthy controls 
with the use of a Mann Whitney U test. MFI = median fluorescent intensity, fMLF = N-formyl-methionyl-
phenylalanine. S. Aureus = Staphylococcus Aureus, GFP = Green fluorescent protein, AU = arbitrary 
units, MOI = multiplicity of infection. *P < 0.05. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Overall neutrophil function was not impaired in patients with fragile neutrophils.  
Fig 5A-J shows neutrophil responsiveness to the bacterial stimulus fMLF in patients 
with fragile neutrophils and healthy controls. No significant differences were found 
between the two groups. Outcomes of the phagocytosis assays are depicted in Fig 
5K-L. A significantly higher percentage of GFP-positive neutrophils was found in 
patients with fragile neutrophils compared to controls. This was found both with a 
MOI of 1 (20 minutes: p = 0.022, 40 minutes: p = 0.035) and with a MOI of 10 after 
40 minutes (p = 0.024). The MFI of GFP-positive neutrophils did not differ between 
healthy controls and patients with fragile neutrophils. 

 
 
Retrospective analysis 

The presence of fragile neutrophils in the circulation is very rare in surgical patients. 
In total, 13 760 surgical patients were eligible for inclusion. Of these patients, 43 
were excluded because of clozapine use, 635 were excluded because of 
immunosuppressive drugs and 1 211 were excluded because of cytotoxic drugs. 
This led to a total number of  

11 871 patients were further analyzed. Of these patients, there were 257 patients 
(2.2%) with a decreased WVF during hospitalization. The causes for this decreased 
WVF were autofluorescent neutrophils in 127 patients (49%), fragile neutrophils in 
84 patients (33%), an extended lysing procedure in 17 patients (6.6%) and cellular 
debris that could not be classified in 29 patients (11%). After checking the electronic 
health records of the 84 patients with fragile neutrophils, 5 were excluded because 
the decreased WVF was associated with a delay in bench time and 5 were excluded 
because the decreased WVF was associated with a sample error. Hence, a total of 
74 patients of the 11 871 eligible patients (0.62%) were identified to have truly fragile 
neutrophils during hospitalization. 

 

The occurrence of fragile neutrophils in the circulation is associated with critical 
illness 
Surgical patients with fragile neutrophils were somewhat older (median of 65.0 
versus 62.0 years, p = 0.011), had a longer hospital stay (median of 30 versus 3.0 
days, p < 0.001), a longer ICU stay (median of 6.3 versus 0.0 days, p < 0.001), a 
higher ICU admission rate (70.3% versus 7.9%, p < 0.001) and a higher mortality 
rate (31.1% versus 1.5%, p < 0.001) than other surgical patients (Table 1). Causes 
of death were abdominal sepsis (n = 10) pneumonia (n = 4), line sepsis (n = 2), 
sepsis of unknown origin (n = 5), severe bleeding (n = 1) and intracerebral 
hemorrhage (n = 1). Of all patients with fragile neutrophils, 61 (82.4%) experienced 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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complications during their admission, of whom 56 developed an infectious 
complication. In 53 patients with fragile neutrophils (73.0%), a decreased WVF was 
found during a complication, of which 85% (n = 45) was an infectious complication. 
Of the 21 patients who did not have a diagnosed complication during the decreased 
WVF, 12 suffered from multiple injuries due to high energetic trauma, 4 had 
surgeries on the day the alarm went off, 1 developed pneumonia 3 days later, in 1 
patient myocardial ischemia was suspected and 1 patient experienced unexplained 
loss of consciousness several times that day.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Table 1. Baseline characteristics and clinical outcomes of surgical patients with fragile 
neutrophils. 
 

 
Patients with normal  

leukocyte viability  
(n = 11,614) 

Patients with 
fragile 

neutrophils  
(n = 74) 

P-value 

    
Gender, male  6573 (56.6%) 47 (63.5%) 0.201 
Age 62.0 (48.0 – 72.0) 65.0 (54.0 – 77.0) 0.011 
Hospital length of stay 3.0 (1.0 – 8.0) 30 (11.8 -53.0) < 0.001 
ICU admission 915 (7.9%) 52 (70.3%) < 0.001 
ICU length of stay (days) 0.0 (0.0 – 0.0) 6.3 (0 – 14.4) < 0.001 
Hospital mortality (days) 176 (1.5%) 23 (31.1%) < 0.001 
Hospital specialism 
 trauma surgery 
 vascular surgery 
 gastrointestinal/oncologic surgery 
 general surgery 

 
2898 (25.0%) 
3468 (29.9%) 
3137 (27.0%) 
2111 (18.2%) 

 
24 (32.4%) 
13 (17.6%) 
25 (33.8%) 
12 (16.2%) 

0.064 

Cause of death 
 Abdominal sepsis 
 Pneumonia 
 Line sepsis 
 Sepsis of unknown origin 
 Bleeding 
 Intracerebral hemorrhage  

 
 

 
10 (13.3%) 

4 (5.3%) 
2 (2.7%) 
5 (6.7%) 
1 (1.3%) 
1 (1.3%) 

 

Patients with complications during admission 
Complications observed: 
 Infection 
 Acute kidney injury 
 Cardiac arrest 
 Rhabdomyolysis 
 Severe bleeding 
 Pulmonary embolism 
 ARDS 
 MODS 

Acute limb ischemia 

61 (82.4%) 
 

56 (75.7%) 
10 (13.5%) 

4 (5.4%) 
3 (4.1%) 
2 (2.7%) 
2 (2.7%) 
2 (2.7%) 
1 (1.4%) 
1 (1.4%) 

 

Patients with complications during viability alarm 
Complications observed: 
 Infection 
 Acute kidney injury  
 Cardiac arrest 
 Severe bleeding 
 Rhabdomyolysis 
 Pulmonary embolism 
 ARDS 
 MODS 

Acute limb ischemia 

53 (73.0%) 
 

45 (60.8%) 
9 (12.2%) 
3 (4.1%) 
2 (2.7%) 
2 (2.7%) 
2 (2.7%) 
2 (2.7%) 
1 (1.4%) 
1 (1.4%) 

 

 

Data are presented as median with interquartile range (IQR) or n (%). Variables are compared between 
patients with normal leukocyte viability and patients with fragile neutrophils with a Fisher’s exact test or a 
Mann-Whitney U test, as indicated.  ICU = intensive care unit. ARDS = acute respiratory distress syndrome. 
MODS = multiple organ dysfunction syndrome. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Discussion  

A decreased WVF, as automatically measured by hematology analyzers such as the 
Cell-Dyn Sapphire, is caused by either neutrophil autofluorescence (false positive) 
or by fragile circulating neutrophils (true positive). Fragile neutrophils were found to 
be cells that were PI-negative in vivo and became PI-positive only after minimal 
manipulation in vitro. 

 
To our knowledge, fragile neutrophils detected by automated hematology analysis, 
have never been described in the literature before. It has been published that 
leukocytes are more sensitive to in vitro manipulation in certain clinical conditions, 
such as chronic lymphocytic leukemia25. For CLL it is well known that damaged 
lymphocytes and neutrophils, or so-called “smudge cells”, can be observed in 
peripheral blood smears. A recent study described that these cells can also be 
present in peripheral blood smears of patients with other disorders, including cardiac 
arrest, infections, solid cancers and other hematological malignancies26. However, 
the preparation of blood smears is a manual process that is sensitive to ex vivo 
manipulation, and is, therefore, difficult to relate to our findings of non-viable 
neutrophils found after red blood cell lysis. There are a few studies that did describe 
the occurrence of non-viable neutrophils after red blood cell lysis. These studies 
focused on non-viable neutrophils in patients with trauma or severe inflammation27–

29. However, these studies were based on in vitro findings after manual work-up of 
blood samples and the high numbers of apoptotic and necrotic neutrophils (up to 
99%) found in these studies suggest cell death due to in vitro manipulation. In 
general, it is difficult to interpret studies on fragile neutrophils because small changes 
in the work-up and analysis of blood samples can easily affect the presence and 
number of these cells. Our study circumvented these operational problems by 
applying a fast, standardized and fully automated hematology analyzer to test 
leukocyte viability.  

 
By using this standardized analysis method, we found that the concept of fragile 
neutrophils relates to a true phenomenon. However, it is very rare (< 1% of all 
surgical patients) and these cells are only found in the most severely ill surgical 
patients. Most of these patients were admitted to the ICU and one-third of these 
patients died during hospital admission. Fragile neutrophils were mostly detected in 
surgical patients with recurrent or serious infections. On the other, fragile neutrophils 
were also observed without infection in patients who sustained high energy trauma 
and in patients with multiple or major surgeries. It is tempting to speculate that these 
conditions all cause significant systemic inflammation with a large consumption of 
neutrophils.30 Neutrophil lifespan is 4–5 days and it takes 7 days for neutrophils to 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 

FRAGILE NEUTROPHILS AFTER SURGERY

7

 

mature in the bone marrow and migrate into the blood31. Therefore, when large 
quantities of neutrophils are released into the blood in response to (systemic) 
inflammation, this could hypothetically lead to a decrease in viable neutrophils 
between day 5 and 7. This concept is supported by the finding that fragile neutrophils 
were mostly found after several days of inflammation or after a “second hit” (a 
second inflammatory stimulus such as major surgery after trauma32). An additional 
supportive finding was that neutrophil counts decreased before the number of non-
viable leukocytes increased (Figure 6). Although neutrophil numbers remained high-
normal during this decrease, it is possible that the high consumption rate led to a 
relative neutrophil shortage for patients in such an inflammatory state, possibly 
initiating an unknown signal to keep less viable neutrophils in the circulation. Further 
research should investigate whether these fragile neutrophils are indeed an 
indication of immune exhaustion due to neutrophil (over)consumption.  

 
Figure 6. Total leukocyte count and non-viable leukocyte count over time in patients with fragile 
neutrophils. Leukocyte count (●) and non-viable leukocyte count (▲) over time in patients with fragile 
neutrophils (n = 9). Day 0 represents the first day that the white cell viability fraction was ≤ 0.95 (dotted 
line). Leukocyte numbers decreased before the number of non-viable leukocytes increased. Still, 
leukocyte counts were above reference values (reference range adults: 4.0 –11 x 109 / L) for almost the 
entire period. Data are presented as mean with standard error of the mean. 



Chapter 1B

46

for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Neutrophil receptor expression of patients with fragile neutrophils supported the 
hypothesis of the presence of inflammatory processes in these patients. A 
decreased CD16 was found in combination with an increase in LAIR 1, which 
suggested the release of immature neutrophils from the bone marrow in these 
patients31,33,34. Furthermore, CD64, an indicator of infection35,36, was higher in most 
patients compared to healthy controls. This corresponded with our finding that a 
significant portion of patients with fragile neutrophils experienced infectious 
complications when the viability alarm went off. Also, the activation marker CBRM1/5 
(binds to active CD11b) was higher in patients37,38 and membrane bound CD14 was 
slightly lower in patients, which was suggestive of inflammation and neutrophil 
activation39,40. 

 
Neutrophil functionality as determined by the responsiveness to fMLF and 
phagocytosis of bacteria was not impaired in the prospectively included patients with 
a decreased WVF. On the contrary, patients showed enhanced phagocytosis 
compared to healthy controls. Conflicting results on this subject have been reported 
in literature. Inflammation has been associated with a decrease in neutrophil 
phagocytosis41,42, no significant difference in phagocytosis43,44 and increased 
phagocytosis45. A possible explanation for these differences was postulated by 
Taneja et al.43, who found that banded neutrophils had impaired phagocytic capacity 
and these authors thus speculated that the number of neutrophil subtypes influenced 
the outcome of the phagocytosis assay. This hypothesis did not correspond to our 
findings since we found a lower neutrophil CD16 expression in patients compared 
to healthy control that is associated with a higher number of banded neutrophils46. 
Since the phagocytosis assay was performed in undiluted whole blood and most 
patients had a leukocytosis during blood sampling (Figure 6; blood sampling 
between day 0 and 1), we hypothesized that the increase in GFP-positive neutrophils 
was not due improved neutrophil function, but rather due to an increase in neutrophil 
count. The MOI was kept constant in the experiments, so an increase in neutrophil 
count led to an increase in bacteria count. It is likely that higher neutrophil and 
bacteria numbers in a shaking suspension of constant volume led to a higher 
percentage of GFP-positive neutrophils simply because the chance of neutrophils 
encountering bacteria increased. This hypothesis was supported by our data 
showing a decrease in the percentage of GFP-positive neutrophils after dilution of 
whole blood with plasma from the same sample (Figure 7). 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Figure 7. Percentage of GFP-positive neutrophils in different dilutions. (A) Percentage of GFP-positive 
neutrophils in different dilutions measured after 20 minutes of incubation with S. Aureus-GFP. (B) 
Percentage of GFP-positive neutrophils in different dilutions measured after 40 minutes of incubation with 
S. Aureus-GFP. Whole blood samples of healthy controls (n = 5) were diluted with plasma obtained from 
the same sample by centrifugation. The following whole blood (WB) to plasma (P) ratios were used: 
1WB:0P (undiluted), 2WB:1P, 1WB:1P. Than S. Aureus-GFP was added to all samples with a MOI of 1 
(bacteria to phagocytes ratio of 1:1). The whole blood with bacteria was shaken at 37 °C for 40 minutes. 
After 20 and 40 minutes, part of the sample was removed and put on ice. Leukocytes were stained for 15 
minutes on ice with CD45-APC for recognition during analysis. After staining, cells were fixed with 
paraformaldehyde (PFA) 1% and the percentage of GFP-positive neutrophils was measured on the BD 
LSRFortessa™. Data are presented as mean. The percentage of GFP-positive neutrophils was compared 
between samples with different dilutions using the Friedman test for paired data. Dilution of whole blood 
led to a decrease in the percentage of GFP-positive neutrophils. This decrease was significant in samples 
analyzed after 20 minutes of incubation (p = 0.001). GFP = Green fluorescent protein. MOI = multiplicity 
of infection. S. Aureus = Staphylococcus Aureus. 
 

 
Although overall neutrophil function was not impaired in patients with fragile 
neutrophils, it remains unknown how the actual fragile neutrophils function. 
Functional characterization of such fragile neutrophils was not possible as they could 
not be sorted by FACS sorting, because we did not succeed to identify these cells 
by a specific receptor expression profile. We could only identify fragile neutrophils 
by viability stains. Unfortunately, once the cells had become positive for these stains, 
sorting was trivial as membrane integrity of these cells was diminished. A limitation 
of this study was the small prospective study group, because the presence of fragile 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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neutrophils is so very rare. Also, several patients could not be prospectively included 
because no informed consent was obtained. These were often the patients who were 
most critically ill. To circumvent the possibility of a selection bias we chose to 
separately analyze the incidence of fragile neutrophils and clinical outcomes 
associated with this phenomenon in a retrospective cohort consisting of all surgical 
patients of the last 5 years. To our knowledge, no clinical biomarker exists that 
coincides with both the presence of fragile cells and severe critical illness such as 
found in this study. Although further research into the pathophysiology behind fragile 
neutrophils is needed, this study clearly points out the association between these 
cells and clinical deterioration. Moreover, this biomarker is particularly suitable for 
clinical practice, since the WVF is automatically analyzed during every blood 
analysis irrespective of the requested parameter. Blood samples are frequently 
drawn from critically ill patients and, therefore, the assessment of fragile neutrophils 
would not require any additional blood samples. 

 

To facilitate implementation of this analysis into routine blood analysis, we sought 
for an algorithm to automatically distinguish samples with actual non-viable 
neutrophils from samples with autofluorescent neutrophils based on automatically 
generated data from the Cell-Dyn Sapphire. When the whole neutrophil population 
is elongated alongside the PI-axis (autofluorescent neutrophils), both the mean and 
the median PI fluorescence significantly increase. However, in samples with a 
separate PI-positive neutrophil population (fragile neutrophils), the mean PI 
fluorescence significantly increases, whereas the median is less affected by the 
skewness of the population. Therefore, by dividing the mean PI fluorescence by the 
median PI fluorescence, a perfect discrimination between samples with 
autofluorescent neutrophils (ratio < 1.9) and samples with fragile neutrophils (ratio > 
1.9), can be reached (Figure 8). Both the median and the mean neutrophil PI 
fluorescence are parameters that can be automatically generated by the Cell-Dyn 
Sapphire. Therefore, by implementing this simple ratio (mean PI fluorescence/ 
median PI fluorescence) into the hematology analyzer, it is probably possible to 
automatically detect fragile neutrophils in every blood sample measured within the 
hospital. Although validation of this ratio in a more extensive prospective cohort is 
needed, this study suggests that the ratio could provide valuable additional 
information about the clinical condition of a severely ill patient.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Figure 8. Ratio to discriminate samples with autofluorescent granulocytes from samples with fragile 
granulocytes. Performance of ratio to discriminate between samples with autofluorescent granulocytes (n 
= 20) and samples with fragile granulocytes (n = 20) based on automatically generated Cell-Dyn Sapphire 
data. By dividing mean granulocyte PI fluorescence by median granulocyte PI fluorescence, a perfect 
discrimination between samples with autofluorescent granulocytes (ratio < 1.9) and samples with fragile 
granulocytes (ratio > 1.9), can be reached. A receiver operating characteristic curve was generated with 
an area under the curve of 1.00 (95%CI: 1.00 – 1.00). FL3 is the Cell-Dyn Sapphire’s third fluorescent 
channel (630±30 nm) in which propidium iodide is measured.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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In conclusion, fragile neutrophils circulate in the peripheral blood of surgical patients 
and can be automatically detected during every routine blood analysis. The origin 
and function of these cells remain to be further elucidated. Although it is unknown if 
there is a causal link between fragile neutrophils and adverse clinical outcomes, it is 
clear that the presence of these cells holds valuable information about the clinical 
condition of surgical patients. The presence of these neutrophils is very rare, but if 
these cells are detected, this is associated with critical illness and severe clinical 
deterioration. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 
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AMD may have an immunological component. This suggestion arose after proteins involved 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 

146

CHAPTER 7

 

Marisiensis. 2016;62(3):368-372. doi:10.1515/amma-2015-0099. 

29.  Shidham VB, Swami VK. Evaluation of Apoptotic Leukocytes in Peripheral 
Blood smears. Arch Pathol Lab Med. 2000;124(9):1291-1294. 

30.  Marsh JC, Cartwright GE, Wintrobe MM. Neutrophil Kinetics in Acute 
Infection. J Clin Invest. 1967;46(12):1943-1953. 

31.  Tak T, Wijten P, Heeres M, et al. Human CD62L dim neutrophils identified as 
a separate subset by proteome profiling and in vivo pulse-chase labeling. 
Blood. 2017;129(26):3476-3486. doi:10.1182/blood-2016-07-727669.The. 

32.  Butt I, Shrestha BM. Two-hit hypothesis and multiple organ dysfunction 
syndrome. J Nepal Med Assoc. 2008;47(170):82-85. doi:10.31729/jnma.318. 

33.  Verbrugge A, De Ruiter T, Geest C, Coffer PJ, Meyaard L. Differential 
expression of leukocyte-associated Ig-like receptor-1 during neutrophil 
differentiation and activation. doi:10.1189/jlb.0705370. 

34.  Meyaard L. The inhibitory collagen receptor LAIR-1 (CD305). J Leukoc Biol. 
2008. doi:10.1189/jlb.0907609. 

35.  Hoffmann JJML. Neutrophil CD64: A diagnostic marker for infection and 
sepsis. Clin Chem Lab Med. 2009;47(8):903-916. doi:10.1515/ CCLM. 
2009.224. 

36.  Rudensky B, Sirota G, Erlichman M, Yinnon AM, Schlesinger Y. Neutrophil 
CD64 Expression as a Diagnostic Marker of Bacterial Infection in Febrile 
Children Presenting to a Hospital Emergency Department. 

37.  Diamond MS, Springer TA. A subpopulation of Mac-1 (CD11b/CD18) 
molecules mediates neutrophil adhesion to ICAM-1 and fibrinogen. J Cell 
Biol. 1993. doi:10.1083/jcb.120.2.545. 

38.  Latger-Cannard V, Besson I, Doco-Lecompte T, Lecompte T. A standardized 
procedure for quantitation of CD11b on polymorphonuclear neutrophil by flow 
cytometry: potential application in infectious diseases. Clin Lab Haematol. 
2004;26(3):177-186. 

39.  Gomes NE, Brunialti MKC, Mendes ME, Freudenberg M, Galanos C, 
Salomão R. Lipopolysaccharide-induced expression of cell surface receptors 
and cell activation of neutrophils and monocytes in whole human blood. Braz 



147

THE COMPLEMENT SYSTEM IN AMD: A REVIEW

47

was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Abstract 

Introduction: Neutrophil left shift (increased number of immature cells) is often used 
as an indicator of the severity of inflammation or infection. In diagnostics it’s 
measured with automated hematological analyzers. Previous routine testing did not 
show left shifts in trauma patients. However, the presence of banded neutrophils 
was expected because of the systemic inflammation found in these patients. This 
study readdressed this issue by analyzing the accuracy of hematological analyzers 
for finding progenitors in trauma patients.  

Methods: The presence of neutrophils and their progenitors were determined in 
trauma and surgical infection patients with the use of automated differentiation with 
hematological analyzers and manual differentiation. In the case of trauma patients 
results were also compared to expression of CD16 and CD62L by flow cytometry.  

Results: Automated differentiation with a hematological analyzer accurately 
detected banded neutrophils in infection compared to manual differentiation (22% ± 
8 automated count vs 22% ± 6 manual count; P=0.8125; n=5), but not in trauma (0% 
± 0 vs 37% ± 17,; P=0.0078;n=6). CD16dim neutrophil counts from trauma patients 
were similar to banded counts in manual differentiation (P=0.2687). Light scatter 
pattern analysis showed higher cell size in infection than in trauma (P=0.011), where 
lobularity did not differ between samples from trauma and infection patients.  

Conclusion: The algorithm of automated neutrophil differentiation with a routine 
hematological analyzer accurately detected neutrophil left shift in infection but not in 
trauma. Therefore, the left shift present in multi-trauma patients cannot be 
determined by automated hematological analyzers with its current detection 
algorithm.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Introduction  

Neutrophils are one of the most important effector cells of the innate immune system 
in the defense against bacterial invasion1. A critical decrease in neutrophil number 
and/or function can lead to increased susceptibility for bacterial infections2,3. On the 
other hand, excessive neutrophil numbers and/or hyperactivation of these cells can 
lead to collateral tissue damage, which is seen in several auto-immune diseases 
and after major trauma4. Therefore, white blood cell counts, (immature or banded) 
neutrophil counts, neutrophil/lymphocyte ratios and leukocyte differentiation can 
provide relevant information regarding the immune status and allows real time 
monitoring of the patient’s (innate) immune condition5,6. 

Neutrophil numbers are strictly regulated for the purpose of a correct immune 
homeostasis,. After maturation in the bone marrow, neutrophils are released into the 
circulation in a controlled fashion to ascertain an equilibrium between at least three 
compartments namely; circulating neutrophils, the marginated pool, putative tissue 
neutrophils and neutrophil death7. Several conditions can contribute to a disbalance 
in the release of neutrophils into the peripheral blood. Acute or severe inflammation 
is most studied, in which large numbers of neutrophils from the bone marrow, in 
various maturation stages, and the marginated pool are released into the 
circulation8-10.  

Increased counts of immature or banded neutrophils in the peripheral circulation, 
generally referred to as “left shift”, are often used as an indicator for the severity of 
the inflammation and infection6. Automated hematological analyzers have made 
neutrophilic differentiation an easily accessible tool by automatically analyzing the 
number of progenitors and banded cells. This has broadened the applicability of 
changes in the neutrophil compartment to a range of disorders from neonatal sepsis 
to leukemia and myocardial infarction11-13. 

Despite the consensus regarding the occurrence of banded neutrophils during 
infection, the situation after traumatic injury is much less clear. Differentiation data 
obtained with classical microscopy showed fast numbers (10 – 98%) of banded 
neutrophils recirculating immediately after major trauma14. Although manual 
differentiation is still considered the gold standard, this is time consuming and, 
therefore, not suitable as a routine diagnostic test. Applying automated leukocyte 
differentiation by a routine hematological analyzer in earlier studies on trauma 
patients revealed minimal band counts (0-5%)15-17. These data raised the question 
whether automated hematological analyzers are able to accurately identify immature 
neutrophils after trauma.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Therefore, the aim of this study was to investigate the accuracy of a fully automated 
hematological analyzer to identify the neutrophil left shift following major trauma and 
compare results to manual differentiation and immunophenotyping by flowcytometry.  

 

Methods 

 

Patient identification and ethical aspects  

Blood samples were provided by patients (male and female) after major trauma and 
surgical patients with an infection between the age of 18-65 years. The trauma 
patients were prospectively included after written informed consent was obtained. 
The data of the surgical patients with an infection were retrospectively included and 
a waiver was provided by the local ethical committee. The study was performed in 
accordance with the Declaration of Helsinki. All experiments were performed in 
accordance with the relevant guidelines and regulations. This study was approved 
by the University Medical Center Utrecht ethical review committee (METC, protocol 
number 17-519/C). 

Trauma patients were identified from a prospective study cohort in which trauma 
patients with an ISS>18 were included18. This cohort served as the experimental 
group. All subjects were included of whom automated leukocyte differentiation, 
manual differentiation counts, expression of CD16/CD62L on neutrophils 
determined by flow cytometry (see below) were available. Surgical patients with an 
infection were identified through complication registers and retrospectively included. 
Automated and manual differentiation counts of blood leukocytes were obtained by 
routine diagnostics. The patients with infections served as a control group to prove 
the ability of a hematology analyzer to detect banded neutrophils. Exclusion criteria 
were age <18 or >80 years old or the presence of hematological or chronic 
inflammatory disorders.  

 

Neutrophil differentiation counts 
 
Automated differentiation  
For the automated differentiation the Cell-Dyn Sapphire hematology analyzer 
(Abbott Diagnostics, Santa Clara, USA) was used. Whole blood samples from EDTA 
tubes (BD vacutainer®, Becton Dickinson, CA, USA), were analyzed. A confidential 
algorithm from the manufacturer allows the software to distinguish banded, immature 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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and segmented and neutrophils based on light scatter patterns. Other neutrophil 
characteristics (e.g. as toxic granulation, hypersegmentation) could be recognized 
by the hematological analyzer, but where outside the scope of this manuscript and 
thus disregarded in further analysis.  

 
Manual differentiation 
Either blood smears of whole blood or cytospins of 1 x 105 leukocytes were used 
for manual differentiation. After initial preparation, the cells were fixed using >99% 
methanol for 2 minutes, and consecutively stained with May-Grünwald (1:2, 5 min) 
and Giemsa (1:10, 20 min).  

 
Determination of segmentation  
At least 200 neutrophils were counted per patient. Cell maturation and segmentation 
of the nucleus were determined. Segmentation was defined as an indentation of ≥ 
2/3 of the width of the nucleus at its widest point of the segment. Mature neutrophils 
without indentation were considered as ‘banded’ neutrophils, and were considered 
‘hypersegmented’ when ≥ 4 indentations were present. Everything in between was 
considered as ‘normal’ segmentation19.  

 

Flow cytometry 

The presence of neutrophil subsets was analyzed in all trauma patients by flow 
cytometry based on CD16/CD62L expression9. Blood was drawn in sodium heparin 
tubes (Vacuette®, Greiner Bio-one, Kremsmünster, Austria). Red blood cells were 
lysed for 15 minutes in ice-cold NH4Cl solution. Resulting leukocytes were washed 
twice and resuspended in phosphate buffered saline (Sigma-Aldrich, Merck KgaA, 
Darmstadt, Germany) complemented with pasteurized plasma solution (10%) and 
trisodium citrate (0.4%[w/v]) (PBS2+) to a concentration of 5 x 106 leukocytes. Next, 
the cells were incubated for 30 minutes on ice in the dark with CD16-Krome Orange 
(clone 3G8) and CD62L-ECD (clone DREG56) from Beckman Coulter (Pasadena, 
CA, USA). After 30 minutes the cells were washed twice and again resuspended in 
PBS2+ before analysis on the Gallios flow cytometer (Beckman Coulter). 
CD16dim/CD62Lhigh neutrophils were considered as ‘banded’ neutrophils, 
CD16high/CD62Lhigh as ‘mature’ or ‘normal’, and CD16high/CD62Ldim as 
‘hypersegmented’ neutrophils9.  

Flow cytometry data was analyzed with FlowJo® v10 software (FlowJo, LLC, 
Ashland, OR). 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 

154

CHAPTER 8

 

Cell sorting 
As an internal quality control for categorizing neutrophils based on CD16/CD62L 
expression, at least 100.000 cells of the supposed subsets were sorted using the 
MoFlo® AstriosTM cell sorter (Beckman Coulter). Hereafter, cytospins were prepared 
of the sorted subsets and manual differentiation was performed as described above.  

 

Statistical analysis 
Data are expressed were means with standard deviation or were descriptive. 
Comparisons between different patient or neutrophil subsets groups were made with 
the paired t-test, normality was tested with D’Agostino’s-Pearson normality test. The 
Fisher LSD test was used for multiple comparisons. Graphs and tests were 
conducted using GraphPad Prism 7 (GraphPad Software, Inc., La Jolla California 
USA) and SPSS (SPSS Inc, IBM, Armonk NY, USA). P values are not adjusted for 
multiple comparisons. Results were regarded as significant when P < 0.05. 

 

Results 

 

Patients characteristics 

Six adult polytrauma patients and 5 surgical patients with an infection were included 
in this study. Trauma patients had a median age of 47 (range 31-66) years, all were 
male, had ISS>16 and were admitted to the intensive care unit. From the six patients 
a total of 8 experimental blood samples were taken within 48 hours after trauma. 
From two patients two samples were analyzed. Surgical patients with an infection 
had a median age of 67 (range 52-70) years, two males and three females. Three 
suffered abdominal sepsis and two pneumonia. Blood samples were taken on the 
day of the diagnosis of infection.  

 

Automated neutrophil differentiation does not recognize banded neutrophils in 
trauma patients 

In none of the trauma patient samples the automated hematology analyzer detected 
any immature or banded neutrophils (0%) (no left shift). In infection patients the 
automated differentiation did reveal banded neutrophils (22%).  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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In marked contrast to automated analysis, manual differentiation revealed large 
numbers of banded neutrophils in both trauma patients and infection patients. There 
was a significant difference in the band counts in trauma between automated 
differentiation (0% ± 0%) and manual differentiation (37% ± 17%, P = 0.0078). In 
infection patients, on the other hand, no significant difference was found between 
automated (22% ± 8%) and manual differentiation (22% ± 6%, P = 0.8125) (Figure 
1A+B). 

 

 

Figure 1. The percentage of banded neutrophils as deterermined by different techiques. In patients with 
an infection, the percentage of banded neutrophils did not significantly differ between manual counting 
and automated counting. In contrast, after trauma, the percentage of banded neutrophils differed 
significantly between manual counting and automated counting.  

 

CD16/CD62L staining was very reproducible in trauma patients and revealed fast 
amounts of CD16dim neutrophils (Figure 2B) varying between 10-60%. Sorting of 
CD16dim/CD62Lhigh and CD16high/CD62Lhigh neutrophils demonstrated a great 
enrichment of banded neutrophils in the CD16dim gate. (Figure 2C). There was no 
significant difference in band counts in trauma between manual differentiation (37% 
± 17%) and CD16dim counts (37% ± 25%, P = 0.2687). Although the means are very 
similar, between individual samples, the banded count between manual 
differentiation and CD16dim did differ sometimes on an individual level.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Figure 2. Gating strategy for flow cytometry identification of banded neutrophils. In A an example of a 
healthy control, in B an example of a patient who sustained trauma. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Neutrophil scatter parameters that are used by the hematology analyzer to detect 
immature neutrophils include ALL 0° light scattering (resembling neutrophil cell size) 
and PSS 90° light scattering (resembling neutrophil lobularity). When comparing 
these parameters, neutrophil size was significantly higher in samples from infection 
patients (166 ± 7.83 arbitrary units [AU]) compared to neutrophil cell size in trauma 
patients (151 ± 6.72 AU; P = 0.011) (Figure 3). Neutrophil cell size from infection 
patients samples was also higher than reference values, whereas trauma patient 
samples remained in the upper limits of normal reference values (120 – 159 AU). 
Neutrophil lobularity remained within reference values in both groups without 
significant differences between groups. 

 

 

 

 

Figure 3. Example scatterplot from a polytrauma patient and from a surgical patient with an infection. 
Neutrophil size is increased in patients with an infection. ALL = axial light loss (0 º scatter resembling cell 
size), IAS = Intermediate Angle Forward Scatter (7º scatter resembling cell complexity). 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 

158

CHAPTER 8

 

Discussion 

Based on this cohort of 13 patients, algorithm based automated granulocyte 
differentiation with the Cell-Dyn hematology analyzer is not suited for detection of 
banded neutrophils in trauma patients. On the contrary, it accurately detected 
banded neutrophils in patients suffering infection. Phenotyping neutrophils based on 
their CD16/CD62L expression was a more accurate method to automatically identify 
the presence of banded neutrophils in the circulation of trauma patients.  

Although studies show some minor variances between machines, the use of 
automated hematology analyzers is believed to be an accurate and efficient way to 
asses neutrophil differentiation20,21. Manual differentiation remains the golden 
standard, but due to interobserver variance and low efficiency, it is reserved for non-
routine diagnostic procedures22. Although accurate when tested in infectious adults, 
more careful interpretation is needed in specific cases, such as pediatrics23 and, as 
this study shows, trauma.  

White blood cell counts and, particularly, neutrophil left shifts have proven their 
diagnostic value in bacterial infection5. It remains controversial whether it can be 
used as a predictive marker for bacteremia in uncertain clinical cases as many 
studies contradict each other5,11,24,25. As a diagnostic tool the neutrophil band count 
has a high specificity, but low sensitivity24. Thus, it may be a useful tool when tested 
positive when an infection is uncertain, while a negative result usually does not affect 
clinical decision making. As a clinical marker, real time monitoring allows a more in-
depth evaluation of the patient’s condition5,6. The value for diagnosis of (sterile) 
inflammatory diseases is far less obvious25. In the case of trauma, the presence of 
banded neutrophils in the first days has been described14. Botha et al.17 showed an 
association with the percentage of banded neutrophils after 24 hours and the 
development of multi-organ failure during admission in major trauma patients. So, 
recognition of banded cells in trauma can provide information on the patient’s 
condition15.  

Leukocytosis and the presence of immature or banded neutrophils after trauma can 
have several causes. Trauma causes activation of the hypothalamic-pituitary-
adrenal axis, resulting in a state that is characterized by an increased production of 
corticosteroids and catecholamines26. In homeostasis half of the neutrophil 
population is known to be in the marginated pool27. The production of 
catecholamines following trauma is involved in demargination and thereby a 
sometimes dramatic increase in circulating neutrophil numbers27. Demargination 
neutrophils will not lead to an increased number of banded cells, because the 
peripheral blood neutrophils are equally distributed between the circulating and the 
marginated pool28. Corticosteroids produced in the stress response can also 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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contribute to demargination but can additionally cause a release of mature and 
banded neutrophils from the post-mitotic pool in the bone marrow into the 
circulation29. This may partly contribute to the presence of immature cells in the 
circulation following trauma. Though not supported by experimental evidence, expert 
opinion indicates that fractured bones, particularly long or pelvic bones, leads to 
exposed bone marrow and thus circulation of immature blood cells. This was based 
on the same principle as the occurrence of fat embolisms following fractures30. 
Infection activates the same stress-axis with demargination and mobilization of bone 
marrow neutrophils as a result.  

On a more cellular level, damage-associated molecular patterns (DAMPs) are 
released in the circulation in great amounts after trauma31. DAMPs are danger 
signals that trigger an immune response31. Mitochondrial DNA is an important 
example of such a DAMP. As mitochondria originate from (alphaproteo)bacteria, 
mitochondrial derived DAMPs found in trauma are very similar to pathogen-
associated molecular patterns (PAMPs) produced by bacteria found in infection. 
Extremely high levels of DAMPs/PAMPs overwhelms the immune system and 
results in ineffective responses to additional stimuli31. Indeed after major trauma and 
in septic shock, neutrophil function is affected. For example, neutrophils become 
less responsive to the innate stimulus fMLF32. Additionally, other basic functions like 
chemokinesis, chemotaxis, and phagocytosis can be affected33,34. This contributes 
to the increased risk of (severe) infection in trauma patients. In an LPS–model that 
simulates immune activation that is also seen during severe infection, it was shown 
that neutrophil subsets (banded/mature/hypersegmented), identified by 
CD16/CD62L-expression, were present in the peripheral circulation and possess 
different functionalities35,36. In line with this, it may be of great importance to 
recognize neutrophil subsets to obtain all information on neutrophil function after 
trauma,.  

Although the exact algorithm of the hematology analyzer to detect immature 
neutrophils is confidential, it is known that it uses neutrophil scatter parameters 
including increased neutrophil size (0° scatter) and decreased neutrophil lobularity 
(90° scatter). We found that neutrophil cell size was increased during infection, 
whereas it was not after trauma. An increase in neutrophil size has been found after 
in vitro activation with inflammatory mediators such as C5a, LPS, GM-CSF, TNF-a, 
and fMLF15,37,38. Hence, it seems plausible that, at least in part, an increase in 
neutrophil size is a direct result of activation and not caused by the release of larger 
banded neutrophils into the blood stream. This is supported by our finding that there 
was no difference in cell size between banded (CD16dim/CD62Lhigh) and segmented 
(CD16high/CD62Lhigh) neutrophils after trauma. While the increase in neutrophil size 
might correlate with the release of banded neutrophils during infection, this clearly 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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does not hold true for trauma. There is an increase in neutrophil cell size the first few 
days after trauma, yet this only becomes apparent when lobularity is already 
increasing again15. This suggests that these two separate processes may at least in 
part explain why the hematological analyzers algorithm is not detecting banded cells 
in trauma patients. In addition, the immature neutrophils released after long bone 
fractures might also contribute to this phenomenon, because they are not released 
by inflammatory stimuli but by damage to the bone marrow. Therefore, for a broader 
application of automated left shift analysis, there is a need for a more specific 
algorithm.  

Automated hematology analyzers use only light scatter patterns for neutrophils to 
distinguish between segmented, banded, and precursor cells. This approach is 
poorly validated in terms of false negative results. Immunological phenotyping can 
provide additional information, particularly when expected increases in neutrophil 
phenotypes are not detected. Simple immunofluorescence techniques, such as 
staining of nonviable cells with propidium iodide, are already applied on a regular 
basis39. Meanwhile, more complex immunophenotyping is finding its way to 
diagnostics, but is still mostly reserved for the experimental, non-automated 
procedures. This notwithstanding the fact that earlier studies have shown that 
routine neutrophil immunophenotyping is feasible40. CD16 has been proposed 
before as a marker of neutrophil left shift, because it can differentiate between early 
progenitors (which are CD16neg), (meta)myelocyte (CD16low), banded 
neutrophil(CD16low), and mature, segmented neutrophils with the highest expression 
of CD169,41. Hübl et al.42 only distinguished CD16pos and CD16neg (progenitors) 
neutrophils and found high specificity of CD16neg neutrophils for the presence of a 
left shift in manual differentiation. Yet, this study showed no correlation between the 
presence of CD16neg and the number of banded or immature neutrophils, which are 
CD16pos. Different from Hübl et al., our study was focused on CD16pos population, 
and made a classification on CD16dim, banded, and CD16high, segmented, 
neutrophils. We found some segmented neutrophils in CD16dim sorted neutrophils 
and the other way around. This can be explained by the fact that there is not a strict 
transition from immature to mature and upregulation of CD16. Although ‘dim’ and 
‘high’ was an arbitrary cut-off point, there was a clear enrichment of banded in the 
CD16dim and segmented in the CD16high neutrophil population43.  

There are some limitations to our study. Due to the limited number of patients, both 
trauma and infection, statistical analyses on accuracy of the different methods is 
restricted. However, for the aim of this study complicated analysis is of no added 
value to show the inability of an automated hematology analyzer to recognize trauma 
banded neutrophils. Furthermore, different methods were used for the manual 
counts in infection and trauma, blood smears and cytospins, respectively. Literature 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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shows that differences exist in cell counts for both methods, as well as a greater 
slide-to-slide variation in cytospins44. Although these differences should be taken 
into account, it is highly unlikely that this would explain the differences seen in the 
automated counts for analysis of patients with infection and trauma. Also, this does 
not affect automated measurements of fresh samples. Lastly, the classification 
based on CD16 expression is subjected to arbitrary gating, which for a significant 
part may explain the differences between manual and flow cytometry band counts. 
Still, this method is very much capable of detecting the left shift, in contrast to the 
automated differentiation in trauma.  

In conclusion, algorithm based automated neutrophil differentiation using a 
hematology analyzer is not suited to detect the presence of immature or banded 
neutrophils in the circulation following major trauma. In contrast, this method is 
accurately detecting a left shift in patients suffering an infection. This suggests that 
there is a structural difference in the circulating neutrophil population after trauma 
and infection. Further studies should focus on this difference and whether it is a 
functional difference, a failure in the algorithm of the hematological analyzer as a 
result of smaller neutrophils, or a combination of both. Information on this topic may 
provide further inside in the functional neutrophil defects after trauma and might help 
to identify the patients at risk for (inflammatory) complications.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 

RECOGNIZING BANDEDS NEUTROPHILS AFTER TRAUMA

8

 

35.  Leliefeld PHC, Pillay J, Vrisekoop N, Heeres M, Tak T, Kox M, Rooijakkers 
SHM, Kuijpers TW, Pickkers P, Leenen LPH, Koenderman L. Differential 
antibacterial control by neutrophil subsets. Blood Adv. 2018;2(11):1344-
1355 

36. Pillay J, Kamp VM, van Hoffen E, Visser T, Tak T, Lammers JW, Ulfman LH, 
Leenen LPH, Pickkers P, Koenderman L. A subset of neutrophil in human 
systemic inflammation inhibits T cell responses through Mac-1. J Clin Invest. 
2012;122(1):327-336 

37. Rosengren S, Henson PM, Worthen GS. Migration-associated volume 
changes in neutrophils facilitate the migratory process in vitro. Am J Respir 
Cell Mol Biol. 1994;10(1):1-7 

38. Denk S, Taylor RP, Wiegner R, Cook Em, Lindorfer MA, Pfeiffer K, Paschke 
S, Eiseler T, Weiss M, Barth E, Lambris JD, Kalbitz M, Martin T, Barth H, 
Messerer DAC, Gebhard F, Huber-Lang MS. Complement C5a-induced 
changes in neutrophil morphology during inflammation. Scand J Immunol. 
2017;86(3):143-155 

39. Meintker L, Ringwald J, Rauh M, Krause SW. Comparison of automated 
differential blood cell counts from Abbott Sapphire, Siemens Advia 120, 
Beckman Coulter DxH 800, and Sysmex XE-2100 in normal and 
pathological samples. Am J Clin Pathol. 2013;139(5):641-50 

40. Groeneveld KM, Heeres M, Leenen LPH, Huisman A, Koenderman L. 
Immunophenotyping of posttraumatic neutrophils on a routine haematology 
analyser. Mediators Inflamm. 2012;2012:509513 

41. Elghetany MT. Surface antigen changes during normal neutrophilic 
development: a critical review. Blood Cells Mol Dis. 2002;28(2):260-274 

42. Hübl W, Andert S, Thum G, Ortner S, Bayer PM. Value of neutrophil CD16 
expression for detection of left shift and acute-phase response. Am J Clin 
Pathol. 1997;107(2):187-196 

43. Kamp VM, Pillay J, Lammers JW, Pickkers P, Ulfman LH, Koenderman L. 
Human suppressive neutrophils CD16bright/CD62Ldim exhibit decreased 
adhesion. J Leukoc Biol. 2012;92(5):1011-1120 

44. Gadeberg OV, Rhodes JM, Larsen SO. Comparison of smear and 
cytocentrifugation techniques for estimation of human peripheral blood 
monocytes. Acta Haematol. 1982;68(4):313-316 

  



Roy Spijkerman
Lillian Hesselink
Suzanne Bongers
Karlijn JP van Wessem
Nienke Vrisekoop
Falco Hietbrink
Leo Koenderman
Luke PH Leenen



POINT-OF-CARE ANALYSIS OF NEUTROPHIL 
PHENOTYPES: A FIRST STEP TOWARDS 

IMMUNE-BASED PRECISION MEDICINE IN THE 
TRAUMA ICU

9



Chapter 1B

46

for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 

168

CHAPTER 9

 

Abstract 

Purpose: The amount of tissue damage and the amplitude of the immune response 
after trauma are related to the development of infectious complications later on. 
Changes in the neutrophil compartment can be used as read out of the amplitude 
for the immune response after trauma. The study aim was to test whether 24/7 point-
of-care analysis of neutrophil marker expression by automated flow cytometry can 
be achieved after trauma.  

Methods: All trauma patients presented in the trauma bay of a level 1 trauma center 
were prospectively included and on extra blood tube was drawn. Thereafter, a 
member of the trauma team placed the blood tube in the fully automated flow 
cytometer, that was located in the corner of the trauma room. Next, a modified and 
tailored protocol for this study was automatically performed.  

Results: The trauma team was able to successfully start the point-of-care automated 
flow cytometry analysis in 156/164 patients, resulting in a 95% success rate. 
Polytrauma patients who developed infectious complications had a significantly 
higher %CD16dim/CD62Lbright neutrophils compare to polytrauma patients who did 
not develop infectious complications (p=0.002). Area under the curve value for 
%CD16dim/CD62Lbright neutrophils is 0.90(0.83-0.97). 

Conclusions: This study showed the feasibility of the implementation of a fully 
automated point-of-care flow cytometry system for the characterization of the cellular 
innate immune response in trauma patients. This study supports the concept that 
assessment of CD16dim/CD62Lbright neutrophils can be used for early detection of 
patients at risk for infectious complications. Furthermore, this can be used as first 
step towards immune-based precision medicine of polytrauma patients at the ICU. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 

POINT-OF-CARE ANALYSIS OF NEUTROPHIL PHENOTYPES

9

 

Introduction 

The inflammatory response directly after trauma is related to the development of 
infectious complications during hospital admission1–4. Injury causes tissue damage 
and it is assumed that the resulting production of cytokines and damage-associated 
molecular patterns are the fuel in this inflammatory process. However, these 
mediators are numerous, diverse and many cannot be timely and adequately 
identified nor quantified. Neutrophils, as part of the final common pathway in 
inflammation, are responsive to these mediators. These cells integrate the signals 
into a specific cellular response5,6. This cellular response can then be used as a 
‘simple’ biomarker of complex systemic inflammation4. Changes in neutrophil 
phenotype can be seen within minutes after trauma and these changes are dynamic 
over time3. Differential expression of neutrophil markers is thought to be a putative 
measurement of the amplitude of the tissue damage and the following immunological 
response after trauma5–9. Moreover, literature suggests that neutrophil marker 
expression immediately after trauma has predictive value for infectious 
complications later on10,11. Early detection of patients at risk for infectious 
complications allow for immune-based treatment decisions after trauma such as 
timing and intensity of surgery4,12.  

Until recently, analysis of neutrophil marker expression by flow cytometry was time 
consuming, labor intensive and subject to many manual steps that cause data 
variability. These technical difficulties hamper clinical application of neutrophil 
analyses early after trauma. 

However, with the introduction of an easy to use, fully automated flow cytometer it 
is now possible to obtain flow cytometry results point-of-care within 20 min13,14. This 
method enables phenotyping of neutrophils and other immune cells that can be 
performed quickly as a point-of-care test by any healthcare worker. Standardization 
and shortening of ex-vivo processing steps provide highly reproducible data13. 
Furthermore, such an approach minimizes alterations of neutrophil marker 
expression due to ex vivo manipulation. Therefore, this method might give better 
and new insights into the cell’s true biological features. 

The study aim was to test whether 24/7 point-of-care analysis of neutrophil marker 
expression by automated flow cytometry can be achieved after trauma. Secondly, 
the hypothesis was tested whether shifts in neutrophil phenotype were associated 
with the injury severity score and infectious complications later on. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Methods 

 

Study design  

All trauma patients presented in the trauma bay of the emergency department of the 
University Medical Center Utrecht were prospectively screened for inclusion from 
26-11-2018 until 12-2-2019. Exclusion criteria were: 1) age <18 years; 2) transfer 
from another hospital and 3) No diagnostic blood sampling needed. If a patient was 
eligible for inclusion, blood was drawn and analyzed. The medical ethical committee 
of the University Medical Center Utrecht approved this study under study protocol 
no. 17/899/D. All procedures performed in this study were in accordance with the 
1964 Helsinki declaration and its later amendments. The study was approved and 
registered online by the Central Committee on Research Involving Human Subjects 
in The Netherlands under protocol no. NL64100.041.17. 

 

Informed consent procedure  

Informed consent was obtained from competent patients directly upon admittance to 
the hospital. If a patient was incapacitated due to his or her injury a proxy consent 
was asked. If it was not possible to obtain an informed consent due to immediate 
transfer to another hospital or when the patient was sent home, late informed 
consent was obtained. When no informed consent could be obtained, the data on 
the flow cytometry computer were deleted and no clinical information of the patient 
was collected.  
 
 

Study procedure 

If blood was drawn from the patient for standard-of-care diagnostic workup during 
resuscitation, one extra 4mL Vacutainer® sodium heparin blood tube (Becton 
Dickinson, Oakville, ON, USA) was drawn specifically for this study. Thereafter, a 
member of the trauma team placed the blood tube in the automated AQUIOS CL® 
“Load & Go” flow cytometer (Beckman Coulter, Miami, FL, USA) that was located in 
the corner of the trauma room. Data generated by the machine were stored on the 
computer with a study identification code, generated by the machine. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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The automated AQUIOS CL® “Load & Go” flow cytometer  

The AQUIOS CL® has one 488nm diode laser, 2 light scatter channels (forward 
scatter and side scatter), 5 fluorescence channels and an electronic volume (EV) 
measure. The machine combines robotic automated sample preparation with 
automated analysis of cells using flow cytometry up to 22 samples per hour. A 
cassette filled with blood tubes can be easily placed in the machine without the need 
for trained personnel. Hereafter, the device reads the barcodes on the blood tubes 
and saves the codes in the system. After automatic blood mixing, the blood tubes 
are cap-pierced and 43 μL is pipetted into a 96-deep wells plate. Thereafter, the 
machine returns the blood tubes and proceeds with antibody staining. 
Consecutively, 18 μL of a monoclonal antibody mix bound to different fluorescent 
labels is transferred from a vial to the 96-wells plate. After 15 min of incubation, the 
blood is lysed using 435 μL of lysing reagents A and B. Lysing reagent A is a 
cyanide-free lytic reagent that lyses red blood cells. Lysing reagent B slows the 
reaction caused by reagent A and preserves the white blood cells for measurement 
in the flow cell. Finally, 100 μL of the prepared sample is aspirated for analysis. 
Absolute leukocyte count is based on an electronic-volume measurement. After 100 
tests the flow cytometer needs to be reloaded with new reagents. Incidental 
maintenance on set time points was performed by the research team. The machine 
can process a maximum 4x43 μl blood (4 wells) at a time and different antibody 
mixes can be added, as defined in the protocol.  
 
 
Flow cytometry analysis by the automated AQUIOS CL® “Load & Go” flow cytometer  

The AQUIOS CL® combines robotic automated sample preparation with automated 
analysis of cells using flow cytometry13. For this research purpose, two customized 
antibody mixes were made and both panels were tested in the presence and 
absence of the bacterial/mitochondrial derived stimulus formyl-methionyl-leucyl-
phenylalanine (fMLF) (Sigma Aldrich, St. Louis, MO, USA) with an end concentration 
of 10-6M. Panel 1 consisted of CD35-FITC (clone J3.D3, Beckman Coulter, Miami, 
FL, USA), CD16-PE(clone 3G8, Beckman Coulter), CD62L-ECD (clone DREG56, 
Beckman Coulter), CD11b-PC5 (clone Bear1, Beckman Coulter) and CD10-PC7 
(clone ALB1, Beckman Coulter). Panel 2 consisted of CD66b-FITC (clone 80H3, 
Beckman Coulter), CD16-PE (clone 3G8, Beckman Coulter), CD62L-ECD (clone 
DREG56, Beckman Coulter), CD11c-PC5 (clone BU15, Beckman Coulter) and 
CD11b (activated)-PC7 (clone CBRM1/5, Sony biotechnology, San Jose, CA, USA).  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Analysis of flow cytometry data 

The .lmd data files were exported from the AQUIOS CL® and imported into FlowJo® 
analysis software (Tree Star Inc., Ashland, OG, USA). Polymorphonuclear 
leukocytes were gated based on forward scatter and side scatter. Neutrophils in the 
polymorphonuclear leukocytes gate were identified based on CD16 positivity, 
thereby excluding eosinophils. Then, neutrophil markers were analyzed in the 
absence (resting) and presence (activated) of fMLF. Neutrophil phenotypes were 
identified by the expression of CD16 and CD62L as described in detail before 15. The 
markers CD16 and CD62L were present in panel 1 and panel 2 allowing for bench 
marking between both panels. Figure 1 shows the gating strategy to identify 
neutrophil phenotypes. The average percentage of neutrophil phenotypes as 
determined by both panels was used. Gating strategy was checked for every 
individual patient by 2 independent researchers.  

 

 

Figure 1. Gating strategy for the determination of neutrophil phenotypes in healthy controls (A) and 
polytrauma patients (B). The neutrophil markers CD16 and CD62L are used for neutrophil differentiation. 
Three different neutrophil phenotypes can be differentiated CD16dim/CD62Lbright neutrophils, 
CD16bright/CD62Lbright neutrophils and CD16bright/CD62Ldim neutrophils. 

 

Clinical data 

Baseline characteristics and clinical outcomes of the included patients were 
recorded. Data were collected by the treating clinician and anonymously analyzed. 
The following infectious complications were reported: urinary tract infection, surgical 
site infection, fracture related infection, skin infection, soft-tissue infection, 
pneumonia, primary peritonitis, secondary peritonitis, intra-abdominal abscess, 
bloodstream infection of unknown origin and secondary bloodstream infection.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Statistical analysis 

Data were analyzed with IBM SPSS version 23 (IBM Corporation, North Castle, NY, 
USA) and GraphPad Prism version 7 (GraphPad software inc., San Diego, CA, 
USA). Statistical significance was defined as a p-value < 0.05. The distribution of 
continuous variables was assessed with the use of the Kolmogorov-Smirnov test. 
Clinical outcomes and demographics were compared between polytrauma patients 
developing infectious complications and those who did not. Pearson’s chi-squared 
test was used for dichotomous data. A two-sample T-test was used for normally 
distributed data and a Mann-Whitney U test was used to analyze continuous data if 
data was normally distributed. To test whether the %CD16dim/CD62Lbright neutrophils 
could be univariate predictors for infectious complications in trauma patients, 
receiver operating characteristic curves were calculated. 
 

Results  

 
Study overview 

In the period from 26-11-2018 till 12-2-2019 a total of 233 patients were presented 
in the trauma bay of our emergency department that led to activation of the whole 
trauma team. The following patients were excluded from our study (see Figure 2): 
patients <18 years (N=40), patients who did not need standard diagnostic blood 
drawing (N=15), and patients who were transferred from another hospital (N=14). 
This resulted in a total of 164 patients who were eligible for inclusion. In 3 patients, 
the trauma team did not succeed to obtain an extra tube of blood; the blood tube 
was incorrectly placed in the machine in 2 cases and too little blood was drawn in 
the tubes in 3 cases. Thus, the trauma team was able to successfully start the point-
of-care flow cytometry analysis in 156/164 (95%) patients. A total of 57/156 (37%) 
patients did not give informed consent to use their clinical and/or flow cytometry data. 
This finally resulted in a total of 87 patients who were included for further analysis of 
neutrophil markers. 

 

Baseline characteristics 

Of these 87 patients, 32 patients sustained severe injuries (Injury severity 
score(ISS)≥16) and 55 patients had isolated injuries (ISS<16). During hospital 
admission a third of the polytrauma patients (11/32, 34%) developed infectious 
complications. Baseline characteristics are shown in table 1. Only 3/55 (5%) 
monotrauma patients developed infectious complications. Polytrauma patients that 
developed infectious complications had a lower Glasgow Coma Scale (10(3-14) vs 



Chapter 1B

46

for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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14(11-15), p=0.009) and a lower systolic blood pressure (113(90-130) vs 140(119-
155) mmHg, p=0.015) upon trauma bay presentation. This was associated with a 
significantly higher ISS (29(22-34) vs 19(17-23), p=0.002) and New ISS (41(27-48) 
vs 22(22-27), p=0.004). These patients also had a significantly longer ICU stay (9 
(7-21) vs 1(0-3) days, p<0.001) and total hospital stay (33 (18-47) vs 7(3-11) days, 
p<0.001).  

 

 

 

 

Figure 2. Flowchart of patient inclusion. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Table 1. Comparison of baseline characteristics of polytrauma patients (ISS≥16) who 
developed complications compared to polytrauma patients who did not develop 
complications.  

 

 

All variables are shown in median (interquartile range) or n (%). ISS = Injury severity Score; ASA = 
American society of anesthesiologists; AIS = Abbreviated injury scale; SBP = Systolic blood pressure; 
LOS = Length of stay; ICU = Intensive Care Unit. 

  

 ISS≥16, no inf. comp. 
N=21 

ISS≥16, Inf. comp. 
N=11 

P-value 

Age at trauma, years  61 (32-74) 55 (26-67) 0.65 

Male 13 (62%) 7 (63%) 0.93 

ASA score 1 (1-3) 3 (1-3) 0.11 
Mechanism of injury 
 Car occupant 
 Motor cyclist 
 Pedal cyclist 
 Pedestrian 
 Fall  
 Other 

 
3 (14%) 
1 (5%) 
5 (24%) 
1 (5%) 
9 (42%) 
2 (10%) 

 
4 (36%) 
1 (9%) 
0 (0%) 

2 (18%) 
4 (36%) 
0 (0%) 

0.32 

Patients with AIS >2 
 Head 
 Face 
 Thorax 
 Abdomen 
 Extremities 
 External 

 
15 (71%) 
5   (24%) 
11 (52%) 
2   (10%) 
12 (57%) 
1   (5%) 

 
7 (63%) 
2 (18%) 
8 (72%) 
2 (18%) 
4 (36%) 
1 (9%) 

 
0.66 
0.39 
0.11 
0.31 
0.70 
0.31 

Injury Severity Score 19 (17-23) 29 (22-34) <0.01 

New Injury Severity Score 22 (22-27) 41 (27-48) <0.01 

Glasgow Coma Scale 14 (11-15) 10 (3-14) 0.01 

SBP, mmHg 140 (119-155) 113 (90-130) 0.02 
Respiratory rate, bpm 18 (15-28) 21 (20-28) 0.55 
Serum Hemoglobin, mmol/l 8.9 (8.5-9.3) 8.4 (7.4-9.5) 0.35 
pH 7.38 (7.26-7.40) 7.26 (7.18-7.34) 0.06 
Lactate, mmol/l 1.90 (1.50-3.05) 2.60 (2.40-3.50) 0.12 
Base excess, mEq/L 1.5 ((-5.5)-2.0) -4.0 ((-6.5)-(-2.5)) 0.10 

Leukocytes, n*106/ml 12.1 (9.8-15.9) 17.2 (10.1-21.1) 0.08 

Hospital admission 21 (100%) 11 (100%) na 
Infectious complications, no. 
of patients  

0 (0%) 11 (100%) na 

LOS, days 7 (3-11) 33 (18-47) <0,01 

ICU stay, days 1 (0-3) 9 (7-21) <0.01 

Mortality 3 (14%) 4 (36%) 0.16 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 

176

CHAPTER 9

 

Baseline neutrophil activation 

Counterintuitively and in contrast with the current literature3,11, no signs of direct 
neutrophil activation were seen in either monotrauma patients or polytrauma 
patients, as measured by the panel of antibodies directed against activation markers. 
Baseline expression of these neutrophil activation markers of all included patients is 
shown in Figure 3. The activation markers CD35, CD11c, CD11b, CBRM1/5, CD10 
and CD66b showed no significant differences between polytrauma patients who 
developed infectious complications during hospital admission and polytrauma 
patients who did not.  

 

Neutrophil responsiveness 

Neutrophil responsiveness that is determined by the expression of neutrophil 
activation markers in the presence of the bacterial stimulus fMLF, is shown in Figure 
4. Significantly lower responsiveness of neutrophils for the activation-specific 
epitope of CD11b (CBRM1/5) was found in the infection group compared to the no 
infection group (p=0.034). No significant difference in responsiveness was found for 
the other neutrophil markers CD35, CD11c, CD11b, CD10 and CD66b, although 
trends towards less neutrophil responsiveness were visible for some markers.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Figure 3. Baseline (fMLF-) expression of neutrophil activation markers of all included polytrauma patients 
(ISS≥16). Neutrophil markers CD35 (A), CD11c (B), CD11b (C), CD10 (D), CD66b (E) and active CD11b 
(CBRM1/5) (F) were measured. Polytrauma patients without infections (n=21) (●) were compared to 
polytrauma patients with infections (n=11) (■) with the use of a Mann Whitney U test. Data are presented 
as scatter plot with median and interquartile range. Reference values (gray area) show interquartile range 
of monotrauma patients (ISS<16) (n= 55). ISS = Injury severity score, MFI = median fluorescent intensity, 
fMLF = N-formyl-methionyl- phenylalanine, AU = arbitrary units.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Figure 4. The effect of activation (fMLF+) on the expression of neutrophil activation markers of all included 
polytrauma patients (ISS≥16). Neutrophil markers CD35 (A), CD11c (B), CD11b (C), CD10 (D), CD66b 
(E) and active CD11b (CBRM1/5) (F) were measured. Polytrauma patients without infections (n=21) (●) 
were compared to polytrauma patients with infections (n=11) (■) with the use of a Mann-Whitney U test. 
Data are presented as scatter plot with median and interquartile range. Reference values (gray area) 
show interquartile range of monotrauma patients (ISS<16) (n= 55). ISS = Injury severity score, MFI = 
median fluorescent intensity, fMLF = N-formyl-methionyl- phenylalanine, AU = arbitrary units. *P < 0.05.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Neutrophil phenotypes 

After trauma, 2 neutrophil phenotypes were found in the peripheral blood that is 
characteristic for systemic acute inflammation: CD16dim/CD62Lbright neutrophils and 
CD16bright/CD62Ldim neutrophils15. Representative examples of differences in 
percentage of these neutrophil phenotypes under different conditions (healthy 
controls, monotrauma patients, polytrauma patients and very severely injured 
polytrauma patients) are shown in Figure 5. Monotrauma patients show up to 6% 
CD16dim/CD62Lbright neutrophils and polytrauma patients show up to 22% 
CD16dim/CD62Lbright neutrophils. In very severe polytrauma patients, mature 
neutrophils seem to have partially disappeared from the circulation and many 
progenitor cells are left. This phenotype is in this cohort associated with a 100% 
mortality rate. 

 

 

Figure 5. Representative examples of differences in neutrophil phenotypes in patients with different injury 
severity. Healthy controls (A) and trauma patients without any injuries (B) show very little 
CD16dim/CD62Lbright neutrophils. Monotrauma patients (ISS<16) show up to 6% CD16dim/CD62Lbright 
neutrophils (C) and polytrauma patients (ISS≥16) show up to 22% CD16dim/CD62Lbright neutrophils (D). In 
very severe polytrauma patients, mature neutrophils seem to have partially disappeared from the 
circulation and many progenitor cells are left. This phenotype is associated with a 100% mortality rate 
(E). ISS = Injury severity score. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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The percentage CD16dim/CD62Lbright neutrophils was plotted against the injury 
severity score in all included trauma patients to test the hypothesis that a correlation 
is present between phenotypes and injury severity. Figure 6 shows the correlation 
between the injury severity score and the percentage of CD16dim/CD62Lbright 
neutrophils (R2=0.43; p<0.0001). All patients with an ISS <16 had <6% 
CD16dim/CD62Lbright neutrophils, except for one outlier with 12% CD16dim/CD62Lbright 
neutrophils (left red square Figure 6). This trauma patient was presented after an 
out-of-hospital cardiac arrest. Polytrauma (ISS≥16) patients had CD16dim/CD62Lbright 
neutrophils varying from 1% to 22%. There was one patient with an ISS of 75, but a 
low %CD16dim neutrophils (right red square Figure 6). This was a patient with an 
isolated, non-survivable, grade 5 head and grade 6 neck injury.  

 

 

Figure 6. Percentage of CD16dim/CD62Lbright neutrophils against the ISS in all included trauma patients. 
Data are presented as scatter plot with the linear regression line and 95% confidence interval (R2=0.43, 
P<0.0001). All patients with an injury severity score <16 had <6% CD16dim/CD62Lbright neutrophils, except 
for one outlier with 12% CD16dim/CD62Lbright neutrophils (left square). This trauma patient was presented 
after an out-of-hospital cardiac arrest. All polytrauma (ISS≥16) patients had CD16dim/CD62Lbright 
neutrophils varying from 1% to 22%. The second outlier is a polytrauma patient with a ISS of 75, with only 
6% CD16dim/CD62Lbright neutrophils (right square). This was a patient with a very high grade head and a 
non-survivable neck injury with little additional trauma. ISS = Injury severity score. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Next, it was evaluated whether an association was present between the presence 
of neutrophil phenotypes and infectious complications. The percentage 
CD16dim/CD62Lbright and CD16bright/CD62Ldim neutrophils in mono- and polytrauma 
patients was plotted in Figure 7. Monotrauma patients were characterized by the 
presence of 0.5% (0.3%-1.5%) CD16dim/CD62Lbright neutrophils and 1.2% (0.6%-
3.2%) CD16bright/CD62Ldim cells. Polytrauma patients who developed infectious 
complications had a significantly higher percentage CD16dim/CD62Lbright neutrophils 
than polytrauma patients without infections (8.4% (6.7%-11.8%) vs 3.1% (1.3%-
6.8%); p=0.002), despite no significant difference in percentage CD16bright/CD62Ldim 

neutrophils (6.9%(3.6%-12.7%) vs 3.6% (1.0%-9.4%), p=0.090). Area under the 
curve value with 95% clearance interval for %CD16dim/CD62Lbright neutrophils is 0.90 
(0.83-0.97) (Figure 8).  

 

 

Figure 7. Percentage of CD16dim/CD62Lbright neutrophils (A) and CD16 bright/CD62Ldim neutrophils (B) in 
polytrauma patients without infections (n=21) (●) and with infections (n=11) (■). Data are presented as 
scatter plot with median and interquartile range and analyzed with the use of a Mann Whitney U test. 
Reference values (gray area) show interquartile range of monotrauma patients (ISS<16) (n= 55). ISS = 
Injury severity score, MFI = median fluorescent intensity, AU = arbitrary units. ***P < 0.005. 

No
inf
ec
tio
us

co
mp
lic
ati
on
s

Inf
ec
tio
us

co
mp
lic
ati
on
s

0

5

10

15

20

25

%
gr
an

ul
oc

yt
es

***

%CD16dim

neutrophils

No
inf
ec
tio
us

co
mp
lic
ati
on
s

Inf
ec
tio
us

co
mp
lic
ati
on
s

0

5

10

15

20

25

30

35

%
gr
an

ul
oc

yt
es

%CD62Ldim

neutrophils

A B



Chapter 1B

46

for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Figure 8. Receiver operating characteristic (ROC) curve was generated for the prediction of infectious 
complications in trauma patients during presentation in the trauma room. The area under the curve (AUC) 
value for %CD16dim/CD62Lbright neutrophils was 0.90 (0.83-0.97).  

 

Discussion 

 
Feasibility of flow analysis of innate immune cells by a point-of-care automated flow 
cytometer in the trauma bay  

This study demonstrates the feasibility of a fully automated flow cytometer used 
point-of-care in the emergency bay to analyze the state of the innate immune 
response in trauma patients presented without the help of experienced laboratory 
personnel. The trauma team on-duty was able to include 156/164 patients eligible 
for inclusion during the 2.5 month inclusion period resulting in a success rate of 95%.  

With the introduction of the fully automated flow cytometer in the trauma bay several 
steps had to be taken to ensure an optimal workflow: 1) Correct placement of the 
automated flow cytometer is essential. The machine needs to be placed in a point-
of-care setting or in any place where the time from blood drawing until analysis will 
be maximum 30 minutes, because minimal time delay is essential for quick and 
reliable measurements of neutrophil markers13 and 2) The machine needs to be 24/7 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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available to start immune analysis in trauma patients. The AQUIOS CL® is made for 
24/7 measurements provided that reagents are checked and quality control is 
implemented. 

 
Handling failure 
All the aforementioned steps were taken care of before the start of this study, which 
resulted in a high success percentage of 95%. However, there were several learning 
points for further implementation. In 3 cases too little blood was drawn, because 
blood was not visible in the tube due to incorrect placement of the barcode. In 2 
additional cases the blood tube with the barcode was placed incorrectly in the tray 
precluding the adequate reading of the barcode and start of the machine. These 
issues were resolved by using multiple barcode stickers. 

 
Informed consent procedure 
For this study, written informed consent was required to collect clinical data and flow 
cytometry results of the included trauma patients. Informed consent procedures in 
emergency medicine are a challenge for testing fast procedures, particularly when 
proxy consent is needed that is often the case with severely injured patients16. 
Therefore, our institutional ethical review board approved delayed consent. Despite 
the fact that delayed informed consent could be obtained, still 37% of the patients 
did not give written informed consent to participate in this study. The most important 
reason for this was that a significant part of the patients was sent home after initial 
medical examination or soon after admission. The low response rate after hospital 
discharge is a known problem in the trauma population17–19. The informed consent 
procedure caused a selection bias in this study, as it led to the exclusion of less 
severely injured trauma patients who were rapidly discharged from the hospital.  

 
Biomarkers associated with injury severity and infectious complications 

Up to now, no clear biomarker has been identified that adequately correlates with 
the severity of tissue damage and the following immune response directly after 
trauma. The ISS and new ISS are widely used scoring methods for trauma patients 
that show a correlation with clinical outcome, but are obtained after final 
evaluation20,21. Hence, it is not a useful tool for initial evaluation of the clinical 
(immune) status of trauma patients. Base excess on admission has a clear 
correlation with injury severity and mortality after trauma, as it is indicative for 
inadequate perfusion and tissue hypoxia22–24. However, there are a number of 
comorbidities that can change acid-base deficit as well, for example diabetic 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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ketoacidosis, substance intoxication or a prevalent condition as kidney 
insufficiency24. 

Several studies have tried to find early markers with predictive value for post-
traumatic infectious complications. Biomarkers that seemed useful included the 
expression of HLA-DR on circulating monocytes and procalcitonin levels in the 
peripheral blood25–27. Best predictive value for septic complications was found for 
procalcitonin at day 1 post-trauma, with only a reasonable sensitivity and specificity 
up to 70% in a multivariate model25. Recently, neutrophil marker analysis showed 
better prognostic value in the prediction of septic shock, with a sensitivity up to 
90%3,8,11. Therefore in this study, baseline neutrophil activation, neutrophil 
responsiveness to fMLF and analysis of neutrophil phenotypes were used to find 
potentially a better clinical applicable biomarker that would be correlated with injury 
severity and the resulting immune response.  

 
Baseline neutrophil activation 

With the introduction of an automated flow cytometer in a point-of-care setting a 
more accurate measurement method of neutrophil activation markers was applied13. 
Surprisingly, applying this improved method no significant differences were found 
between expression of activation markers on neutrophils of monotrauma patients 
and polytrauma patients. In marked contrast, several studies in the literature showed 
a significant upregulation of neutrophil activation markers after trauma (e.g. 
CD11b)3,11,28,29. However, marked variances in marker expression were 
demonstrated and no clear correlation was found with tissue damage nor infectious 
complications. Some studies found a higher expression of CD11b whereas some 
studies found a lower expression of CD11b in polytrauma patients compared to 
monotrauma patients2,3. A putative explanation for this discrepancy is that the 
increase in neutrophil activation markers shown in previous studies was at least in 
part a result of ex vivo manipulation13. 

 
Neutrophil responsiveness 

Automated flow cytometry analysis of neutrophil responsiveness to the bacterial 
stimulus fMLF was also performed in every trauma patient. Several studies showed 
that neutrophil responsiveness provides useful information2,8,11–13,30. In line with the 
literature, we found lower neutrophil responsiveness in polytrauma patients with 
infectious complications compared to polytrauma patients without infectious 
complications. However, this was only significantly found for the fMLF induced 
expression of the neo-epitope of CD11b (CBRM1/5) that recognizes only an active 
configuration of this integrin31. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Neutrophil phenotypes 

Literature showed a significant increase in CD16bright/CD62Ldim neutrophils in trauma 
patient samples collected within 1 hour after trauma, as well as 4–12 and 48–72 
hours post injury3. Up to now, no detailed kinetics on the appearance of 
CD16dim/CD62Lbright neutrophils after trauma has been published. The 
CD16dim/CD62Lbright neutrophils usually characterized by a banded shaped nucleus 
are most likely released from the bone marrow15,32. It is tempting to speculate that 
the amount of tissue damage leading to the liberation of damage-associated 
molecular patterns and production of immune mediators correlated with the release 
of new neutrophils from the bone marrow. This hypothesis is corroborated with the 
correlation that was found between CD16dim/CD62Lbright neutrophils and the injury 
severity score (ISS). However, there is only a limited correlation between the ISS 
and the amount of tissue damage33. Therefore, it seems plausible that the bone 
marrow response leading to mobilization of CD16dim/CD62Lbright neutrophils, might 
be a better measure for the cumulative amount of tissue damage. The outliers are 
shown in Figure 6 support this hypothesis, because the individual patients explain 
the unexpected high or low amount of CD16dim/CD62Lbright neutrophils.  

We found a significant relation between CD16dim/CD62Lbright neutrophils and 
infectious complications in polytrauma patients. This can be used for the prediction 
of infectious complications in trauma patients, as supported by the high predictive 
values found in this study. However, the number of patients was too low to analyze 
the predictive value of CD16dim/CD62Lbright neutrophils in a multivariate analysis that 
includes other factors such as base excess and age.  

 

Conclusion 

This study showed the feasibility of the implementation of a fully automated point-of-
care flow cytometry system for the characterization of the cellular innate immune 
response in trauma patients. This study supports the concept that assessment of 
CD16dim/CD62Lbright neutrophils can be used for early detection of patients at risk for 
infectious complications. Furthermore, this can be used as first step towards 
immune-based precision medicine of polytrauma patients at the ICU. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 

POINT-OF-CARE ANALYSIS OF NEUTROPHIL PHENOTYPES

9



Lillian Hesselink
Roy Spijkerman
Emma de Fraiture
Suzanne Bongers
Karlijn JP Van Wessem
Nienke Vrisekoop
Leo Koenderman
Luke PH Leenen
Falco Hietbrink

Intensive Care Medicine Experimental (2020), 8(12), 191
DOI: 10.1186/s40635-020-0299-1



NEW AUTOMATED ANALYSIS TO MONITOR 
NEUTROPHIL FUNCTION POINT-OF-CARE IN 
THE INTENSIVE CARE UNIT AFTER TRAUMA

10



Chapter 1B

46

for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Abstract 

Background: Patients often develop infectious complications after severe trauma. 
No biomarkers exist that enable early identification of patients who are at risk. 
Neutrophils are important immune cells that combat these infections by 
phagocytosis and killing of pathogens. Analysis of neutrophil function used to be 
laborious and was therefore not applicable in routine diagnostics. Hence, we 
developed a quick and point-of-care method to assess a critical part of neutrophil 
function, neutrophil phagosomal acidification. The aim of this study was to 
investigate whether this method was able to analyze neutrophil functionality in 
severely injured patients and whether a relation with the development of infectious 
complications was present. 

Results: Fifteen severely injured patients (median ISS of 33) were included of whom 
6 developed an infection between day 4 and 9 after trauma. The injury severity score 
did not significantly differ between patients who developed an infection and patients 
who did not (p = 0.529). Patients who developed an infection showed increased 
acidification immediately after trauma (p = 0.006) and after 3 days (p = 0.026) and a 
decrease in the days thereafter to levels in the lower normal range. In contrast, 
patients who did not develop infectious complications showed high-normal 
acidification within the first days and increased acidification 6 days (0.029) 10 days 
(p = 0.025) and 15 days (p = 0.026) after trauma. 

Conclusion: Neutrophil function can be measured in the ICU setting by rapid point-
of-care analysis of phagosomal acidification. This analysis differed between trauma 
patients who developed infectious complications and trauma patients who did not. 
Therefore this assay might prove a valuable asset to identify patients at risk for 
infections after trauma and to monitor the inflammatory state of these trauma 
patients. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Background 
Trauma patients are prone to develop infectious complications. The risk of these 
infections is mainly determined by the severity of the injury and the following 
dysregulation of the immune response1,2. Over halve of the severely injured patients 
admitted to the intensive care unit (ICU) develop an infection during hospitalization, 
generally after 5 days post-trauma3. Although infection related mortality rates 
decreased over the past decades4, severe infections such as sepsis remain a 
substantial cause of morbidity and mortality after trauma worldwide5,6.  

 
Until now, it has not been possible to recognize patients who will develop these 
relatively late complications in an early phase after trauma. Generally used 
biomarkers such as leukocyte counts and C-reactive protein (CRP) become positive 
during infections and therefore have limited prognostic value7. Since neutrophils are 
the first responders to both tissue damage and invading pathogens8,9, multiple 
studies focused on neutrophils as potential biomarkers10–16. Biomarkers that were 
suggested after trauma included neutrophil C5aR expression13,14, neutrophil 
extracellular traps (NETs)17, neutrophil CD64 expression18,19, neutrophil cell size20 
and neutrophil formyl-methionyl-leucyl-phenylalanine(fMLF)-induced FcγRII 
expression, of which only the latter was found to be an early marker in multiple 
trauma cohorts21,22. Neutrophil fMLF-induced FcγRII expression measured 
immediately after trauma showed high sensitivity (90%) for the prediction of severe 
sepsis ≥ 5 days post-trauma21. This suggests that those patients who are at risk for 
severe infectious complications can be identified on admission already. However, 
specificity was rather low (20%)21, indicating that a large portion of these high-risk 
patients did not develop septic shock eventually. Possibly this is because of 
decisions made in the days after admission. For example, the type of chosen 
antibiotics and timing of surgery, can influence the risk of infections23–25. Therefore, 
there is an unmet need for a biomarker to monitor high-risk trauma patients in the 
early days after admission.  

 
During these initial days, an adequately functioning neutrophil compartment is 
critical to prevent infectious complications as these cells are vital in the uptake and 
destruction of microbes8,9,26. Neutrophil phagocytosis and neutrophil phagosomal 
acidification are two critical steps in this process27. Both can be assessed by flow 
analysis of neutrophils phagocytosing bioparticles coupled to pH-sensitive and pH-
insensitive dyes28. Neutrophil subsets, including CD16dim/CD62Lbright cells (banded 
neutrophils) that were found to have different antimicrobial function29, can be 
analyzed in the same assay with the same machine as for determination of 
neutrophil function. Until now however, flow analysis was too complex, operator-
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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dependent, time-consuming and laborious to be applicable in a clinical setting30,31. 
Recently, a flow cytometer became available that is able to prepare and analyze 
whole blood fast (< 25 min), highly reproducible and fully automated32–34. Hence, we 
used such an approach to develop a new assay for neutrophil function (phagocytosis 
and phagosomal acidification) and neutrophil subsets, that can be performed as a 
point-of-care test by any health care worker. The aim of this proof-of-principle study 
was to investigate whether this assay was suitable for monitoring neutrophil 
functional capacity in the ICU and identify patients who will develop infectious 
complications after severe trauma. 

 

Material and methods 

 
Study design 

This prospective cohort study analyzed neutrophil functionality within the first two 
weeks after trauma in severely injured trauma patients. Patients were only included 
after written informed consent of the patient or his/her legal representative, in 
accordance with the Declaration of Helsinki. All experiments were performed in 
accordance with the relevant guidelines and regulations. The study was approved 
by the University Medical Centre Utrecht ethical review committee (protocol no. 
13/325). The trial was registered online on the website of the Central Committee on 
Research Involving Human Subjects before participant enrollment started 
(NL43279.041.13). The process and storage of data were in accordance with privacy 
and ethics regulations.  

 
Patients 

Severely injured patients ³ 18 years of age with an expected ICU stay of ³ 48 hours 
were included between November 2018 and July 2019. Patients were excluded if 
they recently (<3 months before hospital admission) used immunosuppressive 
medication, had an immunosuppressive disorder or were admitted to ICU because 
of isolated neurologic injury. Blood was drawn in sodium heparine tubes as soon as 
possible after trauma (<12 hours), after 3 days, 6 days, 10 days and 15 days. Control 
blood samples were provided by anonymous, sex and age matched, healthy 
volunteers. Data concerning patient characteristics, trauma mechanism, injuries, 
resuscitation and treatment were obtained from the electronic medical record 
system. The injury severity score (ISS)35 based on the abbreviated injury scale 2008 
(AIS08)36 was obtained from the National Trauma Registration database that collects 
data of all trauma patients admitted to the emergency department37,38.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Experimental set-up 
 
Fluorescent double-labeling of bioparticles 
pHrodo® Green Staphylococcus Aureus (S. Aureus) BioParticlesTM (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA) were labeled with PromoFluor 520 LSS 
NHS ester (PF520) (PromoCell, Heidelberg, Germany) following the instructions of 
the manufacturer. In short, PF520 was dissolved in DMSO at a concentration of 2.5 
mg/ml and the bioparticles were suspended in a 0.1 M NaHCO3 pH 9 buffer at room 
temperature at a concentration of 10 mg/ml (3 x109 particles/ml). Bioparticles were 
sonicated to prevent clumping. Then, PF520 was added drop-wise while the 
bioparticle suspension was vortexed. The suspension was mixed for one hour in the 
dark at room temperature, after which the double labeled bioparticles were washed 
3 times. Bioparticles were suspended in a pH 7.4 buffer containing 20 mM HEPES, 
132 mM NaCl, 6 mM KCl, 1 mM MgSO4, 1.2 mM KH2PO4, 1.0 mM CaCl2, 5 mM 
glucose and 5 mg/ml human serum albumin (Albuman 200 g/l, Sanquin, Amsterdam, 
the Netherlands).  

 
Flow cytometry analysis 
All experiments were performed with whole blood using the fully automated AQUIOS 
CL®  “Load & Go” flow cytometer (Beckman Coulter, Brea, California, USA) at 
30°C34. Firstly, the AQUIOS CL® automatically incubated whole blood with the 
double-labeled S. Aureus bioparticles (end concentration of 10 x 106/ml) and with 
antibody-fluorochrome conjugates for the neutrophil receptors CD16 (clone 3G8, PE 
labeled; Beckman Coulter) and CD62L (clone DREG56, ECD labeled; Beckman 
Coulter). Then, after 10, 20, 40 and 60 minutes of incubation, the AQUIOS CL® was 
programmed to aspirate part of the sample, to lyse red blood cells (RBCs) and to 
perform flow cytometric analysis of the leukocytes. Lysing is performed by the 
addition of 435 μL of lysing reagent A (Beckman Coulter) followed by 435 μL of lysing 
reagent B (Beckman Couter). Lysing reagent A is a cyanide-free lytic reagent that 
lyses red blood cells and lysing reagent B slows the reaction caused by reagent A 
and preserves the white blood cells for measurement in the flow cell. The .LMD files 
were exported and analyzed using Kaluza Analysis Software v2.1 (Beckman 
Coulter).  

 
Analysis of neutrophil subsets and functionality 
The gating strategy is shown in Figures 1 and 2. Granulocytes were identified based 
on their specific forward/side scatter pattern (Figure 1a). Neutrophils were identified 
by selecting granulocytes with CD16 expression (thereby excluding eosinophils) 
(Figure 1b). Percentages of CD16dim/CD62Lbright neutrophils, CD16bright/CD62Lbright 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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neutrophils and CD16bright/CD62Ldim neutrophils were analyzed as previously 
described (Figure 2).39 The acidification of neutrophil phagolysomes was 
investigated by analyzing both pHrodo® Green fluorescence and PF520 
fluorescence. The fluorescence of pHrodo® Green increases when the pH in the 
phagolysosome decreases28,40, while the fluorescence of PF520 is not sensitive for 
pH changes. Combined analysis of these fluorochromes allows for assessment of 
phagocytosis, expressed as percentage of PF520-positive neutrophils, and 
neutrophil phagosomal acidification, expressed as the ratio pHrodo® Green 
fluorescence divided by PF520 fluorescence (Figure 1c-d). This ratio was measured 
per PF520-positive neutrophil to correct for the number of phagocytosed bioparticles 
within the cell. The mean ratio of all neutrophils was used as an indicator of 
acidification. Additionally, mean fluorescence intensities (MFIs) of PF520 and 
pHrodo® were calculated to gain insight into changes in MFI over time and how this 
influences the ratio pHrodo® Green fluorescence divided by PF520 fluorescence. 
 

Statistical analysis 
Data were analyzed with IBM SPSS version 23 (IBM Corporation, NY, United States) 
and Graphpad Prism version 8 (GraphPad, La Jolla, CA, United States). ). The 
distribution of continuous variables was assessed with the use of the Shapiro-Wilk 
test and through visual inspection. Clinical outcomes and demographics were 
presented as median with interquartile range (IQR) and compared between outcome 
groups using a Fisher’s exact test or a Mann-Whitney U test, as indicated. 
Generalized estimating equations (GEE) were used to compare neutrophil subset 
percentages, neutrophil functionality, PF520 MFI and pHrodo® MFI over time 
between patients who later develop an infection and patients who do not, and to 
correct for within-subject correlation. Outcome data of GEE analysis were presented 
as beta coefficient (ß) with p-value. Additionally, to investigate the differences 
between these groups for every time point, a Mann-Whitney U Test was used 
because data were not normally distributed. Furthermore, neutrophil phagosomal 
acidification after 60 minutes was compared between the 3 neutrophil subsets using 
a one-way ANOVA with a follow-up comparison of the means using a Tukey’s 
correction for multiple comparisons, since data were normally distributed. Lastly, 
neutrophil phagocytosis and neutrophil acidification were measured in the absence 
of CD16/CD62L antibodies, in the presence of CD16 and in the presence of CD62L. 
To analyze the effect of antibodies on neutrophil function, these three tests were 
compared using a Friedman test. Statistical significance was defined as a p-value < 
0.05.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Figure 1. Gating strategy for the determination of neutrophil phagocytosis and acidification. Granulocytes and 
lymphocytes can be distinguished on the forward scatter (FS)/side scatter (SS) (a). Neutrophils were identified 
by selecting granulocytes with CD16 expression (thereby excluding eosinophils) (b). Combined analysis of 
pHrodo® Green fluorescence and PF520 fluorescence allows for assessment of phagocytosis, expressed as 
a percentage of PF520-positive neutrophils (c), and neutrophil phagosomal acidification, expressed as the ratio 
pHrodo® Green fluorescence divided by PF520 fluorescence (d). PF520 = PromoFluor 520 LSS 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Figure 2. Gating strategy for distinguishing neutrophil subsets. The gating of the neutrophil subsets 
CD16dim/CD62Lbright, CD16bright/CD62Lbright and CD16bright/ CD62Ldim is shown in a healthy control (a) and a trauma 
patient (b). 

 

 

Results 

 
Baseline characteristics 

In total, 15 severely injured patients were included. These patients had a median 
age of 39.0 (24.0 – 62.0) and median ISS of 33.0 (22.0–36.0) (Table 1). Mechanisms 
of injuries were traffic accident (n = 11), fall from height (n = 1), physical abuse (n = 
1) and gunshot injuries (n = 2). Six patients developed infectious complications, all 
between day 4 and 9 after trauma. Four patients died, of whom 2 died due to severe 
traumatic brain injuries, 1 due to infectious complications in combination with pre-
existing liver disease and 1 due to acute intestinal ischemia. No statistically 
significant differences in baseline and outcome characteristics were found between 
patients who developed infectious complications and patients who did not.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Table 1. Baseline and outcome characteristics  

 

 

Data are presented as median (IQR) or n (%). ISS = Injury Severity Score. FFP = fresh frozen plasma. 
RBCs = packed red blood cells. PLTs = platelets. Minor lacerations were defined as lacerations involving 
cutaneous tissue only. Major lacerations were defined as lacerations involving cutaneous tissue as well 
as deeper tissues. Variables are compared between patients with infectious complications and patients 
without infectious complications with a Fisher’s exact test or a Mann-Whitney U test.  

 All patients  
(n = 15) 

No infectious 
complications  

(n = 9) 

Infectious 
complications  

(n = 6) 

P-
value 

     
Gender (Male/female)  10/5 5/4 5/1 0.580 

Age 39.0 (24.0-62.0) 39.0 (27.5-54.0) 40.0 (19.8-68.8) 1.000 

ISS 33.0 (22.0-36.0) 29.0 (19.5-38.5) 33.0 (27.8-38.0) 0.529 
Resuscitation < 24 hours 
 FFP 
 RBCs 
 PLTs  

 
6 (0.0-10.0) 
2 (0.0-9.0) 
0 (0.0-6.0) 

 
4 (0.0-9.5) 
1 (0.0-7.5) 
0 (0.0-4.5) 

 
9 (0.0-18.0) 
6 (1.5-14.3) 
1.5 (0.0-9.8) 

 
0.46 
0.27 
0.46 

Mechanism of injury  
 Traffic 
 Fall from height 
 Physical abuse 
 Gunshot injury 

 
11 (73.3%) 
1 (6.7%) 
1 (6.7%) 
2 (13.3%) 

 
7 (77.8%) 
1 (11.1%) 
1 (11.1%) 

0 

 
4 (66.7%) 

0 
0 

2 (33.3%) 

0.275 

Open fracture 
 Gustilo grade II 
 Gustilo grade IIIA 
 Gustilo grade IIIB 

 
1 (6.7%) 
1 (6.7%) 
1 (6.7%) 

 
1 (11%) 

0 
0 

 
0 

1 (16.7%) 
1 (16.7%) 

0.341 

Open wounds 
 Minor laceration 
 Major laceration 

 
4 (26.7%) 
1 (6.7%) 

 
2 (22.2%) 

0 

 
2 (33.3%) 
1 (16.7%) 

0.379 

Length of hospital stay (days) 17.0 (12.0-26.0) 15.0 (10.0-24.0) 25.5 (15.3-28.3) 0.145 

In hospital mortality 
Causes of death 
 Infectious complication 
 Intestinal ischemia 
 Traumatic brain injury 

4 (26.7%) 
 

1 (6.7%) 
1 (6.7%) 
2 (13.3%) 

2 (22.2%) 
 

0 
0 

2 (22.2%) 

2 (33.3%) 
 

1 (16.7%) 
1 (16.7%) 

0 

 
 

1.000 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Neutrophil subsets 

No statistically significant differences were found in CD16dim/CD62Lbright neutrophils 
(ß = 1.070, p = 0.132), CD16bright/CD62Lbright neutrophils (ß = -0.934, p = 0.230) and 
CD16bright/CD62Ldim (ß = -0.263, p = 0.397) neutrophils over time between patients 
who developed an infection and patients who did not (Figure 3). Also, no statistically 
significant differences were found between these groups when comparing the 
percentages of these subsets per single time point.  

 

 

 

Figure 3. Neutrophil subsets. Percentage of CD16dim/CD62Lbright cells (a), CD16bright/CD62Lbright cells (b) and 
CD16bright/CD62Ldim cells (c) of patients who developed an infection (n) and patients who did not (l). Patients 
who developed an infection were compared to patients without infection using generalized estimating equations. 
No statistically significant differences were found between these groups. Additionally, groups were compared 
per time point using a Student’s T-Test with correction for multiple comparisons with the Hom-Sidak method. 
Again, no statistically significant differences were found between groups. Data are presented as mean with 
standard error of the mean.   

0

20

40

60

80

100

<0.5 3 6 10 15

Days after trauma

Pe
rc

en
ta

ge
of

ne
ut

ro
ph

ils

CD16dim/CD62Lbright

ns

0

20

40

60

80

100

<0.5 3 6 10 15

Days after trauma

Pe
rc

en
ta

ge
of

ne
ut

ro
ph

ils
CD16bright/CD62Lbright

ns

  

a b

c

0

20

40

60

80

100

<0.5 3 6 10 15

Days after trauma

Pe
rc

en
ta

ge
of

ne
ut

ro
ph

ils

CD16bright/CD62Ldim

ns Patients without infection
Patients with infection



201

THE COMPLEMENT SYSTEM IN AMD: A REVIEW

47

was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Figure 4. Neutrophil functionality. Neutrophil phagocytosis (a, d, e) and neutrophil phagosomal acidification (b, 
d, f) in patients who developed an infection (n) and patients who did not develop an infection (l) after 60 
minutes of incubation with S. Aureus bioparticles. Patients developed these infections between day 4 and 9. 
Patients with infections were compared to patients without infections with generalized estimating equations 
(Figure 2a and Figure 2d). Additionally, patients were compared to healthy control values using a Mann-Whitney 
U test (Figure 2b-c and Figure 2e-f). Data are presented as mean with standard error of the mean. Grey areas 
represent healthy control values (95% confidence interval). PF520 = PromoFluor 520 LSS. S. Aureus = 
Staphylococcus aureus. Ns = non-significant. *P<0.05, **P<0.01, ***P<0.001.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Neutrophil functionality 

Figure 4 depicts neutrophil phagocytosis and neutrophil phagosomal acidification 
over time after trauma. Neutrophil phagocytosis did not differ between patients and 
healthy controls (Figure 4b-c). Also, no statistically significant differences were found 
in neutrophil phagocytosis over time between patients who developed infectious 
complications and patients who did not (Figure 4a, ß = -0.041, p = 0.928). Neutrophil 
phagosomal acidification on the other hand, was significantly different between 
patients with and without infections (Figure 4d, ß = -0.029, p < 0.001). Patients who 
did not develop infections showed increased acidification 6 days (p = 0.029), 10 days 
(p = 0.025) and 15 days (p = 0.026) after trauma compared to healthy individuals 
(Figure 4e). Patients who developed an infection on the other hand, showed 
increased acidification immediately after trauma (p = 0.006) and after 3 days (p = 
0.026) compared to healthy individuals, followed by marked decrease in acidification 
to low-normal levels 6, 10 and 15 days after trauma (Figure 4f). When comparing 
PF520 MFI and pHrodo MFI between outcome groups (Figure 5a-b), no significant 
differences were found in PF520 MFI (ß = -381, p = 0.755), whereas pHrodo MFI 
significantly differed between outcome groups (ß = -3339, p = 0.004). No correlation 
was found between baseline characteristics and acidification (Table 2).  

 

 

Figure 5. PromoFluor and pHrodo fluorescence. Neutrophil PromoFluor (a) and pHrodo (b) fluorescence in 
patients who developed an infection (n) and patients who did not develop an infection (l) after 60 minutes of 
incubation with S. Aureus bioparticles. Patients with infections were compared to patients without infections with 
generalized estimating equations. Data are presented as mean with standard error of the mean. Grey areas 
represent healthy control values (95% confidence interval). MFI = mean fluorescence intensity. PF520 = 
PromoFluor 520 LSS. S. Aureus = Staphylococcus Aureus. Ns = non-significant. **P<0.01. 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Table 2. Correlation between baseline characteristics and acidification.  

 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

The relation between acidification and baseline variables was analyzed. For continuous variables (age, ISS, 
RBCs, FFPs and PLTs), correlation was analyzed using the Spearman’s rho test because data were not 
normally distributed. Correlation coefficient and p-value are reported. No statistically significant correlations 
were found. The relation between acidification and gender was analyzed using a Mann-Whitney U test, because 
data were not normally distributed. U-value and p-value are reported. No statistically significant differences were 
found. ISS = Injury Severity Score. FFP = fresh frozen plasma. RBCs = packed red blood cells. PLTs = 
platelets.  

 Acidification <12 h Acidification day 3 Acidification day 6 

Age r = -0.516, p = 0.059 r = 0.042, p = 0.887 r = -0.130, p = 0.659 

Gender U = 8.0, p = 0.106 U = 18.0, p = 0.606 U = 18.0, p = 0.839 

ISS r = -0.102, p = 0.729 r = 0.269, p = 0.325 r = 0.219, p = 0.452 

RBCs r = -0.016, p = 0.957 r = 0.436, p = 0.119 r = 0.029, p = 0.921 

FFP r = 0.258, p = 0.372 r = 0.400, p = 0.156 r = 0.236, p = 0.417 

PLTs r = 0.220, p = 0.449 r = 0.390, p = 0.168 r = -0.074, p = 0.801 

 Acidification day 10 Acidification day 15 

Age r = -0.346, p = 0.247 r = -0.383, p = 0.308 

Gender U = 18.0, p = 1.000 U = 6.0, p = 0.889 

ISS r = 0.083, p = 0.788 r = -0.370, p = 0.327 

RBCs r = -0.095, p = 0.758 r = -0.443, p = 0.233 

FFP r = -0.119, p = 0.699 r = -0.070, p = 0.859 

PLTs r = -0.228, p = 0.453 r = -0.183, p = 0.638 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Additionally, the effect of the antibodies CD16/CD62L and different temperatures on 
neutrophil function was tested. No significant differences in neutrophil phagocytosis 
(p = 0.182) and neutrophil phagosomal acidification (p = 0.367) were found after the 
addition of CD16 and CD62L antibodies (Figure 6). Neutrophil phagocytosis and 
neutrophil acidification significantly differed at different temperatures (p = 0.0008 and 
p = 0.0394, respectively) (Figure 7). Neutrophil phagocytosis increased as the 
temperature increased, and significant differences were found between samples that 
were kept on ice and samples that were kept in 37°C (p = 0.005). Such a temperature 
dependent trend was not observed for neutrophil acidification. However, significant 
differences were found between 25°C and 37°C (p = 0.034). 

 

 

Figure 6. Effect of CD16/CD62L-antibodies on neutrophil function. Neutrophil phagocytosis (a) and neutrophil 
phagosomal acidification (b) in five healthy controls after 60 minutes of incubation with S. Aureus bioparticles. 
Per patient, this analysis was performed three times in different conditions: 1) with 6 μL Hepes buffer, 2) with 
6 μL CD16-BV785 and 3) with 6 μL CD62L-BV650. The Hepes buffer and antibody-fluorochrome 
combinations were added to the wells plate prior to initiation of the functional analyses to prevent a time 
delay between the different analyses. The Hepes buffer consisted of 20 mM Hepes, 132 mM NaCl, 6 mM 
KCl, 1.2 mM KH2PO4 and 1 mM MgSO4, supplemented with 5 mM glucose, 1 mM CaCl2, and 0.5% (w/v) 
human serum albumin. The CD16/CD62L-antibody-fluorochrome combinations were chosen because the 
fluorochromes are not excited by the 488 laser of the AQUIOS CL® “Load & Go” flow cytometer. A 
Friedman test was used to compare the three different conditions. No significant differences in neutrophil 
phagocytosis and neutrophil phagosomal acidification were found after the addition of CD16 and CD62L 
antibodies. Data are presented as individual values with mean (black line). MFI = median fluorescence intensity. 
PF520 = PromoFluor 520 LSS. S. Aureus = Staphylococcus Aureus. Ns = non-significant.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Figure 7. Effect of temperature changes on neutrophil function. Neutrophil phagocytosis (a) and 
neutrophil phagosomal acidification (b) in five healthy controls at different temperatures. Blood from 5 
healthy controls was analyzed after incubation for 60 minutes with double-labeled bioparticles on ice, in 
a water bath of 25°C and in a water bath of 37°C. Then, red blood cells were lysed using lysing reagent 
A and lysing reagent B from the AQUIOS CL®  “Load & Go” flow cytometer and leukocyte analysis was 
performed using the BD FACSCanto™ II (BD Biosciences). Temperature conditions were compared 
using a Friedman test and a Mann-Whitney U Test with a Dunn's correction for multiple comparisons. 
Neutrophil phagocytosis and neutrophil acidification significantly differed at different temperatures (p = 
0.0008 and p = 0.0394, respectively). Neutrophil phagocytosis increased as the temperature increased, 
and significant differences were found between samples that were kept on ice and samples that were 
kept in 37°C (p = 0.005). Such a temperature dependent trend was not observed for neutrophil 
acidification. However, significant differences were found between 25°C and 37°C (p = 0.034).  

 

Discussion 

The assay on neutrophil acidification as described in this paper showed clear 
differences in neutrophil phagosomal activity between patients who developed 
infectious complications and patients who did not. These differences were indicated 
by differences in pHrodo fluorescence intensity and became more evident when 
pHrodo fluorescence intensity was divided by PF520 fluorescence intensity to 
correct for the number of phagocytosed bioparticles per cell, thereby solely 
investigating acidification. Neutrophil phagosomal acidification was increased within 
the first 3 days after trauma in patients who later developed infectious complications. 
Thereafter, neutrophil phagosomal acidification decreased in these patients to levels 
in the lower normal range. In marked contrast, in neutrophils from patients who did 
not develop an infection, phagosomal acidification was within the normal range at 
first, but increased to above reference values during the second week after trauma.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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In the past years, many studies focused on neutrophil phagocytosis, but only a 
limited number of studies investigated the whole process of neutrophil antibacterial 
function including intracellular processing of bacteria29,30,41. The whole process of 
neutrophil antibacterial function was analyzed by measuring bacterial proliferation 
over hours to days in the presence of isolated neutrophils in suspension or in tissue-
like scaffolds30,31,41. However, these analyses were laborious, time consuming and 
required experienced personnel. Moreover, these analyses required manual 
isolation of neutrophils which is known to cause artifacts and reduce 
reproducibility42,43. Therefore, there has been an unmet need for a fast, reproducible 
and clinical applicable point-of-care test without the need for (manual) neutrophil 
isolation. Here we demonstrate a new assay in which neutrophil function can be 
measured fully automated and point-of-care within 60 minutes. Moreover, this assay 
does not only include neutrophil phagocytosis, but also includes neutrophil 
acidification, as a measurement of intracellular bacterial processing. 

 
It was remarkable that trauma patients who developed infectious complications, 
initially showed better neutrophil acidification than patients who did not. Since 
different neutrophil subsets exhibit differences in phagosomal acidification (Figure 
8), an explanation for this finding could have been the presence of better acidifying 
neutrophils (CD16dim/CD62Lbright) in the peripheral blood of these patients39. 
However, we found no differences in neutrophil subset percentages between these 
severely injured patients who developed an infection and patients who did not. 
Hence, the increased acidification was not simply the result of differences in specific 
neutrophil subsets in the blood.  

 

Next, the increased acidification could be due to neutrophil priming caused by 
inflammatory mediators or damage associated molecular patterns (DAMP’s) 
released by the extensive tissue damage and disrupted protective barriers though 
which microbes could have entered the body44. This hypothesis was supported by 
the increased acidification within the first 3 days that was most evident in patients 
who later developed an infection. This suggested that these patients exhibited a 
more pronounced inflammatory response. Since neutrophil lifespan is estimated to 
be 4-5 days and it takes 6-7 days to mobilize new neutrophils into the blood45,46, 
early mobilization (1-2 days after trauma) of too many well-functioning neutrophils 
might have led to a relative shortage of such neutrophils after 6 days. This is 
supported by the decrease in phagosomal acidification observed in patients at the 
time of infection. Moreover, it is possible that the infections caused migration of well-
functioning neutrophils into tissues leading to a further decrease of well-functioning 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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neutrophils in the blood, a phenomenon previously described as a refractory immune 
state47.  

 
Surprisingly, ISS1,48 did not significantly differ between patients who developed 
infections and patients who did not, whereas it has recently been found that both 
correlated with the risk of infectious complications. Most likely this was because we 
only included “high-risk” patients by selecting the most severely injured patients for 
this study. It should be taken into account that the study population was small. 
Although the study population was sufficient for the aim of this proof-of-principle 
study, it is possible that with a larger study population, ISS and resuscitation would 
have significantly differed between patients with and without infection. However, 
despite low patient numbers, we still found clear differences in neutrophil 
phagosomal acidification already before patients developed their infection. This 
suggests that the neutrophil phagosomal acidification assay is a valuable test for 
predicting and monitoring high-risk patients for infectious complications after trauma.   

 
For future optimization of this assay, several aspects can be considered. First, 
although granulocytes and lymphocytes can be easily distinguished on their specific 
forward/side scatter pattern (Figure 1a), it is not always possible to distinguish 
monocytes. Therefore, if monocyte analysis is warranted, a monocytes specific 
marker should be used. Secondly, the positive and negative populations measured 
by the PF520 signal somewhat overlap. Therefore, it might be valuable to investigate 
other brighter fluorochromes. An additional advantage of this could be that a brighter 
fluorochrome might enable better quantification of the number of phagocytosed 
bioparticles per cell, which could be of interest when investigating the phagocyte 
capacity of specific cell types. Thirdly, it should be taken into account that 
temperature changes influence the outcomes of this assay. Although acidification 
remains relatively stable, phagocytosis clearly increases as the temperature 
increases (Figure 7). To ensure assay stability, it is therefore recommended to 
perform this analysis in a room with a constant temperature. Lastly, our gating 
strategy was based on visual estimation by 2 independent researchers. For future 
studies, it is worthwhile to investigate a more standardized gating strategy. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 

208

CHAPTER 10

 

 
 

Figure 8. Neutrophil phagosomal acidification per neutrophil subset. Neutrophil phagosomal acidification of 
CD16dim/CD62Lbright cells (l), CD16bright/CD62Lbright cells (n) and CD16bright/ CD62Ldim cells (u) in all patients after 
10, 20, 40 and 60 minutes of incubation with S. Aureus bioparticles. Neutrophil phagosomal acidification after 
60 minutes was compared between subsets using a one-way ANOVA. Significant differences were found 
between subsets (p < 0.001). A follow-up comparison of the means was performed with a Tukey’s correction for 
multiple comparisons. CD16dim/CD62Lbright neutrophils were found to acidify significantly better than 
CD16bright/CD62Lbright neutrophils (p = 0.016) and than CD16bright/CD62Lbright neutrophils (p < 0.001). MFI = 
median fluorescence intensity. PF520 = PromoFluor 520 LSS. S. Aureus = Staphylococcus Aureus. Data are 
presented as mean with standard error of the mean. *P<0.05, **P<0.01, ***P<0.001. 

 

 

Conclusion 

Neutrophil function in terms of phagocytosis and acidification can now be measured 
quickly and fully automated in the ICU as point-of-care test. After severe trauma, 
neutrophil phagosomal acidification differs between patients who develop infectious 
complications and patients who do not. Hence, this new assay might be an asset to 
monitor the inflammatory status of trauma patients in the ICU and identify patients 
who develop infectious complications.  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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This thesis describes how changes in neutrophil phenotype and function can be 
used as read-out for the immune system after trauma. This read-out has proven 
useful to predict and monitor infectious complications that polytrauma patients 
frequently develop. Furthermore, this thesis focused on implementing these 
analyses in a point-of-care setting, as a first step from bench to bedside.  

 

Trauma associated infectious complications 

Tissue damage causes a complex inflammatory cascade in which many mediators 
are involved that induce a simultaneous immune activation and a refractory immune 
state (Chapter 2). A tight balance between these processes exists that is necessary 
for tissue repair, antimicrobial function and overall recovery. However, sometimes 
this balance is lost and pro-inflammatory as well as infectious complications might 
occur. Although there has been a significant decrease in pro-inflammatory 
complications1, infectious complications still occur frequently. These infectious 
complications range from a single infection to long-term recurrent infections such as 
seen with the persistent inflammation, immunosuppression and catabolism 
syndrome (PICS) (Chapter 3 and 4). These infections arise from a dysfunctional 
interaction between the host's immune system and bacterial pathogenicity. Although 
there is a tendency to seek for external causes or risk factors (type of bacteria, 
ventilator use, catheters and lines), in case of trauma, it might be of more relevance 
to focus on local and systemic host factors, such as tissue damage and following 
immune response. For example the susceptibility to pneumonia, the most prevalent 
post-traumatic infection, is mainly determined by chest injury and the extend of 
tissue damage and subsequent inflammatory response2,3. Moreover, the fact that an 
accurate prediction of infectious complications can be reached on admission already 
(Chapter 9) suggests that the susceptibility to infections later on, is largely 
determined by injury-induced host factors (e.g. tissue damage, immune response). 
Therefore, the question arises whether hospital associated infections (HAIs) should 
be redefined in the trauma population to trauma associated infections (TAIs), thereby 
shifting the focus from general care for hospital infections to trauma and patient-
specific care. 

 

Risk stratification of trauma patients  

To achieve precision therapy, first it is critical to develop a risk stratification strategy 
to identify those patients at risk for TAI. Ideally, these patients are identified 
immediately after trauma, when decisions regarding resuscitation and damage 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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control surgery need to be made. In this context, we investigated the feasibility of 
24/7 flow cytometry analysis for all trauma patients presented in the shock room 
(Chapter 9). We not only found that this analysis was feasible, we also found that 
the percentage of CD16dim neutrophils (mostly younger neutrophils) was a strong 
predictor for infectious complications later on. Although these results need to be 
investigated in a different and larger cohort for validation and correction for possible 
confounders, it is striking that such an accurate prediction is already possible on 
admission. This suggests that the tissue damage and initial immune response 
largely determines the immune state later on. Paradoxically, in Chapter 10 we found 
that the %CD16dim neutrophils was not related to infectious complications anymore 
when selecting the high-risk patients who were all severely injured and all had many 
CD16dim neutrophils (20-70%) on admission. This suggests that %CD16dim 
neutrophils perform better as predictor in the lower ranges (0-20%), and that from a 
certain level of tissue damage, additional (functional) tests are necessary (Figure 1). 
This hypothesis is supported by previous findings in burn patients4. In this study on 
burn injury, a strong positive correlation was found between the burned body surface 
area and %CD16dim neutrophils. However, when additional inhalation injury was 
present, also neutrophil responsiveness towards a bacterial stimulus was impaired4. 
This was later found to be related to the development of severe sepsis during 
hospitalisation5. Sensitivity of this decreased responsiveness to predict severe 
sepsis was high, but specificity was rather low, suggesting that a large portion of 
patients at risk did not develop severe sepsis eventually. Possibly this is because 
the risk of infectious complications is affected by other events after trauma, such as 
type of surgery6 (damage control versus early total care) and type of antibiotics7,8. 
To monitor this risk in high-risk patients, biomarkers such as neutrophil size (Chapter 
6), neutrophil viability (Chapter 7) and neutrophil function (Chapter 10) can be used 
(Figure 1). These biomarkers can aid in the identification of patients who really 
develop TAIs, to get insight in when patients recover from their infectious 
complications and to get an idea of overall clinical outcomes in these patients. Future 
studies should therefore focus on combining these neutrophil biomarkers to develop 
an algorithm for both the initial risk assessment and immunemonitoring of these 
patients over time.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Figure 1. Algorithm of neutrophil biomarkers to assess the risk of trauma associated infections after 
trauma. The algorithm includes a risk assessment on admission (CD16dim neutrophils), that can be used 
to decide if further immunemonitoring is required. Also, this initial risk assessment might help the 
physician to decide which patients require an immunoprotective protocol, including damage control 
strategies. Furthermore, immunemonitoring over time (neutrophil size, neutrophil viability, neutrophil 
acidification and neutrophil responsiveness to a bacterial stimulus) reveals information on which patients 
really develop infectious complications and when patients recover from these complications. 

 

Point-of-care neutrophil analyses: hemocytometry versus flowcytometry 

For such an algorithm to be clinically applicable, it is important that neutrophil 
biomarkers can be analyzed quickly and point-of-care. Hence, this thesis 
investigated several neutrophil biomarkers that can be automatically measured with 
hemocytometers during every diagnostic blood analysis in the hospital, irrespective 
of the requested parameter. Most of these hemocytometric values are not used in 
clinical practice, although they are automatically measured and saved within the 
hospital databases. The hemocytometers use light scattering for cell classification 
and fluorescence to measure cell viability for quality control to detect a prolonged 
bench time. By analyzing these individual parameters, it was found in Chapter 5 that 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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the number of myeloid cells was lower in the second week after trauma in patients 
who later developed nonunion, in Chapter 6 that neutrophil forward scatter 
(indication of cell size) was associated with severe infections (multiple organ 
dysfunction syndrome [MODS]) and in Chapter 7 that a decreased neutrophil viability 
in fresh samples was an indicator of severe critical illness.  

 
Based on scatter parameters, hemocytometers also report the presence of younger 
neutrophils generally referred to as “left shift”. Younger neutrophils are better known 
in literature as “banded neutrophils” with a dim expression of FcyRIII (CD16). Hence, 
it was investigated whether CD16dim neutrophils as analyzed by flow cytometry 
(Chapter 10), could also be detected by hemocytometry after trauma (Chapter 8). 
Strikingly, during an infection the percentage of banded neutrophils as recognized 
by the hemocytometer correlated very well with the %CD16dim neutrophils found by 
flow cytometry, whereas after trauma the hemocytometer did not recognize any of 
these banded neutrophils. Most likely this was caused by the fact that the 
hemocytometer uses forward scatter (cell size) as most important parameter to 
detect “banded neutrophils” and neutrophil size was found to be increased during 
infections, but not after trauma. This is supported by data present in Chapter 9, in 
which we found that neutrophil size increases in patients with severe infections and 
that all neutrophils increase size in vitro after the addition of inflammatory stimuli. 
This indicates that the increase in neutrophil size is not at all caused by the release 
of larger banded neutrophils in the circulation. Instead, both the presence of banded 
neutrophils and the increase in neutrophil size are simply a sign of infection. It is 
likely that the hemocytometer algorithm was well calibrated and validated in patients 
with infections, but not in the trauma population. These findings underscore the 
challenges of light scatter algorithms to correctly classify cells based on derived 
parameters in heterogeneous patient populations. Moreover, these findings show 
that hemocytometry analysis cannot simply replace the flow cytometry analyses after 
trauma.  

 
Until recently, flow cytometry of acute clinical conditions was only applied in clinical 
laboratory settings, because it was time-consuming, sensitive to human errors and 
labor intensive. However, since a fully automated flow cytometer became available, 
these analyses can now be performed point-of-care within 25 minutes by any health 
care worker9,10. Such a flow cytometer can be used for the analysis of %CD16dim 
cells on admission (Chapter 9) and neutrophil function over time (Chapter 10) in 
trauma patients. Moreover, the other neutrophil biomarkers studied in this thesis 
(neutrophil size, number of myeloid cells, neutrophil viability), can also be analyzed 
using such a flow cytometer. Therefore, future studies should focus on combining 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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these biomarkers in one assay using fully automated flow cytometry. Combined 
analysis allows for the development of a point-of-care immunemonitoring algorithm, 
which would be the first step towards targeted application of immunoprotective 
treatment strategies. 

 

Targets for immunomodulating therapies 

So far, immunomodulating therapies after trauma have had minimal success11,12. 
Multiple studies tried to dampen the immune response13, since a causal relation was 
assumed between the initial immune activation and inflammatory complications later 
on. However, patients respond different to tissue injury, so for immunomodulating 
therapies to be successful it might be essential to select specific patients who will 
benefit from it. Moreover, dampening the immune system might not be the best 
strategy, since complications associated with immune overactivation, such as post-
traumatic acute respiratory distress syndrome, have become rare. Infectious 
complications on the other hand, remain a significant problem after trauma. These 
TAIs typically occur after 5 days post-trauma. Neutrophils were found to live 5.4 days 
on average14,15 and it takes 6 to 7 days for neutrophils to mature in the bone marrow. 
Therefore, a possible explanation for the timing of infectious complications could be 
that excessive release of neutrophils directly after trauma leads to a shortage of 
neutrophils after 5 days, thereby increasing the susceptibility to infections. Possibly 
this is why neutrophil counts decrease after trauma until 5 days post-trauma, after 
which neutrophil counts increase to values above reference values in the second 
week after trauma (Chapter 6). Hence, this decrease in neutrophil count after 5 days, 
although still high-normal, might represent a relative neutrophil shortage in patients 
with extensive systemic inflammation. This could be the reason that the patients with 
the most tissue damage, and thus presumably the most systemic inflammation, 
develop a TAI at this moment. Moreover, neutrophilia in the second week after 
trauma that is often considered “abnormal” (See Figure 2, page 91), might in fact 
represent the adequate neutrophil response needed for tissue repair. This is 
supported by the finding that patients who later develop nonunion of their tibia or 
femur fracture, do not  show  this  presumably necessary  neutrophilia  in  the  second  
week after trauma16,17.  
 

A similar decrease and increase in neutrophil counts were observed in surgical 
patients with ongoing inflammation (Chapter 7). In these patients, this decrease was 
followed by the presence of fragile neutrophils in the circulation. It is tempting to 
speculate that these cells are a sign of the inability of the bone marrow to keep up 
with the production of neutrophils due to excessive consumption. Therefore, it seems 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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that the susceptibility to infection after trauma is determined by the (im)balance 
between systemic inflammation leading to neutrophil consumption on the one hand 
and bone marrow response leading to neutrophil production on the other hand 
(Figure 2).  

Furthermore, it is likely that not only decreased neutrophil counts, but also 
decreased neutrophil function, contributes to a neutrophil imbalance after 4-5 days. 
In Chapter 10 it was found that patients who developed infectious complications 
between day 4 and day 9 after trauma, showed increased neutrophil acidification 
immediately after trauma and decreased neutrophil acidification from day 6 on, 
compared to patients who did not develop TAIs. Recently, it was found that there is 
heterogeneity in neutrophil function within the neutrophil pool; some neutrophils 
perform better than others18. Hence, it seems that mobilization of too many well-
functioning neutrophils directly after trauma, leads to a relative shortage of well-
functioning neutrophils after 5 days, causing an increased susceptibility to TAIs.  

 

 

 

Figure 2. Schematic representation of hypothesis regarding the balance between bone marrow response 
leading to neutrophil production on the one hand and systemic inflammation leading to neutrophil 
consumption on the other hand. After trauma, large quantities of well-functioning neutrophils are released 
into the bloodstream as a response to the acute increase in neutrophil demand (A). After 5 days, most of 
these neutrophils have degraded and since it takes 6-7 days for the bone marrow to produce new 
neutrophils, patients can develop a (relative) shortage of well-functioning neutrophil by this time (B). Due 
to this relative shortage, patients are at risk for trauma associated infections. 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Future perspectives: immune-based decision making 

It is tempting to speculate that patients with a balance that is disturbed towards 
neutrophil overconsumption, would be ideal targets for a counteractive therapy that 
either promotes the increase in neutrophils or opposes neutrophil consumption. An 
obvious method to increase the number of circulating neutrophils would be 
prophylactic granulocyte transfusions. Until now, no study has ever investigated the 
use of prophylactic granulocyte transfusions in the trauma population. There is only 
limited evidence that prophylactic granulocyte transfusions can be beneficial in 
neutropenic patients19,20. Therefore, this hypothesis might be investigated in future 
research, for example by investigating neutrophil bone marrow cellularity and the 
administration of granulocyte transfusions in trauma patients with diminished 
cellularity. Another way to affect the neutrophil imbalance after trauma, could 
hypothetically be to oppose neutrophil overconsumption. Trauma itself induces a 
large neutrophil demand because of severe tissue damage and invading pathogens. 
It is likely that this neutrophil demand is further amplified by nosocomial pathogens 
and hospital procedures inducing tissue damage. Therefore, to minimize neutrophil 
overconsumption after trauma, it could be desirable to implement an 
immunoprotective protocol that affects components in high-risk patients. 

 

The introduction of an immunoprotective protocol 

Gaining a better understanding of the pathogenesis of infectious complications after 
trauma allows for targeted therapies in selected high-risk patients. In these high-risk 
patients, it might be beneficial to implement an immunoprotective protocol to 
decrease the risk of infections. Such an immunoprotective protocol could include 
damage control strategies and postponing definite surgeries21,22, adjusted 
prophylactic antibiotics, and adjusted nutritional support23,24.  

 
Damage control strategies and postponing definite surgery 
Over the past decade, damage control strategies, including damage control surgery, 
damage control orthopedics and damage control resuscitation, have become the 
standard of care for severely injured patients in many hospitals. Moreover, lung 
protective protocols have become more common in ventilated patients to minimize 
ventilator-induced injury and the risk of acute respiratory distress syndrome 
(ARDS)25. These strategies all aim to avoid additional tissue damage, thereby 
decreasing the risk of adverse inflammatory outcomes21,22,26. Although some high-
risk patients are likely to benefit from damage control strategies, this strategy is 
undesired in the other patients, as it delays mobilization, lengthens hospitalization 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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and requires secondary surgeries with the risk of additional complications26. 
Therefore, immune-based risk stratification of trauma patients could aid in the 
identification of patients who will benefit from damage control strategies. Moreover, 
immunemonitoring could be used to investigate when patients are not at risk for 
infectious complications anymore to assess what the best timing is for definite 
surgeries.  
 

Prophylactic antibiotics 
Although multiple studies focused on prophylactic antibiotics for fractures, very little 
is known about prophylactic antibiotics for soft tissue trauma8. In many hospitals, the 
same antibiotic regime is applied to all ICU patients. In our hospital, all patients with 
an expected ICU stay > 48 hours or expected ventilation duration > 24 hours receive 
selective digestive tract decontamination, because this was found to decrease 
mortality rates and the incidence of infectious complications27,28. This regime 
consists of 4 days of intravenous cephalosporins administration and daily application 
of a mixture of antibiotics in the oropharynx and stomach29. However, in general, 
infectious complications occur significantly more often in trauma ICU patients than 
other ICU patients30, presumably because of differences in underlying 
pathophysiology. Therefore, future studies should investigate whether it is beneficial 
to develop a trauma-specific prophylactic antibiotic protocol. A possible reason for 
decreased effectiveness of the current antibiotic regime in trauma patients, is cellular 
bacterial survival in these patients31. It has been described that neutrophils with good 
phagocytosis, but diminished killing capacity, are mobilized into the blood after 
trauma32. Also, it was found that the prophylactic antibiotics that are currently 
administered (cephalosporins), have low intracellular penetration in neutrophils7. 
This could hypothetically lead to intracellular survival of bacteria (Trojan horse 
hypothesis33, Chapter 2), which could be a source for metastatic infections in trauma 
patients. Since severely injured patients often develop multiple infections throughout 
the body, it might be beneficial to administer prophylactic antibiotics with intracellular 
antibacterial activity in these patients7. Furthermore, functional assays such as 
described in Chapter 10 can aid in detecting neutrophil functional impairment 
towards specific pathogens and in targeted application of antibiotics in patients at 
risk for infections with specific pathogens.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Nutritional support 
Injury induces a metabolic response that is mainly characterized by loss of muscle 
mass due to increased protein catabolism24. The extend of this metabolic response, 
like the inflammatory response, is determined by the severity of the tissue damage23. 
This is supported by the fact that PICS is observed in the most severely injured 
patients (Chapter 3 and 4). Moreover, it is likely that there is an interaction between 
the inflammatory and metabolic response, since there is evidence that optimizing 
nutritional support can have an immunoprotective effect24. For example, there is 
evidence that severely injured patients benefit from “enhanced nutrition” consisting 
of the addition of arginine and glutamine, to reduce septic morbidity23. Therefore, 
apart from minimizing muscle loss and overall debility, enhanced nutrition could also 
have a beneficial immune effect. Because literature on this subject is scarce, future 
studies should investigate if patients at risk for infectious complications really benefit 
from an adjusted nutritional protocol and how such a protocol should look like. 
Nonetheless, it is tempting to speculate that combining adjusted nutritional support, 
damage control strategies and adjusted antibiotic management into an 
immunoprotective protocol could minimize adverse outcomes in severely injured 
patients. 

 

Conclusion 

Neutrophils can be used as a read-out for the immune system after trauma. With 
such a read-out, a risk-assessment for inflammatory complications can be made and 
the inflammatory state of patients can be monitored. Combining neutrophil 
biomarkers could lead to the development of an algorithm to enable over-time 
immunemonitoring of trauma patients. With fully automated flow cytometry 
immunemonitoring has now become clinically applicable. In the future, this can be 
used for immune-based decisions, such as implementing an immunoprotective 
protocol for trauma patients with a high risk for infectious complications. 



225

THE COMPLEMENT SYSTEM IN AMD: A REVIEW

47

was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 
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C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Infectieuze complicaties na trauma 

Lichamelijk letsel door een externe oorzaak, ook wel trauma genoemd, is wereldwijd 
de belangrijkste doodsoorzaak bij mensen onder de 40 jaar. De traumazorg is de 
afgelopen jaren sterk verbeterd. Als gevolg daarvan overleven steeds meer 
patiënten een ongeval. Zelfs de ernstig gewonde patiënten, de “polytrauma 
patiënten”, overleven vaak de eerste dagen na trauma. Echter, een aanzienlijk deel 
van deze polytrauma patiënten ontwikkelt in de week erna nog een ernstige infectie. 
Een dergelijke infectie kan leiden tot het falen van orgaansystemen, soms met 
overlijden tot gevolg. 

 
Het menselijk immuunsysteem is geprogrammeerd om deze levensbedreigende 
infecties te voorkomen. Dit systeem is gedeeltelijk aangeboren, “het aangeboren 
immuunsysteem”, en gedeeltelijk verworven, “het verworven immuunsysteem”. Het 
aangeboren immuunsysteem bestaat uit immuuncellen en andere moleculen die de 
eerste verdedigingslinie vormen tegen indringers van buitenaf, zoals virussen en 
bacteriën. Zo speelt dit systeem een belangrijke rol in het bestrijden van infecties. 
Ook ruimt het aangeboren immuunsysteem beschadigde cellen op en zorgt het 
daarmee voor het herstel van aangedane weefsels na trauma. 

 
Neutrofiele granulocyt als biomarker 

De fagocyten (Grieks: phagein = verslinden, cyt = cel) zijn de witte bloedcellen van 
het aangeboren immuunsysteem die deze indringers en beschadigde cellen opeten. 
Van de fagocyten zijn de neutrofiele granulocyten, of kortweg neutrofielen, de meest 
voorkomende. Deze neutrofielen functioneren optimaal in een gebalanceerd 
immuunsysteem. Een disbalans van het immuunsysteem kan leiden tot 
hyperinflammatie (het immuunsysteem werkt te hard), met als gevolg onder andere 
longfalen, of hypo-inflammatie (het immuunsysteem werkt niet hard genoeg) met als 
gevolg infecties (hoofdstuk 2). Na trauma kan een disbalans in beide richtingen 
optreden, maar met name infecties vormen de afgelopen jaren een groot probleem. 
Deze infecties treden meestal op in de tweede week na trauma. Bij het merendeel 
van de patiënten herstelt de disbalans zich hierna, maar bij een kleine groep 
patiënten houdt de disbalans nog maanden tot jaren aan. Zij herstellen langzaam, 
hebben last van herhaaldelijke infecties en verliezen excessief veel spiermassa, 
soms tot jaren na het ongeval (hoofdstuk 3 en 4).  
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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Behalve dat neutrofielen een belangrijke rol spelen in deze processen na trauma, 
kunnen de cellen ook gebruikt worden als biomarker. Een biomarker is een 
meetbare indicator van een biologische toestand of conditie. Vele cellen en 
moleculen zijn betrokken in de immunologische processen na trauma. Als frontlinie 
cellen, reageren de neutrofielen snel op deze cellen en moleculen, waarbij zowel de 
functionele als de uiterlijke kenmerken van de neutrofiel veranderen. Dit maakt de 
neutrofiel een ideale kandidaat voor immunomonitoring: door het meten van deze 
uiterlijke en functionele kenmerken, kan een beeld verkregen worden van de 
immuunstatus van de traumapatiënt. 

 
Flowcytometrie voor neutrofiel analyse 

Een veelgebruikte methode om uiterlijke en functionele kenmerken van de neutrofiel 
te analyseren is flowcytometrie (flow = stroom, cytometrie = cellen meten). Met deze 
methode wordt er een vloeistofstroom gecreëerd waarbij alle bloedcellen één voor 
één langs een laser stromen (Afbeelding 1A). Zodra het licht op de cel valt, breekt 
het in alle richtingen. Dit gebroken licht wordt vervolgens gedetecteerd door 
detectoren die in een bepaalde hoek staan met de initiële lichtbron. De detectoren 
met een hoek van 0 en 90 graden geven bijvoorbeeld informatie over respectievelijk 
de celgrootte, en de gelobdheid (vorm) van de celkern (Afbeelding 1B). Op deze 
manier kunnen in een sample met verschillende bloedcellen de neutrofielen 
geïdentificeerd worden. Daarnaast kan middels flowcytometrie, fluorescentie in of 
op cellen gemeten worden (Afbeelding 1C). Om dit te meten worden fluorochromen 
aan de bloedsamples toegevoegd (zie groene en oranje fluorochroom in Afbeelding 
1C). Fluorochromen zijn chemische stoffen die licht uitstralen zodra ze op de juiste 
golflengte aangestraald worden; ze vertonen “fluorescentie”.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Afbeelding 1. De basale principes van flowcytometrie. Bloedcellen stromen één voor één langs een laser 
(A). Verstrooiing van licht wordt gemeten door detectoren die in een bepaalde hoek staan met de initiële 
lichtbron (B). Daarnaast kan fluorescentie in of op de cellen gemeten worden (C). Y = antilichaam. u = 
receptor 1. l = receptor 2.      = fluorochroom 1.      = fluorochroom 2.  

 

Toepassingen flowcytometrie in dit proefschrift 

Flowcytometrie kent vele verschillende toepassingen. Om de studies in dit 
proefschrift te begrijpen zal hieronder kort een aantal voorbeelden gegeven worden 
van de gebruikte technieken. Allereerst kunnen fluorochromen gekoppeld worden 
aan antilichamen (Zie groene fluorochroom in Afbeelding 2A). Antilichamen zijn 
eiwitten die aan een specifieke receptor (sensor op de cel die biologische processen 
in de cel reguleert) binden. Als deze fluorochroom-antilichaam combinatie 
toegevoegd wordt aan een bloedsample, bindt dit aan een specifieke receptor op 
het celoppervlak van de neutrofiel (Afbeelding 2A). Hoe meer van deze receptor op 
de neutrofiel aanwezig is, hoe meer fluorochroom-antilichaam combinatie gebonden 
kan worden, hoe meer fluorescentie uiteindelijk gemeten wordt. Als men meerdere 
receptoren wil meten, kan men verschillende fluorochroom-antilichaam combinaties 
toevoegen aan het bloedsample. Omdat elke cel één voor één langs een laser 
stroomt, kan per cel een beeld verkregen worden van de hoeveelheid receptoren op 
het celoppervlak (Afbeelding 1C). De neutrofiel past op basis van omgevings-
factoren de receptoren op het celoppervlak aan. Daarmee verandert ook de functie 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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van de neutrofiel. Daardoor kan analyse van deze oppervlaktereceptoren zowel een 
beeld geven van neutrofielfunctie als een afspiegeling vormen van de algehele 
immuunstatus van de patiënt. 

Fluorochromen kunnen ook gelinkt worden aan bacteriën (Zie rode fluorochroom in 
Afbeelding 2B). Deze bacteriën worden vervolgens toegevoegd aan bloedsamples, 
waarna ze door neutrofielen worden opgegeten. Door middel van flowcytometrie 
wordt vervolgens geanalyseerd welke neutrofielen bacteriën hebben gegeten, en 
hoeveel bacteriën deze neutrofielen gegeten hebben. Zo kan neutrofielfunctie getest 
worden. 

Tot slot kunnen fluorochromen ook gebruikt worden om onderdelen in de cel aan te 
kleuren. Sommige fluorochromen kunnen de celmembraan van de neutrofiel altijd 
passeren, maar de meesten kunnen dat niet. Als de cel bijna doodgaat echter, wordt 
de celmembraan doorlaatbaar voor grotere moleculen, de cel wordt als het ware 
“lek”. Dit principe kan gebruikt worden om celdood aan te tonen. Hiervoor wordt een 
fluorochroom toegevoegd aan het bloedsample dat desoxyribonucleïnezuur (DNA) 
bindt in de kern van de cel, en alleen kan binden als de celmembraan doorlaatbaar 
is en de cel dus (bijna) dood is (Afbeelding 2C). Met deze techniek kan neutrofiel 
celdood aangetoond worden.  

 

 

 

Afbeelding 2. Verschillende toepassingen van flowcytometrie in dit proefschrift. Fluorochromen werden 
gekoppeld aan antilichamen om receptoren op het neutrofiel celoppervlak te meten en zo een beeld te 
krijgen van uiterlijke en functionele neutrofiel kenmerken (A). Fluorochromen werden ook gekoppeld aan 
bacteriën om te analyseren hoe goed de neutrofielen in staat waren de bacteriën op te eten (B). 
Daarnaast werden fluorochromen gebruikt die alleen DNA aankleuren als cellen (bijna) dood zijn om 
neutrofiel celdood te analyseren (C). Y = antilichaam. l = receptor 1.        = bacterie.       = fluorochroom 
1.       = fluorochroom 2. n = fluorochroom 3. 

  

YYY Y

YY

A B C



Chapter 1B

46

for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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Toepassing flowcytometrie na polytrauma 

Al kent flowcytometrie vele mogelijkheden, er zijn ook zeker beperkingen verbonden 
aan deze techniek. Zo is flowcytometrie complex en tijdrovend; vele stappen moeten 
handmatig worden uitgevoerd, wat kennis en kunde van ervaren laboratorium-
personeel vereist. Hierdoor werd deze techniek tot voorkort beperkt toegepast in het 
ziekenhuis. In de context van trauma, werd flowcytometrie voorheen alleen nog in 
experimentele setting toegepast. Studies in dit proefschrift zochten daarom naar 
mogelijkheden om deze toepassing uit te breiden in de dagelijkse praktijk.  

Zo werd allereerst onderzocht of reguliere laboratoriumapparaten ook gebruikt 
konden worden voor flowcytometrische metingen. De huidige reguliere 
laboratorium-apparaten, ook wel hemocytometers genoemd, meten volledig 
geautomatiseerd en maken onder andere gebruik van licht verstrooiing (zoals in 
Afbeelding 1B). Daarnaast hebben deze apparaten tegenwoordig vaak beperkte 
mogelijkheden om fluorescentie te meten (zoals in Afbeelding 1C). Bij polytrauma 
patiënten wordt dagelijks bloed afgenomen voor metingen op de hemocytometer. Bij 
elke meting worden vele neutrofiel karakteristieken gemeten, maar slechts enkele 
waarden gerapporteerd in het medisch dossier. Uit onderzoek bleek dat veel niet 
gerapporteerde neutrofiel karakteristieken, zoals neutrofiel grootte (0 graden 
detector Afbeelding 1B) en neutrofiel celdood (Afbeelding 2C) waardevolle 
informatie bevatten over de immuunstatus van traumapatiënten en de kans op 
ernstige complicaties (hoofdstuk 6 en 7). Kortom, het bleek dat flowcytometrische 
neutrofiel waarden die al dagelijks werden gemeten, maar nooit werden gebruikt, 
van waarde waren voor immunomonitoring na trauma. 

Daarnaast werd gezocht naar andere mogelijkheden om flowcytometrie in bredere 
context toe te passen. Recentelijk kwam er een flowcytometer op de markt die de 
preparatie en analyse van bloed volledig geautomatiseerd kan uitvoeren. Dit 
apparaat werd ontwikkeld voor diagnostiek naar het humaan immunodefficiëntie-
virus (HIV), maar werd met aanpassingen geschikt gemaakt voor metingen na 
trauma. Hierdoor werd de tijd van bloedafname tot uitslag verkort van circa 2 uur tot 
15 minuten. Daarnaast bleek de reproduceerbaarheid van de testen sterk toe te 
nemen doordat de stappen automatisch uitgevoerd werden. Deze machine maakte 
het mogelijk om flowcytometrie door verpleegkundigen en artsen te laten uitvoeren. 
Een dergelijke flowcytometer werd op de traumakamer geplaatst, de kamer waar 
alle polytrauma patiënten binnenkomen in het ziekenhuis. Er werd onderzocht of het 
haalbaar was om bij alle polytrauma patiënten een extra buis bloed af te nemen om 
routinematig neutrofiel receptoren (zoals in Afbeelding 2A) te analyseren met behulp 
van de volledig geautomatiseerde flowcytometer. Het traumateam kreeg hierbij de 
verantwoordelijkheid voor de bloed analyse, waardoor de test 24/7 uitgevoerd kon 
worden. Het bleek haalbaar te zijn om routinematig een flowcytometrische analyse 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 

NEDERLANDSE SAMENVATTING

12

 

uit te voeren bij polytrauma patiënten op de spoed eisende hulp (hoofdstuk 9). De 
uitkomsten van deze analyse bleken bruikbaar voor het identificeren van de 
patiënten met de meeste weefselschade, en de patiënten met het grootste risico op 
een ernstige infectie later tijdens opname. Naar aanleiding van dit onderzoek wordt 
momenteel routinematig een flowcytometrische analyse uitgevoerd bij alle 
traumapatiënten die binnenkomen op de traumakamer van de spoedeisende hulp. 
Uit verder onderzoek bleek dat functionele analyses (zoals in Afbeelding 2B) middels 
dezelfde geautomatiseerde flowcytometer gebruikt konden worden om te 
onderzoeken op welke dag deze patiënten dan een dergelijke infectie ontwikkelden, 
alsmede wanneer deze patiënten weer in stabiel vaarwater verkeerden (hoofdstuk 
10).    

 

Immunomonitoring voor “immune-based decision making”  

Samenvattend beschrijft dit proefschrift verscheidene neutrofiel biomarkers die 
gebruikt kunnen worden voor immunomonitoring na trauma. Door middel van 
immunomonitoring kan ingeschat worden of, en wanneer patiënten risico lopen op 
ernstige infectieuze complicaties. Dit is van belang omdat het bij deze “risico 
patiënten” wenselijk is om extra weefselschade te voorkomen om de kans op 
ernstige infecties te minimaliseren. Bij deze patiënten moet er gekozen worden voor 
“damage control surgery”, wat inhoudt dat alleen de hoognodige operaties gelijk 
uitgevoerd worden en definitieve operaties uitgesteld worden. Deze definitieve 
operaties worden vaak na een aantal dagen uitgevoerd, als de patiënt niet meer in 
acuut levensgevaar verkeert. Echter, beter zou zijn om de timing van deze 
procedures te laten afhangen van de immuunstatus van de patiënt, het doel is 
immers om infectieuze complicaties te voorkomen. Immunomonitoring middels 
neutrofiel biomarkers zou hiervoor uitkomst bieden. Andere immuungerelateerde 
beslissingen na trauma zijn bijvoorbeeld het toedienen van preventieve antibiotica 
en aangepaste voeding om de kans op infecties te verlagen. De keuze voor deze 
maatregelingen en de timing hiervan wordt momenteel bepaald door de inschatting 
van de chirurg, vaak in combinatie met logistieke redenen. De inschatting van de 
chirurg blijft een grove schatting van de immuunstatus van de patiënt. Elke 
polytrauma patiënt reageert immers anders op letsel. Deze immuunreactie kan 
gemeten worden door het analyseren van neutrofiel biomarkers, oftewel immuno-
monitoring. Het laten leiden van immuungerelateerde beslissingen door de 
immuunstatus van de patiënt, oftewel “immune-based decision making”, zou daarom 
een eerste stap zijn richting gepersonaliseerde behandeling na polytrauma.  
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 
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for AMD. In addition, cataract surgery, cardiovascular disease and family history are also 

strongly associated.1 Before any specific gene or biological pathway had been conclusively 

linked to AMD, studies into the molecular constituents of drusen had already suggested that 

AMD may have an immunological component. This suggestion arose after proteins involved 

in inflammation and/or other immune-associated responses, including components of the 

complement system, were found within drusen.6-8

Evidence for a strong genetic component in AMD arose from twin and family studies. Twin 

studies observed a high concordance of AMD between monozygotic pairs, even double 

compared to dizygotic pairs, and estimated that the heritability of AMD may be as high as 45 to 

70%.9-11 These findings were in line with familial aggregation analyses that observed a higher 

prevalence of AMD characteristics and an earlier onset of disease symptoms among relatives 

of patients compared to control families.12,13

genetic evidence for a role of the complement system in amd

In search for genomic regions implicated in AMD, genetic linkage analyses were done in large 

family-based studies.14-18 Among a few other regions, the findings from these studies strongly 

and consistently implicated a region on chromosome 1 in the disease. When the first genome-

wide association study (GWAS) for AMD was performed in 2005, it identified that same genomic 

region, which lead to the discovery of a highly associated genetic variant in complement factor 

H (CFH; p.Tyr402His).19 These findings were corroborated by three additional studies.20-22

table 1: genes in the complement system associated with amd 

Gene/Locus Approach Reference#

C2/CFB Candidate gene 23

C3 Candidate gene/WGS 24,25/26-28

C9 Candidate gene 27,29

CFH Candidate gene/ Linkage/ GWAS 19-22/30

CFHR1-CFHR3 Candidate gene 31

CFI Candidate gene 32/33

VTN GWAS 34

# Reference of first cited association based on common and/or rare genetic variant.  
WGS = whole-genome sequencing; GWAS = genome-wide association study

Through genetic studies that followed over the next decade, the understanding of the genetic 

basis of AMD increased dramatically with the identification of disease-associated variants 

across several biological systems.35 The genetic link between AMD and the complement system 
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was further expanded when genetic variants in or near complement factor I (CFI), complement 

component 3 (C3), complement component 2 (C2), complement component 9 (C9), complement 

factor B (CFB) and vitronectin (VTN) were also found to be associated with the disease.23-25,32,34,35 

(table 1). In addition, a common haplotype carrying a deletion of complement factor H related 

genes CFHR1 and CFHR3 was found to be protective for AMD.31 

the role of rare genetic variants in amd

Common genetic variants (with a minor allele frequency (MAF) of >5% in the population) near 

the complement genes CFH, C2/CFB, C3 and CFI together explain 40-60% of the heritability of 

AMD.36 However, a large fraction of the heritability still remains unknown and is referred to as 

missing heritability. One hypothesis states that low frequency and rare genetic variants (with 

a MAF of <1-5% and <1%, respectively) may explain the remaining fraction of the heritability.37 

During the past years, genetic studies in AMD have therefore shifted towards the identifi cation 

of rare genetic variants. However, a practical problem arises when analyzing rare variants. The 

number of patients and controls needed for the identifi cation of novel variants increases when 

variants are more rare, since the sample size requirements increase roughly linearly with the 

inverse of the allele frequency. Therefore, analyses of very large cohorts are required for a 

comprehensive understanding of the role of rare genetic variants in AMD. 

genetic approaches to identify rare genetic variants in amd 

In order to discover rare variants investigators resort to other methods of analyses than those 

methods yielding insight into common variation. An effective approach that can be used to detect 

rare disease-associated variants is through a GWAS using exome chips. An exome chip is an array 

containing both common genetic variants as well as rare exonic variants, and is cost-effective in 

capturing a specifi c set of variants in large case-control studies. These chips can be customized 

and enriched for specifi c variants of interest. The approach is limited in the sense that it cannot 

discover new genetic variants other than the ones that the chip captures, but after imputation 

the chip covers over 12 million variants across the genome.34 A recent large GWAS using exome 

chips detected 52 (45 common and 7 rare) variants at 34 genomic regions that are independently 

associated with AMD. More than one third (19/52) of these variants reside in or near a gene of 

the complement system: C2/CFB, C3, C9, CFH, CFI, and VTN (table 1). Besides evaluating the 

association of single genetic variants with the disease, the cumulative number of rare variants 

detected across an entire gene can be compared between patients and control individuals using 

burden tests. Interestingly, a signifi cant burden of rare variants in the CFH and CFI genes, in 

addition to two other genes (TIMP3 and SLC16A8), was observed in AMD.34

Another approach that is widely used to detect rare variants is sequence analysis of candidate 

genes in cases and controls. An advantage of this approach above the use of exome chips is 

that it can discover new genetic variants, thereby allowing a comprehensive analysis of all 

APPENDICES

 

Curriculum vitae auctoris 

Lillian Hesselink was born on November 1, 1991, in 
Hamburg, Germany. She has one twin brother: David 
Hesselink. After two years she moved to Amsterdam, 
where she grew up. She enjoyed climbing and sailing and 
became a sailing instructor. After graduating from the 
Montessori Lyceum Amsterdam, she started her medical 
education at Utrecht University in 2010. She started 
honours programme and developed an interest in medical 
research. In 2012-2013 she became a full-time member of 
the board of the student sailing association. During her first 
trauma internship in 2014, the focus of her research shifted 
to polytrauma patients. She developed a special interest in trauma surgery and 
intensive care medicine during the internships acute care at Harborview Medical 
Center (Seattle, United States) and trauma intensive care at Inkosi Albert Luthuli 
Central Hospital (Durban, South-Africa). In 2018 she started as a PhD candidate in 
the department of trauma surgery under the supervision of Dr. Hietbrink, Prof. Dr. 
Leenen and Prof. Dr. Koenderman. She investigated the inflammatory response to 
major injury, which resulted in this thesis. Currently she is working as a resident (not 
in training) at the department of Intensive Care of Ziekenhuis Gelderse Vallei in Ede.  

 








	Lege pagina
	Lege pagina

