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The innate immune cells  
 
The immune system is a complex network of cells and proteins that normally 
functions as a host defense system against invading pathogens1–3. There are two 
major branches of the immune system, the innate immune system and the acquired 
or adaptive immune system4. Innate immune mechanisms can be found in all species 
at every level of the evolutionary tree of life and it plays an essential role in the 
'struggle for existence'5. The innate immune mechanisms are already found in single-
cell organisms (protozoa) living more than 3.5 billion years ago6. See figure 1. 

 

Figure 1: Overview of innate and adaptive immune system. Reprinted from “Innate 
and Adaptive Immunity”, by BioRender.com (2020). Retrieved from 
https://app.biorender.com/biorender-templates 

Phagocytosis (ancient Greek for ‘to eat by a cell’), one of the essential mechanisms 
of the innate immune system, is already found in these protozoans7. Critical to the 
innate immune system are the specialized effector cells performing phagocytosis: 
phagocytes. See figure 2. The first phagocytes were discovered in 1882 by Élie 
Metchnikoff while studying starfish larvae, for which he won the Nobel prize for 
medicine 19088. While studying this larvae, which were transparent and could be 
easily observed under the microscope, Metchnikoff described special cells 
surrounding and engulfing foreign bodies9. These cells showed similar 
characteristics to the actions of white blood cells in humans that were present in areas 
of inflammation.  

 

 

Figure 2: Phagocytosis of staphylococcus aureus by a neutrophil. Created with 
BioRender.com. 

Phagocytic cells can be divided into two categories: professional and non-
professional phagocytes10. Non-professional phagocytes include all cell types, which 
have another primary function, but can also perform phagocytosis, such as epithelial 
cells and fibroblasts11. Jawed vertebrates, 530 million years ago, had professional 
phagocytes very similar to humans today12. Professional phagocytes are cells 
specially evolved for phagocytosis as primary function. In humans professional 
phagocytes consist  of granulocytes, monocytes, macrophages and osteoclasts13. 
Tissue-resident macrophages function as the first line of defense of the innate 
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immune system as these cells are at the side of putative microbial invasion. Apart 
from direct phagocytosis,  these macrophages together with other surrounding 
signals stimulate the monocytes and granulocytes to migrate to the infection site to 
help containing the infection and stimulate inflammation14.  

Granulocytes (ancient Greek for ’cells containing granules’), key players of the 
innate immune system, are formed from stem cells in the bone marrow and 
differentiated into cell types with specific functions15. See figure 3. The  different 
granulocyte types in the peripheral blood were originally named after their 
characteristics after staining with different dyes. 

1.) Basophilic granulocytes, important for parasite defense and allergy,  are 
characterized by a deep blue color in histological slides  after  staining with 
‘basic’ dyes16.  

2.) Eosinophilic granulocytes, important for parasite defense, are very 
susceptible to staining with eosin (red in ancient Greek) present in the 
broadly used Hematoxylin and Eosin (HE) histological staining fluid17. 

3.) Neutrophilic granulocytes are the most abundant type of granulocytes, make 
up to 40-70% of all white blood cells18. These cells color ‘neutral’ pink in 
HE histologic staining. Their main function is responding to bacterial 
infections, but neutrophils also play roles in responses to many other 
inflammatory stimuli such as found in cancer, exercise and injury19–21.  

 

 

Figure 3: Stem cell differentiation from bone marrow with all different cell types. 
Adapted from “Stem Cell Differentiation from Bone Marrow”, by BioRender.com 
(2020). Retrieved from https://app.biorender.com/biorender-templates. 

Neutrophil responses to tissue injury, such as found 
after trauma 
 
Trauma is an injury caused by an external force and is the most important cause of 
death for individuals below 40 years of age22,23. Both mortality and morbidity after 
trauma have globally decreased in the past decades24. The reason that more patients 
survive the initial trauma nowadays is mainly due to advances in the prehospital 
trauma system, (surgical) hemorrhage control and resuscitatio25,26. However, 
surviving this first critical phase comes with a “cost”, as patients can deteriorate 
again due to immune-related complications, such as an overwhelming immune 
response, severe infections, or recurrent infections later on27–29. Here a clear 
dysfunction of neutrophils has been described30–32. Neutrophils respond to many 
trauma-induced soluble factors originating from damaged cells (damage associated 
molecular patterns or DAMP’s) and from local inflammatory cells. By integrating 
all these signals neutrophils change their phenotype. This change is perhaps the most 
promising and accurate read-out of the immune system currently available. 
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Adequately monitoring the post-traumatic immune response would enable early 
recognition of both short-term and long-term inflammatory complications. 

No single biomarker has been identified that adequately correlates with the severity 
of tissue damage and the following immune response directly after trauma. The 
injury severity score is a widely used scoring method for trauma patients that shows 
a correlation with clinical outcomes but is obtained late after a final evaluation33,34. 
Hence, it is not a useful tool for the 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 of inadequate perfusion and 
tissue hypoxia35,36. However, there are a number of comorbidities that can change 
acid-base deficit as well, which makes it less reliable as specific marker for tissue 
damage. Biomarkers that seemed useful included the expression of HLA-DR on 
circulating monocytes and procalcitonin levels in the peripheral blood37. The best 
predictive value for septic complications was found for procalcitonin at day 1 post-
trauma, with only a reasonable sensitivity and specificity of up to 70% in a 
multivariate model38. Recently, neutrophil marker analysis by flow cytometry 
showed a better prognostic value in the prediction of septic shock, with a sensitivity 
of up to 90%39,40. However, flow cytometry analysis of neutrophils in a larger cohort 
of patients remained challenging, mainly due to procedural difficulties.  

 
Development of flow cytometry  
 
Flow cytometry is a technique used to measure individual cells or particles present 
in a narrow flow of buffer41. A sample containing cells or particles is suspended in a 
fluid and injected into the flow cytometer. The sample stream is so narrow that 
individual cells move through the laser beam and are individually detected by 
sensitive detectors. The scatter of the light from the laser beam is detected by sensors 
and this information per cell is stored in a computer. The first impedance-based flow 
cytometry device was designed in 1953 by Wallace H. Coulter. The technology 
originally developed in 1953 was to count blood cells quickly by measuring the 
changes in electrical conductance. Presently, over 98% of automated cell counters in 
(clinical) laboratory incorporate this technology. 

The first fluorescence-based flow cytometry device, which is referred to today as a 
flow cytometer, was developed in 1968 by Wolfgang Göhde from the University of 
Münster, Germany. With this technique, particles or cells were labeled with 
fluorescent markers, laser light could be absorbed and then emitted in a band of 

 

wavelengths. The amount of fluorescence intensity could be measured by sensitive 
detectors. In biomedical research, fluorescent labels are mostly linked to antibodies 
in order to be applied in flow cytometry. A fluorescent antibody can bind to specific 
markers on cells, and can then be measured by flow cytometry. The amount of 
fluorescence intensity measured per cell is then an indirect measurement of the 
number of receptors on that specific cell. With this technique, much knowledge was 
acquired on fundamental cell biology and many clinical studies use this analysis 
method to diagnose disease and  investigate the effect of treatment.   

However, despite the enormous potential and added value of the information 
provided by flow cytometry analysis the technique is still primarily applied in 
academic settings. The only ‘main flow area’ that has been developed outside an 
academic hospital is the HIV monitoring42. The primary reasons for this lack of 
penetration of flow cytometry into daily practice is the need of specialized personnel, 
the sensitivity for ex-vivo artefacts and the need of a dedicated flow laboratory. 
Therefore, flowcytometry companies started to develop fully automated flow 
cytometers. The first  fully automated clinical flow cytometer is the AQUIOS CL 
(Beckman Coulter). See figure 4. In 2016 the machine became available in The 
Netherlands.  

 

Figure 4: Sample processing of the fully automated flow cytometer AQUIOS CL. 
Created with BioRender.com. 
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Importance of fully automated flow cytometry 
 
The increase in expression of activation markers on innate immune cells is generally 
used to study the role of innate immune cells in-vivo in health and disease39,43. 
However, these cells are very sensitive for ex-vivo manipulation and it is therefore 
essential to minimally manipulate the cells ex-vivo. After venipuncture innate 
immune cells already become artificially activated in the blood tube before 
processing. All manipulation steps and ex-vivo time will evidently increase such 
aspecific activation. Therefore, conventional analysis of neutrophil activation 
markers can miss the essential information about the situation of the innate immune 
cells in-vivo. Fortunately, fast analysis by fully automated flow cytometry now 
circumvents these problems and allows fast and reproducible measurement of the 
activation status of human neutrophils in health and disease.  

 
Clinical application of fully automated flow cytometry 
 
The UMC Utrecht was the first center in the world that was able to investigate and 
follow the innate immune system during acute inflammation evoked by trauma or 
acute (viral) infections, applying fully automated point-of-care flow cytometry. With 
this unique chance, it was now possible to finally bring flow cytometry to daily 
clinical practice in the assessment of patients characterized by acute systemic 
inflammation such as seen during trauma or acute (viral infections). In November 
2019 the AQUIOS CL proved its value in trauma surgery and was accepted as 
standard-of-care test.  

 

 

Figure 5: Effects of SARS-CoV-2 in patients with COVID-19. Adapted from 
“SARS-CoV-2: What We Know About Its Effects on Respiration”, by 
BioRender.com (2020). Retrieved from https://app.biorender.com/biorender-
templates.  

In December 2019, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) emerged from Wuhan City, Hubei Province, China44. Since then, the virus 
spread globally, causing a pandemic of  COVID-19. The disease severity greatly 
varies between patients ranging from mild complaints to ICU admittance and death. 
See figure 5. Groups at risk for severe disease are the elderly, patients with chronic 
diseases and individuals suffering from obesity45. A variety of increased pro-
inflammatory cytokines is found in the blood (TNF-alpha, IL-1 beta, IL-6, IL-8), 
suggesting a pro-inflammatory state and a hyper-activation of the innate immune 
system46,47. However, direct evidence that severe-to-critical COVID-19 is 
characterized by activated innate immune cells is missing. Applying fully automated 
point-of-care flow cytometry, makes is possible to quickly upscale blood samples 
throughput without the need of extra lab personal to answer specific research 
questions. A perfect advantage in a crisis situation as the COVID-19 global 
pandemic. 
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Thesis outline 
 
Chapter 2 aims to give an overview of flow cytometry in investigating fundamental 
neutrophil biology and its possible role in clinical decision support. Fully automated 
flow cytometry, a new method for innate immune analysis, will be described in 
chapter 3.  

This fully automated flow cytometry method is used to investigate cell biology in 
chapters 4, 5 and 6. With this analysis method it is possible to quickly upscale 
patient numbers and blood sample throughput without the need for extra lab 
personnel. Therefore, we are able to describe the function of the neutrophil 
compartment in COVID-19 patients in a large number of patients within a short time 
(chapter 4). Chapter 5 investigates the role of neutrophils in thromboembolic 
complications in COVID-19 patients. 

Fully automated flow cytometry is also implemented in a field laboratory setting 
(chapters 6 and 7). In the field laboratory, this method is used to demonstrate innate 
immune cell responsiveness after exercise in patients with inflammatory bowel 
disease (chapter 6). In chapter 7, the kinetics of innate immune cells after repeated 
bouts of prolonged exercise are investigated. Furthermore, chapter 7 examines the 
role of neutrophil activation markers as a biomarker for overtraining/overreaching 
in exercise.  

The main application for point-of-care fully automated flow cytometry is in daily 
patient care within the hospital. Chapters 8 and 9 demonstrates the use of this 
method in trauma surgery. The fully automated flow cytometer is placed in the 
trauma room of an academic level one trauma center, as an ‘point-of-care’ machine. 
Chapter 8 investigated neutrophil phagocytosis and acidification in polytrauma 
patients. Chapter 9 examines the applicability of this ‘point-of-care’ system in the 
trauma room and aims to find new biomarkers for prediction of immune-related 
complications. To further elaborate %CD16dim cells as prediction factor in a 
multivariate model, a multicenter international study is initiated (chapter 10). 
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Thesis outline 
 
Chapter 2 aims to give an overview of flow cytometry in investigating fundamental 
neutrophil biology and its possible role in clinical decision support. Fully automated 
flow cytometry, a new method for innate immune analysis, will be described in 
chapter 3.  

This fully automated flow cytometry method is used to investigate cell biology in 
chapters 4, 5 and 6. With this analysis method it is possible to quickly upscale 
patient numbers and blood sample throughput without the need for extra lab 
personnel. Therefore, we are able to describe the function of the neutrophil 
compartment in COVID-19 patients in a large number of patients within a short time 
(chapter 4). Chapter 5 investigates the role of neutrophils in thromboembolic 
complications in COVID-19 patients. 

Fully automated flow cytometry is also implemented in a field laboratory setting 
(chapters 6 and 7). In the field laboratory, this method is used to demonstrate innate 
immune cell responsiveness after exercise in patients with inflammatory bowel 
disease (chapter 6). In chapter 7, the kinetics of innate immune cells after repeated 
bouts of prolonged exercise are investigated. Furthermore, chapter 7 examines the 
role of neutrophil activation markers as a biomarker for overtraining/overreaching 
in exercise.  

The main application for point-of-care fully automated flow cytometry is in daily 
patient care within the hospital. Chapters 8 and 9 demonstrates the use of this 
method in trauma surgery. The fully automated flow cytometer is placed in the 
trauma room of an academic level one trauma center, as an ‘point-of-care’ machine. 
Chapter 8 investigated neutrophil phagocytosis and acidification in polytrauma 
patients. Chapter 9 examines the applicability of this ‘point-of-care’ system in the 
trauma room and aims to find new biomarkers for prediction of immune-related 
complications. To further elaborate %CD16dim cells as prediction factor in a 
multivariate model, a multicenter international study is initiated (chapter 10). 
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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.  
  

 

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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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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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. 
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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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.  
 
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 
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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 
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 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 immediately55,80, 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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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 
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) 
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expression of L-selectin (CD62L)12,33.  This is followed by a decrease in activation 
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severe injury8,13,32,57,91,95. The more severe the injury, the less neutrophils responded 
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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) 
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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 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. 
 
 

 

 
  
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 
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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 
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.   
 
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 
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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 
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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Abstract 
Introduction 
Phagocytes such as granulocytes and monocytes are fundamental players in the innate immune system. 
Activation of these cells can be quantified by the measurement of activation marker expression using 
flow cytometry. Analysis of receptor expression on inflammatory cells facilitates the diagnosis of 
inflammatory diseases and can be used to determine the extent of inflammation. However, several major 
limitations of this analysis precludes application of inflammation monitoring in clinical practice. Fast 
and automated analysis would minimalize ex-vivo manipulation and allow reproducible processing. The 
aim of this study was to evaluate a fully automated “load & go” flow cytometer for analyzing activation 
of granulocytes and monocytes in a clinically applicable setting. 
 
Methods 
Blood samples were obtained from 10 anonymous and healthy volunteers between the age of 18 and 65 
years. Granulocyte and monocyte activation was determined by the use of the markers CD35, CD11b 
and CD10 measured in the automated AQUIOS CL® “load & go” flow cytometer. This machine is able 
to pierce the tube caps, add antibodies, lyse and measure the sample within 20 minutes after vena 
puncture. Reproducibility tests were performed to test the stability of activation marker expression on 
phagocytes. The expression of activation markers was measured at different time points after blood 
drawing to analyze the effect of bench time on granulocyte and monocyte activation.  
 
Results 
The duplicate experiments demonstrate a high reproducibility of the measurements of the activation 
state of phagocytes. Healthy controls showed a very homogenous expression of activation markers at 
T=0 (immediately after vena puncture). Activation markers on neutrophils were already significantly 
increased after 1 hour (T=1) depicted as means (95%Cl) CD35: 2.2x (1.5x-2.5x) p=0.010, CD11b: 2.5x 
(1.7x-3.1) p=0.009, CD10: 2.5x (2.1x-2.7x) p=0.003 ) and a further increase in activation markers was 
observed after 2 and 3 hours. Monocytes also showed a significant increase in activation markers in 1 
hour ( mean (95%Cl) CD35: 1.8x (1.3x-2.2x) p=0.02, CD11b: 2.13x (1.6x-2.4x) p=0.01 ) and also a 
further increase in 2 and 3 hours was observed. 
 
Conclusion 
This study showed that automated flow cytometry greatly reduces intra assay variability. In addition, 
we found that it is of utmost importance to perform immune activation analysis as fast as possible to 
prevent drawing wrong conclusions. Automated flow cytometry is able to reduce this analysis from 2 
hours to only 15-20 minutes without the need of dedicated personnel and in a point-of-care context. 
This now allows fast and automated inflammation monitoring in blood samples obtained from a variety 
of patient groups. 
 

  

 

Introduction 
 
Phagocytes such as neutrophils, monocytes and eosinophils are fundamental players 
of the innate immune system. They are easily activated by inflammatory stimuli and 
are typically the first cells to arrive at the site of infection1. For long it was thought 
that the phagocytes belong to a pool of cells with the elimination of pathogens as 
their main function2,3. However, recently it has been recognized that these 
phagocytes also have other immune functions including tissue repair, tumor 
surveillance, modulating chronic inflammation and the ability to direct adaptive 
immune responses1,2,4,5. Phagocytes are involved in a range of disorders either 
associated with excessive cellular activation (e.g. systemic inflammatory response 
syndrome or chronic inflammatory diseases) or insufficient activation (chronic 
granulomatous disease or immune suppression after trauma)5. Therefore, better 
understanding of in-vivo activation of granulocytes and monocytes is crucial to get 
a better understanding of the etiology of these immune disorders.  
 
Activation of granulocytes and monocytes can be quantified by measurement of the 
expression of activation markers (e.g. Mac1/CD11b, CR1/CD35, neutral 
endopeptidase/neprilysin/CD10 ) using flow cytometry6–10. Analysis of receptor 
expression on inflammatory cells facilitates the diagnosis of inflammatory diseases 
and can be used to determine the extent of inflammation11,12. However, several major 
limitations of this analysis precludes the broad application of flow cytometry for 
inflammation monitoring in clinical practice. These include the small window of 
opportunity for analysis because neutrophil receptors quickly change in-vivo, the fact 
that inflammatory cells are easily activated by ex-vivo manipulation and that the 
analysis is time-consuming and can only be performed by experienced laboratory 
personnel13–15. Therefore, inflammation monitoring by flow cytometry is still mainly 
applied in research settings nowadays.  
 
Recently, a fully automated flow cytometer, the AQUIOS CL® flow cytometer, 
became available that circumvents most of the above mentioned limitations16,17. This 
fully automated device is able to load whole blood samples, process the sample 
(leukocyte staining, incubation and red blood cell lysis) and analyze leukocyte 
counts and receptor expression16. In the clinical setting the AQUIOS CL® flow 
cytometer is already used for analysis of CD4 T cell counts in human 
immunodeficiency virus (HIV)-positive patients17. Until now, fully automated flow 
cytometry has never been used for granulocyte or monocyte analysis despite the 
seemingly obvious advantages for phenotyping these complex and delicate cells. 
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Fast and automated analysis minimalizes ex-vivo manipulation and allows for timely 
processing. The AQUIOS CL® provides the means for steady and rapid analysis of 
in-vitro activation. The aim of this study was to assess the AQUIOS CL® flow 
cytometer for analyzing activation of granulocytes and monocytes in a clinically 
applicable setting.  
 

Materials and methods 
 
Study participants 
  
Blood samples were obtained from anonymous, healthy volunteers between the age 
of 18 and 65 years, male and female, who gave informed consent under protocols 
approved by the Medical Ethical Committee of the University Medical Center 
Utrecht. This study was conducted in accordance with the declaration of Helsinki. 
 
Flow cytometry analysis by the fully automated AQUIOS CL® “Load & Go” 
flow cytometer  
 
The AQUIOS CL® (Beckman Coulter Life Sciences, Miami, FL, USA) has one 
488nm diode laser, 2 light scatter channels (FSS and SSC), 5 fluorescence channels 
(FITC, PE, ECD, PE/Cy5(PC5), PE/Cy7(PC7)) 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 is 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. Multiple ready-to-use mixes of 
antibodies can be used for staining. 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 prepared sample is aspirated for analysis. Absolute leukocyte 
count is based on an electronic-volume measurement. Gating is done automatically 
by the system’s software and should only be revised when run notifications and flags 

 

are shown on the result screen. After a total of 100 tests the flow cytometer needs to 
be reloaded with new reagents. For daily quality control two commercial controls 
were used: the AQUIOS IMMUNO-TROL® Cells (Beckman Coulter) and the 
AQUIOS IMMUNO-TROL® Low Cells (Beckman Coulter). When working with 
neutrophils, the above mentioned method is very different and less time consuming 
than the conventional neutrophil analysis. An overview of the exact differences 
between the conventional and AQUIOS CL® method of neutrophil measurement is 
shown in table 1. 
 
 

 Manual analysis AQUIOS CL® flow cytometer 
Start  Manually transfer of blood to 

laboratory (mostly several floors 
away), put blood in 50mL tube 

Manually put blood tube in point-of-care 
AQUIOS CL® flow cytometer, start 
process <5min after blood drawing. 

Lysing of 
RBC 

Manually add lysing solution to blood, 
wait 10-15 min, spin, suspend pallet in 
lysing solution, spin, resuspend pallet 
in PBS2+. 

Automated adding of lyse solution A, 
wait 30 sec., adding of lyse solution B 

Antibody 
staining 

Manually add antibody mix, resuspend, 
vortex, wait 15 min, add PBS2+, spin, 
suspend pallet in PBS2+(=wash), spin, 
resuspend in PBS2+.  

Automated adding of antibody mix, 
resuspend 13x, 15 min incubation in 
device. 

Measuring Manually transfer cells to flow 
cytometer (eg. Gallios, Navios, 
Fortessa, Canto), place FACS tube in 
flow cytometer, start measuring 
neutrophils receptors.  

Automated aspiration of blood in flow 
cytometer, start measuring receptors.  

Data process Manually save flow cytometry data file 
to disk.  

Automated saving and opening of data 
in result section of AQUIOS CL® 
software. 

Analysis Manually gate cells, generate outcome 
measurements. 

Automated pre-programmed gating and 
export of outcome measurements.  

Export Manually check gates by qualified 
person and manually export outcome 
measurements to electronic patient 
registry. 

Manually check gates by qualified 
person, click approve button and 
outcome measurements will be 
automatically send to electronic patient 
registry.  

 
Table 1: Differences in neutrophil analysis process 
 
Originally, the AQUIOS CL® was designed for rapid analysis of CD4 cells. Only 
recently Beckman Coulter released the new AQUIOS CL® Designer Software 2.0, 
that allows tweaking of the device and thereby the introduction of this technique for 
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analysis of granulocytes and monocytes. The designer software allows the user to 
change each step in the sample preparation process (volumes, incubation times, and 
mix cycles). In the analysis mode it is possible to set up user-defined protocols, 
acquisition templates, panels, compensation settings, and statistic / QC parameters. 
For this research purpose, customized antibody mixes were used, consisting of 1:10 
CD35-FITC (clone J3.D3 Beckman Coulter Life Sciences, Miami, FL, USA), 1:14 
CD16-PE (clone 3G8 Beckman Coulter Life Sciences, Miami, FL, USA), 1:10 
CD62L-ECD (clone DREG56 Beckman Coulter Life Sciences, Miami, FL, USA), 
1:10 CD11b-PC5 (clone Bear1 Beckman Coulter Life Sciences, Miami, FL, USA) 
and 1:14 CD10-PC7 (clone ALB1 Beckman Coulter Life Sciences, Miami, FL, 
USA).  
 
The designer software allows up to four different protocols out of one blood tube. 
The machine can process a maximum 4x43 μl blood (4 wells) at a time and, 
depending on the protocol, different antibody mixes can be added. This was used to 
simultaneously analyze marker expression in the presence and absence of the 
bacterial/mitochondrial derived stimulus formyl-methionyl-leucyl-phenylalanine 
(fMLF, end concentration 10-6M).  
 
Gating strategy  
 
Cell were gated and analyzed using FlowJo® analysis software (Tree Star Inc., 
Ashland, Oregon). Monocytes and lymphocytes were gated from the original .lmd 
files on FSC/SSC. Neutrophils and eosinophils were identified based on FSC/SSC 
and CD16 expression (neutrophils CD16+ and eosinophils CD16-). For analysis the 
median fluorescent intensity (MFI) in the five fluorescence channels of these gated 
cells was exported.  
 
Reproducibility experiments 
 
Reproducibility tests were performed to test the stability of granulocyte and 
monocyte activation markers as measured by the AQUIOS CL®. To do so, blood of 
five healthy controls was tested in duplicate experiments. Blood was drawn in a 
sodium heparin tube (BD vacutainer, Franklin Lakes, New Jersey, USA) next to the 
AQUIOS CL® and immediately placed into the machine, situated in the emergency 
department, to minimize the time between blood drawing and sample preparation to 
less than 2 minutes. This was repeated directly after the first analysis with the same 

 

blood sample. The interval between the two measurements was 2 minutes due to the 
processing time. 
 
Time experiments 
 
To analyze the effect of bench time on granulocyte and monocyte activation, the 
expression of activation markers CD35 and CD11b was measured at different time 
points after blood drawing. For neutrophils the additional marker CD10 was 
analyzed. The first measurement was directly after the blood was drawn (T=0), 
repeated samples were taken at 1 hour (T=1), 2 hours (T=2), and 3 hours (T=3) from 
the same blood tube and processed according to the same protocol. The blood tube 
was stored on room temperature next to the flowcytometer and the blood tube was 
inverted every 30 minutes to prevent sedimentation.  
To test whether the activation of cells in time was specific for the tested individuals, 
after three weeks the same experiment was repeated with healthy control 1 to 5 at 
the same time during the day.  
 
Statistical analysis 
 
Statistical tests were performed in GraphPad Prism 7® (Graphpad software, San 
Diego, CA). Data were presented as mean with 95% confidence interval (95%Cl). 
The differences were assessed by repeated measures ANOVA test and the Dunnett’s 
post-hoc test. To analyze the responsivity of cells, the ratio between the MFI of the 
fMLF+ and fMLF- test was calculated. When the number of experiments was 
insufficient to test for normality, nonparametric tests were used. Results were 
regarded statistically significant when p < 0.05. 
 

Results  
 
AQUIOS analysis of activation marker expression on monocytes and 
granulocytes is highly reproducible 
 
The first samples were analyzed with a 2 minute time interval. These duplicate 
experiments are shown in figure 1 and demonstrate a high reproducibility of the 
measurements. The first measurement (duplo 1) was always sligthly lower than the 
same sample measured after 2 minutes (duplo 2).  

Chapter 3

56



analysis of granulocytes and monocytes. The designer software allows the user to 
change each step in the sample preparation process (volumes, incubation times, and 
mix cycles). In the analysis mode it is possible to set up user-defined protocols, 
acquisition templates, panels, compensation settings, and statistic / QC parameters. 
For this research purpose, customized antibody mixes were used, consisting of 1:10 
CD35-FITC (clone J3.D3 Beckman Coulter Life Sciences, Miami, FL, USA), 1:14 
CD16-PE (clone 3G8 Beckman Coulter Life Sciences, Miami, FL, USA), 1:10 
CD62L-ECD (clone DREG56 Beckman Coulter Life Sciences, Miami, FL, USA), 
1:10 CD11b-PC5 (clone Bear1 Beckman Coulter Life Sciences, Miami, FL, USA) 
and 1:14 CD10-PC7 (clone ALB1 Beckman Coulter Life Sciences, Miami, FL, 
USA).  
 
The designer software allows up to four different protocols out of one blood tube. 
The machine can process a maximum 4x43 μl blood (4 wells) at a time and, 
depending on the protocol, different antibody mixes can be added. This was used to 
simultaneously analyze marker expression in the presence and absence of the 
bacterial/mitochondrial derived stimulus formyl-methionyl-leucyl-phenylalanine 
(fMLF, end concentration 10-6M).  
 
Gating strategy  
 
Cell were gated and analyzed using FlowJo® analysis software (Tree Star Inc., 
Ashland, Oregon). Monocytes and lymphocytes were gated from the original .lmd 
files on FSC/SSC. Neutrophils and eosinophils were identified based on FSC/SSC 
and CD16 expression (neutrophils CD16+ and eosinophils CD16-). For analysis the 
median fluorescent intensity (MFI) in the five fluorescence channels of these gated 
cells was exported.  
 
Reproducibility experiments 
 
Reproducibility tests were performed to test the stability of granulocyte and 
monocyte activation markers as measured by the AQUIOS CL®. To do so, blood of 
five healthy controls was tested in duplicate experiments. Blood was drawn in a 
sodium heparin tube (BD vacutainer, Franklin Lakes, New Jersey, USA) next to the 
AQUIOS CL® and immediately placed into the machine, situated in the emergency 
department, to minimize the time between blood drawing and sample preparation to 
less than 2 minutes. This was repeated directly after the first analysis with the same 

 

blood sample. The interval between the two measurements was 2 minutes due to the 
processing time. 
 
Time experiments 
 
To analyze the effect of bench time on granulocyte and monocyte activation, the 
expression of activation markers CD35 and CD11b was measured at different time 
points after blood drawing. For neutrophils the additional marker CD10 was 
analyzed. The first measurement was directly after the blood was drawn (T=0), 
repeated samples were taken at 1 hour (T=1), 2 hours (T=2), and 3 hours (T=3) from 
the same blood tube and processed according to the same protocol. The blood tube 
was stored on room temperature next to the flowcytometer and the blood tube was 
inverted every 30 minutes to prevent sedimentation.  
To test whether the activation of cells in time was specific for the tested individuals, 
after three weeks the same experiment was repeated with healthy control 1 to 5 at 
the same time during the day.  
 
Statistical analysis 
 
Statistical tests were performed in GraphPad Prism 7® (Graphpad software, San 
Diego, CA). Data were presented as mean with 95% confidence interval (95%Cl). 
The differences were assessed by repeated measures ANOVA test and the Dunnett’s 
post-hoc test. To analyze the responsivity of cells, the ratio between the MFI of the 
fMLF+ and fMLF- test was calculated. When the number of experiments was 
insufficient to test for normality, nonparametric tests were used. Results were 
regarded statistically significant when p < 0.05. 
 

Results  
 
AQUIOS analysis of activation marker expression on monocytes and 
granulocytes is highly reproducible 
 
The first samples were analyzed with a 2 minute time interval. These duplicate 
experiments are shown in figure 1 and demonstrate a high reproducibility of the 
measurements. The first measurement (duplo 1) was always sligthly lower than the 
same sample measured after 2 minutes (duplo 2).  

3

Automated flow cytometry method

57



 
Figure 1: Duplicate experiments in healthy controls The median fluorescent 
intensities is depicted of the markers CD35, CD11b and CD10 on all cells. Per 
antibody marker the duplicate experiments are shown per cell type. Duplo 1 is the 
measurement directly after blood drawing and duplo 2 is the same blood tube placed 
in the machine 2 minutes after the first one. All duplo 1 experiments have a slightly 
lower marker expression than the duplo 2 experiments. This indicates an increase in 
marker expression already in 2 minutes. The increase is most evident in neutrophils 
and monocytes. 

 

A significant increase of activation markers on immune cells during time on the 
bench  
 
Neutrophils 
 
Results regarding the expression of activation markers on neutrophils are shown in 
figure 2. Healthy controls (HCs) showed a very homogenous expression of activation 
markers at T=0 (95%Cl (< 30%) in MFI; column 1, figure 2). Remarkably, activation 
markers were already significantly increased after 1 hour (T=1) ( mean (95%Cl) 
CD35: 2.2x (1.5x-2.5x) p=0.028, CD11b: 2.5x (1.7x-3.1) p=0.023, CD10: 2.5x 
(2.1x-2.7x) p=0.009 ) and a further increase in activation markers was observed after 
2 and 3 hours. The variation between donors increased significantly with each time 
points, resulting in a CI of 50% after 3 hours. Some HCs showed a sixfold increase 
in activation markers, whereas other HCs only have activation markers that increased 
1.5x. Although there were distinct time-dependent levels of activation detected 
between HCs, the increase within HCs displayed a similar trend for all activation 
markers. Meaning that, if a HC showed a high upregulation of CD11b (6.0x up), 
CD35 (4.2x up) and CD10 (4.6x up) were also highly upregulated.  
 
The expression of activation markers in the presence of fMLF (fMLF+) and the ratio 
fMLF+/fMLF- are depicted in columns 2 and 3 of figure 2, respectively. Overall a 
small increase was detected between T= 0 and T=1 in the expression of the activation 
markers in the presence of fMLF: 1.2x increase in CD35, 1.2x in CD11b and 1.1x in 
CD10. This increase was stabilizing at T=2 and T=3. However, since the expression 
of activation markers in the absence of fMLF was significantly increasing, a clear 
decrease in the ratio fMLF+/fMLF- was detected. The CD35 ratio decreased from 
5.6 (4.5-6.8) to 3.6 (2.5-4.8) at 1h and to 2.5 (1.7-3.4) at 3h. This was even more 
evident in CD11b, where the ratio decreased from 7.7 (6.5-9.0) to 4.4 (3.1-5.7) to 
3.2 (2.2-4.3). The CD10 ratio was also decreasing from 4.8 (3.9-5.7) to 2.0 (1.5-2.6) 
at 3h.  
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Figure 1: Duplicate experiments in healthy controls The median fluorescent 
intensities is depicted of the markers CD35, CD11b and CD10 on all cells. Per 
antibody marker the duplicate experiments are shown per cell type. Duplo 1 is the 
measurement directly after blood drawing and duplo 2 is the same blood tube placed 
in the machine 2 minutes after the first one. All duplo 1 experiments have a slightly 
lower marker expression than the duplo 2 experiments. This indicates an increase in 
marker expression already in 2 minutes. The increase is most evident in neutrophils 
and monocytes. 
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Neutrophils 
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markers in the presence of fMLF: 1.2x increase in CD35, 1.2x in CD11b and 1.1x in 
CD10. This increase was stabilizing at T=2 and T=3. However, since the expression 
of activation markers in the absence of fMLF was significantly increasing, a clear 
decrease in the ratio fMLF+/fMLF- was detected. The CD35 ratio decreased from 
5.6 (4.5-6.8) to 3.6 (2.5-4.8) at 1h and to 2.5 (1.7-3.4) at 3h. This was even more 
evident in CD11b, where the ratio decreased from 7.7 (6.5-9.0) to 4.4 (3.1-5.7) to 
3.2 (2.2-4.3). The CD10 ratio was also decreasing from 4.8 (3.9-5.7) to 2.0 (1.5-2.6) 
at 3h.  
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Figure 2: Activation marker expression of neutrophils in the same blood tube over 
time. Median fluorescent intensities are depicted of the markers CD35, CD11b and 
CD10 on neutrophils. The first column shows the data in the absence of fMLF 
(fMLF-), the second column shows the data in the presence of 1 μM fMLF (fMLF+) 
and the last column the ratio fMLF+/fMLF-. 
 

 

Monocytes 
 
Data regarding monocytes is shown in figure 3. Activation markers were already 
significantly increased after 1 hour of blood drawing ( mean (95%Cl) CD35: 1.8x 
(1.3x-2.2x) p=0.058, CD11b: 2.13x (1.6x-2.4x) p=0.025 ). A further increase in 
activation markers was observed after 2 and 3 hours. After 3 hours CD35 is 2.7x 
higher than T=0 and CD11b is increased by 3.3x, compare to T=0. The fMLF+ 
response of monocytes showed a similar pattern as found in neutrophils. The first 
hour the expression of CD35 and CD11b in the presence of fMLF was upregulated, 
with 1.4x and 1.3x, respectively. Thereafter the fMLF+ measurements were 
stabilizing. At T=0 the ratio for CD35 was 3.1 (2.5-3.7), which was decreasing to 
2.7 (1.9-3.6) at T=1 and 1.7 (1.4-2.0) at T=3. The ratio of CD11b was decreasing 
from 4.1 (3.0-5.1) at T=0, to 2.8 (1.9-3.7) at T=1 to 1.7 (1.4-2.0) at T=3. 
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Figure 3: Activation marker expression of monocytes in the same blood tube over 
time. Median fluorescent intensities are depicted of the markers CD35 and CD11b 
on monocytes. The first column shows the data in the absence of fMLF (fMLF-), the 
second column shows the data in the presence of 1 μM fMLF (fMLF+) and the last 
column the ratio fMLF+/fMLF-. 
 
 
 
 

 

Eosinophils 
 
The eosinophil data is shown in figure 4. Activation markers were already mildly 
but significantly increased after 1 hour of blood drawing ( mean (95%Cl) CD35: 
1.1x (1.1x-1.2x) p=0.005 , CD11b: 1.2x (1.2x-1.2x) p=0.005). A further increase in 
activation markers was observed after 2 and 3 hours. The fMLF+ data on eosinophils 
showed a similar pattern as the neutrophils. The effect of time on CD35 and CD11b 
was minimal in fMLF+ experiments. In these experiments the ratio changed in time 
although to a much lesser extent compared with neutrophils. 

 

Figure 4: Activation marker expression of eosinophils in the same blood tube over 
time. Median fluorescent intensities are depicted of the markers CD35 and CD11b 
on eosinophils. The first column shows the data in the absence of fMLF (fMLF-), 
the second column shows the data in the presence of 1 µM fMLF (fMLF+) and the 
last column the ratio fMLF+/fMLF. 
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Figure 4: Activation marker expression of eosinophils in the same blood tube over 
time. Median fluorescent intensities are depicted of the markers CD35 and CD11b 
on eosinophils. The first column shows the data in the absence of fMLF (fMLF-), 
the second column shows the data in the presence of 1 µM fMLF (fMLF+) and the 
last column the ratio fMLF+/fMLF. 
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Lymphocytes 
 
Lymphocytes were used as negative control. Data is shown in figure 5. 

 
 
Figure 5: Activation marker expression of lymphocytes in the same blood tube over 
time. Median fluorescent intensities are depicted of the markers CD35 and CD11b 
on lymphocytes. The first column shows the data in the absence of fMLF (fMLF-), 
the second column shows the data in the presence of 1 μM fMLF (fMLF+) and the 
last column the ratio fMLF+/fMLF-.  

 

The ex-vivo time-dependent increase in activation markers is reproducible and 
seems donor specific.  
 
Blood was drawn after 3 weeks at the same day and time in the week. Results are 
shown in figure 6 for neutrophils, figure 7 for monocytes and figure 8 for eosinophils 
and figure 9 for lymphocytes. 
 
At baseline all heathy controls showed a similar level of activation markers at both 
sample moments. Healthy control 4 had the granulocytes and monocytes that were 
most easily activated during ex-vivo bench time both at the first venipuncture and the 
second venipuncture. When comparing the difference between neutrophil activation 
marker at T0 and T3 of the same donors at different venipuncture moments we see 
similar increases (CD35: 6.8x vs. 5.7x , CD11b: 8.8x vs. 6.8x, CD10: 5.8x vs. 6.6x 
). Healthy control 2 and 3 are the least easily activated, with the smallest increase of 
activation markers at all time points. Of these individuals, HC3 showed the least 
increase in activation markers comparing T0 with T3 (CD35: 1.7x vs. 2.5x , CD11b: 
1.8x vs. 3.1x, CD10: 2.1x vs. 3.6x ). All HCs approximately showed the same fMLF 
responsivity at both sample moments. 
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Figure 5: Activation marker expression of lymphocytes in the same blood tube over 
time. Median fluorescent intensities are depicted of the markers CD35 and CD11b 
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the second column shows the data in the presence of 1 μM fMLF (fMLF+) and the 
last column the ratio fMLF+/fMLF-.  
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Figure 6a: Activation marker expression of neutrophils in the same blood tube over 
time for healthy controls 1 to 5 sampled at baseline. The median fluorescent 
intensities is depicted of the markers CD35 and CD11b on neutrophils. The first 
column shows the data in the absence of fMLF (fMLF-), the second column shows 
the data in the presence of 1 μM fMLF (fMLF+) and the last column the ratio 
fMLF+/fMLF-. 

 

 

 
Figure 6b: Activation marker expression of neutrophils in the same blood tube over 
time for healthy controls 1 to 5 sampled after three weeks. The median fluorescent 
intensities is depicted of the markers CD35 and CD11b on neutrophils. The first 
column shows the data in the absence of fMLF (fMLF-), the second column shows 
the data in the presence of 1 μM fMLF (fMLF+) and the last column the ratio 
fMLF+/fMLF-. 
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Figure 7a: Activation marker expression of monocytes in the same blood tube over 
time for healthy controls 1 to 5 at baseline. The median fluorescent intensities is 
depicted of the markers CD35 and CD11b on monocytes. The first column shows 
the data in the absence of fMLF (fMLF-), the second column shows the data in the 
presence of 1 μM fMLF (fMLF+) and the last column the ratio fMLF+/fMLF-. 

 

Figure 7b: Activation marker expression of monocytes in the same blood tube over 
time for healthy controls 1 to 5 after three weeks. The median fluorescent intensities 
is depicted of the markers CD35 and CD11b on monocytes. The first column shows 
the data in the absence of fMLF (fMLF-), the second column shows the data in the 
presence of 1 μM fMLF (fMLF+) and the last column the ratio fMLF+/fMLF-. 
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Figure 7a: Activation marker expression of monocytes in the same blood tube over 
time for healthy controls 1 to 5 at baseline. The median fluorescent intensities is 
depicted of the markers CD35 and CD11b on monocytes. The first column shows 
the data in the absence of fMLF (fMLF-), the second column shows the data in the 
presence of 1 μM fMLF (fMLF+) and the last column the ratio fMLF+/fMLF-. 

 

Figure 7b: Activation marker expression of monocytes in the same blood tube over 
time for healthy controls 1 to 5 after three weeks. The median fluorescent intensities 
is depicted of the markers CD35 and CD11b on monocytes. The first column shows 
the data in the absence of fMLF (fMLF-), the second column shows the data in the 
presence of 1 μM fMLF (fMLF+) and the last column the ratio fMLF+/fMLF-. 

  

3

Automated flow cytometry method

69



 
Figure 8a: Activation marker expression of eosinophils in the same blood tube over 
time for healthy controls 1 to 5 at baseline. The median fluorescent intensities is 
depicted of the markers CD35 and CD11b on eosinophils. The first column shows 
the data in the absence of fMLF (fMLF-), the second column shows the data in the 
presence of 1 μM fMLF (fMLF+) and the last column the ratio fMLF+/fMLF-. 
  

 

 
 
Figure 8b: Activation marker expression of eosinophils in the same blood tube over 
time for healthy controls 1 to 5 after three weeks. The median fluorescent intensities 
is depicted of the markers CD35 and CD11b on eosinophils. The first column shows 
the data in the absence of fMLF (fMLF-), the second column shows the data in the 
presence of 1 μM fMLF (fMLF+) and the last column the ratio fMLF+/fMLF-. 
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Figure 8b: Activation marker expression of eosinophils in the same blood tube over 
time for healthy controls 1 to 5 after three weeks. The median fluorescent intensities 
is depicted of the markers CD35 and CD11b on eosinophils. The first column shows 
the data in the absence of fMLF (fMLF-), the second column shows the data in the 
presence of 1 μM fMLF (fMLF+) and the last column the ratio fMLF+/fMLF-. 
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Figure 9a: Activation marker expression of lymphocytes in the same blood tube 
over time for healthy controls 1 to 5 at. The median fluorescent intensities is depicted 
of the markers CD35 and CD11b on lymphocytes. The first column shows the data 
in the absence of fMLF (fMLF-), the second column shows the data in the presence 
of 1 μM fMLF (fMLF+) and the last column the ratio fMLF+/fMLF-. 
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Discussion  
 
This study showed that flow analysis with fully automated flow cytometry provides 
stable reproducible results for analysis of expression of activation markers on 
phagocytes. Furthermore, we identified that expression of activation markers on 
granulocytes and monocytes was significantly upregulated during the bench time of 
the blood tube after blood drawing. Already 1 hour after blood drawing a marked 
and significant increase of CD35 and CD11b on granulocytes and monocytes was 
found. This receptor expression increased further after 2 hours and 3 hours of bench 
time. In addition, we showed that this increase in expression of activation markers 
differed between healthy controls, meaning that the artefact caused by time delays 
in measuring activation receptor expression leads to different conclusions for 
different subjects. Interestingly, such variation between different donors was not 
seen for the marker expression of CD11b, CD35 and CD10 at T0. However, analysis 
of the same sample with the conventional processing steps, which takes 1 to 3 hours, 
would have led to different conclusion.  
 
To make firm conclusions regarding the determination of the activation status of the 
granulocytes and monocytes, it is important to show the stability and reliability of 
the AQUIOS CL®. Degandt et al. evaluated precision, sample stability, inter-sample 
carry-over, linearity and interpanel consistency of the AQUIOS CL®, compared to a 
dual-platform method (Sysmex XE-5000 and BD FACSCanto-II)16. Variability 
between different tests was <9.1% with dedicated control material. Interpanel 
inconsistency was 3.3% for relative values and 9.4% for absolute values. Method 
comparison showed good analytical correlation between AQUIOS CL® and a dual-
platform method. So in conclusion, the study showed reliable results for adequate 
quantitation of T, B and natural killer lymphocytes. No results were mentioned for 
granulocytes or monocytes.  
 
In our study we tested the stability of the data obtained with granulocytes and 
monocytes. We showed that neutrophil marker expression was very consistent in 
duplicate experiments. Therefore, it can be concluded that the increase of activation 
marker expression in granulocytes and monocytes is a true increase and not just the 
result of a putative variance of the machine. 
 
Several markers were used to study neutrophil and monocyte activation. Receptors 
that are known markers for neutrophil activation are the complement receptors type 
1 (CR1/CD35) and 3 (CR3/Mac1/CD11b)18. Both CR1 and CR3 are mainly 

 

expressed on phagocytes, such as macrophages, monocytes and granulocytes, but 
also in small numbers on lymphocytes. A reservoir of CR1 and CR3 receptors in 
phagocytes is present in cytoplasmic secretory vesicles which are translocated to the 
plasma membrane upon cell activation and are, therefore, used as activation markers 
to assess disease susceptibility and diagnose pathologies19–22. However, for these 
clinical applications, accuracy is of utmost importance and our study shows that the 
effect of time should be taken into account to avoid drawing the wrong conclusions.  
 
The receptor CD10, neprilysin, is widely used for diagnostic purposes in cancer and 
in the analysis of lymphocytes23,24. Recently, studies started to focus on CD10 
expression as maturation marker on neutrophils25. There is also limited evidence 
available that demonstrates a higher neutrophil CD10 expression during systemic 
inflammatory diseases, suggesting that CD10 is also an activation marker8,9. In this 
study we showed that CD10 was upregulated by fMLF in a similar way as CD11b 
and CD35, which confirms that CD10 is also an activation marker. 
 
Despite the fact that we only used four markers for this experiment, it is clear that a 
delay in flow cytometry analysis will cause problems for all markers associated with 
granulocyte and monocyte activation. Other markers associated with granulocyte 
and monocyte activation are: CD11c, CD32, CD66, CD63, CD64, CD55, CD14 and 
CD1826,27. Our study indicates that a time delay in analysis of blood samples leads 
to artificial activation of phagocytes. It is even to be expected that such an artifact is 
more prominent in patients with inflammatory diseases as these cells are very 
sensitive for priming in-vivo by inflammatory mediators28.  
It is evident that measuring neutrophils and monocytes as soon as possible after 
blood drawing will mimic the in-vivo marker expression the most. Although the 
AQUIOS CL® enables fast measurement, the measurement is still different from the 
in-vivo situation. It is likely that granulocytes and monocytes already become 
slightly activated during the procedure of venipuncture. However, this automated 
immediate measurement is to our opinion the best available assay to determine the 
in-vivo granulocyte or monocyte activation status. The fast flow analysis after blood 
drawing comes with several difficulties. The most important issue is the point-of-
care placement of the flow cytometer as the analysis needs to be performed 
immediately. Therefore, without an directly available machine, such as in the present 
point-of-care situation, it is inevitable to end up with a delay in bench time and 
differences in artificial activation. This may result in wrong conclusions.  
Point-of-care flow cytometry analysis is not very practical in many cases as often 
flow cytometry is carried out in a centralized flow facility that analyses all samples 
from the institution. All institutions that try to bring flow cytometry to monitor 
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systemic inflammation face the difficulties discussed above in optimizing the 
workflow. In these cases, automated standardized “load & go” flow cytometry has 
great advantages. Standardization of the workflow without manual steps, gives faster 
and more accurate results. Automated preparation processes decrease the time of 
work for analysts and might spare laboratory expanses. Finally, the AQUIOS CL® 

has integrated software that is linkable to most of the electronic patient registry 
software packages, allowing the laboratory to provide analysis results quickly to 
clinicians.  
 

Conclusions 
 
In conclusion, this study showed that automated flow cytometry greatly reduces intra 
assay variability in the analysis of activation of inflammatory cells. In addition, we 
found that it is of utmost importance to perform immune activation analysis as fast 
as possible to prevent artificial activation, and drawing the wrong conclusions. 
Automated flow cytometry is able to reduce this analysis from 2 hours to only 15 
minutes without the need of dedicated personnel. This now allows fast and 
automated and even point-of-care flow analysis in blood samples in a variety of 
patient groups with the test result present 15-20 minutes after blood drawing . 
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Abstract 
 
Coronavirus disease 2019 (COVID-19) is a rapidly emerging pandemic disease caused by the Severe 
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Critical COVID-19 is thought to be 
associated with a hyper-inflammatory process that can develop into acute respiratory distress syndrome; 
a critical disease normally mediated by dysfunctional neutrophils. This study tested the hypothesis 
whether the neutrophil compartment displays characteristics of hyper-inflammation in COVID-19 
patients. 
 
Therefore, a prospective study was performed on all patients with suspected COVID-19 presenting at 
the emergency room of a large academic hospital. Blood drawn within two days after hospital 
presentation was analyzed by point-of-care automated flow cytometry and compared with blood 
samples collected at later time points. COVID-19 patients did not exhibit neutrophilia nor eosinopenia.  
 
Unexpectedly neutrophil activation markers (CD11b, CD16, CD10 and CD62L) did not differ between 
COVID-19-positive patients and COVID-19 negative patients diagnosed with other bacterial/viral 
infections, nor between COVID-19 severity groups. In all patients, a decrease was found in the 
neutrophil maturation markers indicating an inflammation-induced left-shift of the neutrophil 
compartment. In COVID-19 this was associated with disease severity. 
 
Thus COVID-19 infection is associated with a decrease in neutrophil maturation markers in the 
neutrophil compartment without clear signs of activation. Interestingly, the low expression of neprilysin 
(CD10), which can breakdown bradykinin 1-9 similarly as ACE2,  might be particularly relevant for 
COVID-19 that is already associated with low ACE2 expression because of viral entry. This possibly 
links a low expression of CD10 on neutrophils with  bradykinin-induced edema often found in more 
severe  COVID-19 patients.   
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Introduction 
 
In December 2019, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) emerged from Wuhan City, Hubei Province, China1. Since then, the virus 
has spread globally, causing a pandemic of Coronavirus Disease 2019 (COVID-19). 
The disease severity greatly varies between patients ranging from mild complaints 
to ICU admittance and death. Groups at risk for severe disease are the elderly, 
patients with chronic diseases and individuals suffering from obesity2. Severe 
disease is associated with both pulmonary manifestations and, albeit less abundant, 
non-respiratory symptoms3. The disease can become life-threatening when tissue 
function becomes critically compromised, such as seen during respiratory failure and 
Acute Respiratory Distress Syndrome (ARDS). In addition, cardio-vascular 
complications can also lead to pathology in the intestine, heart, brain and renal 
tissue4. The underlying mechanism leading to tissue damage in COVID-19 is still 
uncertain, but a toxic combination of abnormal coagulation, systemic thrombosis, 
thrombo-embolisms and hyperinflammation is thought to mediate critical disease in 
COVID-19 patients5,6.  
 
The ARDS found in COVID-19 patients is characterized by decreased oxygenation 
and rapid respiratory failure7. The pathophysiology of ARDS is normally mediated 
by malfunctioning of the neutrophil compartment leading to accumulation and 
specific activation of these cells in the pulmonary tissue, which in turn causes 
collateral damage characterized by destruction of epithelial and endothelial cells8–12. 
Tissue damage is caused by neutrophil-driven  mechanisms that are normally 
employed to kill microorganisms, which include production of reactive oxygen 
species (ROS), degranulation of toxic proteins and enzymes, and netosis10,13,14. This 
leads to increased vascular permeability and protein-rich alveolar edema causing 
decreased gas exchange and hypoxemia15. Many COVID-19 patients meet the Berlin 
definition for ARDS16, but it remains to be elucidated whether ARDS seen in 
COVID-19 patients is similar to the archetypal ARDS seen in other patients. 
Although both are characterized by bilateral consolidations and severe hypoxia, 
COVID-19-mediated ARDS seems to have a later onset than “classical” ARDS and 
is more often associated with a relatively normal lung compliance8,17. Also, the role 
of neutrophils in COVID-19-mediated ARDS is still unclear.  

 
A variety of increased pro-inflammatory cytokines (TNF-alpha, IL-1 beta, IL-6, IL-
8) is found in the blood of COVID-19 patients, suggesting a pro-inflammatory state18 
and a hyper-activation of the immune system19. Therefore, several studies have 

 

suggested that ARDS in COVID-19 is mainly caused by a cytokine storm and that 
anti-inflammatory drugs might be helpful20. However, direct evidence that COVID-
19-related ARDS is characterized by inflammation is missing21. Alternatively, 
COVID-19-associated ARDS might be caused by pulmonary edema via a 
dysfunctional bradykinin metabolism. This latter explanation was put forward as the 
angiotensin-converting enzyme 2 (ACE2) receptor, important in bradykinin1-9 
inactivation, is the main porte d’entrée of SARS-CoV-2 in airway epithelium and its 
expression is decreased upon virus entry into the epithelial cells22. Interestingly, 
bradykinin1-9 can also be inactivated by neprilysin (CD10), which is an important 
activation and differentiation marker expressed by neutrophils, possibly linking 
neutrophils with bradykinin-induced pulmonary edema23,24. 

 
The increase in expression of activation markers on neutrophils is generally used to 
study the role of neutrophils in-vivo in health and disease25–27. However, these cells 
are notoriously sensitive to ex-vivo manipulation and it is therefore essential to 
minimally manipulate the cells ex-vivo. We have recently shown that neutrophils 
become activated in the blood collection tube relatively quickly (<1 hour) after 
venipuncture even before processing, which masks essential information about the 
state of the cells in-vivo28. Fortunately, fast analysis by 24/7 automated 
flowcytometry now circumvents these problems and allows fast and reproducible 
measurement of the activation state of human neutrophils in health and disease 
conditions such as COVID-19.  

 
In order to further understand the pathophysiology of this pandemic disease, we 
investigated whether the neutrophil compartment is actively involved in COVID-19-
associated disease in patients and if this is specific to COVID-19. Additionally, we 
investigated whether the neutrophil compartment shows signs of hyperinflammation 
during COVID-19. 
 

Methods 
 
Study design and setting 
 
All patients with suspected COVID-19 who presented at the University Medical 
Center Utrecht (UMCU) during the Dutch epidemic between March 19th, 2020 and 
May 17th, 2020 were included in a prospective cohort study. The UMCU is a tertiary 
academic hospital, which has a regional referral function. The first blood sample was 
drawn at the emergency room (ER) or within two days on the COVID-19 ward. 
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Longitudinal samples were also collected during routine venipuncture on the 
COVID-19 wards . The onset of symptoms was defined as the day that patients self-
reported the onset of his/her symptoms at home. No blood samples were drawn at 
the intensive care unit. All patients were tested for the presence of virus by SARS-
CoV-2-specific PCR. Patients were categorized as “COVID-19 positive” if PCR 
results were positive. Patients that tested negative for SARS-CoV-2 were lost to 
follow up for this study.  Baseline characteristics and clinical parameters of the 
included COVID-19 patients are shown in Table 1. Only patients older than eighteen 
were included in this study. All immunocompromised patients (presence of any 
immunosuppressive condition or use of systemic immunosuppressive medication as 
per the International Classification of Disease, 9th revision29) were excluded from the 
analysis. 
  

 

Table 1: Baseline characteristics 
 
  Moderate 

(n=10) Severe (n=16) Critical (n=77) p-value* 

Female 5 (56%) 8 (53%) 31 (42%) 0.64 
Age 58.5 (53.0, 70.2) 57.0 (52.7, 71.9) 69.4 (59.1, 76.7) 0.095 
BMI 26.6 (25.2, 29.2) 25.8 (25.2, 31.2) 28.6 (24.8, 31.9) 0.45 
Days since disease onset 4.5 (1.0, 6.5) 7.0 (6.0, 13.0) 7.0 (4.0, 10.0) 0.13 
     

Clinical parameters at presentation       

FiO2 (%) 21 (21, 21) 21 (21, 22) 36 (28, 44) <0.00
1 

Oxygen required 2 (20%) 4 (25%) 61 (79%) <0.00
1 

Nose mask 2 4 41  

Venturi mask 40%/60% 0 0 6  

Non-rebreathing mask 0 0 14  
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HR (bpm) 89 (76, 101) 80 (70, 94) 89 (79, 105) 0.075 
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Mortality  1 (6%) 21 (27%) 0.072 
     

Samples         

Samples 10 (100%) 10 (63%) 60 (78%)  
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* p-value using χ2, Kruskal-Wallis or Mann-Whitney U test where appropriate 
Categorical values are described as N (%) and continuous values are described as median with 
interquartile range. Abbreviations: BMI - Body Mass Index; SBP - systolic blood pressure; DBP - 
diastolic blood pressure; CRP - C-reactive protein; ICU - Intensive Care Unit 
Number of missing values: BMI - 12%; Onset of symptoms - 12%; Respiratory rate - 16%; Systolic 
blood pressure - 4%; Diastolic blood pressure 5%; Pulse rate - 8%; Temperature - 11%; CRP - 18%; 
Total leukocyte count - 17%; Arterial saturation - 43%; Absolute cell counts - 2%; All others: no 
missing values.  

Study procedure 
 
For standard-of-care diagnostic workup in the Emergency Department and/or during 
standard blood drawing at the COVID-19 ward, one 4 mL or 9 mL VACUETTE® 

sodium heparin blood collection tube (Greiner Bio-One, Kremsmünster, Austria) 
was obtained from each patient. Thereafter, the blood tube was placed in the 
automated AQUIOS CL® “Load & Go” flow cytometer (Beckman Coulter, Miami, 
FL, USA) that was located at the point-of-care in the emergency department. This 
was done as fast as possible after blood drawing, since neutrophils become easily 
and quickly activated ex-vivo28. Healthy control blood obtained from the Mini Donor 
Service (Mini Donor Dienst, MDD) at UMCU was analyszed in a similar manner. 
Healthy control subjects were chosen based on donor availability. COVID-19 
measures implemented in the hospital caused a shortage of available donors and 
therefore these could not be matched to the study patient population for age or 
gender. and thus. Blood from healthy controls was drawn at the out-patient clinic of 
UMCU, which is in close proximity to the emergency department and sample 
handling times were similar to those of patients included in this study. The median 
age of the healthy control subjects was 24 years (IQR: 23-27) 33.3% female and 
66.7% male. Healthy control subjects were not on any medications for chronic 
diseases that could impact study results. 
 
Flow cytometry analysis by automated AQUIOS CL® “Load & Go” flow 
cytometer  
 
The AQUIOS CL® combines robotic automated sample preparation with automated 
analysis of single cells using flow cytometry28. A cassette filled with blood tubes is 
placed in the machine. Hereafter, the device reads the barcodes on the blood tubes, 
automatically mixes and pipets the blood and proceeds with the antibody staining. 
After 15 min of incubation, the blood is lysed by the addition of 335 μl of lysing 
reagent A followed by 100 μl of lysing reagent 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, the prepared sample is aspirated for analysis. Absolute white blood cell 
count is based on an electronic-volume measurement.  
 
For this research purpose, a customized antibody cocktail was prepared and tested in 
the presence and absence of the bacterial/mitochondrial-derived activator N-Formyl-
norleucyl-leucyl-phenylalanine (fNLF) (BioCat GmbH, Heidelberg, Germany) at an 
end concentration of 10-5M. The antibody panel consisted of CD16-FITC (clone 
3G8, Beckman Coulter, Miami, FL, USA), CD11b-PE (clone Bear1, Beckman 
Coulter), CD62L-ECD (clone DREG56, Beckman Coulter), CD10-PC5 (clone 
ALB1, Beckman Coulter) and CD64-PC7 (clone 22, Beckman Coulter).  
 
Analysis of flow cytometry data 
 
For in-depth analysis, 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. 
Eosinophils and myelocytes were identified based on CD16/CD62L expression and 
excluded from the polymorphonuclear leukocytes gate. Then, neutrophil markers 
were analyzed in the absence (resting) and presence (activated) of fNLF (10 M). 
 
Neutrophil subsets were identified by the expression of CD16 and CD62L as 
described in detail before30. Absolute promyelocytes and metamyelocytes counts 
were calculated based on CD16/CD11b expression31. An example of the gating and 
FMO used is shown in Figure 1. The marker CD64 was used to facilitate 
differentiation between viral and bacterial infections in suspected COVID-19 
patients, as has been demonstrated before32. This marker was not used for uni -and 
bivariate analysis of the neutrophil compartment.  
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were analyzed in the absence (resting) and presence (activated) of fNLF (10 M). 
 
Neutrophil subsets were identified by the expression of CD16 and CD62L as 
described in detail before30. Absolute promyelocytes and metamyelocytes counts 
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Figure 1: Approach for flow cytometric analysis. A) Fluorescence minus one 
(FMO) controls of the used panel of markers (CD16, CD11b, CD62L, CD10).  
CD64 was also tested in this panel but is not shown here because it is not discussed 
further in this article; B) Gating strategy for analyzing the blood samples from 
healthy controls and patients. Flow cytometric analysis was done using FlowJo® 
analysis software (Tree Star Inc., Ashland, OG, USA). 

 

 
Discriminant Analysis of Multi-aspect Cytometry (DAMACY) fusion analysis was 
performed as described before33,34. DAMACY first describes the cellular distribution 
using 2-D smoothed histograms of the first two principal components using 100 bins 
per principal component. The 2-D smoothed histograms were created separately for 
fNLF− and for fNLF+ and then fused together. Discriminant analysis was based on 
the fused histograms using orthogonal projections on latent structures (OPLS-DA). 
The DAMACY model was created based on the samples from healthy controls and 
from COVID-19 critical patients using the first sample measurement and five-fold 
cross-validation with ten iterations procedure. The bacterial specific marker CD64 
was included in the multivariate analysis as it was unknown whether expression of 
CD64 was of added value in the diagnosis/prognosis of COVID-19 severity. All 
patients were projected into the model and a mean DAMACY score was calculated. 
 
Clinical characteristics of suspected COVID-19 
 
Patients that tested SARS-CoV-2 positive by PCR at any point during admission 
were considered COVID-19 positive. Patients that tested negative on PCR for 
COVID-19 were assessed in detail for other diagnoses that could explain their 
clinical condition. Results of  bacterial cultures, PCR for other viruses, or another 
explanation/diagnosis for the symptoms in the letter of discharge were recorded. 
Patients that were tested PCR negative with no other explaining diagnosis were 
excluded from analysis. 
 
Patients that tested COVID-19 positive were divided into groups based on disease 
severity according to the interim guidance of the WHO published on May 27th 2020: 
Clinical Management of COVID-1935. Moderate disease was defined as clinical 
signs of mild to moderate pneumonia (including SpO2 ≥ 90% on room air). Severe 
disease was defined as clinical signs of severe pneumonia (including SpO2 <90% on 
room air) plus one of the following: respiratory rate > 30 breaths/min; severe 
respiratory distress, but without meeting the criteria for ARDS at any time during 
admission. Critical disease was defined as severe disease with ARDS at any point 
during admission. ARDS was defined as SpO2/FiO2 ≤ 31535. 
 
Baseline characteristics included age, sex, BMI, onset of symptoms, ICU admission, 
death and duration of admission. Vital functions during admission were collected 
from the moment FiO2 was lowest, according to the Berlin guidelines. The following 
clinical variables were collected: saturation (%), amount of oxygen received (L/min), 
type of ventilation, respiratory rate (/min), pulse rate (/min), systolic blood pressure 
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(mmHg), diastolic blood pressure (mmHg) and temperature (°C). Also, laboratory 
values CRP (g/L), total leukocyte count (×109/L) and arterial saturation were 
retrieved.  
 
Statistics 
 
Variables are presented as frequencies and percentages for categorical variables and 
as medians with interquartile range (IQR) for continuous variables. Differences in 
clinical outcomes and demographics between COVID-19 severity groups were 
assessed with the use of Pearson’s chi-squared test for categorical data. For 
continuous data, if multiple groups were compared, a Kruskal-Wallis test was 
performed and for comparison of two groups, Mann-Whitney U test was used. 
Control groups for analysis included both healthy controls and COVID-19 PCR 
negative patients with a proven bacterial or other viral infection. To evaluate 
differences in neutrophil receptor expression between each of the COVID-19 
severity groups and control groups, a Kruskal-Wallis test was applied and post-hoc, 
the Dunn’s test with Bonferonni correction was used to correct for multiple 
comparisons. GraphPad Prism version 7 (GraphPad software inc., San Diego, CA, 
USA) was used for data visualization. Stata® version 13.0 (StataCorp LP, College 
Station, TX, USA) was used for all statistical analyses. Statistical significance was 
defined as a p-value < 0.05.  
 
Multidimensional analysis was performed by application of the DAMACY 
algorithm as described by us before33.  
 
Study approval 
 
For this study, a waiver for formal ethical approval was provided by the institutional 
medical ethics committee under protocol number 20-284/C. The Mini Donor Service 
received positive approval from the medical ethical committee of UMCU under 
protocol number 07-125/C. All procedures performed in this study were in 
accordance with the 1964 Helsinki declaration and its later amendments. 

Results  
 
A total of 496 COVID-19 suspected patients presented to the hospital in the period 
between March 19th, 2020 and May 17th, 2020, of whom 198 tested SARS-CoV2 
positive by PCR. Of the 298 patients who tested SARS-CoV-2 negative by PCR, 208 
patients were diagnosed with a disease other than COVID-19, 17 patients had 

 

another viral infection and 84 patients had a culture-positive bacterial infection 
(Figure 2). The microorganisms causing the viral and bacterial infections and the 
accompanying diagnoses are identified in Table 2. 
 

 
 
Table 2: Specification and quantification of the infections scored in the “Bacterial 
infections” and “Viral infections” groups that were compared to the COVID-19 
patients as disease controls. The type of infection is shown with the pathogen that 
was cultured. If no pathogen was cultured, if results were inconclusive or if the 
results could not be retrieved from the patient history, data was scored as unknown. 

Bacterial 
Type of infection N Causative pathogen N
Abdominal infection 6 Unknown 5

Multiple causative pathogens 1
Endocarditis 1 Unknown 1
Osteomyelitis 1 Unknown 1
Pneumonia 32 Unknown 12

Legionella spp. 1
Pseudomonas spp. 3
Streptococcus spp. 4
H. Influenzae 3
E. coli 3
Mycoplasma spp. 2
Proteus spp. 1
Pneumocystis jiroveci 1
S. aureus 1
Chlamydia spp. 1

Sepsis 18 Unknown 7
E. coli 5
Klebsiella spp. 1
S. aureus 2
Roultella spp. 1
Pseudomonas spp. 1
Proteus spp. 1

Upper respiratory tract infection 1 Unknown 1
Urinary tract infection 19 Unknown 2

Klebsiella spp. 4
E. coli 9
Streptococcus spp. 1
E. faecalis 1
Pseudomonas spp. 1
Proteus spp. 1

Wound- or soft tissue infection 5 Unknown 5
Other 1 Unknown 1

Viral
Type of infection N Causative pthogen N
Respiratory tract infection 13 Rhinovirus 7

Human metapneumovirus 2
RS virus 1
Influenza virus 1
CoV NL63 1
Unknown 1

Viral enteritis 2 Norovirus 2
Other 2 Epstein-Barr-virus 1

Cytomegalovirus 1
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Figure 2: Flow diagram depicting inclusion and exclusion of patients in this study. 
 
A total of 95 COVID-19-positive patients were excluded (transfer from an external 
ICU or immunocompromised). The baseline characteristics of the 
immunocompromised patients excluded from the study are described in Table 3. Of 
the included patients 10 patients had moderate disease, 16 patients were diagnosed 
with severe disease and 77 patients were classified as critically ill. None of the 
patients with moderate disease were admitted to the hospital. Baseline characteristics 
of the included patients are shown in Table 1. Relevant medication use of the 
included COVID-19 positive patients is described in Table 4. 
 
  

 

 

 
Table 3: Baseline characteristics of excluded immunocompromised COVID-19 
patients shown along with included COVID-19 patients according to disease 
severity. 
 

 
 
 
 
 

Moderate (n=10) Severe (n=16) Critical (n=77) Immunocompromised (n=34)
Female 5 (56%) 8 (53%) 31 (42%) 20 (59%)
Age 58.5 (53.0, 70.2) 57.0 (52.7, 71.9) 69.4 (59.1, 76.7) 60.61 (48.9, 68.2)
BMI 26.6 (25.2, 29.2) 25.8 (25.2, 31.2) 28.6 (24.8, 31.9) 26.62 (24.2, 29,0)
Days since disease onset 4.5 (1.0, 6.5) 7.0 (6.0, 13.0) 7.0 (4.0, 10.0) 7.00 (3.0, 11.0)

Clinical parameters at admission
FiO2 (%) 21 (21, 21) 21 (21, 22) 36 (28, 44) 21 (21, 28)
Oxygen required 2 (20%) 4 (25%) 61 (79%) 11 (37%)
Nose mask 2 4 41 8
Venturi mask 40% 0 0 6 1
Non-rebreathing mask 0 0 14 2

Respiratory rate (/min) 17 (16, 18)* 22 (17, 24) 24 (20, 30) 21.00 (19, 25.5)
SBP (mmHg) 137 (125, 170) 134 (123, 152) 134 (119, 149) 128.00 (111, 150)
DBP (mmHg) 78 (63, 87) 80 (62, 86) 79 (69, 85) 76.00 (70, 80)
HR (bpm) 89 (76, 101) 80 (70, 94) 89 (79, 105) 91.00 (80, 105.5)
Temperature (Celsius) 37.5 (37.2, 38.6) 38.1 (37.0, 38.6) 38.0 (37.2, 38.4) 38.00 (37.2, 38.7)
CRP (g/L) 14 (6, 39) 54 (42, 63) 95 (35, 153) 74.00 (39, 142)
Total leukocyte count (x10^9/L) 5.7 (4.4, 6.4) 6.0 (4.5, 7.0) 6.8 (5.1, 10.3) 6.60 (4.5, 11.2)
Arterial saturation 0.97 (0.97, 0.98) 0.96 (0.95, 0.98) 0.94 (0.92, 0.96) 0.96 (0.93, 0.97)

Clinical admission
Length of hospital stay (days) 5.0 (3.0, 7.5) 13.0 (6.0, 20.0) 11.0 (6.0, 22.0)
ICU admission 0 (0%) 22 (36%) 10 (37%)
Mortality 1 (6%) 21 (27%) 7 (23%)

Samples
Samples 10 (100%) 10 (63%) 60 (78%) 22 (64,7%)

Total WBC (x10^9/L) 5.0 (4.4, 5.7) 6.2 (5.1, 6.5) 6.0 (4.7, 9.7) 4.8 (3.6, 6.7)
Abs. lymphocyte (x10^9/L) 1.18 (0.93, 1.25) 0.73 (0.40, 0.96) 0.66 (0.47, 0.86) 3.4 (2.5, 5.7)
Abs. monocyte (x10^9/L) 0.36 (0.28, 0.41) 0.30 (0.15, 0.38) 0.25 (0.19, 0.38) 0.6 (0.4, 1.1)
Abs. granulocyte (x10^9/L) 3.4 (3.1, 4.2) 5.2 (3.3, 5.6) 5.4 (3.9, 8.3) 0.3 (0.2, 0.4)
Abs. neutrophil (x10^9/L) 3.3 (3.0, 4.2) 5.2 (3.2, 5.6) 5.4 (3.8, 8.3) 3.4 (2.5, 5.6)
Abs. eosinophil (x10^9/L) 0.03 (0.02, 0.04) 0.04 (0.03, 0.05) 0.05 (0.02, 0.08) 0.0 (0.0, 0.1)
* p-value using χ2, Kruskal-Wallis or Mann-Whitney U test where appropriate
Categorical values are described as N (%) and continuous values are described as median with interquartile range. 
Abbreviations: BMI - Body Mass Index; SBP - systolic blood pressure; DBP - diastolic blood pressure; CRP - C-reactive protein; ICU - Intensive Care Unit
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Table 3: Baseline characteristics of excluded immunocompromised COVID-19 
patients shown along with included COVID-19 patients according to disease 
severity. 
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Clinical parameters at admission
FiO2 (%) 21 (21, 21) 21 (21, 22) 36 (28, 44) 21 (21, 28)
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DBP (mmHg) 78 (63, 87) 80 (62, 86) 79 (69, 85) 76.00 (70, 80)
HR (bpm) 89 (76, 101) 80 (70, 94) 89 (79, 105) 91.00 (80, 105.5)
Temperature (Celsius) 37.5 (37.2, 38.6) 38.1 (37.0, 38.6) 38.0 (37.2, 38.4) 38.00 (37.2, 38.7)
CRP (g/L) 14 (6, 39) 54 (42, 63) 95 (35, 153) 74.00 (39, 142)
Total leukocyte count (x10^9/L) 5.7 (4.4, 6.4) 6.0 (4.5, 7.0) 6.8 (5.1, 10.3) 6.60 (4.5, 11.2)
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* p-value using χ2, Kruskal-Wallis or Mann-Whitney U test where appropriate
Categorical values are described as N (%) and continuous values are described as median with interquartile range. 
Abbreviations: BMI - Body Mass Index; SBP - systolic blood pressure; DBP - diastolic blood pressure; CRP - C-reactive protein; ICU - Intensive Care Unit
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Table 4: Use of medications in COVID-19 patients (N = 103) included in the study. 
Medications prescribed during treatment in the hospital and those used by included 
patients prior to hospital admission are shown. 
 
Overall, there were no significant differences in gender, age, BMI and ons 
et of symptoms among the  COVID-19 positive patients based on disease severity. 
However, there was a trend towards a higher median age in the critical group. 
Clinically, patients with more severe disease at presentation at the emergency 
department required a higher FiO2 and showed enhanced respiratory rate and CRP 
levels. ICU admission was required for 36% of the patients with critical disease, and 
27% died during hospital admission.  
 
Of the sampled patients, most  met the ARDS criteria at the time of blood collection 
(73%) and almost all developed respiratory distress within three days after blood was 
drawn (97%). The total white blood cell count, granulocyte count, neutrophil count, 
eosinophil count and monocyte count did not differ between the COVID-19 positive 
patients based on disease severity . However, the lymphocyte counts decreased with 
disease severity; the lymphocyte count in the moderate group was significantly 
different compared to the critical disease group. Cell counts are displayed in Figure 
3. Corresponding statistics can be found in the Table 5.1. The longitudinal data 
regarding CRP levels and total leukocyte counts show that these inflammation-
associated markers were stable over time (see Figure 4).  
 

Medication use
In hospital prescriptions N (% of total)
Hydroxychloroquine/chloroquine 68 (66,0%)
Lopinavir/Ritonvir 2 (1.9%)
Aciclovir 1 (1.0%)
Oseltamivir 2 (1.9%)

Antibiotics 77 (74.8%)
Antifungal agents 2 (1.9%)
Corticosteroids 11 (10.7%)
Heparin 56 (54.4%)

Pre-hospital prescriptions N (% of total)
Ace inhibitors 17 (16.5%)
ATII receptor blockers 12 (11.7%)
NSAID 2 (1.9%)
Oral steroids 6 (5.8%)
Other immunosuppresiva 2 (1.9%)
Antiviral agents 0 (0%)
Antibiotics 11 (10.7%)

 

 
 
Figure 3: Absolute cell counts of white blood cell populations in the ER. Absolute 
cell counts of A) Total white blood cells; B) Neutrophils; C) Lymphocytes; D) 
Monocytes and E) Eosinophils in peripheral blood of healthy controls (HC, n = 
23), patients with other diagnoses categorized as bacterial (n = 84) or viral (n = 17) 
and COVID-19 patients as a total group (n = 103) and categorized according to the 
WHO classification system for COVID-19 as moderate (n = 10), severe (n = 16) or 
critical (n = 77) disease. The normal range of cell counts is displayed by the grey 
area. Results of the statistical analysis are shown in Table 5.1. Data is represented 
as individual dots with medians and IQR. 
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Figure 4: Plasma concentrations of A) C-reactive protein (CRP) and B) leukocytes 
over time after the onset of symptoms in COVID-19 patients (n = 78) with critical 
or moderate disease. The normal range of cell counts is displayed by the grey area. 
Data is represented as individual black dots. If multiple measurements were done 
for one patient, different measurements are connected with a red line to indicate 
paired data. Data was retrieved from the patients records. 
 
No signs of hyperinflammation in the neutrophil compartment during COVID-
19 at hospital presentation. 
 
In order to investigate the involvement of a hyperactivated neutrophil compartment 
in COVID-19 we compared the neutrophil activation markers CD11b and CD62L 
between healthy controls and COVD-19-positive patients based on disease severity 
. In the peripheral blood, the expression of CD11b and CD62L on neutrophils did 
not significantly differ between the COVID-19 severity groups at hospital 
presentation (see Figure 5A/C/E/G). Remarkably, expression of CD11b and CD62L 
was also not higher in COVID-19 patients when compared to healthy controls 
(Figure 5). Furthermore, CD11b was significantly lower in patients with bacterial 
infections, other viral infections and in the combined COVID-19 group compared to 
healthy controls (see Figure 5 and Table 5.2). To examine the activation status of the 
neutrophils at hospital presentationor their ability f to undergo activation, we 
investigated the responsiveness of the neutrophils to the bacterial stimulus fNLF. 
Neutrophils from all COVID-19 patients as well as patients with bacterial or viral 
infections were characterized by a significantly lower responsiveness to fNLF 
compared to healthy controls based on CD11b expression. 
  
The longitudinal data supported the finding that no clear activation of neutrophils 
was evident at presentation in the hospital as the expression of CD11b was relatively 

4A: CRP longitudinal 4B: Leukocyte count longitudinal 
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low at this early time point (Figure 5F), whereas CD62L was high (Figure 5B). 
Interestingly, during admission the neutrophils acquired a more activated phenotype 
characterized by a trend to a higher expression of CD11b and a lower expression of 
CD62L. 
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characterized by a trend to a higher expression of CD11b and a lower expression of 
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Figure 5: Neutrophil activation markers CD62L and CD11b in neutrophils in the 
absence and presence of a bacterial stimulus (fNLF, 10 µM) to induce activation, as 
measured in the ER and over time (longitudinal). Flowcytometric measurements 
were done in the ER using peripheral blood from patients with other diagnoses 
categorized as bacterial (n = 84) or viral (n = 17) infections and from COVID-19 
patients as a total group (n = 103) and categorized according to the WHO 
classification system for COVID-19 as moderate (n = 10), severe (n = 16) or critical 
(n = 77) disease. A group of healthy controls ( n = 23) was also included. 
Longitudinal measurements were done with peripheral blood from patients on the 
COVID-19 ward (n =78) who were categorized as having moderate or critical 
disease. For the majority of patients multiple measurements were done overtime. A) 
CD62L without fNLF in the ER; B) CD62L without fNLF longitudinal; C) CD62L 
with fNLF in the ER; D) CD62L with fNLF longitudinal; E) CD11b without fNLF 
in the ER; F) CD11b without fNLF longitudinal; G) CD11b with fNLF in the ER; 
H) CD11b with fNLF longitudinal. Results of the statistical analysis are shown in 
Table 5.2. Data is represented as individual dots with medians and IQR (ER samples) 
or as individual data points connected with a red line to indicate paired data 
(longitudinal data). 

 
The unexpected low levels of ex-vivo activation markers measured in both COVID-
19 patients and the other patient groups prompted us to test our automatic flow 
method in an experimental set-up of acute inflammation.  The same flow protocol 
was applied to healthy control individuals participating in an experimental 
endotoxemia trial. As can be seen in Figure 6, acute systemic inflammation present 
three hours after LPS challenge leads to upregulation of CD11b when compared to 
pre-challenge levels. This indicates that CD11b expression can be induced in-vivo 
and importantly, fully automated flowcytometry can measure neutrophil activation 
in-vivo.  
 
 

 

 
Figure 6: CD11b expression on neutrophils as measured by the AQUIOS CL® “load 
& go” flow cytometer before (LPS-) and 3 hours after (LPS+) in-vivo LPS 
administration to 18 healthy volunteers. A two-tailed Mann-Whitney test showed a 
P = 0.0001 when comparing LPS- to LPS+. 
 
Association of COVID-19 with the presence of young mature neutrophils in the 
peripheral blood.  
 
Acute inflammatory diseases are normally associated with the presence of young 
neutrophils (banded cells) and neutrophil progenitors in the peripheral blood30,36,37. 
However in COVID-19 patients, the absolute number of promyelocytes in the blood 
of COVID-19 patients did not significantly differ from the number in healthy 
controls (Figure 7A). The number of metamyelocytes  increased slightly with disease 
severity in COVID-19 patients with a significant difference noted between the 
moderate and critical groups (Figure 7C and Table 5.3). However, the amount of 
metamyelocytes was still relatively low in the COVID-19 group compared to 
patients with bacterial infections.  
 
The longitudinal data show normalization of the number of neutrophil progenitors 
with time as the numbers become similar to those found in healthy control 
individuals (Figures 7B and D). 
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Figure 7: Absolute cell counts of neutrophil progenitors gated based on 
CD11b/CD16 expression as measured in the ER and over time (longitudinal). 
Flowcytometric measurements were done in the ER using peripheral blood from 
patients with other diagnoses categorized as bacterial (n = 84) or viral (n = 17) 
infections and COVID-19 patients as a total group (n = 103) and categorized 
according to the WHO classification system for COVID-19 as moderate (n = 10), 
severe (n = 16) or critical (n = 77) disease. A group of healthy controls (n = 23) was  
also included. Longitudinal measurements were done with peripheral blood from 
patients on the COVID-19 ward (n =78) who were categorized as having moderate 
or critical disease. For the majority of patients multiple measurements were done 
overtime. A) Promyelocyte counts in the ER; B) Promyelocyte counts longitudinal; 
C) Metamyelocyte counts on the ER; D) Metamyelocyte counts longitudinal. Results 
of the statistical analysis are shown in table 5.3. Data is represented as individual 
dots with medians and IQR (ER samples) or as individual data points connected with 
a red line to indicate paired data (longitudinal data). 

 

 
Furthermore, these findings coincided with a significantly lower expression of the 
neutrophil maturation marker FcγRIII (CD16) on the total granulocyte population in 
COVID-19 patients, decreasing with higher disease severity, suggesting a neutrophil 
compartment that is younger than normal (Figure 8A). CD16 expression in the group 
with bacterial infections was even lower than the expression in the COVID-19 group, 
indicating that the peripheral neutrophil pool consists of even younger neutrophils in 
bacterial infections. The neutrophil maturation marker CD10 was significantly lower 
in all COVID-19 severity groups (P < 0.02 for all comparisons, Table 5.4) compared 
to controls. However, patients with other bacterial and viral infections showed a 
similar large decrease in CD10. Even after exposure to fNLF, the expression of 
CD10 by neutrophils from COVID-19 and other disease groups stays significantly 
lower compared to healthy controls (Figure 8G). The longitudinal data of CD16 
indicated that expression of this marker slightly increased over time in some patients, 
but generally stayed in the low range (see Figure 8B).   
 
Surprisingly, CD10 expression was low during the early days after onset of COVID-
19 symptoms and continued to stay low after stimulation with fNLF (Figures 8F and 
8H)). CD10 expression generally seemed to normalize with time, although values 
remained relatively low compared to healthy controls.  
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Figure 8: Expression of neutrophil maturation markers CD16 and CD10 in the 
absence and presence of a bacterial stimulus (fNLF, 10 µM) to induce activation, 
as measured in the ER and over time (longitudinal). Flowcytometric measurements 
were done in the ER using peripheral blood from patients with other diagnoses 
categorized as bacterial (n = 84) or viral (n = 17) infections and COVID-19 
patients as a total group (n = 103) and categorized according to the WHO 
classification system for COVID-19 as moderate (n = 10), severe (n = 16) or 
critical (n = 77) disease. A group of healthy controls (n = 23) was also included. 
Longitudinal measurements were done with peripheral blood from patients on the 
COVID-19 ward (n =78) who were categorized as having moderate or critical 
disease. For the majority of patients multiple measurements were done overtime. 
A) CD16 without fNLF in the ER; B) CD16 without fNLF longitudinal; C) CD16 
with fNLF in the ER; D) CD16 with fNLF longitudinal; E) CD10 without fNLF in 
the ER; F) CD10 without fNLF longitudinal; G) CD10 with fNLF in the ER; H) 
CD10 with fNLF longitudinal. Results of the statistical analysis are shown in Table 
5.4. Data is represented as individual dots with medians and IQR (ER samples) or 
as individual data points connected with a red line to indicate paired data 
(longitudinal data). 
 
Multidimensional analysis of the complete dataset.  
 
In data shown thus far, the analysis was one and two-dimensional and was carried 
out by multiple gating. This approach might have missed correlations that were not 
expected. Therefore, we analyzed the complete dataset by the algorithm DAMACY34 
that allows comparison of flowcytometric profiles between individual patients. An 
algorithm was used in the DAMACY analysis to extract putative COVID-19 or other 
disease-specific cellular differences when compared to healthy controls. Based on 
these differences a DAMACY score was calculated. A higher score indicated more 
deviation from healthy control samples. The DAMACY score clearly discriminated 
between healthy controls and infectious diseases including COVID-19 (Figure 9 and 
Table 5.5). However, no significant differences were found between severities of 
COVID-19 nor differences between COVID-19 and other infectious diseases. The 
changes seen in neutrophil marker expression were therefore not COVID-19 
specific, but indicative of the presence of disease in general. 
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the ER; F) CD10 without fNLF longitudinal; G) CD10 with fNLF in the ER; H) 
CD10 with fNLF longitudinal. Results of the statistical analysis are shown in Table 
5.4. Data is represented as individual dots with medians and IQR (ER samples) or 
as individual data points connected with a red line to indicate paired data 
(longitudinal data). 
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Figure 9: Multidimensional analysis of neutrophil characteristics in COVID-19 
patients compared to controls. Based on the differences in neutrophil 
characteristics  in  the presence and absence of fNLF (10 µM) present in COVID-
19 patients patient compared to controls, a DAMACY score is calculated. A higher 
score indicated more deviations in neutrophil marker expression compared to 
healthy controls. DAMACY scores aree shown for healthy controls ( n = 23), 
patients with other diagnoses categorized as bacterial (n = 84) or viral (n = 17) and 
COVID-19 patients as a total group (n = 103) and categorized according to the 
WHO classification system for COVID-19 as moderate (n = 10), severe (n = 16) or 
critical (n = 77) disease.  
  

 

 
Maturation dissociation in systemic infectious disease. 
 
Despite the fact that the overall expression of CD16 was decreased in COVID-19 
patients, no clear CD16dim/CD62Lbright subset was found in these patients suggesting 
a low number of banded cells in the blood of these patients. This is in marked contrast 
to acute inflammatory conditions such as  noted during experimental endotoxemia38–

40 and multitrauma41–43. A low number of banded cells was confirmed by cytospin 
analysis (see Figure 10). In line, no CD16dim/CD10dim  immature  neutrophils (recent 
bone marrow emigrants40) were found in COVID-19 patients, again supporting the 
low numbers of banded cells in the peripheral blood44.  

 
 
Figure 10: Morphology of sorted neutrophils with an overall low CD10 expression 
in the CD16bright/CD62Lbright population. These neutrophils exhibit normal 
mature characteristics with only few neutrophils with a banded nucleus (within 
normal ranges). The cell preparations are from four (1-4) randomly chosen different 
COVID-19 patients. 
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Table 5.1: Statistical analysis of cell counts as measured on hospital presentation. 
Results correspond to the results shown in figure 3 in the main article. Kruskal-
Wallis tests were carried out followed by a post-hoc Dunn’s test with Bonferroni 
correction for multiple comparison. Significance was defined as P < 0.05 (significant 
results are also shown in bold digits). The panels on the left show the results of the 
COVID-19 patients subdivided according to disease severity class, compared to 
healthy controls (HC), patients with bacterial infections and other viral infections. 
The panels on the right show the results of a separate analysis of the COVID-19 
group as a whole compared to healthy controls, patients with bacterial infections and 
other viral infections. 
 

 
 
 
 
 
 
 
 

Total white blood cell count (figure 3A) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 1     Viral 0.0283   
Critical 0.6868 1    Bacterial 0.0000 0.5488  
Viral 0.0240 0.2390 0.2201   HC 1 0.0250 0.0000 
Bacterial 0.0000 0.0015 0.0000 1   

 HC 1 1 1 0.0626 0.0000 
 

Neutrophil count (figure 3B) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 1     Viral 0.1298   
Critical 0.3121 1    Bacterial 0.0000 0.2578  
Viral 0.0388 0.5460 0.8890   HC 0.0700 0.0027 0.0000 
Bacterial 0.0000 0.0022 0.0000 0.6445   

 HC 1 1 0.0611 0.0067 0.0000 
 

Lymphocyte count (figure 3C) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 0.2123     Viral 0.1846   
Critical 0.0168 1    Bacterial 0.5453 0.8034  
Viral 1 1 0.1641   HC 0.0000 0.0100 0.0000 
Bacterial 0.2614 1 0.3203 1   

 HC 1 0.0004 0.0000 0.0251 0.0000 
 

Monocyte count (figure 3D) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 1     Viral 0.0009   
Critical 1 1    Bacterial 0.0000 1  
Viral 0.8199 0.1892 0.0012   HC 1 0.0192 0.0019 
Bacterial 0.6018 0.0772 0.0000 1   

 HC 1 1 1 0.0479 0.0048 
 

 

Table 5.2: Statistical analysis of expression of neutrophil activation markers CD62L 
and CD11b, with or without fNLF stimulation as measured on hospital presentation. 
Results correspond to the results shown in Figure 5 in the main article. Kruskal-
Wallis tests were carried out followed by a post-hoc Dunn’s test with Bonferroni 
correction for multiple comparison. Significance was defined as P < 0.05 (significant 
results are also shown in bold digits). The panels on the left show the results of the 
COVID-19 patients subdivided according to disease severity class, compared to 
healthy controls (HC), patients with bacterial infections and other viral infections. 
The panels on the right show the results of a separate analysis of the COVID-19 
group as a whole compared to healthy controls, patients with bacterial infections and 
other viral infections. 

 
 
 
 
 
 
 

 
 

CD62L fNLF - (figure 5A) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 1     Viral 1   
Critical 1 1    Bacterial 0.0875 0.9812  
Viral 1 1 1   HC 1 1 0.2728 
Bacterial 1 1 0.2351 1   

 HC 1 1 1 1 0.6821 
 

CD62L fNLF + (figure 5C) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 1     Viral 1   
Critical 1 1    Bacterial 0.0166 0.5914  
Viral 1 1 1   HC 0.7560 1 1 
Bacterial 1 0.1711 0.1803 1   

 HC 1 0.8673 1 1 1 
 

CD11b fNLF - (figure 5E) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 1     Viral 0.0060   
Critical 1 1    Bacterial 0.4336 0.0706  
Viral 0.1302 1 0.0127   HC 0.0492 0.0000 0.0023 
Bacterial 1 1 0.8774 0.1764   

 HC 1 0.1390 0.2261 0.0001 0.0057 
 

CD11b fNLF + (figure 5G) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 1     Viral 1   
Critical 1 1    Bacterial 0.1289 0.7877  
Viral 1 1 1   HC 0.0000 0.0000 0.0000 
Bacterial 1 1 0.4272 1   

 HC 0.0001 0.0000 0.0000 0.0000 0.0000 
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Table 5.3: Statistical analysis of neutrophil progenitor counts as based on 
CD11b/CD16 gating of the granulocyte population, as measured on hospital 
presentation. Results correspond to the results shown in Figure 6 in the main article. 
Kruskal-Wallis tests were carried out followed by a post-hoc Dunn’s test with 
Bonferroni correction for multiple comparison. Significance was defined as P < 0.05 
(significant results are also shown in bold digits). The panels on the left show the 
results of the COVID-19 patients subdivided according to disease severity class, 
compared to healthy controls (HC), patients with bacterial infections and other viral 
infections. The panels on the right show the results of a separate analysis of the 
COVID-19 group as a whole compared to healthy controls, patients with bacterial 
infections and other viral infections. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Promyelocyte count (figure 7A) 
 Moderate Severe Critical Viral Bacterial   All COVID-

19 
Viral Bacterial 

Severe 1     Viral 1   
Critical 1 1    Bacterial 0.0118 0.7948  
Viral 1 1 1   HC 1 1 1 
Bacterial 1 1 0.0220 1   

 HC 1 1 1 1 1 
 
 

Metamyelocyte count (figure 7C) 
 Moderate Severe Critical Viral Bacterial   All COVID-

19 
Viral Bacterial 

Severe 0.6662     Viral 0.8994   
Critical 0.0155 1    Bacterial 0.0000 0.2257  
Viral 0.0271 1 1   HC 0.6416 0.2333 0.0001 
Bacterial 0.0000 0.0362 0.0020 0.5643   

 HC 1 1 0.5099 0.5831 0.0001 

 

 

Table 5.4: Statistical analysis of neutrophil maturation markers CD16 and CD10, 
with or without fNLF stimulation as measured on hospital presentation. Results 
correspond to the results shown in Figure 7 in the main article. Kruskal-Wallis tests 
were carried out followed by a post-hoc Dunn’s test with Bonferroni correction for 
multiple correction. Significance was defined as P < 0.05 (significant results are also 
shown in bold digits). The panels on the left show the results of the COVID-19 
patients subdivided according to disease severity class, compared to healthy controls 
(HC), patients with bacterial infections and other viral infections. The panels on the 
right show the results of a separate analysis of the COVID-19 group as a whole 
compared to healthy controls, patients with bacterial infections and other viral 
infections. 
 

 
 
 
 
 
 

CD16 fNLF- (figure 8A) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 1     Viral 1   
Critical 0.0485 0.3876    Bacterial 0.0251 0.6561  
Viral 0.3687 1 1   HC 0.0001 0.0032 0.0000 
Bacterial 0.0046 0.0632 1 1   

 HC 1 1 0.0000 0.0000 0.0000 
 

CD16 fNLF+ (figure 8C) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 1     Viral 1   
Critical 0.0844 0.0291    Bacterial 0.0169 0.1770  
Viral 1 0.7844 1   HC 0.0246 0.3295 0.0000 
Bacterial 0.0103 0.0028 1 0.4425   

 HC 1 1 0.0057 0.8238 0.0001 
 

CD10 fNLF- (figure 8E) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 0.6263     Viral 1   
Critical 1 1    Bacterial 1 1  
Viral 1 1 1   HC 0.0000 0.0000 0.0000 
Bacterial 1 1 1 1   

 HC 0.0191 0.0000 0.0000 0.0001 0.0000 
 

CD10 fNLF+ (figure 8G) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 1     Viral 0.0626   
Critical 1 1    Bacterial 0.4109 0.4238  
Viral 1 0.4412 0.1314   HC 0.0000 0.0000 0.0000 
Bacterial 1 1 0.8457 1   

 HC 0.0003 0.0000 0.0000 0.0016 0.0000 
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Table 5.3: Statistical analysis of neutrophil progenitor counts as based on 
CD11b/CD16 gating of the granulocyte population, as measured on hospital 
presentation. Results correspond to the results shown in Figure 6 in the main article. 
Kruskal-Wallis tests were carried out followed by a post-hoc Dunn’s test with 
Bonferroni correction for multiple comparison. Significance was defined as P < 0.05 
(significant results are also shown in bold digits). The panels on the left show the 
results of the COVID-19 patients subdivided according to disease severity class, 
compared to healthy controls (HC), patients with bacterial infections and other viral 
infections. The panels on the right show the results of a separate analysis of the 
COVID-19 group as a whole compared to healthy controls, patients with bacterial 
infections and other viral infections. 
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Table 5.5: Statistical analysis of the DAMACY score, as calculated based on the 
data retrieved on hospital presentation. Results correspond to the results shown in 
Figure 8 in the main article. Kruskal-Wallis tests were done followed by a post-hoc 
Dunn’s test with Bonferroni correction for multiple comparison. Significance was 
defined as P < 0.05 (significant results are also shown in bold digits). The panels on 
the left show the results of the COVID-19 patients subdivided according to disease 
severity class, compared to healthy controls (HC), patients with bacterial infections 
and other viral infections. The panels on the right show the results of a separate 
analysis of the COVID-19 group as a whole compared to healthy controls, patients 
with bacterial infections and other viral infections. 
 

 
 

  

DAMACY score (figure 9) 
 Moderate Severe Critical Viral Bacterial   All COVID-19 Viral Bacterial 
Severe 1     Viral 0.0835   
Critical 0.8445 1    Bacterial 0.0014 1  
Viral 1 1 0.0815   HC 0.0000 0.0004 0.0000 
Bacterial 1 1 0.0007 1   
HC 0.0007 0.0001 0.0000 0.0009 0.0000 

 

 

Discussion 
 
Several landmark studies6,20,21,45 suggest that the pathogenesis of critical COVID-19 
is mediated by hyperinflammatory processes that can lead to ARDS and death. As 
neutrophils are thought to be main effector cells in classical ARDS, some studies 
aimed to investigate the neutrophil involvement in patients with suspected COVID-
1916. Until now no clear evidence has been published on hyperactivation of the 
neutrophil compartment in COVID-19 patients at hospital presentation, before ICU 
admission. In fact, a recent study applying whole blood transcriptomics shows 
signatures for the presence of immature neutrophils without signs of 
hyperinflammation46.   Furthermore, post-mortem analysis demonstrated hardly any 
influx of neutrophils in the pulmonary tissue, questioning the pathogenesis of the 
ARDS-like clinical presentation seen in COVID-19 patients47. Our study tested the 
hypothesis that the innate immune response during the first 3 days of hospital 
admission was characterized by hyperinflammation. COVID-19 patients showed a 
maturation dissociation characterized by a low CD10/CD16 expression of all blood 
neutrophils, even on cells with no banded nucleus. This coincided with a low 
expression of activation markers, which argued against activation of the neutrophil 
compartment at the time point of clinical admission. Much to our surprise, patients 
with other types of infection exhibited a similarly low neutrophil activation signature 
on hospital presentation. This might be explained by the fact that our new, automated 
and fast method to measure neutrophil activation markers does not detect artificial 
activation during presence in the blood collection tube28. In our previous research we 
showed aspecific activation of neutrophils during prolonged (>30 min) presence in 
a blood tube28. The sensitivity of this artificial activation might be more prominent 
for cells that are primed by disease in-vivo. This situation is completely different 
during acute inflammation associated with the presence of banded neutrophils such 
as that found after LPS challenge30 and during severe trauma10. During acute 
inflammation a clear induction of CD11b expression was found10 (also see Figure 
6). It is tempting to speculate that the difference between acute and more chronic 
inflammation might be caused by homing of activated cells to the tissues48,49. Our 
longitudinal data is also suggestive of this. Upon presentation at the ER, neutrophils 
from COVID-19 patients were characterized by a young (CD10dim/CD16dim) 
population with a low activation phenotype (CD11bdim/CD62Lhigh). It is tempting to 
speculate that activated mature cells may have migrated to the tissues leaving behind 
relatively young non-activated neutrophils, a situation also found in trauma 
patients49. Interestingly, this situation seemed to normalize with time as the patients 
recovered, leading to a counterintuitive activation of the neutrophil compartment 

Chapter 4

112
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a blood tube28. The sensitivity of this artificial activation might be more prominent 
for cells that are primed by disease in-vivo. This situation is completely different 
during acute inflammation associated with the presence of banded neutrophils such 
as that found after LPS challenge30 and during severe trauma10. During acute 
inflammation a clear induction of CD11b expression was found10 (also see Figure 
6). It is tempting to speculate that the difference between acute and more chronic 
inflammation might be caused by homing of activated cells to the tissues48,49. Our 
longitudinal data is also suggestive of this. Upon presentation at the ER, neutrophils 
from COVID-19 patients were characterized by a young (CD10dim/CD16dim) 
population with a low activation phenotype (CD11bdim/CD62Lhigh). It is tempting to 
speculate that activated mature cells may have migrated to the tissues leaving behind 
relatively young non-activated neutrophils, a situation also found in trauma 
patients49. Interestingly, this situation seemed to normalize with time as the patients 
recovered, leading to a counterintuitive activation of the neutrophil compartment 
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characterized by a rise in CD11b expression and a lower expression of CD62L 
(Figures 5B and 5F). Also, an increase in cellular age was detected (higher CD10 
expression).  
 
The approach employed in this study also led to the surprising finding that the 
pathogenesis of COVID-19 before admission to the ICU is characterized by the 
occurrence of CD10 low cells in the absence of increased activation markers on 
neutrophils. This seems in marked contrast to the literature suggesting the presence 
of hyperinflammation in COVID-19 patients that is associated with a cytokine storm, 
resulting in excessive innate immune activation. These seemingly contradictory 
findings can be explained by various published results. First of all, several studies 
describing evidence of hyperinflammation in COVID-19 pooled their pre- and post-
ICU data. Data post-ICU are compromised by tissue damage associated with 
ventilation and processes associated with ischemia and reperfusion injury caused by 
thromboembolic events associated with COVID-19. In addition, data are influenced 
by the treatment received in the ICU such as invasive ventilation, central catheters, 
dialysis and inotropic support. Neutrophils are known to become systemically 
activated under these conditions50,51. Secondly, neutrophils become primed during 
systemic inflammatory disease, causing them to be hyper-responsive for ex-vivo 
manipulation resulting in high artificial expression of activation markers. Our flow 
method is much less sensitive to these ex-vivo artifacts compared to most 
flowcytometric methods used in other articles28. Thirdly, the data on systemic 
cytokines in COVID-19 is not unambiguously supportive for a cytokine storm 
leading to systemic activation of innate immune cells6,20,52,53. Significant decreases 
in neutrophil maturation markers were seen (CD10 and CD16) in COVID-19 patients 
in the complete neutrophil compartment in the peripheral blood. Remarkably, no 
increase in the number of CD16dim banded cells was detected such as that found 
under conditions of acute inflammation38,40–42. This indicated that the overall 
neutrophil compartment was younger and that the decrease in maturation markers 
was not due to the mobilization of a specific neutrophil subset into the blood but 
rather a shift of the total population. This hypothesis was supported by the finding 
that all neutrophils in all COVID-19 patients were very low in expression of CD10 
irrespective of disease severity. It is important to emphasize that the CD10 protein is 
also present on the inside of the cells as it is upregulated by activation by a formyl-
peptide, albeit significantly lower in COVID-19 and other diseases than in 
neutrophils of healthy controls (Figures 8E and 8G). This indicates that CD10 is 
probably present in low amounts (on the surface and in storage pools) in blood 
neutrophils during COVID-19 and other infectious diseases, possibly because of an 
altered or accelerated maturation process. Since the healthy controls are relatively 

 

young compared to the patients included in this study, it is important to emphasize 
that the expression of nCD10/neprilysin on neutrophils measured by automated flow 
cytometry is not dependent on the age of the donor28,59. 
 
Expression of CD10/neprilysin is high as seen in neutrophils in healthy control blood 
(Figure 8E and Marini et al.54). Interestingly, the low expression of neutrophil CD10 
is already present at the start of the COVID-19 symptoms (Figure 8F). As we have 
only sampled COVID-19 patients who presented in the hospital, the possibility exists 
that low CD10 expression during onset of the disease is associated with deterioration 
and hospitalization. It can possibly be used as a discriminator between more benign 
disease course and deterioration of disease. It is, therefore, critical to study neutrophil 
CD10 expression in a future cohort of COVID-19 patients positive for SARS-CoV-
2 by PCR who are asymptomatic or have mild disease.  
 
Based on our findings and conflicting studies in literature, hyperinflammation does 
not seem to be a dominant feature found in symptomatic COVID-19 patients at 
hospital presentation. This view is supported by a recent meta-analysis that leads to 
the conclusion that the pathogenesis of COVID-19 is not mediated by a significant 
cytokine storm60. However, it could be that (hyper)inflammation is the consequence 
of severe/critical illness in general and ICU admission. This might also lead to local 
activation of neutrophils and induction of netosis in the lung61,62. Pulmonary edema 
and thromboembolic complications seem to be the main reason for clinical 
deterioration of disease in SARS-CoV-2-infected patients. It has been suggested that 
the low expression of the ACE2 receptor caused by viral entry in ACE2+ cells55 is 
involved in both COVID-19-related hypercoagulopathy and pulmonary edema. Less 
available ACE2 on the cell surface due to consumption by viral entry and thus lower 
inactivation of bradykinin1-9 may result in increased bradykinin1-9 plasma 
concentrations, subsequently causing vascular leakage, angioedema and 
inflammation53. In addition, lack of ACE2 might be involved in the thrombotic 
complications observed in COVID-19 patients22. In parallel with the ACE2-
mediated breakdown, bradykinin1-9 can also be metabolized by CD10 (neprilysin)24 
which is a well-known maturation and activation marker expressed by neutrophils56. 
Here, we speculate that the low expression of CD10 on neutrophils obtained during 
severe systemic disease, might be of particular relevance for COVID-19 patients as 
the airways are specifically devoid of ACE2 expression caused by viral entry57,58. In 
this situation CD10 on neutrophils might become rate-limiting for sufficient 
inactivation of bradykinin, whereas during ‘normal’ inflammatory diseases, ACE2 
can take over. In this study, we showed a clear decrease in the CD10 receptor on 
neutrophils in all COVID-19 severity groups that are admitted to the hospital, 
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indicating that decreased CD10 on neutrophils might be involved in the 
compromised bradykinin pathway in COVID-19 patients. 
 
This study was limited by the inability to obtain blood from age-matched healthy 
controls due to the restrictions imposed by COVID-19. It could be that some of the 
data we have shown is affected  by difference in age between the study groups. 
However, we have investigated similar neutrophil activation markers in previous 
studies and found no difference in baseline expression levels between ages59. 
Furthermore, we state that there is no neutrophil activation in COVID-19 patients at 
presentation. This study entails neutrophil activation measured only in the peripheral 
blood with limited number of markers. It is possible that neutrophils are activated in 
the tissues (e.g., lung tissue), which cannot be investigated without invasive 
lung/tissue biopsies. It could also be that there was neutrophil activation in the 
peripheral blood, but that this did not result in neutrophil surface receptor (CD11b 
and CD62L) changes. This study also did not investigate the possible role of  netosis 
in COVID-19 patients and the disease pathology, a concept that has been put forward 
in COVID-19 literature61.62.   
 
The putative absence of hyperinflammation in COVID-19 patients is important in 
the understanding of the pathophysiology of COVID-19 and possible treatment 
options. No trials focused on specific inhibition of inflammation have shown 
efficacy in the treatment of COVID-19 patients outside the ICU21. Candidates for the 
treatment of COVID-19 should therefore aim to prevent pulmonary edema and/or 
thromboembolic complications. The success of dexamethasone treatment in oxygen-
dependent COVID-19 patients might be explained by its clear vasoconstrictive 
effects, in addition to its anti-inflammatory effects63. Assuming the therapeutic effect 
of the vasoconstrictive ability of dexamethasone, additional therapeutic 
opportunities might still lie in  influencing the neutrophil compartment, as the CD10 
expression on neutrophils is possibly important in the pathophysiology of severe 
COVID-19 disease. 

 

  

 

Conclusion 
 
COVID-19 severity is associated with a maturation dissociation in the neutrophil 
compartment, characterized by a release into the peripheral blood of neutrophils with 
a low CD16 and CD10 expression. The younger neutrophils and the lack of 
expression of the CD10 receptor might be involved in the compromised bradykinin 
pathway in COVID-19 patients. However, neutrophil cell counts are not increased 
by a SARS-CoV-2 infection and no signs of increased activation nor 
hyperinflammation is demonstrated in the neutrophil compartment in the peripheral 
blood at hospital admission. This indicates that hyperinflammation, determined by 
leukocyte (progenitor) numbers and the expression of neutrophil activation markers,  
is not present at hospital admission of COVID-19 patients. 
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Abstract 
Objectives 
A high incidence of pulmonary embolism (PE) is reported in patients with critical Corona Virus Disease 
2019 (COVID-19). Neutrophils may contribute to this through a process referred to as 
immunothrombosis. The aim of this study was to investigate the occurrence of neutrophil 
subpopulations in blood preceding the development of COVID-19 associated PE.  
 
Methods 
We studied COVID-19 patients admitted to the ICU of our tertiary hospital between 19-03-2020 and 
17-05-2020. Point-of-care fully automated flow cytometry was performed prior to ICU admission, 
measuring the neutrophil activation/maturation markers CD10, CD11b, CD16 and CD62L. Neutrophil 
receptor expression was compared between patients who did or did not develop PE (as diagnosed on 
CT angiography) during or after their ICU stay. 
 
Results 
Among 25 eligible ICU patients, 22 subjects were included for analysis, of whom nine developed PE. 
The median (IQR) time between neutrophil phenotyping and PE occurrence was 9 (7-12) days. A 
significant increase in the immune-suppressive neutrophil phenotype CD16bright/CD62Ldim was 
observed on the day of ICU admission (p=0.014) in patients developing PE compared to patients who 
did not.  
 
Conclusion 
The increase in this neutrophil phenotype indicates that the increased number of CD16bright/CD62Ldim 
neutrophils might be used as prognostic marker to predict those patients that will develop PE in critical 
COVID19 patients. 
  

 

Introduction 
 
Various studies reported a remarkably high incidence of pulmonary embolisms (PE) 
and deep venous thrombosis in patients with Corona Virus Disease 2019 (COVID-
19) admitted to the Intensive Care Unit (ICU) (25% to 31%) despite adequate 
thrombosis prophylaxis1,2. Neutrophils can contribute to pathologic venous and 
arterial thrombosis by a process called 'immunothrombosis'3,4. Immunothrombosis is 
a process were a thrombus is formed by fibrin, erythrocytes and immune cells 
(mainly neutrophils)5. Markers associated with elevated Neutrophil Extracellular 
Traps (NET) formation have been found in severe COVID-19 patients that correlated 
with disease severity and thrombosis. These data indicate neutrophil involvement6,7, 
although a dominant role of neutrophil dysfunction in early severe COVID-19 has 
recently been refuted. As shown by previous research, a specific neutrophil subset 
of CD62Llow neutrophils is more prone to form NET-like structures8,9. To study the 
role of the innate immune system in coagulopathy, we investigated the presence of 
neutrophil phenotypes and the expression of neutrophil activation markers/adhesion 
receptors in COVID-19 patients. The purpose of this study was to explore whether 
changes in the neutrophil compartment measured by fully automated flowcytometry 
are associated with the development of PE in COVID-19 patients. 
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Methods 
 
A cohort study was performed, which included ICU patients aged 18-years or older 
with proven COVID-19 who were presented in the University Medical Center 
Utrecht from 19-03-2020 till 17-05-2020. Patients were excluded if they 1) were 
receiving therapeutic heparin because of thrombosis in other places than the lung; 2) 
had a medical condition (e.g. leukemia, stem cell transplantation) or were using 
medication affecting neutrophils (e.g. systemic chemotherapy, azathrioprine). Study 
groups were formed based on whether or not patients developed PE during ICU 
admission. The last blood sample available for flowcytometry analysis before ICU 
admission was analyzed. For this study, a waiver for an informed consent procedure 
was provided by the institutional medical ethics committee under protocol number 
20-284/C. In addition, in line with the academic hospital policy, an opt-out procedure 
was in place for the use of patient data for research purposes. All procedures 
performed in this study were in accordance with the 1964 Helsinki declaration and 
its later amendments. 
 
Study procedure 
 
In addition to the standard-of-care laboratory tests, an 4 mL or 9 mL Vacutainer® 

sodium heparin blood tube (Greiner Bio-One, Kremsmünster, Austria) was drawn10. 
The blood tube was placed in the automated AQUIOS CL® “Load & Go” flow 
cytometer (Beckman Coulter, Miami, FL, USA), which combines automated sample 
preparation with automated single-cell analysis using flow cytometry11.  
 
The blood tube was placed in the automated AQUIOS CL® “Load & Go” flow 
cytometer (Beckman Coulter, Miami, FL, USA), which combines automated 
samples preparation with automated single-cell analysis using flow cytometry. A 
cassette filled with blood tubes is placed in the machine and the device reads the 
barcodes on the blood tubes and automatically mixes and pipets the blood and 
proceeds with antibody staining. After 15 min of incubation, 335 μl of lysing reagent 
A is added to lyse the blood cells, followed by 100 μl of lysing reagent B which 
slows the reaction caused by reagent A and preserves the white blood cells. Finally, 
the prepared sample is aspirated for analysis. Absolute leukocyte count is based on 
an electronic-volume measurement.  
 
For this research purpose, a customized antibody mix was made and tested in the 
absence and presence of the bacterial/mitochondrial-derived stimulus N-

 

Formylnorleucyl-leucyl-phenylalanine (fNLF) (BioCat GmbH, Heidelberg, 
Germany) with an end concentration of 10-5M. The antibody panels consisted of 
CD16-FITC (clone 3G8, Beckman Coulter, Miami, FL, USA), CD11b-PE (clone 
Bear1, Beckman Coulter), CD62L-ECD (clone DREG56, Beckman Coulter) and 
CD10-PC5 (clone ALB1, Beckman Coulter).  
 
Analysis of flow cytometry data 
 
For in-depth analysis, data files were exported from the AQUIOS CL® and imported 
into FlowJo® analysis software (Tree Star Inc., Ashland, OG, USA). Based on 
forward scatter and side scatter, polymorphonuclear leukocytes were gated. 
Eosinophils were identified and excluded from the polymorphonuclear leukocytes 
gate, based on CD16/CD62L expression. Hereafter,, neutrophil markers were 
analyzed in both the absence and presence of fNLF (10 µM), to analyze resting and 
activated neutrophils, respectively. Phenotypes of neutrophils were identified by the 
expression of CD16 and CD62L as described in detail before12.  
 
Clinical data 
 
Baseline characteristics including age, sex, body mass index (BMI), 
immunocompromised (according to the International Classification of Disease 9th 
revision), history of thrombotic disease (including DVT, PE, factor V Leiden, 
thrombosis due atrial fibrillation) and cardiovascular diseases (including 
hypertension, diabetes mellitus, cerebrovascular accident, myocardial infarction, 
peripheral artery and venous disease, aneurysms), and pre-hospital maintenance 
anticoagulation therapy and thromboprophylaxis during hospital stay (Direct Oral 
Anticoagulant (DOAC), Antiplatelet drug, vitamin K antagonist, Low Molecular 
Weight Heparin (LMWH)). At day of sample drawn, clinical values were collected 
at the time the patient needed the most oxygen support therapy. The following values 
of vital functions and laboratory were retrieved: Fraction of inspired oxygen (FiO2) 
(%), respiratory rate (/min), pulse rate (/min), systolic blood pressure (mmHg), 
diastolic blood pressure (mmHg), temperature (°C), laboratory values CRP (g/L), 
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defects in lobar, segmental and/or subsegmental pulmonary arteries. PE was 
considered absent in all other cases (i.e. either negative findings on CTA or no 
imaging performed). Medical conditions affecting neutrophils were defined 
according to the International Classification of Disease 10th revision. The 
development of acute kidney injury (AKI) was defined as having at least stage 2 of 
kidney injury, based on the AKIN classification13. 
 
Statistical analysis 
 
Baseline characteristics and neutrophil receptor expression were compared between 
patients wo developed PE and patients who did not. The worst measured daily 
clinical parameters were used for analysis. Continuous data was shown as median 
with interquartile range(IQR). Fisher’s Exact/chi-squared test and Mann-Whitney U 
test were used for dichotomous and continuous data, respectively. Statistical 
significance was defined as a p-value < 0.05. All data were analyzed with Stata® 
version 13.0 (StataCorp LP, College Station, TX, USA) and GraphPad Prism version 
7 (GraphPad software inc., San Diego, CA, USA) was used for data visualization. 
 

Results and discussion 
 
A total of 26 patients (PCR positive for SARS-CoV-2) were initially admitted to the 
COVID19 ward at the UMC Utrecht and later transferred to the ICU. After 
exclusion, 22 unique patients were included for further analyses (figure 1). All 
patients were receiving LMWH thromboprophylaxis (dalteparin sodium) according 
to the hospital guidelines for thromboprophylaxis from the first day of hospital 
admission based on the Padua Prediction Score14. Nine (41%) patients developed a 
PE, of whom two patients developed larger embolisms (one saddle embolism and 
one central embolism) and seven patients developed smaller embolisms (two 
subsegmental, one segmental and four both segmental and subsegmental). Two 
patients developed an additional thrombotic complication during therapeutic 
coagulation therapy with heparin: one patient developed an ischemic stroke 11 days 
after PE and one patient a deep venous thrombosis four days after PE. The percentage 
of PE development in our cohort (41%) is relatively high compared to other studies 
investigating PE development at the ICU, where prevalence of 20-30% were 
shown15–17.  
 

 

 
 
Figure 1: Flowchart of patient inclusion 
 
Baseline characteristics, clinical parameters at the day of blood sample analysis and 
clinical outcomes are shown in table 1. Patients who developed a PE had 
significantly lower BMI compared to patients who did not develop a PE ( 23.8 (20.4-
28.0) vs. 31.9 (30.7-37.5) kg//m2; respectively P<0.001)15. Furthermore, patients 
who developed a PE during ICU admission developed AKI more frequently than 
patients who did not develop PE (6/9 (67%) vs. 0/13 (0%); p = 0.001). Several 
studies showed a high incidence of AKI in patients with COVID-1918–20, only limited 
evidence is available on the correlation with pulmonary embolisms. Only one 
Chinese postmortem study found fibrin deposits in glomerular loops, supporting the 
concept that AKI might be caused by coagulation dysregulation and microcirculatory 
dysfunction21.  
  

Chapter 5

130



defects in lobar, segmental and/or subsegmental pulmonary arteries. PE was 
considered absent in all other cases (i.e. either negative findings on CTA or no 
imaging performed). Medical conditions affecting neutrophils were defined 
according to the International Classification of Disease 10th revision. The 
development of acute kidney injury (AKI) was defined as having at least stage 2 of 
kidney injury, based on the AKIN classification13. 
 
Statistical analysis 
 
Baseline characteristics and neutrophil receptor expression were compared between 
patients wo developed PE and patients who did not. The worst measured daily 
clinical parameters were used for analysis. Continuous data was shown as median 
with interquartile range(IQR). Fisher’s Exact/chi-squared test and Mann-Whitney U 
test were used for dichotomous and continuous data, respectively. Statistical 
significance was defined as a p-value < 0.05. All data were analyzed with Stata® 
version 13.0 (StataCorp LP, College Station, TX, USA) and GraphPad Prism version 
7 (GraphPad software inc., San Diego, CA, USA) was used for data visualization. 
 

Results and discussion 
 
A total of 26 patients (PCR positive for SARS-CoV-2) were initially admitted to the 
COVID19 ward at the UMC Utrecht and later transferred to the ICU. After 
exclusion, 22 unique patients were included for further analyses (figure 1). All 
patients were receiving LMWH thromboprophylaxis (dalteparin sodium) according 
to the hospital guidelines for thromboprophylaxis from the first day of hospital 
admission based on the Padua Prediction Score14. Nine (41%) patients developed a 
PE, of whom two patients developed larger embolisms (one saddle embolism and 
one central embolism) and seven patients developed smaller embolisms (two 
subsegmental, one segmental and four both segmental and subsegmental). Two 
patients developed an additional thrombotic complication during therapeutic 
coagulation therapy with heparin: one patient developed an ischemic stroke 11 days 
after PE and one patient a deep venous thrombosis four days after PE. The percentage 
of PE development in our cohort (41%) is relatively high compared to other studies 
investigating PE development at the ICU, where prevalence of 20-30% were 
shown15–17.  
 

 

 
 
Figure 1: Flowchart of patient inclusion 
 
Baseline characteristics, clinical parameters at the day of blood sample analysis and 
clinical outcomes are shown in table 1. Patients who developed a PE had 
significantly lower BMI compared to patients who did not develop a PE ( 23.8 (20.4-
28.0) vs. 31.9 (30.7-37.5) kg//m2; respectively P<0.001)15. Furthermore, patients 
who developed a PE during ICU admission developed AKI more frequently than 
patients who did not develop PE (6/9 (67%) vs. 0/13 (0%); p = 0.001). Several 
studies showed a high incidence of AKI in patients with COVID-1918–20, only limited 
evidence is available on the correlation with pulmonary embolisms. Only one 
Chinese postmortem study found fibrin deposits in glomerular loops, supporting the 
concept that AKI might be caused by coagulation dysregulation and microcirculatory 
dysfunction21.  
  

5

Pulmonary embolisms in COVID-19

131



Table 1: Differences between characteristics in COVID-19 patients who did and did not 
develop a pulmonary embolism. 

 No pulmonary 
embolism 

n = 13 

Pulmonary embolism 
n = 9 

p-value 

Baseline characteristics 
Age, yr 69.4 (65.8, 73.7) 59.2 (51.4, 60.7) 0.066 
Gender, (m/f) 8/5 (62%/38%) 4/5 (57%/43%) 1.00 
BMI , kg/m2 31.9 (30.7, 37.5) 23.8 (20.4, 28.0) <0.001 
Hypertension 6 (46%) 2 (22%) 0.69 
Diabetes mellitus 3 (23%) 1 (11%) 1.00 
History of thrombotic disease 0 (0%) 1 (11%) 1.00 
History of cardiovascular disease 11 (85%) 5 (56%) 0.18 
Maintenance anticoagulation therapy pre-
hosptial 

8 (62%) 2 (22%)  

 Vitamin K antagonist 4 (31%) 2 (22%)  
 Antiplatelet drug 3 (23%) 0 (0%)  
 Direct Oral Anticoagulant 1 (8%) 0 (0%)  
 No therapy 5 (38%) 7 (78%)  
Thromboprophylaxis during admission 13 (100%) 9 (100%)  
 LMWH 7 (54%) 8 (89%)  
 LWMH + antiplatelet drug 4 (31%) 1 (11%)  
 Vitamin K antagonist 2 (15%) 0 (0%)  
Time in hospital before ICU admission, days 2 (0, 3) 2 (1, 5) 0.38 

Clinical parameters at the day of blood sample analysis 
FiO2, % 90 (60, 90) 90 (90, 90) 0.21 
Respiratory rate, /min 31 (26, 35) 30 (26, 35) 0.91 
Systolic blood pressure, mmHg 135 (121, 152) 130 (120, 138) 0.57 
Diastolic blood pressure, mmHg 79 (67, 99) 80 (77, 90) 0.86 
Heartrate, beats per minute 98 (82, 110) 85 (81, 97) 0.25 
Temperature, °C 38.4 (37.7, 39.1) 38.0 (37.4, 39.0) 0.44 
Arterial saturation, % 95 (90, 97) 94 (92, 98) 0.75 

Clinical Outcomes      

Mortality 2 (15%) 1 (11%)  
Acute kidney failure during ICU admission 0 (0%) 6 (67%) 0.001 
Data are presented as median (IQR) or number (%).  
Abbreviations: IQR = interquartile range, yr = year, LWMH = light molecular weight heparin, FiO2 = fraction of 
inspired oxygen  
Percentage of missing values: FiO2 – 5%; Respiratory rate – 5%; Systolic blood pressure – 5%; Diastolic blood 
pressure – 5%; Heartrate – 9%; Arterial saturation – 18%; all others: no missing values. 

 
 
 

 

Results of the analysis of blood samples prior to admittance to the ICU are shown in 
table 2. Both study groups were characterized by a median stay of 2 days at the 
COVID19 ward before ICU admission. The median number of days from collection 
of the blood sample until the development of PE was 9 (7-12) days. C-reactive 
protein (CRP) was significantly higher in the PE group compared to the non-PE 
group (p = 0.003; Table 1). This was in line with other studies also describing a 
higher CRP in patients developing PE15–17.  
 

  

Table 2: Differences between blood samples prior to admittance to the ICU in 
COVID-19 patients.  

 No pulmonary embolism 
n = 13 (%) 

Pulmonary embolism 
n = 9 (%) 

p-value 

Samples 13 (100%) 9 (100%)  
Time from blood sample until ICU 
admission, days 

0 (0, 0) 0  (0, 1) 0.47 

Time from blood sample until 
diagnosis of PE, days 

  9 (7, 12)  

      
tWBC, x106/mL 6.7 (5.6, 8.2) 8.3 (7.2, 10.6) 0.07 
Granulocyte count, x106/mL 5.8 (5.4, 7.8) 7.4 (6.1, 9.7) 0.09 
Neutrophil count, x106/mL 5.8 (5.2, 7.8) 7.4 (6.1, 9.6) 0.09 
Eosinophil count, x104/mL 4.3 (2.1, 7.1) 2.5 (1.6, 5.3) 0.19 
Lymphocyte count, x106/mL 0.56 (0.48, 0.67) 0.59 (0.45, 0.79) 0.51 
Monocyte count, x106/mL 0.21 0.19, 0.33) 0.23 (0.17, 0.35) 0.83 
CRP, g/L 122 (100, 170) 255  (160, 283) 0.003 
Data are presented as median (IQR) or number (%).  
Abbreviations: IQR = interquartile range, CRP = C-reactive protein, tWBC = total white blood cell 
count.  
Percentage of missing values: CRP – 9%; Total leukocyte count – 9%; all others: no missing values. 
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Neutrophil phenotypes were gated based on CD62L and CD16 expression, as 
described before10,12. Gating strategy of CD16/CD62L neutrophil plots are shown in 
figure 2.   
 

 
Figure 2: Gating strategy as performed in FlowJo® analysis software. The fNLF- 
and fNLF+ samples were separately analyzed. For both samples a forward- and side 
scatter plot was first made to set gates for the lymphocyte- monocyte- and PMN 
populations (left plot). In the right plot, the CD16/CD62L expression of the PMN 
population is displayed. Gates were set to distinguish four populations based on 
expression of CD16 and CD62L as described before (Pillay et al. 2012). 
 
As can be seen in figure 3A-B, the median fluorescent intensity (MFI) of neutrophil 
markers CD11b and CD10 did not differ between study groups. In both groups, no 
differences in responsiveness to fNLF were found (figure 3A-B). The overall 
younger CD16dim/CD62Lbright neutrophils with a banded shaped nucleus were not 
different between the groups (figure 3C). In contrast, a statistically significant 
increase in CD16bright/CD62Ldim was observed in the PE group compared to the non-
PE group (p = 0.014; Figure 3E) several days before the development of PE.  
 
 
 
 

 

 
Figure 3: Differences in neutrophil receptor expression between COVID-19 
patients who did and did not develop pulmonary embolism during hospital 
admission. Expression of neutrophil markers CD11b (A) and CD10 (B) with and 
without in-vitro addition of a bacterial stimulus (10 µM fNLF). Neutrophil 
phenotypes based on the markers CD16/CD62L in whole blood: C) 
CD16dim/CD62Lbright cells; D) CD16bright/CD62Lbright cells; and E) 
CD16bright/CD62Ldim cells. Abbreviations: AU = arbitrary units, PE = pulmonary 
embolism, fNLF = N-Formylnorleucyl-leucyl-phenylalanine. 
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Figure 4 visually shows the difference between a patient who develops a pulmonary 
embolism compare to a patient who did not. Example plots are shown of 2 different 
patients at the emergency department, -1 day before ICU admission and at the day 
of ICU admission. It is clear that the most CD16bright/CD62Ldim neutrophils are 
present at the day of ICU admission.   
 

 
 
Figure 4: Increase of CD16bright/CD62Ldim neutrophils in the blood of a patient 
developing PE during hospital admission. This figure shows a representative 
difference in the occurrence of CD16bright/CD62Ldim neutrophils  between a patient 
who developed a pulmonary embolism (A) compared  to a patient who did not (B). 
The data are obtained at the emergency department, -1 day before ICU admission 
and at the day of ICU admission.  
 
Causation is difficult to establish but their mere presence in the peripheral blood is a 
very promising predictor for development of PEs in COVID-19. On the other hand, 
these CD16dim/CD62Lbright neutrophils might be causally involved in the 
pathogenesis of COVID-19 due to their putative role in immunotrombosis6,7,22. Their 
low expression of L-selectin (CD62L) might result in a lowered capacity for cell 
adhesion to the endothelial wall, which might lead to an increased dwelling time in 
the vasculature. The increased dwell time and their increased propensity for 
undergoing cell death, including NETosis, can then facilitate to the development of 
PE in COVID-196,7,22. Previous studies have indeed shown that NETosis is important 
for in immunothrombosis and correlates with the development of PE in COVID-19 

 

patients6,7,22. However, further research with increased sample sizes is required and 
longitudinal data are needed to investigate the role of neutrophils in the pathogenesis 
of PE in COVID-19. 
 

Conclusion 
 
In conclusion, this study is the first to investigate a role  of neutrophils in the 
development of PE in COVID-19 patients. The increase of CD16bright/CD62Ldim 
neutrophils might possibly provide the missing link between altered hemostasis and 
malfunction of the immune system in the pathogenesis of PE in critical COVID-19 
patients.  
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Abstract 
Background 
Neutrophils and monocytes are key immune effector cells in inflammatory bowel disease (IBD) that 
is associated with chronic inflammation in the gut. Patients with stable IBD who perform exercise 
have significantly fewer flare-ups of the disease, but no underlying mechanism has been identified. 
Therefore, the aim of this study was to compare the responsiveness/refractoriness of these innate 
immune cells after repeated bouts of prolonged exercise in IBD patients and controls. 

Methods 
Patients with IBD and age- and gender-matched healthy controls were recruited from a cohort of 
walkers participating in a 4-day walking event. Blood analysis was performed at baseline and after 3 
days of walking. Responsiveness to the bacterial/mitochondrial-stimulus N-Formylmethionine-leucyl-
phenylalanine(fMLF) was tested in granulocytes and monocytes by measuring the expression of 
activation markers after adding this stimulus to whole blood 

Results 
In total 38 participants (54±12 years) were included in this study: 19 walkers with and 19 walkers 
without IBD. After 3 days of prolonged exercise, a significant increase in responsiveness to fMLF 
was observed in all participants irrespective of disease. However, IBD patients showed significantly 
less responsiveness in neutrophils and monocytes, compared to non-IBD walkers.  

Conclusions 
Increased responsiveness of neutrophils and monocyte to fMLF was demonstrated after repetitive 
bouts of prolonged exercise. Interestingly, this exercise was associated with relative refractoriness of 
both neutrophils and monocytes in IBD patients. These refractory cells might create a lower 
inflammatory state in the intestine providing a putative mechanism for the decrease in flare-ups in 
IBD patients after repeated exercise   

 

Introduction 
 
Inflammatory bowel disease (IBD) is a chronic active inflammatory condition of the 
digestive tract. It includes both Crohn's disease, which can affect all parts of the 
digestive system, and ulcerative colitis, which mainly affects the colon and rectum1. 
IBD is caused by an imbalance in the three major components that contribute to gut 
homeostasis: the tissue, intestinal microbes, and immune cells2,3. During intestinal 
inflammation, intestinal cells, monocyte-derived macrophages and T helper 17 cells 
stimulate the recruitment of polymorphonuclear leukocytes (PMN) and monocytes 
through production of chemokines and cytokines2,4,5. The resulting gradients of these 
mediators stimulate massive amounts of blood PMNs and monocytes to transverse 
the endothelium and reach the lamina propria of the intestinal tract, where PMNs and 
monocytes contribute to the inflammation2,6,7.  
 
Exercise has a beneficial effect on IBD, likely by changing the three major 
components that contribute to gut homeostasis (epithelium, intestinal microbes, and 
immune cells)8–10. A large observational study showed that patients with stable IBD 
were significantly less likely to develop active disease in six months when 
undertaking activities11. However, the underlying pathophysiologic mechanisms 
have not been elucidated.   
 
Several studies have shown an altered cellular adaptive immune response (T-cell 
changes, Natural killer cell activity, salivary IgA production), cytokine production 
(IL6, IL8, IL10)  and innate immune responses (granulocyte cell count, granulocyte 
respiratory burst, neutrophil/lymphocyte ratio and macrophage activity) for several 
hours to days, during recovery from prolonged exercise12–15. However, repeated 
bouts of prolonged moderate exercise result in acute inflammation the first day, 
followed by a normalization/adaptation of the immune response every consecutive 
day15.  
 
PMNs and monocytes play a critical role in the pathophysiology of IBD2,16,17. 
Responsiveness/refractoriness of PMNs and monocytes can be tested by in-vitro, 
adding the bacterial/mitochondrial stimulus N-Formylmethionine-leucyl-
phenylalanine (fMLF)18–20. Testing the responsiveness of innate immune cells to 
fMLF is valuable to the understanding of functional cellular activity in several 
diseases21–23. It is known that cellular responsiveness to fMLF is significantly 
increased in patients with IBD flare-ups24. Testing PMN and monocyte 
responsiveness to fMLF might help in understanding the role of PMNs and 
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monocytes in exercise immunology. Therefore, the aim of this study was to compare 
the responsiveness of these innate immune cells after repeated bouts of prolonged 
exercise in IBD patients and controls. 
 

Methods  
 
Study population  
 
A total of 19 patients with IBD were included in the study. Inclusion criteria for all 
IBD patients were age ≥18 years and diagnosis of Crohn’s disease or ulcerative 
colitis made by a gastroenterologist. IBD patients were not included when they used 
specific biologicals (infliximab, adalimumab, golimumab, ustekinumab) as these 
might change the immune respons All patients completed a distance of 30, 40 or 50 
km per day on three consecutive days at a self-selected pace. As a control group, a 
total of 19 age- and gender-matched healthy controls were recruited who also 
underwent the same repeated exercise bouts. This study was approved by the 
Medical Ethical Committee region Arnhem-Nijmegen (CMO registration number: 
2019-5375) and was registered at trialregister.nl as NL7872. All participants 
provided written informed consent prior to participation. This study was conducted 
in accordance with the Declaration of Helsinki.  
 
Baseline measurements 
 
Baseline data were collected 1 or 2 days before the start of the event, after a minimum 
resting period of 24 h. At baseline, body height and weight (Seca 888 scale, 
Hamburg, Germany) were measured to calculate body mass index (BMI). All 
participants completed a general questionnaire on demographics, smoking and 
medication use, and the validated Short Questionnaire to Assess Health enhancing 
physical activity (SQUASH)25. IBD walkers completed an extended general 
questionnaire with additional questions on type and extent of IBD, age of disease 
onset, number of flare-ups and previous IBD-related surgeries. Participants’ heart 
rate was measured every 5 km during the first exercise day using a 2-channel ECG 
chest band 130 system. Heart rate (HR) was used to estimate exercise intensity as a 
percentage of the maximum HR (exercise intensity = measured HR / expected 
maximal HR x 100%), where expected max HR = 208 –132 (0.7 x age))26. 
 
 
 

 

Blood sampling 
 
Venous blood was drawn at baseline and after three days of repeated bouts of 
exercise. A 4 mL Vacutainer® sodium heparin blood tube (Becton Dickinson, 
Oakville, ON, USA) was drawn, which was directly inserted in the automated 
AQUIOS CL® “Load & Go” flow cytometer (Beckman Coulter, Miami, FL, USA). 
 
Flow cytometry analysis 
 
The AQUIOS CL combines robotic automated sample preparation with an analysis 
of cells using flow cytometry27. The AQUIOS CL has one 488nm diode laser, two 
light scatter channels (forward scatter and side scatter), 5 fluorescence channels, and 
an electronic volume measure. Absolute leukocyte count was based on an electronic-
volume measurement. A cassette filled with blood tubes was placed in the machine 
and the barcodes of the samples were saved. After automatic blood mixing, the 
samples were cap-pierced, and 43 μL was pipetted into a 96-deep wells plate, that is 
used for antibody staining. The wells plate contained the bacterial/mitochondrial-
derived stimulus formyl-methionyl-leucyl-phenylalanine (fMLF) (Sigma Aldrich, 
St. Louis, MO, USA) with an end concentration of 10-6M. Consecutively, 18 μL of 
a monoclonal antibody mix bound to different fluorescent labels was added to the 
96-wells plate. After 15 min of incubation, the blood was lysed using 335 μL of 
lysing reagents A and 100 μL of lysing reagent 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 preserved the white blood cells for measurement in the flow 
cell. Finally, 100 μL of the prepared sample was aspirated for analysis.  
 
A customized antibody mix was made specifically for this research purpose. This 
panel 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).  
 
The .lmd data files were exported from the AQUIOS CL® and imported into FlowJo® 
analysis software (Tree Star Inc., Ashland, OG, USA). The gating strategy is shown 
in figure 1. Granulocytes and monocytes were gated based on forward scatter and 
side scatter. Neutrophils and eosinophils in the granulocyte gate were identified 
based on positivity or negativity of CD16 expression. The median fluorescent 
intensity (MFI) of CD35, CD11b, CD62L and CD10 on gated neutrophils was used 
to describe the measure neutrophil and monocyte responsiveness to fMLF.  

Chapter 6

144



monocytes in exercise immunology. Therefore, the aim of this study was to compare 
the responsiveness of these innate immune cells after repeated bouts of prolonged 
exercise in IBD patients and controls. 
 

Methods  
 
Study population  
 
A total of 19 patients with IBD were included in the study. Inclusion criteria for all 
IBD patients were age ≥18 years and diagnosis of Crohn’s disease or ulcerative 
colitis made by a gastroenterologist. IBD patients were not included when they used 
specific biologicals (infliximab, adalimumab, golimumab, ustekinumab) as these 
might change the immune respons All patients completed a distance of 30, 40 or 50 
km per day on three consecutive days at a self-selected pace. As a control group, a 
total of 19 age- and gender-matched healthy controls were recruited who also 
underwent the same repeated exercise bouts. This study was approved by the 
Medical Ethical Committee region Arnhem-Nijmegen (CMO registration number: 
2019-5375) and was registered at trialregister.nl as NL7872. All participants 
provided written informed consent prior to participation. This study was conducted 
in accordance with the Declaration of Helsinki.  
 
Baseline measurements 
 
Baseline data were collected 1 or 2 days before the start of the event, after a minimum 
resting period of 24 h. At baseline, body height and weight (Seca 888 scale, 
Hamburg, Germany) were measured to calculate body mass index (BMI). All 
participants completed a general questionnaire on demographics, smoking and 
medication use, and the validated Short Questionnaire to Assess Health enhancing 
physical activity (SQUASH)25. IBD walkers completed an extended general 
questionnaire with additional questions on type and extent of IBD, age of disease 
onset, number of flare-ups and previous IBD-related surgeries. Participants’ heart 
rate was measured every 5 km during the first exercise day using a 2-channel ECG 
chest band 130 system. Heart rate (HR) was used to estimate exercise intensity as a 
percentage of the maximum HR (exercise intensity = measured HR / expected 
maximal HR x 100%), where expected max HR = 208 –132 (0.7 x age))26. 
 
 
 

 

Blood sampling 
 
Venous blood was drawn at baseline and after three days of repeated bouts of 
exercise. A 4 mL Vacutainer® sodium heparin blood tube (Becton Dickinson, 
Oakville, ON, USA) was drawn, which was directly inserted in the automated 
AQUIOS CL® “Load & Go” flow cytometer (Beckman Coulter, Miami, FL, USA). 
 
Flow cytometry analysis 
 
The AQUIOS CL combines robotic automated sample preparation with an analysis 
of cells using flow cytometry27. The AQUIOS CL has one 488nm diode laser, two 
light scatter channels (forward scatter and side scatter), 5 fluorescence channels, and 
an electronic volume measure. Absolute leukocyte count was based on an electronic-
volume measurement. A cassette filled with blood tubes was placed in the machine 
and the barcodes of the samples were saved. After automatic blood mixing, the 
samples were cap-pierced, and 43 μL was pipetted into a 96-deep wells plate, that is 
used for antibody staining. The wells plate contained the bacterial/mitochondrial-
derived stimulus formyl-methionyl-leucyl-phenylalanine (fMLF) (Sigma Aldrich, 
St. Louis, MO, USA) with an end concentration of 10-6M. Consecutively, 18 μL of 
a monoclonal antibody mix bound to different fluorescent labels was added to the 
96-wells plate. After 15 min of incubation, the blood was lysed using 335 μL of 
lysing reagents A and 100 μL of lysing reagent 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 preserved the white blood cells for measurement in the flow 
cell. Finally, 100 μL of the prepared sample was aspirated for analysis.  
 
A customized antibody mix was made specifically for this research purpose. This 
panel 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).  
 
The .lmd data files were exported from the AQUIOS CL® and imported into FlowJo® 
analysis software (Tree Star Inc., Ashland, OG, USA). The gating strategy is shown 
in figure 1. Granulocytes and monocytes were gated based on forward scatter and 
side scatter. Neutrophils and eosinophils in the granulocyte gate were identified 
based on positivity or negativity of CD16 expression. The median fluorescent 
intensity (MFI) of CD35, CD11b, CD62L and CD10 on gated neutrophils was used 
to describe the measure neutrophil and monocyte responsiveness to fMLF.  

6

Prolonged exercise in patients with IBD

145



 

Figure 1: Gating strategy as performed in FlowJo® analysis software. The forward- 
and side scatter plot was first made to set gates for the lymphocyte- monocyte- and 
PMN populations (left). In the right plot, the CD16 expression of the PMN 
population is displayed. Gate was set to distinguish neutrophils CD16+ and 
eosinophils CD16-.  
 
Statistical analysis 
 
The statistical analyses were conducted in SPSS 26 (SPSS Inc., Chicago, IL, USA). 
Graphs were created with GraphPad Prism version 7 (GraphPad software inc., San 
Diego, CA, USA). Data were checked for normality with use of the D’Agostina & 
Pearson test and visual inspection of Q–Q plots. Statistical significance was defined 
as a p-value < 0.05. Normally distributed data were presented as mean with standard 
deviation (SD) and significance was tested by a t-test. Non-normally distributed data 
were presented as median with interquartile range (IQR) and significance was tested 
by a Mann-Whitney U test. Dichotomous data were shown as an absolute count with 
the percentage of the total, in which differences were tested with the Pearson Chi-
square test.  
 

Results 
 
In total 38 participants were included in this study, of whom 19 IBD walkers, 19 
non-IBD walkers. One IBD walker fell during exercise on day 1 and dropped out, he 
was excluded from all statistical analysis. Clinical disease characteristics of IBD 
patients are shown in Table 1. The IBD study groups consisted of 8 patients with 

 

Crohn’s disease and 10 patients with ulcerative colitis. The mean age of diagnosis 
was 33 ± 13 years. One year before the walking event, a total of 8 (44%) IBD patients 
had no flare-ups, 6 patients had one to two flare-ups and 4 patients had three of more 
flare-ups. Baseline characteristics of both between the IBD walkers and the 
age/gender-matched control group are shown in table 2. The mean age of the study 
population was 54 ± 12 years and the average BMI of all participants was 26.0 ± 3.8 
kg/m2. In each group, 11 participants were female. No significant differences were 
found between IBD walkers and non-IBD walkers regarding participant 
characteristics, except for training distance during the last two weeks before the 
walking event (IBD walkers vs non-IBD walkers, p=0.03).  
 
Responsiveness to fMLF, determined by flow cytometric determination of innate 
immune markers, is shown in Figure 2.  The cellular responsiveness to fMLF is 
shown as the Median Fluorescent Intensity(MFI) of innate immune markers: 
Neprilysine  (CD10) (Figure 2A), Complement receptor 3 (CD11b) (Figure 2B-D) , 
Complement receptor 1 (CD35) (Figure 2 E-G) and L-selectin (CD62L) (Figure 2 
H-J).  
 
Smaller increased responsiveness to fMLF was shown after 3 days of prolonged 
exercise in the expression of the activation markers CD11b and CD35 in IBD 
walkers compared to non-IBD walkers in neutrophils (p=0.01; p=0.03) and 
monocytes (p=0.001; p=0.008). No difference in CD11b and CD35 expression was 
demonstrated between the study groups at baseline measurements. No difference in 
responsiveness was seen in the cell adhesion receptor CD62L in neutrophils, 
monocytes and eosinophils between the study groups. The maturation/activation 
marker CD10 showed similar smaller increased responsiveness to fMLF after 3 days 
of repeated prolonged exercise in IBD walkers compared to non-IBD walkers in 
neutrophils (p=0.005). However, already at day 0, a lower expression of CD10 was 
demonstrated in the neutrophil compartment of IBD walkers compared to non-IBD 
walkers (p=0.01). The data obtained after 1 and 2 days of walking is shown is figure 
3, 4 and 5. 
 
 
 
 
 
 
 

Chapter 6

146



 

Figure 1: Gating strategy as performed in FlowJo® analysis software. The forward- 
and side scatter plot was first made to set gates for the lymphocyte- monocyte- and 
PMN populations (left). In the right plot, the CD16 expression of the PMN 
population is displayed. Gate was set to distinguish neutrophils CD16+ and 
eosinophils CD16-.  
 
Statistical analysis 
 
The statistical analyses were conducted in SPSS 26 (SPSS Inc., Chicago, IL, USA). 
Graphs were created with GraphPad Prism version 7 (GraphPad software inc., San 
Diego, CA, USA). Data were checked for normality with use of the D’Agostina & 
Pearson test and visual inspection of Q–Q plots. Statistical significance was defined 
as a p-value < 0.05. Normally distributed data were presented as mean with standard 
deviation (SD) and significance was tested by a t-test. Non-normally distributed data 
were presented as median with interquartile range (IQR) and significance was tested 
by a Mann-Whitney U test. Dichotomous data were shown as an absolute count with 
the percentage of the total, in which differences were tested with the Pearson Chi-
square test.  
 

Results 
 
In total 38 participants were included in this study, of whom 19 IBD walkers, 19 
non-IBD walkers. One IBD walker fell during exercise on day 1 and dropped out, he 
was excluded from all statistical analysis. Clinical disease characteristics of IBD 
patients are shown in Table 1. The IBD study groups consisted of 8 patients with 

 

Crohn’s disease and 10 patients with ulcerative colitis. The mean age of diagnosis 
was 33 ± 13 years. One year before the walking event, a total of 8 (44%) IBD patients 
had no flare-ups, 6 patients had one to two flare-ups and 4 patients had three of more 
flare-ups. Baseline characteristics of both between the IBD walkers and the 
age/gender-matched control group are shown in table 2. The mean age of the study 
population was 54 ± 12 years and the average BMI of all participants was 26.0 ± 3.8 
kg/m2. In each group, 11 participants were female. No significant differences were 
found between IBD walkers and non-IBD walkers regarding participant 
characteristics, except for training distance during the last two weeks before the 
walking event (IBD walkers vs non-IBD walkers, p=0.03).  
 
Responsiveness to fMLF, determined by flow cytometric determination of innate 
immune markers, is shown in Figure 2.  The cellular responsiveness to fMLF is 
shown as the Median Fluorescent Intensity(MFI) of innate immune markers: 
Neprilysine  (CD10) (Figure 2A), Complement receptor 3 (CD11b) (Figure 2B-D) , 
Complement receptor 1 (CD35) (Figure 2 E-G) and L-selectin (CD62L) (Figure 2 
H-J).  
 
Smaller increased responsiveness to fMLF was shown after 3 days of prolonged 
exercise in the expression of the activation markers CD11b and CD35 in IBD 
walkers compared to non-IBD walkers in neutrophils (p=0.01; p=0.03) and 
monocytes (p=0.001; p=0.008). No difference in CD11b and CD35 expression was 
demonstrated between the study groups at baseline measurements. No difference in 
responsiveness was seen in the cell adhesion receptor CD62L in neutrophils, 
monocytes and eosinophils between the study groups. The maturation/activation 
marker CD10 showed similar smaller increased responsiveness to fMLF after 3 days 
of repeated prolonged exercise in IBD walkers compared to non-IBD walkers in 
neutrophils (p=0.005). However, already at day 0, a lower expression of CD10 was 
demonstrated in the neutrophil compartment of IBD walkers compared to non-IBD 
walkers (p=0.01). The data obtained after 1 and 2 days of walking is shown is figure 
3, 4 and 5. 
 
 
 
 
 
 
 

6

Prolonged exercise in patients with IBD

147



 
 

 
Table 1: Disease characteristics of patients with inflammatory bowel disease .  
Continuous data are shown as median (IQR) and dichotomous data are shown as an 
absolute amount (percentage). Abbreviations: IBD = inflammatory bowel disease; 
ASA = 5-aminosalicylic acid. 
 
 
 
 

 IBD 
(n=18) 

Age of diagnosis (years) 33 ± 13 
Crohn’s disease / Ulcerative colitis 8 (44%) / 10 (66%) 
Disease location Crohn’s disease (n (%))  
    Small bowel 2 (25%) 
    Colon 2 (25%) 
    Small bowel & colon 2 (25%) 
    Unknown 2 (25%) 
Disease location ulcerative colitis (n (%))  
    Pancolon 2 (20%) 
    Hemicolon 3 (30%) 
    Rectum 5 (50%) 
Flare-ups last 12 months (n (%))  
    None  8 (44%) 
    1-2 flare-ups 6 (33%) 
    3-4 flare-ups 2 (11%) 
    More than 4 flare-ups 2 (11%) 
Treatment of IBD (n (%))  
   Receiving IBD medication  11 (61%) 
       5-ASA oral 9 (50%) 
       5-ASA rectal 4 (22%) 
       Corticosteroids oral 4 (22%) 
       Corticosteroids rectal 2 (11%) 
       Other Immunosuppressants 1 (6%) 
   No use of IBD medication 7 (39%) 
   Received surgery for IBD  1 (6%) 

 

 

 
Table 2: Baseline characteristics of patients with IBD and control group with no 
IBD. Continuous data are shown as mean ± SD, significance is tested with the t-test. 
Categorial data are shown as an absolute amount (percentage), the significance is 
tested with the Pearson chi-square test. *p<0.05;  †Total activity score represents 
intensity factors per activity multiplied by the minutes per week spent on each activity 
as derived from the SQUASH. Abbreviations: IBD = inflammatory bowel disease; 
bpm = beats per minute. SQUASH = Short Questionnaire to Assess Health 
enhancing physical activity 
  

 IBD (n=18)  Non-IBD (n=19) 
Age (years) 54 ± 11 54 ± 14 
Male n (%) / female n (%) 8 (39%) / 11 (61%) 8 (42%) / 11 (58%) 
Body mass index (kg/m2) 25.7 ± 3.8  26.0 ± 4.5  
Smoking (n (%))   
    Never 9 (50%) 13 (68%) 
    Current 1 (6%) 0 (0%) 
    Former 8 (44%) 6 (32%) 
Walking distance per day (n (%))   
    30km 5 (28%) 2 (11%) 
    40km  11 (61%) 13 (68%) 
    50km 2 (11%) 4 (21%) 
Average walking speed per day (km/h)   
    Day 1 (km/h) 4.5 ± 0.8 4.4 ± 0.7 
    Day 2 (km/h) 4.4 ± 1.0 4.4 ± 0.8 
    Day 3 (km/h) 4.5 ± 0.8 4.4 ± 0.7 
Physical activity   
    Total activity score† 10147 ± 5030 9919 ± 4291 
    Average heart rate at day 1 (bpm) 114 ± 14 113 ± 11 
    Exercise intensity at day 1 (%) 67 ± 8 66 ± 7  
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Figure 2: Responsiveness of innate immune cells to the bacterial/mitochondrial 
stimulus fMLF in IBD (N=18) versus non-IBD patients (n=19). Responsiveness is 
determined by flowcytometric analysis of the cellular activation markers CD10 (A), 
CD11b (B-D), CD35 (E-G) and the adhesion marker CD62L (H-J). MFI is 
compared between study groups at day 0 and after 3 consecutive days of prolonged 
moderate exercise with the Mann-Whitney U test. Data are presented as scatter plot 
with median and interquartile range. Abbreviations: IBD = inflammatory bowel 
disease; MFI = Median fluorescent intensity; AU= arbitrary units. 
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Figure 3: Expression of activation markers of neutrophils before and during three 
days of exercise in the presence of the bacterial/mitochondrial stimulus fMLF in IBD 
(N=18) versus non-IBD patients (n=19). Responsiveness was determined by 
flowcytometric analysis of the cellular activation markers CD10, CD11b, CD35 and 
the adhesion marker CD62L. MFI is compared between study groups at day 0, 1, 2 
and 3 with the Mann-Whitney U test. Data are presented as scatter plot with median 
and interquartile range. Abbreviations: IBD = inflammatory bowel disease; MFI = 
Median fluorescent intensity; AU= arbitrary units. 
 
  

 

 
 
Figure 4:  Expression of activation markers of on monocytes before and during three 
days of exercise in the presence of the bacterial/mitochondrial stimulus fMLF in IBD 
(N=18) versus non-IBD patients (n=19). Responsiveness was determined by 
flowcytometric analysis of the cellular activation markers CD11b, CD35 and the 
adhesion marker CD62L. MFI is compared between study groups at day 0, 1, 2 and 
3 with the Mann-Whitney U test. Data are presented as scatter plot with median and 
interquartile range. Abbreviations: IBD = inflammatory bowel disease; MFI = 
Median fluorescent intensity; AU= arbitrary units. 
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Figure 5: Expression of activation markers of on eosinophils before and during three 
days of exercise in the presence of the bacterial/mitochondrial stimulus fMLF in IBD 
(N=18) versus non-IBD patients (n=19). Responsiveness was determined by 
flowcytometric analysis of the cellular activation markers CD11b, CD35 and the 
adhesion marker CD62L. MFI is compared between study groups at day 0, 1, 2 and 
3 with the Mann-Whitney U test. Data are presented as scatter plot with median and 
interquartile range. Abbreviations: IBD = inflammatory bowel disease; MFI = 
Median fluorescent intensity; AU= arbitrary units. 
 
 
 
 

  

 

Discussion 
 
This study investigated the effect of 3 repeated bouts of prolonged exercise on 
neutrophils, eosinophils and monocytes in patients with inflammatory bowel disease. 
We used automated point-of-care flow cytometry in a field laboratory with an 
integrated system to test the fMLF responsiveness of eosinophils, neutrophils and 
monocytes. We found that IBD patients demonstrated a smaller increase in 
neutrophil and monocyte responsiveness in activation markers CD35 and CD11b 
towards an inflammatory stimulus after repeated walking, compared to non-IBD 
walkers. A decreased neutrophil responsiveness was also observed in the 
activation/maturation marker CD10.  
 
In previous studies on repeated prolonged exercise, conducted during the same 
walking event,  a general increase in cytokines and direct innate immune activation 
was found after the first day in all tested participants15. After the second and third 
day a normalization/adaptation of the innate immune system was demonstrated. The 
present study showed no difference between controls and IBD patients in 
responsiveness of neutrophils, eosinophils and monocytes to fMLF during the first 
2 days of exercise (results not shown). Only at day 3 increased responsiveness of 
neutrophil and monocytes was found in all walkers (IBD and non-IBD), but was 
significantly less increased in IBD patients. The underlying mechanism remains to 
be established, but it is tempting to speculate that increased responsiveness is the 
result of a priming effect in response to damage-associated molecular patterns 
(DAMPs) originating from mild-exercise-induced tissue damage during the first 2 
days. Apparently, this situation leads to a suppression of the proinflammatory 
response in IBD patients.   
 
The neutrophil activation markers CD35, CD11b and CD10 showed the same 
significant differences between the study groups after 3 days of repeated bouts of 
prolonged exercise. The complement receptors CD11b and CD35 showed no 
difference in expression between participants with IBD and without IBD at day 0. 
However, CD10 was also significantly different at day 0, which might be an indirect 
effect of the additional role as maturation marker28. Patients with IBD are 
characterized by chronic inflammation, which might associate to an overall younger 
neutrophil compartment (left shift) in the bloodstream, resulting in a lower CD102.  
In diseases with hypo inflammation of the innate immune system, a decreased 
neutrophil responsiveness in the peripheral blood is associated with worse clinical 
outcomes (infectious complications and sepsis)22,23,29. In diseases associated with 
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hyper inflammation, decreased neutrophil responsiveness is associated with better 
clinical outcomes (allergic/auto-immune diseases)30. Three days of exercise in IBD 
patients is associated with the occurrence of less increased responsive neutrophils 
and monocytes in the peripheral blood. Possibly explaining the better clinical 
outcomes in IBD patients.  
 
The current study focused on exercise-induced changes in the activation phenotypes 
of innate immune cells in the context of expression of activation associated epitopes. 
This is a rather narrow part of the immune response initiated by exercise. Surely, 
many other processes that are induced under these conditions can modulate this 
immune response. These are mediated by an array of soluble mediators including 
growth factors, cytokines and myokines31,32. Apart from these mediators the immune 
response to exercise is also affected by changes in microbiota33. A last relevant 
hypothesis is the modulation of netosis in the response of innate immune cells to 
exercise34. Direct evidence of netosis of innate immune cells in-vivo during exercise 
is, however, lacking. Recently, a comprehensive review describes the future 
directions in the field of exercise immunology35. In conclusion, increased 
responsiveness of neutrophils and monocyte to fMLF was demonstrated after 
repetitive bouts of prolonged exercise. Interestingly, this exercise was associated 
with relative refractoriness of both neutrophils and monocytes in IBD patients. These 
refractory cells might create a lower inflammatory state in the intestine, providing a 
putative mechanism for the decrease in flare-ups in IBD patients after repeated 
exercise. 
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Abstract 
Rationale 
The amplitude of the innate immune response reflects the degree of physiological stress imposed by 
exercise load. An optimal balance of exercise intensity and duration is essential for a balanced immune 
system and reduces the risk of dysfunction of the immune system. Therefore, we hypothesized that 
neutrophils, as key players in the innate immune system, can be used as biomarker in detecting 
overtraining. The aim was to monitor the state of the innate immune system by phenotyping neutrophils 
during consecutive bouts of prolonged exercise. 
 
Methods 
Study subjects were recruited from a cohort of walkers participating in a walking event on three 
consecutive days. Participants with immune deficiencies were excluded. Questionnaires to determine 
the physiological status of the participants were completed. Analysis of neutrophil receptor expression 
was done by a point-of-care fully automated flow cytometer.  
 
Results 
A total of 45 participants were recruited, of whom 39 participants were included for data analysis. Study 
participants had a median age of 64 (58-70) years. The absolute numbers CD16dim/CD62Lbright and 
CD16bright/CD62Ldim neutrophils were increased after the first two days of exercise followed by an 
adaptation/normalization after the third day. Participants with activated neutrophils (high CD11b 
expression) had an impaired physical feeling indicated by the participant on a lower visual analog scale 
compared to participants who did not have activated neutrophils (p=0.017, P=0.022).  
 
Conclusions 
Consecutive days of prolonged exercise results in an initial systemic innate immune response, followed 
by normalization/adaptation. Increased neutrophil activation was associated with impaired physical 
feeling measured by a validated VAS score indicated by the participant. Fully automated point-of-care 
flow cytometry analysis of neutrophil phenotypes in a field laboratory might be a useful tool to monitor 
relevant differences in the systemic innate immune response in response to exercise. 
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Introduction 
 
The immune system is very responsive to exercise, which leads to specific responses 
to acute and chronic exercise1–3. The amplitude of the immune response reflects the 
degree of physiological stress imposed by the exercise workload2–4. Multiple studies 
have linked excessive physical activity to transient immune dysfunction and an 
increased risk of developing infections5–9. In contrast, normal physical activity and 
regular sports are related to a reduction of infections and other diseases10–12. It has 
been hypothesized that the relationship between absolute exercise load and risk of 
illness is a J-shaped curve, with very low or no training being associated with a 
higher risk of illness, moderate training associated with low illness risk and very high 
training associated with the highest risk of acute illness13. This suggests that an 
optimal balance in exercise intensity and duration is essential for a balanced immune 
system14. Therefore, a biomarker that can be used to monitor the immune system 
during and after repetitive bouts of prolonged exercise may help to determine the 
optimal exercise load and thus training program15.  
 
Many studies showed an altered adaptive immunity (T-cell changes, Natural killer 
cell activity, salivary IgA production), cytokine production and innate immunity 
(granulocyte cell count, granulocyte respiratory burst, neutrophil/lymphocyte ratio 
and macrophage activity) for several hours to days during recovery from prolonged 
exercise16–20. The innate immune system demonstrates the most pronounced changes 
after prolonged exercise17. The primary effector cells of the innate immune system 
are granulocytes and monocytes21–23. Receptor expression on these cells, measured 
by flow cytometry, has proven to give insight into the status of the innate immune 
system24–26. 
 
A recent study showed that intensive exercise led to the mobilization of neutrophil 
phenotypes associated with systemic inflammation and immunosuppression27. After 
repetitive prolonged exercise on consecutive days the neutrophil phenotypes, 
CD16dim/CD62Lbright and CD16bright/CD62Ldim increase in the peripheral blood27,28. 
The CD16dim/CD62Lbright cells are young neutrophils with a band shape nucleus, 
most likely recruited from the bone marrow29. The CD16bright/CD62Ldim cells consist 
of mainly neutrophils containing hyper segmented nuclei that show a more activated 
and immunosuppressive phenotype28. The presence of this immunosuppressive 
phenotype during exercise might be involved in the increased risk of developing 
infections27,28. Neutrophil receptor expression can, therefore, be a possible biomarker 
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in monitoring the balance of the immune system during and after repetitive, 
prolonged exercise24. 
 
Analysis of neutrophil receptor expression used to have many limitations that 
precluded broad application in a non-laboratory setting. These limitations include a 
short time window-of-opportunity for analysis, because inflammatory cells are easily 
activated by ex-vivo manipulation and flow cytometry requires a fully functional 
immunological laboratory with experienced laboratory personnel25,30. The technique 
of fully automated flow cytometry has become available that circumvents most of 
these limitations and is applicable in a field laboratory setting25,30. This now allows 
analysis of the immune system in athletes at the sports site. 
 
To get more insight into the potential role of neutrophil phenotypes in the exercise-
induced immune response, we investigated neutrophils as read out for the innate 
immune system point-of-care during repetitive, prolonged exercise in a large-scale 
public walking event where athletic accomplishment of distance goals is closely 
monitored. The primary aim of our study was to find a biomarker that is associated 
with overreaching. Our secondary study goal was to study neutrophil kinetics during 
repetitive, prolonged walking. 
 

Methods 
 
Study design 
  
Subjects were recruited from a cohort of participants in the Nijmegen 4 Day Marches 
that filled out a questionnaire as part of the Nijmegen Exercise Study 
(http://www.vierdaagseonderzoek.nl/en/). To investigate the immune response in the 
general population undertaking moderate exercise, only participants with immune 
deficiencies or taken immune suppressive therapies were excluded. A total of 45 
participants were included in this study. Three participants dropped out of the study 
after 1 day of walking, one participant dropped out after 2 days and 1 participant did 
not show up at day 2 of walking. During blood analysis, one participant appeared to 
be FcγRIII (CD16)-deficient and was, therefore, excluded as well. As a result, a total 
of 39 participants were included for data analysis. All participants completed a 
distance of 30, 40 or 50 km per day on three consecutive days at a self-selected pace. 
Every participant was assigned to an individual distance (30, 40, or 50 km) and 
completed the same distance on the three consecutive exercise days. The study was 
approved by the Medical Ethical Committee of the Radboud University Medical 

 

Center under protocol number CMO-nr 2007-148 and all participants gave written 
informed consent prior to participation. All procedures performed in this study were 
in accordance with the 1964 Helsinki declaration and its later amendments. 
 
Baseline measurements 
 
Baseline data were collected 1 or 2 days before the start of the event, after a minimum 
resting period of 24 h (Figure 1). A period of 24h recovery was based on the 
kinetics of immune cell count recovery post-exercise4.  At baseline, body height 
and weight (Seca 888 scale, Hamburg, Germany) were measured to calculate body 
mass index (BMI). Waist circumference was measured with a measuring tape (Seca 
201, Chino, CA, USA). Resting heart rate (HR), systolic blood pressure (SBR), and 
diastolic blood pressure (DBP) were measured in the supine position after a 5 
minutes resting period. All participants completed a general questionnaire on 
demographics, level of education, smoking and medication use. Heart rate (HR) was 
used to estimate exercise intensity as a percentage of the maximum HR (exercise 
intensity = measured HR / expected maximal HR x 100%, where expected max HR 
= 208 –132 (0.7 x age))31. Exercise intensity was determined using the guideline of 
the America Heart Association32. Performing 50 to 70% of your maximum heart rate 
is considered moderate intensity. From 70 to 85% of your maximum heart rate is 
regarded as vigorous intensity. For determination of the exercise intensity, heart rate 
at day 1 was measured during the prolonged exercise at every 5-kilometer 
checkpoint. The mean heart rate per person was used for exercise intensity 
calculation. 
 

 

Figure 1: Design of the study. Baseline data were collected 1 or 2 days before the 
start of the event and each day of walking within 30 min after completion of the 
exercise. 
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Visual Analog Scale questionnaire 
 
At baseline, and after every day of walking exercise, participants were instructed to 
score their physical feeling, exercise effort and perceived muscle pain using the 
Visual Analog Scale (VAS), which consists of a horizontal line of 100 mm33. This 
method has been extensively validated and used in many studies34–36. The aspect of 
physical feeling was determined with the question: “Show with a vertical line how 
you feel today”, bad feeling (0mm) to best feeling (100mm). The exercise effort was 
determined with the question: “Show with a vertical line how much effort the 
exercise costed you today”, it felt like a short walk (0mm) to it felt like an extremely 
long walk (100mm). The aspect perceived muscle pain was determined with the 
question, “Show with a vertical line how many muscle complaints you had today”, 
no complaints (0mm) to worst pain ever (100mm). Furthermore, participants were 
asked whether they took painkillers after every day of walking.  
 
Blood sampling 
 
Venous blood was drawn at baseline and after each day of walking <30 min after 
completion of the exercise (Fig1). A 4 mL Vacutainer® sodium heparin blood tube 
(Becton Dickinson, Oakville, ON, USA) was drawn which was directly inserted in 
the automated AQUIOS CL® “Load & Go” flow cytometer (Beckman Coulter, 
Miami, FL, USA). 
 
Flow cytometry analysis 
 
The AQUIOS CL® combines robotic automated sample preparation with analysis of 
cells using flow cytometry25. The AQUIOS CL® has one 488nm diode laser, 2 light 
scatter channels (forward scatter and side scatter), 5 fluorescence channels, and an 
electronic volume measure. Absolute leukocyte count was based on an electronic-
volume measurement. A cassette filled with blood tubes was placed in the machine 
and the barcodes of the samples were saved. After automatic blood mixing, the 
samples were cap-pierced, and 43 μL was pipetted into a 96-deep wells plate, that is 
used for antibody staining. Consecutively, 18 μL of a monoclonal antibody mix 
bound to different fluorescent labels was added to the 96-wells plate. After 15 min 
of incubation, the blood was lysed using 335 μL of lysing reagents A and 100 μL of 
lysing reagent B. Lysing reagent A is a cyanide-free lytic reagent that lyses red blood 
cells. Lysing reagent B slowed the reaction caused by reagent A and preserved the 
white blood cells for measurement in the flow cell. Finally, 100 μL of the prepared 
sample was aspirated for analysis.  

 

 
A customized antibody mix was made specifically for this research purpose. This 
panel 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).  
 
The .lmd data files were exported from the AQUIOS CL® and imported into FlowJo® 
analysis software (Tree Star Inc., Ashland, OG, USA). The absolute total leukocyte 
count was extracted from the .pdf files generated by the AQUIOS CL®. The gating 
strategy is shown in figure 2. Hematology test reference ranges of the American 
board of internal medicine were used regarding absolute cell counts37. Reference 
values of flow cytometry were determined with in the field laboratory with the use 
of healthy control non-walkers. Granulocytes and monocytes were gated based on 
forward scatter and side scatter. Neutrophils and eosinophils in the granulocyte gate 
were identified based on positivity or negativity of CD16 expression. Neutrophil 
phenotypes were identified by the expression of CD16 and CD62L, as described in 
detail before28. The gating strategy was checked for every individual by two 
independent researchers. The median fluorescent intensity (MFI) of gated 
granulocytes was used to describe the expression of CD35, CD11b, and CD10.  
 

 
Figure 2: Gating strategy. Granulocytes are gated based on the forward side scatter 
(left figure). Neutrophils are gated based on CD16+ expression in the histogram of 
granulocytes (middle figure). Neutrophil phenotypes are then gated based on CD16 
and CD62L expression (right figure). 
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Statistical analysis 
 
The statistical analyses were conducted in IBM SPSS® Statistics for Windows 
version 26 (SPSS Inc., Chicago, IL, USA). Graphs were created with GraphPad 
Prism® version 7 (GraphPad software inc., San Diego, CA, USA). Data were 
checked for normality with use of the D’Agostina & Pearson test and visual 
inspection of Q–Q plots. Statistical significance was defined as a p-value < 0.05. 
Normally distributed data were presented as mean with standard deviation (SD). 
Non-normally distributed data were presented as median with interquartile range 
(IQR). 
 
Normally distributed data (only total WBC) were analyzed using repeated-measures 
ANOVA to determine the effect of consecutive exercise days, followed by a 
Bonferroni post hoc multiple comparison correction. Non-normally distributed data 
were tested by a Friedman’s test, to evaluate the effect of consecutive exercise days 
with Dunn’s post hoc multiple comparison correction.  
 
Subgroup analyses were done on the neutrophil activation marker CD11b. A high 
CD11b at day 1 was defined as an MFI CD11b at day 1 above the IQR of the baseline 
MFI CD11b. A normal CD11b was defined as an MFI CD11b at day 1 within the 
IQR of baseline MFI CD11b. In this subgroup analysis, continuous data were shown 
as median (IQR) and the significance was tested with the Mann-Whitney U test. 
Dichotomous data were shown as an absolute count (percentage), in which 
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Table 1: Demographics of the study group. Continuous data is shown as median 
(interquartile range) and dichotomous data is shown as absolute amount 
(percentage).    

 (N=39) 
Age (years) 64 (58-70) 
Male n (%) / female n (%) 24 (61%) /15 (39%) 
Height (meter) 1.77 (1.68-1.81) 
Weight (kg) 82 (71-92) 
Body mass index (kg/m2) 26 (24-30) 
Waist circumference (cm) 96 (88-104) 
Resting systolic blood pressure (mmHg) 136 (130-149) 
Resting diastolic blood pressure (mmHg) 83 (74-90) 
Resting heart rate (bpm) 69 (59-77) 
Exercise intensity day 1 (%) 65 ( 59- 73) 
Distance walked (n (%))  

• 30km  19 (49%) 
• 40km  19 (49%) 
• 50km  1 (2%) 

Average speed (km/h)  
• day 1  4.4 (4.0-4.8) 
• day 2  4.3 (3.8-5.0) 
• day 3  4.6 (4.0-5.0) 

Medical history (n (%))  
• Cerebrovascular accident 7 (18%) 
• Asthma 7 (18%) 
• Deep venous thrombosis 6 (15%) 
• Psychiatric disorder 5 (13%) 
• Diabetes  5 (13%) 
• Atrial fibrillation 5 (13%) 
• Myocardial infarction 3 (8%) 
• Malignancy 3 (8%) 

Medication use (n (%))  
• Statin s 25 (64%) 
• Anticoagulants 12 (31%) 
• Ace-2 inhibitors 9 (23%) 
• Diuretics 5 (13%) 
• Alfa blockers 5 (13%) 
• Beta blockers 5 (13%) 
• Proton pump inhibitors 5 (13%) 
• Antihistamines 2 (5%) 
• Other psychiatric drugs  6 (15%) 
• Other cardiovascular drugs 5 (13%) 
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Statistical analysis 
 
The statistical analyses were conducted in IBM SPSS® Statistics for Windows 
version 26 (SPSS Inc., Chicago, IL, USA). Graphs were created with GraphPad 
Prism® version 7 (GraphPad software inc., San Diego, CA, USA). Data were 
checked for normality with use of the D’Agostina & Pearson test and visual 
inspection of Q–Q plots. Statistical significance was defined as a p-value < 0.05. 
Normally distributed data were presented as mean with standard deviation (SD). 
Non-normally distributed data were presented as median with interquartile range 
(IQR). 
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Prolonged walking induced a systemic innate immune response after day 1 
 
The absolute number of white blood cells, neutrophils, monocytes and eosinophils 
are shown in figure 3. The total white blood cell count increased after 1 day of 
walking (6.1±1.8 x106/mL at baseline to 9.8±2.4 x106/mL after 1 day of walking; 
p<0.0001). This effect was mainly caused by an increase of neutrophilic 
granulocytes (4.0 (3.1-5.3) x106/mL at baseline to 7.9 (6.0-9.4) x106/mL after 1 day 
of walking; P<0.0001). Monocytes also showed an increase after day 1 (0.35 (0.26-
0.34) x106/mL to 0.41 (0.23-0.56) x106/mL; p<0.005). Eosinophilic granulocytes 
show the opposite pattern of neutrophilic granulocytes, with a small but significant 
decrease after 1 day (0.11 (0.07-0.16) x106/mL to 0.10 (0.05-0.14) x106/mL; p < 
0.05). 
 
After 1 day, two additional neutrophil phenotypes were found increased in peripheral 
blood that are characteristic for systemic inflammation: CD16dim/CD62Lbright 
neutrophils and CD16bright/CD62Ldim neutrophils (figure 4a-b) 28. The absolute 
number CD16dim/CD62Lbright neutrophils increased after one day: 0.04 (0.02-0.12) 
x106/mL at baseline to 0.21 (0.07-0.57) x106/mL after 1 day; p<0.0001). Also the 
absolute number CD16bright/CD62Ldim neutrophils was increased after 1 day (from 
0.10 (0.03-0.35) x106/mL to 2.00 (0.77-3.24) x106/mL; p<0.0001). 
  

 

 
 
Figure 3: The absolute count of total white blood cells (a), monocytes (b) and 
neutrophils (c) show a significant increase on day 1, followed by a decrease in the 
following days (n=39). Eosinophils (d) show the opposite effect, a slight decrease 
on day 1 and after that a significant increase. The total white blood cell count was 
obtained from the cell counter in the automated flow cytometer. The percentage 
monocytes and granulocytes were gated base of forward versus side scatter. The 
percentage of neutrophils and eosinophils were determined by CD16+ and CD16- in 
the CD16 granulocyte histogram. Total white blood cells are shown as scatter plot 
with mean and standard deviation, tested with ANOVA repeated-measures with a 
Bonferroni post hoc multiple comparison correction. The rest of the data are 
presented as a scatter plot with median and interquartile range, tested with 
Friedman’s test, with Dunn’s post hoc multiple comparison correction. Reference 
values (grey area) show laboratory test reference ranges of the American board of 
internal medicine. ;ns = not significant, *p<0.05, **p<0.005, ***p<0.0005, 
****p<0.0001.  
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Figure 4: A significant increase in absolute count of CD16dim/CD62Lbright 
neutrophils (a) and CD16bright/CD62Ldim neutrophils (b) was demonstrated on day 1 
and 2 after repetitive, prolonged walking exercise (n=39) and a decrease on day 3. 
The CD16bright/CD62Lbright neutrophils (c) increase on day 1, decrease on day 2 and 
increase again on day 3. The median fluorescent intensity of neutrophil activation 
markers CD35 (d), CD11b (e) and CD10 (f) show no significant differences between 
the days. Neutrophils were gated based on CD16+ in the granulocyte population 
determined by forward versus side scatter. The 3 different neutrophil phenotypes (a-
c) were gated based on CD16/CD62L neutrophil plot. The MFI of activation markers 
(d-f) was determined in the neutrophil population. Data are presented as a scatter 
plot with median and IQR, tested with Friedman’s test and Dunn’s post hoc multiple 
comparison correction. Reference values (grey area) show the interquartile range of 
healthy controls non-walkers during the same event.; ns = not significant, MFI = 
median fluorescent intensity, AU = arbitrary units, *p<0.05, **p<0.005, 
***p<0.0005, ****p<0.0001.  
  

 

Normalization of systemic innate immune response after 2 and 3 days of 
walking 
 
Repetitive prolonged walking exercise on consecutive days resulted in a partial 
normalization of tWBC from 9.8±2.4 x106/mL on day 1 to 8.8±2.0 x106/mL on day 
2 (p<0.005) and to 8.0±1.9 x106/mL on day 3 (p<0.0005). The decrease in tWBC 
count on day 2 was mainly the result of a partial normalization in neutrophil numbers 
(7.9 (6.0-9.4) x106/mL to 6.6 (5.4-7.8) x106/mL; p<0.005). The decreased tWBC 
count on day 3 was a result of both a decrease in monocyte numbers (0.41 (0.23-
0.56) x106/mL to 0.24 (0.17-0.32) x106/mL; p<0.0001) and neutrophil numbers (6.6 
(5.4-7.8) x106/mL to 5.8 (4.6-7.2) x106/mL; p=0.816).  
 
The 2 neutrophil phenotypes, CD16bright/CD62Ldim cells and CD16dim/CD62Lbright 
cells, associated with systemic inflammation were still present at day 2 (figure 4a-
b). The decrease of total neutrophil count after day 2 of walking, was mainly the 
result of a decrease in CD16bright/CD62Lbright neutrophils (4.58 (3.33-5.70) x106/mL 
to 3.12 (2.41-4.57) x106/mL; p<0.0001) (figure 4c). From day 2 to day 3 
CD16dim/CD62Lbright neutrophils decreased (0.25 (0.06-0.76) to 0.09 (0.05-0.15) 
x106/ml; p<0.0001). The CD16bright/CD62Ldim neutrophils slightly decreased after 
day 2 and 3. 
 
Demonstration of an exponential relationship between CD62L and CD11b 
expression on neutrophils after repeated, prolonged walking  
 
The MFIs of the neutrophil activation markers CD35, CD11b and CD10 are shown 
in figure 4d-f. The expression of neutrophil activation markers CD11b, CD35 and 
CD10 all significantly correlated (R2 > 0.80; p<0.0001; figure 5a-d). An exponential 
relationship was found between the most pronounced activation markers CD11b and 
CD62L, as shown in figure 5e-h. The increase in CD11b was associated with a 
decrease in CD62L in all cases, and thus with the presence of the 
CD16bright/CD62Ldim neutrophil subtype in the peripheral circulation. At days 2 and 
3, there was a partial normalization back to baseline expression values of CD62L 
and CD11b. 
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Figure 5: Linear correlation between the median fluorescent intensity (MFI) of the 
neutrophil markers CD11b and CD10 was demonstrated over different days of 
prolonged, repeated walking. Data were presented as a scatter plot with a linear 
regression line. At baseline, both CD11b and CD10 expression was low (a). At day 
1, an increase was seen in both CD11b and CD10 with a linear correlation (R2=0.91; 
p<0.0001) (b). At day 2 and day 3, both markers decreased but remain linear 
correlated (R2=0.83 and R2=0.87; p<0.0001) (c-d). An exponential relationship 
between the MFI of CD62L and CD11b was found. Data were presented as a scatter 
plot with one phase decay exponential non-linear regression. Day 0 showed one clear 
population of not activated participants with 4 activated outliers on the left (R2=0.76) 
(a). At day 1, all participants had a decreased CD62L MFI. Only beyond a certain 
CD62L MFI decrease, CD11b increased as well (R2=0.53) (b). At days 2 and 3, the 
variation in CD62L MFI remained, but the neutrophil activation maker CD11b 
decreased (c-d). MFI = median fluorescent intensity, AU = arbitrary units.  
 
 
Increased expression of CD11b on neutrophils was associated with slow walking 
speed and bad physical feeling  
 
Participants with a high neutrophil CD11b expression after day 1 (n=21) were 
compared to participants with normal CD11b expression after day 1 n=18) (Table 
2). A total of 66% of the participants with increased CD11b expression walked 30km 
compared to 34% who walked 40 or 50 km (p=0.038). Despite the generally shorter 
walking distance, participants with an increased CD11b expression had a 
significantly slower walking speed on day 1 (4.1km/u; p=0.014), day 2 (4.1km/u; 
p=0.012) and day 3 (4.2km/u; p=0.003). Along with this significantly slower 
walking speed, participants with a high CD11b expression reported a worse physical 
feeling compared to participants with a normal CD11b expression on day 1 
(p=0.017) and day 3 (p=0.022).  
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Table 2: Differences are shown between participants developing an increased level 
of the neutrophil activation marker CD11b at day 1 and participants who remain 
below the interquartile range (IQR) of baseline MFI CD11b values. Continuous data 
are shown as median (IQR), the significance is tested with the Mann-Whitney U test. 
Dichotomous data are shown as an absolute amount (percentage), the significance is 
tested with the Pearson chi-square test;  MFI = median fluorescent intensity, 
*=significant.  
  

 Normal CD11b  
at day 1 (N=18) 

High CD11b  
at day 1 (N=21) 

P-value 

Age 61(56-69) 66 (60-70) 0.23 
Male n (%) / female n (%) 12 (66%) /6 (33%) 12 (57%) /9 (43%) 0.54 
Height (meter) 1.78 (1.70 – 1.81) 1.75 (1.66-1.81) 0.56 
Weight (kg) 80 (70-87) 81 (69-94) 0.58 
Body mass index (kg/m2) 25 (22-29) 26 (24-30) 0.34 
Waist circumference (cm) 95 (88-101) 97 (87-105) 0.79 
Resting systolic blood pressure (mmHg) 137 (130-149) 135 (126-152) 0.81 
Resting diastolic blood pressure (mmHg) 85 (77-92) 80 (73-87) 0.15 
Resting heart rate (bpm) 65 (58-73) 71 (59-77) 0.41 
Exercise intensity day 1 (%) 61 (54-71) 65 (59-76) 0.25 
Distance 30km (n (%)) 6 (33%) 13 (62%) 0.07 
Distance 40 / 50 km (n (%)) 12 (66%) 8 (38%) 0.038* 
Walking speed day 1 (km/h) 4.6 (4.3-5.2) 4.1 (3.6-4.6) 0.014* 
Walking speed day 2 (km/h) 4.7 (4.1-5.2) 4.1 (3.4-4.5) 0.012* 
Walking speed day 3 (km/h) 4.9 (4.6-5.4) 4.2 (3.7-4.6) 0.003* 
VAS feeling day 0 9.5 (8.2-9.8) 8.9 (8.1-9.5) 0.24 
VAS feeling day 1 8.9 (7.2-9.5) 7.8 (6.2-8.3) 0.017* 
VAS feeling day 2 8.7 (7.5-9.6) 8.8 (6.6-9.0) 0.13 
VAS feeling day 3 8.9 (8.3-9.3) 8.0 (6.8-8.7) 0.022* 
VAS effort day 1 5.5 (3.1-7.3) 5.4 (4.9-7.0) 0.74 
VAS effort day 2 5.3 (2.4-6.9) 5.6 (2.7-6.9) 0.70 
VAS effort day 3 5.2 (3.2-7.0) 5.4 (2.4-6.6) 0.79 
VAS muscle pain day 0 0.2 (0.0-0.7) 0.3 (0.0-3.4) 0.44 
VAS muscle pain day 1 1.0 (0.5-3.9) 2.3 (0.8-4.8) 0.32 
VAS muscle pain day 2 2.1 (0.3-3.9) 2.0 (0.7-4.9) 0.47 
VAS muscle pain day 3 1.9 (0.7-4.1) 1.2 (0.4-3.7) 0.53 
Painkiller usage day 1(n, (%)) 2 (11%) 6 (29%) 0.17 
Painkiller usage day 2(n, (%)) 3 (16%) 8 (38%) 0.13 
Painkiller usage day 3(n, (%)) 5 (28%) 9 (42%) 0.26 

 

Discussion 
 
To our knowledge, this is the first study in the literature that applied fully automated 
flow cytometry in a field laboratory to determine the effect of repetitive, prolonged 
walking exercise on consecutive days on the innate immune system. The study 
demonstrated the mobilization and activation of different neutrophil phenotypes in 
peripheral blood in response to prolonged exercise. The most pronounced immune 
response was found after day 1, followed by a partial normalization/adaptation in the 
days after that. Participants with a high neutrophil CD11b expression, indicative for 
neutrophil activation, were characterized by a higher degree of physiological stress 
imposed by the exercise load. Therefore, CD11b expression on neutrophils might be 
a valuable marker to monitor changes in the immune system after exercise38.  
 
We used the neutrophil activation markers CD35, CD11b and CD10, since they have 
been validated to demonstrate neutrophil activation in a fully automated 
flowcytometer25.  The complement receptors type 1 (CR1/CD35) and 3 
(CR3/Mac1/CD11b) are known markers for neutrophil activation39,40. A reservoir of 
CR1 and CR3 receptors in neutrophils are present in cytoplasmic secretory vesicles, 
which are translocated to the plasma membrane upon cell activation39,40. The 
receptor CD10 is a known maturation marker and activation marker25,41,42. 
 
The only other field study focusing on neutrophil phenotyping during exercise was 
done by Van Staveren et al. (2018). They investigated the expression of neutrophil 
markers of participants of an 8 days cycling tour with a mean daily distance of 160 
km and 2300 altimeters27. Blood sampling was performed in the morning before and 
after 4 and 8 days of cycling. This study showed an increased overall neutrophil 
count and an increased CD16dim/CD62Lbright and CD16bright/CD62Ldim after day 4 and 
8 of cycling. Even though the same neutrophil phenotypes were studied it is 
challenging to compare the data to our study for several reasons: I) our study was 
performed with a fully automated flow cytometer in a field laboratory whereas Van 
Staveren et al. collected, fixated and froze the samples for later analysis in the 
laboratory; II) the first exercise data were obtained after 4 days, whereas this study 
determined the effects on neutrophils after 1,2 and 3 days and III) the exercise 
volume was not comparable. Nevertheless, we found a similar increase in 
CD16dim/CD62Lbright neutrophils and CD16bright/CD62Ldim neutrophils after 1 day of 
walking. Hereafter, a decrease in the number of these cells indicated adaptation of 
the innate immune system to a certain level of exercise. This is in contrast to van 
Staveren et al. (2018), who showed a cumulative increase of systemic immune 
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Table 2: Differences are shown between participants developing an increased level 
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below the interquartile range (IQR) of baseline MFI CD11b values. Continuous data 
are shown as median (IQR), the significance is tested with the Mann-Whitney U test. 
Dichotomous data are shown as an absolute amount (percentage), the significance is 
tested with the Pearson chi-square test;  MFI = median fluorescent intensity, 
*=significant.  
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VAS feeling day 3 8.9 (8.3-9.3) 8.0 (6.8-8.7) 0.022* 
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days after that. Participants with a high neutrophil CD11b expression, indicative for 
neutrophil activation, were characterized by a higher degree of physiological stress 
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been validated to demonstrate neutrophil activation in a fully automated 
flowcytometer25.  The complement receptors type 1 (CR1/CD35) and 3 
(CR3/Mac1/CD11b) are known markers for neutrophil activation39,40. A reservoir of 
CR1 and CR3 receptors in neutrophils are present in cytoplasmic secretory vesicles, 
which are translocated to the plasma membrane upon cell activation39,40. The 
receptor CD10 is a known maturation marker and activation marker25,41,42. 
 
The only other field study focusing on neutrophil phenotyping during exercise was 
done by Van Staveren et al. (2018). They investigated the expression of neutrophil 
markers of participants of an 8 days cycling tour with a mean daily distance of 160 
km and 2300 altimeters27. Blood sampling was performed in the morning before and 
after 4 and 8 days of cycling. This study showed an increased overall neutrophil 
count and an increased CD16dim/CD62Lbright and CD16bright/CD62Ldim after day 4 and 
8 of cycling. Even though the same neutrophil phenotypes were studied it is 
challenging to compare the data to our study for several reasons: I) our study was 
performed with a fully automated flow cytometer in a field laboratory whereas Van 
Staveren et al. collected, fixated and froze the samples for later analysis in the 
laboratory; II) the first exercise data were obtained after 4 days, whereas this study 
determined the effects on neutrophils after 1,2 and 3 days and III) the exercise 
volume was not comparable. Nevertheless, we found a similar increase in 
CD16dim/CD62Lbright neutrophils and CD16bright/CD62Ldim neutrophils after 1 day of 
walking. Hereafter, a decrease in the number of these cells indicated adaptation of 
the innate immune system to a certain level of exercise. This is in contrast to van 
Staveren et al. (2018), who showed a cumulative increase of systemic immune 
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response after 4 and 8 days, which could be explained by the higher exercise intensity 
and load in their study, fitness level and/or the sampling methods. However, one 
might speculate that low intensity prolonged walking exercise allows the immune 
system to adapt, while high-intensity cycling at high altitude leads to an overreacting 
immune system preventing adaptation. In a previous study on repeated prolonged 
exercise, conducted during the same walking event,  an increase in cytokines levels 
was shown after the first day and a normalization/adaptation the consecutive days43. 
This leads to a similar conclusion regarding innate immune response, as we describe 
in this study.  
 
After the first bout of prolonged exercise, several changes were visible in the 
neutrophil compartment in the peripheral blood. The CD16dim/CD62Lbright 
neutrophils were increased in the peripheral blood. These cells are mainly young 
neutrophils with a banded shaped nucleus released from the bone marrow44. It is 
tempting to speculate that these neutrophils were mobilized from the bone 
marrow in response to damage-associated molecular patterns (DAMPs) 
originating from the muscle damage in exercise. Furthermore, there was an 
increase of CD16bright/CD62Ldim neutrophils in all walking participants after day 
1. This immune-suppressive subset of neutrophils might be involved in immune 
regulation during physical exercise28,29.  After day 2 and 3 a decrease in these 
neutrophil phenotypes was demonstrated indicative for adaptation of the innate 
immune system to exercise-induced DAMPs.  
 
All participants with a high neutrophil CD11b expression had an increase in number 
of CD16bright/CD62Ldim neutrophils as well. Therefore, the mere presence of high 
expression of the neutrophil activation marker CD11b also seems to correlate with 
the presence of immunosuppressive, CD16bright/CD62Ldim neutrophils in prolonged 
exercise28. An increase of the immunosuppressive CD16bright/CD62Ldim neutrophils 
might be involved in the development of infectious illnesses during overtraining 
periods.  
 
A limitation of this study is that a relatively elderly population was studied, which 
might not be representative of the general population. This age was in line with the 
mean age of participants who generally participate in these walking events. 
 
With fully automated flow cytometry in a field laboratory, it is now possible to 
implement neutrophil phenotyping as a fast (20 min) and easily accessible test for 
studying the immune system in field settings. Future studies should also focus on 

 

high-intensity exercise and should add more blood drawing moments to get a better 
understanding of the response of the innate immune system. For future studies in 
exercise immunology, it might be considered to integrate a fully automated flow 
cytometer in a moving mobile laboratory.  
 

Conclusion  
 
Repetitive, prolonged walking exercise on consecutive days results in an initial 
systemic innate immune response, followed by normalization/adaptation. An 
increase in neutrophil activation markers was associated with the presence of 
immunosuppressive neutrophils and possibly overtraining. Fully automated flow 
cytometry analysis of neutrophil phenotypes in a field laboratory might be a useful 
biomarker in the monitoring and tuning of e.g., exercise load during training periods 
of athletes. 
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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. 
  

 

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 
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analyzed in the same assay with the same machine as for determination of neutrophil 
function. Until now however, flow analysis was too complex, operator-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 ≥ 18 years of age with an expected ICU stay of ≥ 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.  
 
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).  
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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 
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.  

 
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 

a b

c d
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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.  
 
 
  

a b

 

 
 
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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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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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.   
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1 (6.7%) 
1 (6.7%) 
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4 (26.7%) 
1 (6.7%) 
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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 () and patients who did not (). 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.   
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Neutrophil subsets 
 
No statistically significant differences were found in CD16dim/CD62Lbright 
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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 () and patients 
who did not develop an infection () 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. 

 

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).  
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Figure 5: PromoFluor and pHrodo fluorescence. Neutrophil PromoFluor (a) and 
pHrodo (b) fluorescence in patients who developed an infection () and patients who 
did not develop an infection () 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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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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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 
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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.  
 

 
 
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).  
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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.  
 

 
 
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).  
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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.  
 
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 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 
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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. 

 
  

 

 
Figure 8: Neutrophil phagosomal acidification per neutrophil subset. Neutrophil 
phagosomal acidification of CD16dim/CD62Lbright cells (), CD16bright/CD62Lbright cells 
() and CD16bright/ CD62Ldim cells () 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 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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Abstract 
Objective 
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 of 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. 
 
Design 
A prospective cohort study was performed. Polytrauma patients who developed infectious 
complications were compared to polytrauma patients who did not develop infectious complications.  
 
Setting  
The study was performed in a level 1 trauma center.  
 
Patients 
All trauma patients presented in the trauma bay were included. 
 
Interventions 
An extra blood tube was drawn from all patients. 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.  
 
Main 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 immuno-based precision medicine of polytrauma patients at the ICU. 
 
 
 
 
 
 
 
 

 

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, the 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 allows for immuno-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 the 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 the 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. 

Chapter 9

212



Abstract 
Objective 
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 of 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. 
 
Design 
A prospective cohort study was performed. Polytrauma patients who developed infectious 
complications were compared to polytrauma patients who did not develop infectious complications.  
 
Setting  
The study was performed in a level 1 trauma center.  
 
Patients 
All trauma patients presented in the trauma bay were included. 
 
Interventions 
An extra blood tube was drawn from all patients. 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.  
 
Main 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 immuno-based precision medicine of polytrauma patients at the ICU. 
 
 
 
 
 
 
 
 

 

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, the 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 allows for immuno-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 the 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 the 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. 

9

Immuno-based precision medicine after trauma

213



Materials and 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. Informed consent was obtained 
in the period thereafter. 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 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 was 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. 
 
  

 

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. 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 machine needs a minimum of 395 μL blood for automated pipetting. In 
each necessary well of the into a 96-deep wells plate 43 μL is pipetted. 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 of 4x43 μl blood (4 wells) at a time and different antibody 
mixes can be added, as defined in the protocol. For this study the time effort to keep 
the machine operational was around 30 minutes every 3 days. This time was needed 
to replace reagents, do a quality check and run a cleaning protocol.  
 
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, 
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Coulter), CD16-PE (clone 3G8, Beckman Coulter), CD62L-ECD (clone DREG56, 
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Beckman Coulter), CD11c-PC5 (clone BU15, Beckman Coulter) and CD11b 
(activated)-PC7 (clone CBRM1/5, Sony biotechnology, San Jose, CA, USA).  
 
Analysis of flow cytometry data 
 
Multidimensional FLOOD analysis was used to do explorative data analysis15. For 
definitive analysis 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 before16. 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. All 
infections diagnosed by a physician, either radiologically, clinically or 
microbiologically, were recorded for this study. 
 
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. Data are presented as 
median with interquartile range. Clinical outcomes and demographics were 
compared between polytrauma patients developing infectious complications and 
those who did not. To test whether the %CD16dim/CD62Lbright neutrophils could be 
univariate predictors for infectious complications in trauma patients, receiver 
operating characteristic curves were calculated. The distribution of continuous 
variables was assessed with the use of the Kolmogorov-Smirnov test. 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. If data was not normally distributed 
median with interquartile range was used.  
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Results  
 
Study overview 
 
In the period from 26-11-2018 till 12-02-2019, a total of 233 patients were presented 
in the trauma bay of our emergency department that led to the 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. 
 

 
 
Figure 2: Flowchart of patient inclusion. 

 

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. 
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).  
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Baseline characteristics 
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 

Patient 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 

Total Leukocytes, n*106/ml 10.2 (8.4-14.1) 14.5 (8.7-18.2) 0.09 

Lymphocytes,  n*106/ml 1.4 (0.8-2.1) 1.6 (1.2-2.4) 0.57 

Monocytes,  n*106/ml 0.4 (0.3-0.6) 0.5 (0.2-0.8) 0.92 

Granulocytes,  n*106/ml 7.4 (6.1-11.3) 11.6 (6.4-14.4) 0.05 

Neutrophils,  n*106/ml 7.1 (5.9-10.7) 11.4 (6.3-14.1) 0.04 

Eosinophils,  n*106/ml 0.09 (0.05-0.15) 0.09 (0.04-0.18) 0.55 

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 

 

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 the median (interquartile range) or n (%). 
Abbreviations: 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 
 
Baseline neutrophil activation 
 
Counterintuitively and in contrast with the current literature 17,18, 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. 
The baseline expression of these neutrophil activation markers of all included 
patients is shown in figure 3 a-f. 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 online 
figure 3 g-l. 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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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 the median (interquartile range) or n (%). 
Abbreviations: 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 
 
Baseline neutrophil activation 
 
Counterintuitively and in contrast with the current literature 17,18, 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. 
The baseline expression of these neutrophil activation markers of all included 
patients is shown in figure 3 a-f. 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 online 
figure 3 g-l. 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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Figure 3: 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 without the 
bacterial stimulus fMLF. The effect of activation (fMLF+) on the expression of 
neutrophil activation markers CD35 (G), CD11c (H), CD11b (I), CD10 (J), CD66b 
(K) and active CD11b (CBRM1/5) (L) is shown. 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.  
 
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 neutrophils 16. Representative examples of differences in the 
percentage of these neutrophil phenotypes under different conditions (healthy 
controls, monotrauma patients, polytrauma patients and very severely injured 
polytrauma patients) are shown in figure 4. 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. 
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Figure 4: 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. 
 
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 5. 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 6).  
  

 

 
 
Figure 5: 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 a 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. 
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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 6).  
  

 

 
 
Figure 5: 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 a 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. 
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Figure 6: The receiver operating characteristic (ROC) curve was generated for the 
prediction of infectious complications in trauma patients during the 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 
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 the 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 patients 19. 
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 the 
initial medical examination or soon after admission. The low response rate after 
hospital discharge is a known problem in the trauma population20–22. 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. 
To minimize selection bias this analysis  was only performed with the cell markers 
obtained from  the polytrauma patients. In this subgroup a total of 87% did give 
informed consent.   
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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 outcomes but are obtained after final 
evaluation23,24. Hence, it is not a useful tool for the 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 of inadequate 
perfusion and tissue hypoxia25–27. However, there are a number of comorbidities that 
can change acid-base deficit as well, for example, diabetic ketoacidosis, substance 
intoxication or a prevalent condition as kidney insufficiency27. 
 
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 blood28–30. The best predictive value for septic complications was found 
for procalcitonin at day 1 post-trauma, with only a reasonable sensitivity and 
specificity of up to 70% in a multivariate model28.  
 
Literature shows a huge cytokine storm 4-12h after trauma3. Pro and anti-
inflammatory cytokines are released in this timeframe3. However, measuring only 
pro inflammatory cytokines as IL-8, C5a and leukotriens such as LTB4 would not 
show the real status of the innate immune system as the antagonizing anti-
inflammatory markers will affect to overall status of the system. Measuring 
neutrophil receptor expression, as an integrator of all pro- and anti-inflammatory 
cytokines, is a better indicator  of the status of the innate immune response. Recently, 
neutrophil marker analysis showed a better prognostic value in the prediction of 
septic shock, with a sensitivity of 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 the 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)3,11,31,32. 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 information2,8,12,13,18,33. 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 integrin34. 
 
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 marrow16,35. 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 damage36. 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.  
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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 (figure 2). Furthermore, the %CD16dim/CD62Lbright 

neutrophils was a significant covariate, when tested in a binary logistic regression 
model. 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 as well.  
 

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 a first step towards 
immuno-based precision medicine of polytrauma patients at the ICU. 
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Abstract 
Rationale 
The amount of tissue damage and the following immune response directly after trauma is related to the 
development of infectious complications during hospital admission. Changes in neutrophil phenotype 
have been linked to the amount of tissue damage. Furthermore, neutrophil phenotype directly after 
trauma was previously demonstrated to have predictive value for infectious complications later on. 
Until now, a large study was not feasible, as the analysis of differences in neutrophils phenotype was 
usually carried out by classic flow cytometry. This is time consuming, labor intensive and sensitive to 
human error. This is the reason why our previous discoveries have not been implemented in daily 
clinical care yet. However, analysis of neutrophils can now automatically and 24/7 be performed by a 
customized fully automated point-of-care “load & go” flow cytometer (AQUIOS CL® ).  
 
Primary Objective 
To examine the association between neutrophil functional phenotypes after trauma and the occurrence 
of posttraumatic infectious complications. The main goal will be to create a simple rule based prediction 
model, with the neutrophil phenotype as the main input, to determine the likelihood of patients to 
develop infectious complications. 
 
Study design 
A multi-center prospective cohort study. 
 
Study population  
Multiple centers are needed, as careful calculations regarding sample size for a prediction model
resulted in 10,000 patients. 
   
Main study endpoint  
The main study endpoint is severe sepsis, including septic shock.  
 
Secondary study endpoint 
The secondary study endpoint is other infectious complications (not severe sepsis, including septic 
shock).    
 
Nature and extent of the burden and risks associated with participation, benefit, and group 
relatedness 
A total of 4 milliliter blood will be collected from the patients upon presentation in the trauma 
resuscitation bay in the emergency department after trauma team activation, usually within the first 5 
minutes after presentation. This will be combined with regular diagnostic blood sampling in order that 
no additional venipuncture is necessary. A sampling of this amount of blood will not diminish the total 
volume of circulating blood in the vasculature of these patients and the additional risk for clinical signs 
and symptoms due to anemia is non-present. The patients participating in this study will not benefit 
from this measurement.  
  

 

Introduction 
 
The inflammatory response directly after trauma (day 0) is related to the 
development of infectious complications such as septic shock1,2. Injury causes tissue 
damage and it is assumed that cytokines and DAMPs are the fuel in the inflammatory 
process. However, cytokines and DAMPs are numerous, divers and cannot to date 
be adequately quantified. Fortunately, neutrophils are very responsive to cytokines 
and DAMPs and are therefore considered to be at the end of the final common 
pathway in the inflammatory processes3,4. Changes in neutrophils can be seen within 
minutes after trauma and these changes are very dynamic in time5. The combination 
of changes in receptor expression of circulating neutrophils (such as CD16, CD62L, 
CD11b, CD10, CD35, and CD66b) proved an adequate measurement of the 
amplitude of the immunological response after trauma3,4,6,7. These markers can be 
measured with and without adding the bacterial stimulus fMLF to the blood. 
Measuring both fMLF activated neutrophils and neutrophils without fMLF 
activation is a way to test the responsiveness of neutrophils towards bacterial stimuli. 
In both separate tests, we have seen the added value to use this in trauma patients to 
predict complications. The test without fMLF is better to differentiate subsets, 
especially the CD16dim subset that shows relation with tissue damage. Tests with 
the bacterial stimulus fMLF showed in a previous study, a severely decreased 
neutrophil responsiveness immediately after the injury, was related to the 
development of septic shock 5 days post-trauma, as shown in Figure 18–10. In 
addition, differences in neutrophil receptor expression showed a relation with 
diminished killing capacities of neutrophils11. This explains the relation between the 
initial inflammatory response with changes in neutrophil receptor expression and late 
septic shock6,8.  
 
 
 
 
 
 
 
 
 
 
Figure 1: Reduced fMLF induced FcᵧRII at admission was associated with septic 
shock in trauma patients 5 days post-trauma8–10. *** = P<0.05. 
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Based on these findings, an analysis was performed to correlate clinically available 
laboratory parameters (other than flow data) on admission with septic shock after 5 
days. However, limited correlation was found between septic shock and the clinically 
available laboratory parameters <12h post trauma (unpublished data). Although this 
search continues, to date, neutrophil phenotype (receptor expression) seems to be the 
earliest and most adequate read-out of the inflammatory response after the trauma 
that is related to the development of infectious complications later on.   
 
Until recently, analysis of neutrophil phenotype and neutrophil responsiveness to a 
bacterial stimulus was time consuming, labor intensive and required experienced 
personnel. However, with the introduction of the AQUIOS CL®  “load & go” fully 
automated flow cytometer developed for lymphocyte subset analysis in HIV, these 
analyses can now be performed quickly by any healthcare worker as a bed-side test. 
Our study group customized the flow cytometer settings, manufactured fMLF to a 
pre-prepared wells plate and used a self-composed antibody mix to make the 
machine ready for measuring neutrophil phenotypes in blood samples of trauma 
patients. These adjustments were tested in a controlled laboratory environment, with 
a dedicated researcher measuring blood samples of healthy controls. Duplo tests 
were highly accurate. Neutrophil receptors showed comparable results to neutrophil 
receptors that were measured using non-automated flow cytometers. The bacterial 
stimulus fMLF showed the same responsiveness in the healthy controls as in non-
automated analysis. The fMLF in a pre-prepared plate showed good performance 
after remaining a week in the plate at room temperature. 
 
For the implementation of the AQUIOS CL®  CL®  in the acute trauma setting, we 
follow the four phases (I-IV) that were previously suggested for diagnostic 
research12. Phase I and phase II have been investigated during a previous trial. The 
current study encompasses Phase 3.  
 
Phase I and II: Do test results in patients with the target disorder differ from those 
in normal people? Are patients with specific test results more likely to have the target 
disorder than patients with other test results?  We have conducted a study in the 
UMC Utrecht during which we measured blood of all trauma patients who were 
initially presented in the shock room. The primary objective was to test the feasibility 
of point-of-care fully automated neutrophil analysis in the trauma bay. We tested if 
it was possible that the trauma team obtained one extra blood tube from the patient 
and manually place this tube in the AQUIOS CL®  in the resuscitation bay. 
Thereafter, we tested if the AQUIOS CL®  provided interpretable data when the 
blood tube was inserted. During the 2.5 month inclusion period, a total of 166 

 

patients were eligible for inclusion. The trauma team successfully analyzed 159 
patients without the need for any experienced laboratory personnel. This resulted in 
a 96% successful patient inclusion (unpublished data).  
 
The secondary objective was to investigate if there was a difference in neutrophil 
characteristics between patients with and without severe trauma. For this, we gated 
the different neutrophil subtypes and extracted the percentage of neutrophil subtypes. 
Figure 2 shows the gating strategy used in the analysis of the data. Figure 3 shows 
that the differences in circulating neutrophil subtypes were related to the severity of 
the trauma.  

 
 
Figure 2: Gating strategy for the differentiation of different granulocyte subtypes. 
Granulocytes are gated on the forward scatter(FS) vs. the sideward scatter(SS). 
Thereafter the markers CD16 and CD62L are used for granulocyte differentiation.  
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Figure 3: Examples of the differences in receptor expression between healthy 
controls and trauma patients. Using the gates shown in figure 2, the percentage and 
absolute values can be calculated. Healthy controls and traumapatients without any 
injuries showed 0-1% CD16 dim neutrophils. Trauma patients with an ISS≤16 showed 
0-5% CD16dim neutrophils. Severely injured patients with an ISS > 16 showed 0-
22% CD16dim neutrophils. In the case of traumatic arrest and very severe trauma, 
most of the neutrophils disappeared and up to 50% progenitors cells are seen. 
 
Especially the percentage of CD16dim neutrophils seemed to be related to the amount 
of tissue damage. Figure 4 shows that there was a correlation between the Injury 
severity score (ISS) and the percentage of CD16dim neutrophils. Although the ISS is 
the best tool available to quantify the amount of tissue damage, previous literature 
suggests that the ISS alone is insufficient to do so13. Also, the ISS only quantifies the 
number and severity of injuries, whereas the percentage CD16dim neutrophils could 
possibly give insight in both the extend and severity of tissue damage, as well as the 
body’s response to this. Therefore we hypothesize that the determination of the 
CD16dim neutrophils together with the total fMLF response on neutrophils will be an 
adequate read-out of the severity of tissue damage and following immune response 
(Figure 5). Prediction of immune mediated complications was not the main study 
goal in phases I and II; however, this will be the goal of phase III.  
 
 

 

 
 
Figure 4: Based on forward scatter and sideward scatter, the granulocytes are gated. 
Thereafter the CD16dim population is gated. The percentage of neutrophils in that 
gate is plotted vs the Injury Severity Score in this scatter plot. All patients with an 
ISS <16 had <5% CD16dim neutrophils. The polytrauma (ISS>16) patients had 
CD16dim neutrophils varying from 0 to 22% percent. There were two outliers. The 
upper left outlier was a trauma patient who came in after a cardiac arrest. Therefore, 
it is likely that he sustained a lot of tissue damage despite minimal injuries. On the 
right, there is a patient with a high ISS, but a low percentage of CD16dim cells. This 
was a patient with grade 5  head and grade 6 neck injury, so it is likely that this 
patient had minor tissue damage despite a high ISS. 
 

 
Figure 5: Scatterplot of the percentage of CD16dim neutrophils and the Injury 
Severity Score with our hypothesis regarding immune mediated complications. 
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Figure 6: Percentage and absolute count of different neutrophils phenotypes. 
Polytrauma patients with infections (n = 11) were compared to polytrauma patients 
without infections (n = 21)  with the use of a Mann Whitney U test. Data are 
presented as a scatter plot with median and interquartile range. Reference values 
show interquartile range of monotrauma patients (ISS<16) ( n= 55).  
 

 
Figure 7: Receiver operating characteristic (ROC) curve for the prediction of 
infectious complications in trauma patients during the presentation in the trauma 
room. Area under the curve (AUC) value for %CD16dim neutrophils is 0.898 (0.829-
0.968) and 0.903 (0.838-0.969) for absolute count CD16dim neutrophils.   
 
 Phase III: Does the test result distinguish patients with and without the target 
disorder among patients in whom it is clinically reasonable to suspect that the 
disease is present? 
 

 

This phase will be the focus of this study. To investigate this, on a large scale, the 
multinational study will be conducted to examine the association between neutrophil 
receptor expression (including CD16dim neutrophils) after trauma on admission and 
the occurrence of posttraumatic immune mediated complications. The main goal will 
be to create a prognostic model to predict if patients will develop immune mediated 
complications.   
 

Objectives 
 
Primary Objective: To examine the association between neutrophil functional 
phenotypes after trauma and the occurrence of posttraumatic infectious 
complications. The main goal will be to create a simple rule based prediction model, 
with the neutrophil phenotype as the main input in addition to readily available 
patient characteristics, to determine the likelihood of patients to develop severe 
sepsis (including septic shock). 
  

Study design 
 
A multicenter international prospective cohort study.  

 

Study population 
 
Population 
 
All trauma patients presented in the trauma bay in the emergency department. 

 
Inclusion criteria 
 

- Trauma patients presented with trauma team activation 
- Age: >18 (or presumed older than 18y, if age is unknown) 
- Undergo diagnostic blood sampling as part of the standard-of-care.  
 

Exclusion criteria 
 

- The patient transferred from other hospitals >3 hours after trauma. 
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Sample size calculation 
 
The aim of this study is to develop a multivariable prediction model, including 
neutrophil phenotype and readily available patient characteristics as predictors and 
severe sepsis (including septic shock) as the outcome variable. To account for 
competing events (notable mortality), a multinomial logistic regression analysis will 
be used to model the data. Formal rules for sample size calculations for such models 
are not available, yet a rationale for the planned sample size is provided below 14.  

 
Out of all patients admitted to the participating centers because of a major accident 
approximately 20% will be severely injured, of whom 5% are expected to develop 
severe sepsis. Therefore, when 10,000 patients are included in this study, we 
anticipate approximately 100 (1%) events of severe sepsis (including septic shock). 
Sepsis is expected to have a lower incidence than (all-cause) mortality. Therefore, 
the number of severe sepsis events (i.e., n=100) will be a limiting factor in the 
development of the multinomial prediction model. We expect this number to be 
sufficient to allow for estimation of a multivariable multinomial prediction model 
including 4 predictors: %CD16dim Neutrophils and 3 readily available patient 
characteristics (age, systolic blood pressure and base excess15–18). 
 

Methods  
 
Main study endpoint 
 
The main study endpoint is severe sepsis (including septic shock) between days 6 
and 30 after hospitalization.  

 
Secondary endpoint 
The secondary endpoint is the development of immune related complications, as 
scored in the National Trauma Data Standard (NTDS): 

 
- Acute respiratory distress syndrome (ARDS) 
- Catheter-associated urinary tract infection (CAUTI) 
- Central line-associated blood stream infection (CLABSI) 
- Deep surgical site infection 
- Organ/space surgical site infection 
- Osteomyelitis 
- Ventilator associated pneumonia 

 

- Any other infectious complication (not in NTDS)  
o Non-Catheter associated urinary tract infection (NCAUTI) 
o Pneumonia 
o Fracture related infection 
o Sepsis  

 
Flowcytometry data collection 
 
The trauma team considers if the trauma patients presented in the trauma 
resuscitation bay are eligible according to the predefined inclusion and exclusion 
criteria. During resuscitation and no later than 60 minutes after presentation, 1 
additional blood tube (vacutainer sodium heparin, BD) of 4mL will be drawn from 
the patient during standard-of-care diagnostic workup. Thereafter a member of the 
trauma team will place the tube with patient specific barcode in the AQUIOS CL® 
“load & go” flow cytometer (Beckman Coulter) that is located in or near the shock 
room. This flow cytometer is able to mix, pierce the cap, prepare and analyze the 
sample within 20 minutes. Data generated by the AQUIOS CL®  will be stored on 
a computer. Data is stored under a machine created patient identification number. 
Flowcytometry data management can be determined depending on site specific 
circumstances. The options are: 
 

1. In case the AQUIOS CL® “load & go” flow cytometer is attached to the 
online network, data management can be performed automatically. The 
AQUIOS CL® can automatically export the .lmd to an encrypted secure 
online cloud-based data system Cytobank (Beckman Coulter). 
Flowcytometry data files will be saved under a study identification code. The 
.pdf files will be saved on the local computer only, this document attached 
the link of the patient identification code with the study identification code.  

2. In case the AQUIOS CL® “load & go” flow cytometer is not attached to a 
network. The flow cytometry data needs to be manually transferred from the 
AQUIOS CL® to a different hospital computer and thereafter manually 
transferred to an encrypted secure online cloud-based data system Cytobank 
(Beckman Coulter). Flowcytometry data files will be saved under a random 
code. The .pdf files will be saved on the local computer only, this document 
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The following tasks need to be performed in order to ensure optimal measurement 
quality for the  AQUIOS CL® “load & go” flow cytometer: 
 

1. Ensuring sheath solution, wells plate with fMLF, antibody vials, cleaning 
solution, and lysing solution is sufficient to measure blood samples. (at least 
every 3 days, depending on trauma load)  

2. Restarting of the machine and performing quality control (every 1-3 days).  
 

The total time of the required tasks will be a maximum of 1 hour every 3 days. 
 
Informed consent procedure 
 
When a patient is admitted to the hospital and the blood sample is analyzed, the 
researcher will approach the patient or his/her family with regard to the study. If 
possible, the investigator obtains personal informed consent. If a patient is not in 
good mental health (i.e. ICU admission), the investigator will obtain a proxy 
consent. If it is not possible to obtain informed consent due to immediate transfer 
to another hospital or when the patient is sent home, the researcher will call the 
patient or his/her family and ask if he/she wants to participate in the study, 
thereafter the investigator will obtain written informed consent by post.   
 
When informed consent is not obtained, the data on the AQUIOS computer will be 
deleted, and no clinical patient information is stored.  

 
When a personal or proxy delayed informed consent is acquired, AQUIOS data 
will be saved and clinical patient information will be stored. 
 
Clinical Data collection 
 
Clinical study data will be collected in a secure electronic encrypted case report form 
(eCRF) in Castor (Castor EDC, Amsterdam, the Netherlands). The  
Demographic information, injury information, pre-hospital information, emergency 
department information, lab information, hospital procedure information, pre-
existing conditions, diagnosis information, hospital complications, and outcome 
information are scored.  
 
  

 

Predictors of severe sepsis 
 
The following predictors will be used to develop a multivariable prediction model of 
severe sepsis: %CD16dim neutrophils (continuous), age (continuous), systolic blood 
pressure (continuous) and base excess (continuous). These will be measured in the 
resuscitation bay, or as soon as possible afterwards. Measurements will be made 
according to clinical practice. 
 
 

AEs, SAEs  
 
Adverse events (AEs) 
 
Adverse events (AE’s) are defined as any undesirable experience occurring to a 
subject during the study, whether or not considered related to the experimental 
intervention. The AE’s reported spontaneously by the subject or observed by the 
investigator or his staff will be recorded during hospitalization if related to the 
venipuncture or blood drawn from a catheter. Any other AE will not be recorded, 
because of the minimal risk of the study.  
 
Serious adverse events (SAEs) 
 
A serious adverse event is any untoward medical occurrence or effect that at any 
dose:  

- results in death; 
- is life threatening (at the time of the event); 
- requires hospitalization or prolongation of existing inpatients’ 

hospitalization; 
- results in persistent or significant disability or incapacity; 
- Any other important medical event that may not result in death, be life 

threatening, or require hospitalization, may be considered a serious 
adverse experience when, based upon appropriate medical judgement, 
the event may jeopardize the subject or may require an intervention to 
prevent one of the outcomes listed above. 

 
The SAEs that will be reported are those which are related to the intervention, in this 
case, either blood drawing from the arterial catheter or via vena puncture. All other 
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SAEs will not be recorded, because we assume all other SAEs as the natural course 
of the trauma.  

 
Follow-up of adverse events 
 
All AEs will be followed until they have abated, or until a stable situation has been 
reached. Depending on the event, follow up may require additional tests or medical 
procedures as indicated, and/or referral to the general physician or a medical 
specialist. SAEs need to be reported till the end of study within the Netherlands, as 
defined in the protocol.  
 

Statistical analysis  
 
Primary and secondary study parameters 
 
Flow cytometry data will be analyzed using the FlowJo software v10.0 (Ashland, 
Oregon, USA). Unpaired T-tests (in case of Gaussian distribution) or Mann Whitney 
U test (in case of non-normality) will be used for comparing continuous data of 
patients with and without immune related complications using IBM SPSS v23.0 
(Chicago, Illinois, USA). Data will be graphically shown using Graph Pad Software 
Prism v7 (La Jolla, California, USA).  
 
Three outcome categories are defined: severe sepsis (including septic shock), all-
cause mortality, survival (up to 30 days after hospitalization or discharge from the 
hospital alive). Patients who first develop severe sepsis and later die will be 
considered in the category severe sepsis only.  
 
In order to develop a multivariable prediction model of severe sepsis, the following 
data analytical steps will be taken. First, patients with severe sepsis are compared to 
patients who survive and to patients who die. Second, a multinomial logistic 
regression analysis will be performed using the three outcome categories listed 
above. The predictors mentioned in section 5.2.3 will be included as covariates in 
the model. No variable selection will be performed. Bootstrap resampling will be 
performed to estimate optimism and to calculate optimism-corrected regression 
coefficients of the model. Third, the performance of the prediction model will be 
based on metrics of calibration (calibration curve, calibration slope) and 
discrimination (area under the ROC-curve).  
 

 

In the main analysis, information of patients who died within the first six days after 
hospitalization, or who were discharged within six days will be omitted from the 
analysis. This analysis will provide conditional probabilities of developing severe 
sepsis: the probability is conditional on being alive six days after hospitalization. In 
a sensitivity analysis, information about the first six days after hospitalization is 
included as well, where mortality within six days after hospitalization is considered 
part of the outcome category all-cause mortality, while discharge within six days is 
included in the outcome category discharge from the hospital alive. In an exploratory 
analysis, the number of outcome categories is extended, including not only mortality, 
severe sepsis and discharge from the hospital alive, but also secondary outcomes 
listed in section 5.1.2.  
 
Interim analysis 
 
An interim analysis is planned after approximately 5,000 subjects have been 
included in the study. The objective of the analysis is to assess the percentage of the 
outcome of severe sepsis in the study population. This percentage is expected to be 
around 1% (see also section 4.4 Sample size calculation). In case the observed 
percentage is less than 0.76% (less than 38 events per 5,000 patients), the probability 
that there will be at least 100 events in case 10,000 patients will be included will be 
less than 5%. In that case, sample size modifications will be made, such that the 
planned number of patients with the primary outcome is expected to be reached.  
 

Ethical considerations 
 
Regulation statement 
 
The study will be conducted according to the principles of the Declaration of 
Helsinki (Fortaleza 2013) and in accordance with the Medical Research Involving 
Human Subjects Act (WMO). 
 
Recruitment and consent 
 
No additional medical procedures will be performed in this study, which will result 
in no risk for the study participant. The extra blood tube drawn during standard 
diagnostic blood drawing will contain an amount of 4mL, which will also be 
considered minimal risk. Therefore, delayed informed consent will be acquired.  
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Benefits and risks assessment, group relatedness 
 
Benefits: 
By studying neutrophil phenotype and responsiveness we hope to develop a 
prediction algorithm for immune mediated complications after trauma. Such an 
algorithm would help clinicians to make decisions after trauma such as the decision 
to perform damage control surgery and resuscitation.  
 
Risks: 
For this study, a minimal volume (4 mL) of blood is sampled simultaneously with 
routine diagnostic sampling (thus requiring no additional venipuncture). This 
quantity will in no situation have any effect on the wellbeing of patients in this adult 
study population. By combining the experimental sampling with the routine 
diagnostic sampling also prevents the patients from any possible risks caused by 
additional venipunctures. 
 
Compensation for injury 
 
The sponsor/investigator has liability insurance which is in accordance with article 
7 of the WMO. 
 

Administrative aspects and monitoring 
 

Handling and storage of data and documents 
 
Data are handled confidentially. Every individual subject will get a study 
identification code, not based on the patient’s initials and birth-date. The key to this 
code will be safe guarded by the investigator and the principal investigator at the 
local study site. The handling of personal data will comply with the law. The clinical 
study data will be collected from the patient electronical patient registry and 
registered into the eCRF Castor. No personal data will be recorded in the eCRF.  
 
Flowcytometry data management can be determined depending on site specific 
circumstances. The options are: 

 

a. In case the AQUIOS CL® “load & go” flow cytometer is attached to the online 
network, data management can be performed automatically. The AQUIOS CL® 
can automatically export the .lmd and .pdf files to an encrypted secure online 
cloud-based data system Cytobank (Beckman Coulter). Flowcytometry data files 
will be saved under the patient hospital identification code.  

b. In case the AQUIOS CL® “load & go” flow cytometer is not attached to a 
network. The flow cytometry data needs to be manually transferred from the 
AQUIOS CL® to a different hospital computer and thereafter manually 
transferred to an encrypted secure online cloud-based data system Cytobank 
(Beckman Coulter). Flowcytometry data files can be either saved under the 
patient hospital identification code or a study identification code. 

 
Only the research team, the monitor and inspecting government agencies are given 
access to the study data. To be able to reproduce the study findings and to help future 
users to understand and reuse data, all changes made to the raw data and all steps 
taken in the analysis will be documented in syntaxes.  
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Point-of-care fully automated flow cytometry: from 
bench to bedside 
 
This thesis describes the introduction of a new method for bedside analysis of innate 
immune cells in health and disease. Flow cytometry is an analysis method, that is 
almost 50 years old and has been extensively used in biomedical research to 
investigate cellular responses as described in chapter 2. Recently, fully automated 
flow cytometry was developed, which resulted in huge advantages and 
improvements in the analysis of innate immune cells. Chapter 3 of this thesis 
highlights the following improvements in comparison with conventional flow 
cytometry: 
 

1. Fully automated flow cytometry reduces analysis time from 2 h to only 
20 min; this results in more accurate knowledge of ‘near-real’ in-vivo cell 
biology.  

2. Fully automated flow cytometry results in less in-vitro manipulation steps, 
enabling better reproducibility. 

3. Fully automated flow cytometry requires no dedicated lab personnel, 
enabling point-of-care application(s).  

 
This new method has been used to investigate ‘near-real’ in-vivo cell biology in 
chapters 4, 5 and 6. These studies resulted in the following conclusions.  
 
This new method is used to investigate innate immune cells in COVID-19 patients 
(chapters 4 and 5), resulting in the following conclusions. COVID-19 severity is 
associated with a maturation dissociation in the complete neutrophil compartment 
characterized by an overall low FcγIII/CD16 and Neprilysin/CD10 expression 
(chapter 4). The lack of expression of Neprilysin/CD10 might contribute to the 
compromised bradykinin pathway in COVID-19 patients (chapter 4). No signs of 
hyper inflammation nor activation in the neutrophils in the peripheral blood at 
hospital admission is found (chapter 4). An increase of CD16bright/CD62Ldim 
neutrophils is found prior to intensive care unit (ICU) admission in critically ill 
COVID-19 patients developing pulmonary embolisms compare to ICU patients who 
did not develop pulmonary embolisms (chapter 5). This may provide the missing 
link between altered hemostasis and malfunction of the immune system in the 
pathogenesis of pulmonary embolisms in critical COVID-19 patients. 
 

 

Fully automated flow cytometry in a field laboratory is used to analyze patient with 
inflammatory bowel disease (ulcerative colitis and Crohn's disease). This study 
shows that decreased responsiveness of neutrophils and monocytes to fMLF was 
demonstrated after repetitive bouts of prolonged exercise in these patients (chapter 
6). These refractory cells might create a lower inflammatory state in the intestine, 
providing a putative mechanism for the decrease in flare-ups in these patients after 
repeated exercise.  
 
Fully automated flow cytometry also enabled clinical applicability in daily patient 
care. Chapters 7, 8 and 9 not only investigated the ‘near-real’ in-vivo cell biology 
but also provided clinical correlations with specific cell markers.  
 
Point-of-care fully automated flow cytometry is was used to study neutrophil 
responses in trauma patients in chapters 8 and 9. Implementation of point-of-care 
fully automated flow cytometry in the trauma room appeared feasible (chapter 9). 
Neutrophil phagosomal acidification differs between patients who develop 
infectious complications and patients who do not (chapter 8). The assessment of 
CD16dim/CD62Lbright neutrophils is used for early detection of patients at risk for 
infectious complications (AUC = 0.90) (chapter 9). The %CD16dim/CD62Lbright 
neutrophils provided valuable information for clinical decision marking in trauma 
patients (chapter 9). With the results of chapter 9, the trauma surgery department 
of the UMC Utrecht has decided to implement this analysis as a standard-of-care 
procedure for support in clinical decision marking. To further elaborate the results 
of chapter 9 in a multivariate model, an international multicenter study is initiated. 
Chapter 10 shows a study protocol for the development and testing of a multivariate 
prediction model in a multicenter study.  
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General discussion 
 
‘Near-real’ in-vivo status of the human innate immune system 
 
Investigating the ‘near-real’ in-vivo status of innate immune cells has always been 
challenging in the study of the peripheral blood of humans. It seems essential to 
measure cells in a situation as close to the in-vivo situation as possible, to understand 
cellular behavior in situ better. However, innate immune cells are very susceptible 
to both (bio)chemical and physical stimuli. In the ideal case, innate immune cells 
need to be measured without ex-vivo manipulation. At this moment, in-vivo 
fluorescent labeling with in-vivo imaging techniques would be the closest readout of 
the ‘real’ in-vivo status of innate immune cells. Several animal studies showed 
exciting results using this method1,2, albeit that the clinical procedures needed for 
this technique (e.g. insertion of a window) will lead to a breach in homeostasis 
leading to responses of innate immune cells3,4. In-vivo imaging of human innate 
immune cells is only performed in a few studies, because of its complexity5. 
 
The next best thing, that provides available and accessible readout of the innate 
immune system is analyzing minimally manipulated human peripheral blood. In the 
early days of cellular analysis researchers relied on long procedures to isolate cells 
as pure as possible6,7. Later it became clear that a massive number of phagocytes die 
and/or activate within a few hours during these general work-up procedures. 
Therefore, multiple specific work-up protocol were designed for the adequate 
analysis of phagocytes8. However, this new work-up protocol did not have the 
availability of modern technology. We demonstrated that when analyzing 
phagocytes, the in-vitro work-up as generally used today, still induces an enormous 
in-vitro bias, compared to automated flow cytometry without in-vitro work-
up(chapter 3).  
 
From the moment that the needle enters the skin during blood drawing, innate 
immune cells will be activated. Multiple DAMPs will likely be released by the skin, 
subcutis and vein wall, which results in quick activation of innate immune cells 
expressing specific receptors for these DAMPs9,10. Furthermore, the different shear 
stress of the blood flowing through the needle changes the physiological 
circumstances for the cells. In addition, the blood is collected in a blood tube with 
anti-coagulants, again changing the homeostatic conditions of the cell environment. 
Unfortunately, the steps mentioned above are unavoidable when collecting human 

 

blood. Then the ‘time starts ticking’ (chapter 3), where every minute waiting means 
more cell stress and more cell activation. 
 
All studies regarding neutrophils activation determined by flow cytometry executed 
before this thesis used a conventional manual flow cytometry method to investigate 
the activation of innate immune cells ex-vivo11–15 . With these manual methods, cells 
will undergo significant but unavoidable physiological stress due to multiple 
manipulation steps: transferring cells to different tubes, manual pipetting, spinning 
in centrifuge, vortexing and washing. The time that all these steps take, vary from 
sample to sample, but mostly take a minimum of 2 hours. With the knowledge from 
chapter 3 (significant artificial activation within 30 min), one can imagine that the 
neutrophil activation status is then far from the ‘near-real’ in-vivo activation status 
of the innate immune cells. Unfortunately, before introducing fully automated flow 
cytometry, it was hardly possible to set up a study as chapter 3. With this knowledge, 
we were able to come one step closer to investigate the ‘near-real’ in-vivo activation 
status.  
 
Moreover, is not only crucial for investigating ‘near-real’ in-vivo cell biology but is 
also very important for clinical studies. Measuring neutrophil activation markers of 
healthy controls with a throughput time of 2 to 3 hours, compared with a disease 
group with a (mostly longer) throughput time of  4 to 5 hours, will always result in 
a significant increase in neutrophil activation markers in the samples to take the 
longest time to analyze. Having this knowledge, many studies (not reporting lab 
throughput time) published before should be interpreted with great caution13,15. 
 
Fast laboratory logistics versus point-of-care system 
 
All conventional flow cytometers and work-up/analysis protocols require specialized  
flow cytometry laboratories and specific knowledge. Fully automated flow 
cytometry has the huge advantage that there is no dedicated laboratory nor 
specialized personnel necessary to measure blood samples. Fully automated flow 
cytometry enables the point-of-care implementation of this flow method. This fits 
perfectly as a hands-on clinical decision support system in daily hospital practice. 
We show in  chapter 9 that it is feasible to implement this method in the trauma 
room, with only nurses and medical doctors handling the samples. In the future, it 
will also be possible to place the machine in another hospital ward, intensive care 
unit, emergency department or outpatient clinic. The most important is to ensure 
minimal ex-vivo time bias.  
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Point-of-care fully automated flow cytometry has the advantage of really bringing 
bench-to-bedside and can provide an easy accessible clinical decision support 
system. However, point-of-care positioning has also downsides. The machine needs 
to have a physical place, troubleshooting needs to be done, the machine makes some 
noise and maybe the most important issue is that only one department can make use 
of the machine. Placing the machine in a central diagnostic laboratory with 24/7 
availability and fast laboratory logistics would circumvent the above-mentioned 
problem. However, the central diagnostic laboratory needs to ensure optimal 
logistics and a very fast handling of blood samples. This is not the case in many 
diagnostic labs in the world. With all new research and biomarkers in the scientific 
area of flow cytometry, the central diagnostic labs (especially in an academic 
hospital) need to keep up with new developments.  
 
Clinical decision making in trauma surgery 
 
The standard work-up of trauma patients in the western world is physical 
examination, radiography, ECG and blood testing to get an overview of the clinical 
characteristics caused by the injuries16. If there is enough time, a CT-scan will also 
be made. These diagnostic techniques will help the trauma surgeon in clinical 
decision making, with patient survival as primary priority.  
 
More and more patients survive the initial trauma nowadays due to advances in the 
prehospital trauma system, (surgical) hemorrhage control and resuscitation17,18. 
Therefore, the main reason for in house mortality of trauma in the western world has 
changed towards mortality due to immune-related complications, such as an 
overwhelming immune responses, severe infections, or recurrent infections later 
on19,20. Therefore, the priorities in clinical decision-making nowadays shifted 
towards preventing immune-related complications. The first step in this process is 
recognizing patients at risk for developing immune-related complications.  
 
Chapter 9 provides a biomarker, %CD16dim neutrophils, that correlated with the 
Injury Severity Score that is associated with the cumulative amount of tissue damage 
in trauma patients. This biomarker also had significant value in the prediction of 
infectious complications in polytrauma patients. With the support of the %CD16dim 

neutrophils, it becomes easier to predict which patients are at risk for developing 
immune-related complications. With this knowledge, the clinician can decide 
whether treatment needs to be according to an immune-protective protocol or 
according to an early recovery protocol. See figure below.  

 

 

Figure 1: Percentage of CD16dim/CD62Lbright neutrophils against the ISS in all 
included trauma patients. Data are presented as a 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 neutrophils, except for one outlier 
with 12% CD16dim neutrophils (left red square). This trauma patient was presented 
after an out-of-hospital cardiac arrest. All polytrauma (ISS≥16) patients had CD16dim 
neutrophils varying from 1% to 22%. The second outlier is a polytrauma patient with 
an ISS of 75, with only 6% CD16dim/CD62Lbright neutrophils (right red square). This 
was a patient with a very high-grade head and a non-survivable neck injury with little 
additional trauma. Patients with a >6% CD16dim neutrophils are at risk for immune-
related complications and should be treated according to the immune-protective 
protocol. Patients with <6% CD16dim neutrophils can be treated with the early 
recovery protocol.  
 
The immune protective protocol entails all supportive to prevent immune-related 
complications. Supportive care in these trauma patients at risk for immune-related 
complication can be initial damage control surgery, adequate timing of definitive 
surgery, prophylactic antibiotics and enhanced nutritional support. If patients are not 
at risk for immune-related complications, the main goal of treatment is early 
recovery and soon discharge. 
  
As the next step based on chapter 9, the UMC Utrecht has implemented fully 
automated flow cytometry as a standard-of-care diagnostic modality. In every trauma 
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patients who presents in the trauma room, neutrophil phenotype is measured and the 
%CD16dim neutrophils is automatically sent to the electronic patient registry. The 
results of this test, in combination with all other clinical parameters, helps in better 
clinical decision-making and improved patient care.  
 

Future perspectives 
 
Flow cytometry has been used to analyze cells and particles for a long time now and 
has resulted in exciting and intriguing results13,15,21–23. However, the next step, 
bringing biomarkers determined by flow cytometry to clinical diagnostics, was 
always a difficult step (chapter 2). With point-of-care fully automated flow 
cytometry, it is now possible to more easily bring bench to bedside. This will be 
illustrated by the following examples: 
 
Personalized surgery using fully automated flow cytometry 
 
Immune-related complications belong to the most common clinical issues seen after  
surgery in the western world. A balanced innate immune system is essential for 
minimizing immune-related complications (chapter 2). For every patient, this 
balance is different and should, therefore, be individually assessed. With fully 
automated flow cytometry, it is easier to implement flow cytometry determined 
markers to daily clinical practice and for personalized medicine. In chapter 9, we 
have identified a valuable marker for the prediction of infection in polytrauma 
patients. A few months after publication of this study, the trauma surgery department 
started using this biomarker as standard-of-care practice. This is only one example 
of how easy it can be to bring bench to bedside using fully automated flow cytometry. 
There are many possible applications where innate immune analysis by fully 
automated flow cytometry can improve personalized surgery: 

1. Preoperative screening of patients undergoing surgery to check innate 
immune activation status. (e.g. screening before surgery) 

2. Determine the effect of surgery on a patient’s immune system and reduce 
infectious complications (e.g. determination of maximum surgery time per 
patient, immune-monitoring during surgery)  

3. Find the optimal timing for surgery to minimize infections (e.g. timing of 
definitive fixation after trauma) 

4. Determine operation indication based on the immune system (e.g. treatment 
of hip fracture in elderly patients) 

 

5. Differentiate between viral infection, bacterial infection or sterile 
inflammation (e.g. daily determination of CD64) 

6. Immune monitoring on the ICU (e.g. determination of neutrophil 
acidification) 

 
The ‘immuno’ bus: bringing the lab to the people  
 
There are also many more possibilities for implementing fully automated flow 
cytometry outside the hospital in research and clinical setting. The machine is 
‘dummy-proof’ and stable and, therefore, the device could be positioned in a field 
laboratory or bus. Chapters 6 and 7 showed examples of studies done in a field 
laboratory at a sport event. Implementing the machine in an ‘immuno’ bus, will result 
in even more research and clinical possibilities, without losing time in samples 
analysis when analyzing innate immune cells (chapter 3).  
 
A few examples of possible implementations for the ‘immuno’ bus: 

1. Position flow analysis at  sports events to investigate the innate immune 
system in a large group of athletes.  

2. Support clinical trials in providing home visits during pandemics (e.g. 
COVID-19) 

3. Creating a point-of-care HIV-lab traveling to provide care in rural areas with 
large distances to a hospital in Africa or South-America.  

 
Next-generation fully automated flow cytometers  
 
In this thesis, we used the AQUIOS CL fully automated flow cytometer. There are 
some possible competitors brought to the market last few years providing flow 
cytometers with prep stations (e.g. BD FACSDuet™, MACSQuant®, Laminar 
Wash™ AUTO 1000),   however none of them were so dummy-proof and “all-in 
one” as the AQUIOS CL. However, the AQUIOS CL has several technical 
limitations: 1. It has only one laser, 2.  five ‘relatively old’ sensors, 3. is relatively 
large and 4. is a closed system  (which is also an advantage as it is dummy proof). 
The ideal next-generation fully automated flow cytometers need to have multiple 
lasers, several high-resolution sensors, are small and adjustable by the programmer. 
A combination of the technical specs of the CytoFLEX (Beckman coulter) in 
combination with the AQUIOS CL will be a significant step forwards in  analysis of 
innate immune cells in the future. 
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Conclusions  
 
Fully automated flow cytometry is a new method for the analysis of innate immune 
cells. This new method improves the measurement of innate immune cells and leads 
to a better understanding of the ‘near-real’ in-vivo status of these cells. Moreover, 
this new technique enables point-of-care implementation and relatively easy clinical 
applicability. New biomarkers assessed with this machine can quickly be brought 
from bench to bedside. Implementation in daily clinical practice will allow fully 
automated flow cytometry-based precision medicine.    
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Summary in Dutch (Nederlandse samenvatting) 
 
Dit proefschrift beschrijft de introductie van een nieuwe methode voor bedside 
analyse van aangeboren immuuncellen in gezondheid en ziekte. Flowcytometrie is 
een analysemethode, die bijna 50 jaar oud is en veelvuldig is gebruikt in biomedisch 
onderzoek om cellulaire responsen te onderzoeken, zoals beschreven in hoofdstuk 
2. Onlangs is volledig geautomatiseerde flowcytometrie ontwikkeld, wat heeft geleid 
tot enorme voordelen en verbeteringen in de analyse van aangeboren immuuncellen. 
Hoofdstuk 3 van dit proefschrift belicht de volgende verbeteringen in vergelijking 
met conventionele flowcytometrie: 
 

1. Volledig geautomatiseerde flowcytometrie reduceert de analysetijd van 2 
uur tot slechts 20 minuten; dit resulteert in meer accurate kennis van 'near-
real' in-vivo celbiologie. 

2. Volledig geautomatiseerde flowcytometrie resulteert in minder in-vitro 
manipulatiestappen, waardoor een betere reproduceerbaarheid mogelijk is. 

3. Volledig geautomatiseerde flowcytometrie vereist geen speciaal 
laboratoriumpersoneel, waardoor point-of-care-toepassing(en) mogelijk 
zijn. 

 

 

 

Deze nieuwe methode is gebruikt om ‘near-real’ in-vivo celbiologie te onderzoeken 
in de hoofdstukken 4 tot en met 10.  
 
Deze nieuwe cel analyse methode wordt gebruikt om aangeboren immuuncellen te 
onderzoeken bij COVID-19-patiënten (hoofdstukken 4 en 5), wat resulteert in de 
volgende conclusies. Er worden geen tekenen van hyperinflammatie of activatie van 
de neutrofielen in het perifere bloed bij ziekenhuisopname gevonden (hoofdstuk 4). 
Een toename van CD16bright/CD62Ldim neutrofielen is gevonden voorafgaand aan 
opname op de intensive care (IC) bij ernstig zieke COVID-19-patiënten die 
longembolie ontwikkelden in vergelijking met IC-patiënten die geen longembolie 
ontwikkelden (hoofdstuk 5). Dit kan de ontbrekende schakel zijn tussen verandering 
en verstoring van het immuunsysteem en de bloedstolling bij het ontwikkelen van 
een longembolie bij kritieke COVID-19-patiënten. 
 
Tevens werd volledig geautomatiseerde flowcytometrie toegepast in een 
veldlaboratorium tijdens de Nijmeegse Vierdaagse. Onze analysemethode werd 
gebruikt om in kaart te brengen hoe het aangeboren immuunsysteem reageert op 4 
dagen achter elkaar 30 tot 50 km wandelen (hoofdstuk 6). Het daaropvolgende jaar 
werd deze informatie gebuikt tijdens een studie naar  inflammatoire 
darmaandoeningen (colitis ulcerosa en de ziekte van Crohn) tijdens het wandelen 
van de Vierdaagse in Nijmegen. Deze studie laat een verminderde respons van 
neutrofielen en monocyten op fMLF na herhaalde langdurige inspanning bij deze 
patiënten zien (hoofdstuk 7). Deze ongevoelige cellen kunnen een lagere 
ontstekingstoestand in de darm veroorzaken, wat een vermoedelijk mechanisme 
vormt voor de afname van ziekte exacerbaties bij deze patiënten na herhaalde 
inspanning. 
 
Volledig geautomatiseerde flowcytometrie maakte ook klinische toepasbaarheid in 
de dagelijkse patiëntenzorg mogelijk. Hoofdstukken 8 en 9 onderzochten niet alleen 
de ‘near-real’ in-vivo celbiologie, maar verschaften ook klinische correlaties met 
specifieke cel markers. Point-of-care volledig geautomatiseerde flowcytometrie is 
gebruikt om neutrofiele reacties bij traumapatiënten te bestuderen in hoofdstuk 8 en 
9. Implementatie van point-of-care volledig geautomatiseerde flowcytometrie in de 
traumakamer leek haalbaar (hoofdstuk 9). Neutrofiel functionaliteit verschilt tussen 
patiënten die infectieuze complicaties ontwikkelen en patiënten die dat niet doen 
(hoofdstuk 8). De bepaling van CD16dim/CD62Lbright neutrofielen kan gebruikt 
worden voor vroege detectie van patiënten met een risico op infectieuze complicaties 
(hoofdstuk 9). Het percentage CD16dim/CD62Lbright neutrofielen leverden 
belangrijke informatie op voor de klinische besluitvorming in de behandeling van 
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traumapatiënten (hoofdstuk 9). Met de resultaten van hoofdstuk 9 heeft de afdeling 
traumachirurgie van het UMC Utrecht besloten om deze analyse te implementeren 
als standaardprocedure voor ondersteuning bij klinische besluitvorming. Om de 
resultaten van hoofdstuk 9 verder uit te werken in een multivariaat model, is een 
internationale multicenter studie gestart. Hoofdstuk 10 toont een 
onderzoeksprotocol voor het ontwikkelen en testen van een multivariaat 
voorspellingsmodel in een multicenter onderzoek. 
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Prof. dr. Koenderman, beste Leo, door jou heb ik ware passie gekregen voor de 
wetenschap. Wat was het mooi om 3 jaar lang te mogen discussiëren over 
biologische processen en speculeren over de evolutietheorie. Afgelopen jaren ben ik 
elke dag met enorm veel plezier naar mijn werk gegaan en dat kwam mede door al 
jouw enthousiasme voor de experimentele biomedische wetenschap. Juist hierdoor 
heb ik het idee gehad dat ik het maximale uit mijn promotietijd heb weten te halen. 
Alles was mogelijk bij jou, zolang het maar de wetenschap ten goede kwam. Bloed 
analyseren op de Nijmeegse Vierdaagse, de Utrechtse marathon, bij roeiers op 
Triton, bij feestende Lowlandsgangers en op de meeste gekke plekken in het 
buitenland; zolang de neutrofiel maar gemeten werd, was het mogelijk. Ik hoop dat 
de “immunobus” een feit gaat worden. Niet alleen tijdens, maar ook buiten werk, 
was het leuk samen! De borrels, de vele congressen en bijeenkomsten, de lab- 
uitjes/weekenden en het rondreizen samen in IJsland en Canada.  Leo, het was een 
eer om jouw promovendus te mogen zijn, bedankt voor alle fantastische tijden!! 
 
Prof. dr. Leenen, ik ken niemand die meer passie voor zijn vak heeft dan u. Niet 
alleen in de kliniek, maar ook in het onderzoek, is uw naam niet weg te denken. Ik 
heb altijd een groot voorbeeld genomen aan uw arbeidsethos, management skills, 
progressiviteit, klinische redeneren en pragmatiek.  Inmiddels ben ik, met veel 
plezier, al 11 jaar betrokken bij uw onderzoeksgroep. Bij u heb ik altijd alle 
mogelijkheden gekregen om verder te komen in het vak, als de patiënt maar voorop 
stond. Na mijn werk in het miltletsel onderzoek, heeft u mij de mogelijkheid gegeven 
om de eerste proefjes te doen met een “nieuwe machine” in een “verlaten hokje”. Ik 
herinner mij nog de woorden “Let maar op, dit gaat de wereld van de traumachirurgie 
écht veranderen”. Die dag was de eerste stap richting dit proefschrift gezet. De 
AQUIOS heeft veel mooie onderzoeksresultaten opgeleverd, welke ik op vele 
nationale en internationale congressen mocht presenteren. Bedankt voor alle steun 
die u mij heeft gegeven om te komen waar ik inmiddels ben!!  
 
Dr. Hietbrink, beste Falco, het was me een genoegen om met jou samen te mogen 
werken de afgelopen jaren. Door jouw talent, open blik en diepgang, hebben we veel 
mooie projecten samen af mogen ronden. Het was het ook erg leuk om samen andere 
studenten te begeleiden richting de mooie weg van de experimentele traumatologie. 
Daarnaast hebben we samen veel congressen bezocht, waar wij de nodige avonturen 
samen hebben meegemaakt. De Hollandse en Utrechtsche avond in Valencia, het 

 

gala in San Diego, de onvergetelijke dag in San Diego Zoo en niet te vergeten de 
galaloterij in Dallas. Falco ik hoop dat wij nog heel lang samen mogen werken!  
 
Geachte leden van de beoordelingscommissie, veel dank voor uw tijd en 
inspanning voor het beoordelen van mijn proefschrift. 
 
De leukste groep van het hele centrum voor translationele immunologie (CTI), de 
Koenderman groep. Een diverse, dynamische, veel besproken en gezellige groep. 
Wat heb ik een fantastische tijd gehad met jullie allemaal, op het werk en daarnaast. 
Allereerst Nienke, de spil in het web, dank voor alle zeer waardevolle en scherpe 
toevoegingen aan de manuscripten. Daarnaast hebben we ook in Curaçao een erg 
leuke avond gehad. Okan, je hebt mij als student destijds verbaasd met je 3-punts-
buig-apparaat en de eerste varkensexperimenten. Bart, jij hebt mij enthousiast 
gemaakt voor de “exercise immunology” (hoofdstuk 6 en 7), dank daarvoor! De 
beginselen van dit proefschrift zijn met jou geweest Pieter, in het “verlaten hokje” 
met de AQUIOS, daarnaast ook altijd goede tijden op de borrels en de ski-reis. De 
vervolg stappen met de AQUIOS ben ik jou dankbaar voor Pien, zonder jou stond 
de machine nu niet op de SEH. Giuilo, thanks for the great times in the lab and the 
collaboration during the COVID-19 times. Erinke, jouw wetenschappelijke 
vaardigheden en punctualiteit hebben me altijd verwonderd. Na, thank you for your 
great work in the lab, it really inspired me. Selliee, wat hebben wij mooie tijden 
gehad samen! Promoveren samen was erg leuk, maar ook naast werk hadden wij 
altijd veel fun. Zo is “de Jeugd” een feit geworden, i’ll never forget. Mar1 direct in 
het eerste jaar gingen we samen op reis naar Canada en IJsland, daar leerde ik de 
echte wetenschapper in jou kennen. Niet altijd even optimistisch, maar wel passie 
voor het vak. Dan Suus, eerst als student, en daarna als directe collega’s hebben wij 
elkaar veel geholpen, bedankt daarvoor! De eerste COVID tijden waren spannend, 
dynamisch, maar af en toe natuurlijk ook moeilijk en zwaar. Wel hebben wij samen 
de hele experimentele COVID research tak in het UMCU opgezet, het waren 
bijzondere tijden.  
 
Zonder jullie lab expertise, Lei, Deon, Corneli, Karin en Eva, was ik nergens 
geweest. Van een lab noob naar een experimentele doctor, zonder jullie hulp in het 
lab, was dit niet mogelijk geweest. Lei, jij hebt mij altijd weten te verbazen met je 
verhalen uit de pub van Amsterdam, de honderden kilometers snelwandelen en 
samen drinken in de Kneus. Deon, de eeuwige hippie met een passie voor het 
labwerk. Als er iets over “kolommetjes” getrokken moest worden was jij daar, maar 
ook voor gesprekken over bierbrouwen, bijen houden of avonturen over India en het 
Midden-Oosten. Het lab-weekend bij jou thuis zal ik nooit meer vergeten. Corneli, 
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perfecte moeder en toch op elk moment beschikbaar in het lab of tijdens het ophalen 
van bloed of AQUIOS tributen, bedankt daarvoor. Karin, altijd enorm betrokken, 
heb genoten van de schaatsavonturen samen!  
 
Lieve lieve Lilian, dr. Hesselink, zonder jou was de promotietijd nooit zo leuk 
geweest! Inmiddels vier jaar geleden werden we beide aangenomen als arts-
onderzoeker traumachirurgie, kregen dezelfde werkkamer, werkte aan dezelfde 
projecten, hadden dezelfde borrels met collega’s en mochten naar dezelfde 
congressen. Al snel werden we, naast “collega’s”, ook goede vrienden, iets wat er 
voor zorgde dat we elke dag op werk veel fun hadden! We vulden elkaar goed aan 
en werden echt een goed team samen: het experimentele trauma team. Naast de 
mooie tijden in het UMCU, hebben we mooie avonturen beleefd op de congressen 
in Berlijn, Praag, Valencia, Vancouver, San Diego, Krakow en vele locaties in 
Nederland. Na twee jaar, veranderde er veel in onze persoonlijke levens en kreeg jij 
een andere baan. Hierna heb ik jou alleen nog maar beter leren kennen, we waren 
geen collega’s meer, maar hadden het leuker dan ooit samen! Geen werkteam meer, 
maar een levensteam geworden! Jij als IC dokter en ik als COVID onderzoeker, 
samen de corona tijden beleefd. Wat veranderde er veel in de wereld, maar samen 
waren we stabieler dan ooit! Daarna maakten we samen het besluit te gaan werken 
in Curaçao, de beste beslissing. Lieve lil, wat ben jij een fantastisch persoon. Bedankt 
voor al je hulp met dit proefschrift en wat ben ik blij dat we samen een levensteampie 
zijn!  
 
Teuben Michel, zonder jou was ik nooit zo ver gekomen. Samen hebben we grote 
stappen gezet in het miltletsel onderzoek. Work hard, play hard, dat was ons motto. 
Wij vulden elkaar goed aan, jij regelde de meest onmogelijke dingen en ik schepte 
vaak orde in de chaos. Wij hebben zo veel projecten samen gedaan, de 
schrijf/slivovitsj avonden, de varkens in Homburg, de avonturen en carnaval in 
Aachen, het wereld trauma congres in Bangkok en de vele andere congressen. Wat 
waren het fantastische tijden. Dan nooit te vergeten, de 8 weken dat we samen 
“stage” in Zuid-Afrika liepen en elkaar 24/7 zagen, het hok in de dorm, Kurt Darren, 
Cape-Town backpackers, werken op Camps Bay, papieren dossiers in Tygerberg, 
buitenwijk clubs in Durban, rondreizen in Leshoto, en obscure barren bezoek. 
Ondanks dit alles toch een prachtige wetenschappelijke uitkomst. Daarna zijn we 
beide ons eigen pad gegaan, maar hopelijk kunnen wij ooit nog samen ons plan 
uitvoeren: Met 100% NL of Kurt Darren op de speaker samen opereren. Michel, ik 
heb altijd veel van je geleerd! Dank voor alles!! 
 

 

Beckman Coulter team, without your help we could have never done so much nice 
and important research. In het bijzonder heel veel dank aan de mannen van Beckman 
Coulter Nederland (Paul van Hoof, Roelof-Jan van der Lei and Geert Weijers). 
Dank voor de vele uren dat wij samen achter de AQUIOS hebben gestaan als wij 
weer het onmogelijke met de machine van plan waren. Andreas Boehmler and 
Markus Kaymer, thanks for all the trust in our research, the unlimited support and 
the the opportunities you gave me. It was great fun during the Vierdaagse event and 
all the conferences together. Lama Khadou, thanks for the help with setting up the 
multicenter trauma study. We appreciated your presence during the AAST. It also 
was a great pleasure to be invited as speaker during the flow meeting in New York.  
 
Traumacentrum Midden-Nederland, wat was het leuk om bij jullie op de gang te 
mogen zitten. Lukas, dank voor het bieden van de mogelijkheid om op deze ideale 
locatie in het ziekenhuis gestationeerd te zijn. Marlous, als buurvrouw kwamen wij 
elke dag even bij elkaar babbelen. Ik heb altijd verwondering gehad voor jouw 
passie, enthousiasme, brede blik op de wereld en natuurlijk jouw lekkere wijn. Stasja 
en Bob, naast de leuke tijden samen, ook veel dank voor alle data die jullie mij 
hebben gegeven voor het onderzoek; echt onmisbaar. Danielle, Anniek en Lotte, 
het was altijd erg gezellig op de gang en tijdens de ganguitjes. 
 
Afdeling SEH van het UMC Utrecht, waaronder alle  SEH verpleegkundigen en 
Ingelise, dank voor de hulp tijdens het opzetten en uitvoeren van de AQUIOS studie.  
 
Karlijn van Wessem, bedankt voor de goede input op het onderzoek afgelopen 
jaren. Elke maandagochtend dacht jij mee tijdens de experimentele trauma 
wetenschapsbespreking, jij kwam altijd met de meest scherpe en verhelderende 
opmerkingen, wat uiteindelijk de wetenschap veel verbeterd heeft. Ook op de AAST 
hebben we meerdere malen samen mogen staan. Erg mooie tijden.  
 
Vakgroep traumachirurgie UMC Utrecht, met in het bijzonder de stafleden 
(Hietbrink, Houwert, Van Wessem, De Bruin, Govaert, De Jong, Kolonel De Jong, 
Kolonel Huizinga) dank voor al jullie hulp tijdens de patiënt inclusie van de 
AQUIOS studie. Daarnaast Steven en Annet, dank voor de tijden als ASAS op de 
trauma afdeling. Ingrid, Gioya en Hélène, dank voor alle hulp tijdens het plannen 
van onmogelijke afspraken en het regelen van alles. 
 
Mede-trauma onderzoekers. Wat een ongelofelijk mooie tijden op congressen, 
werkuitjes en borrels. Eef, Robin, Beks, Tom, Q bedankt voor de tijden in Valencia 
bij de ECTES. Joost, wat leuk om samen de AAST in San Diego meegemaakt te 
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Vakgroep traumachirurgie UMC Utrecht, met in het bijzonder de stafleden 
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AQUIOS studie. Daarnaast Steven en Annet, dank voor de tijden als ASAS op de 
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van onmogelijke afspraken en het regelen van alles. 
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werkuitjes en borrels. Eef, Robin, Beks, Tom, Q bedankt voor de tijden in Valencia 
bij de ECTES. Joost, wat leuk om samen de AAST in San Diego meegemaakt te 
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hebben. Suzan Dijkink, als middelbare school vrienden en biologie-nerds 
begonnen, en elkaar na 6 jaar weer tegengekomen op de ECTES in Amsterdam. Wat 
mooi om samen het pad van het trauma onderzoek bewandeld te hebben. Thanks 
voor de mooie tijd op alle congressen samen, overal in de wereld. Rogier, altijd heb 
ik bewondering gehad voor jouw informatica skills, thanks voor de hulp bij de 
COVID data. Dan Q, de eerste 1.5 jaar samen op de kamer gezeten, wat een mooie 
tijd. Het burgerpunten klassement, de traumatoren uitjes, Insanity, vrijdagmiddag 
borrels en de wijncursus. Good old times.  
 
Bestuur 2019 van de Stichting ter bevordering van Extra-curriculaire Activiteiten 
van Artsen van de afdeling heelkunde van het UMCU (SEAAH), Skicommissie 
2019. Lieve tricie, wat was het mooi met jullie!! Een jaar lang lunch en 
avondsymposia organiseren en dit afsluiten met een weekend naar Westendorf.   
  
(Oud) Heelkunde onderzoekers / Heelkunde A(N)IOS regio Utrecht, onder 
andere Bianca, Tesse, Jennifer, Aarend, Rotsie, Nathalie, Fons, Steven, Frans-Jasper, 
Maarten, Hylke, Dirk-jan, Vincent,  Wessel, Lukas, Bernard, Feike, Badjo, Ingmar, 
Tiuri, Lianne, Alicia, Lianne, Niek, Jasmijn, Armelle, Ian, Anne-claire, Emma, 
Constance, Lois, Marlous, Paulien, Sophie, Joost, Carolijn, Franka, Jan-Willem, 
Leonie, zonder jullie was de promotietijd niet hetzelfde geweest. De 
promovendiweekenden, de congressen, de vrijdagmiddag borrels en alle andere 
dingen die we samen mee hebben mogen maken. 
 
Trauma onderzoekstudenten, zonder jullie hulp was dit proefschrift er niet. 
Thomas, inmiddels al heel wat jaar zijn wij samen bezig, het begon met jouw 
keuzestage en nu ben je ook promovendus traumachirurgie. Door jouw harde werk 
en enthousiasme heb jij altijd veel voor elkaar gekregen. Ben trots op je! Nu ben jij 
de AQUIOS baas in het Antonius, hoe mooi! Daarnaast was het ook naast het werk 
erg leuk, zoals tijdens de ECTES in Praag! Bernard, het begon allemaal tijdens een 
gure avond op de Sterren, waarna je als honoursstudent bij Falco terecht kwam. Het 
was erg leuk om tijdens jouw wetenschapstage en in de COVID-tijden te hebben 
samengewerkt. Wat ben ik blij dat ook jouw enthousiasme voor de wetenschap 
onvermoeibaar bleef groeien en jij nu ook een mooie promovendus plek hebt 
gevonden bij Leo. Lauren, samen waren we het onderzoeksteam van de 
kindertraumatologie in het UMCU. Door jouw harde en adequate werk heb jij binnen 
korte tijd toch wat mooie projecten afgerond. Het was echt de allergrootste eer om 
tijdens jouw buluitreiking te mogen speechen. Robert, Ruben, Maaike, Marijn, 
Emma, Daan, Wiebe. Bedankt voor al jullie tijd en inzet! Zonder jullie was dit 
proefschrift nooit zo mooi geworden!  

 

Tijdens de eerste COVID-19 golf  heeft de AQUIOS een vogelvlucht genomen. Van 
studie project tot klinische diagnostiek. Zonder jullie was dit nooit gelukt: 
Granulocyt fenotypering team. Waar de meeste studenten thuis zaten, kozen jullie 
ervoor om elke dag in het UMCU te zijn voor de AQUIOS. De eerste tijd bestond 
met name uit bloed analyses en data verzameling, binnen 3 maanden hebben we rond 
de 700 patiënt geïncludeerd en duizenden flowcytometrie analyses gedaan. Dit was 
een van de grootste neutrofiel flowcytometrie studies in Nederland. Door al het harde 
werk van Bas, Thomas, Bernard, Judith, Nikita, Remi, Duco, Suus, Wiebe en 
Daan hebben we binnen no-time ook een enorme database kunnen bouwen met alle 
klinische data van de COVID-19 patiënten. Hiermee hebben we echt een unieke 
positie bemachtigd in het COVID-19 onderzoek binnen het UMCU. Daarna bestond 
er een hele lange tijd aan data analyse en interpretatie, waar ik Nikita en Bas enorm 
dankbaar voor ben. Zonder jullie codering skills waren we nooit zover gekomen!    
 
In de eerste COVID golf ontstond er op gegeven moment een collaboratie van 
COVID-19 data onderzoekers, de COVPACH (deelnemers staan in de sectie 
“collaborators”). Het was enorm mooi om te zien hoe medewerkers uit alle 
verschillende vakgebieden in het ziekenhuis samen kwamen om vanuit hun eigen 
vakgebied het maximale bij te dragen aan het COVID-19 onderzoek in deze 
onzekere tijd. Ik wil in het bijzonder Harriet en prof. Karin Kaasjager bedanken 
voor de fijne samenwerking en al het moois wat wij samen tot stand hebben gebracht. 
 
Medewerkers van het Centraal Diagnostisch Lab en de UPOD, (prof. van Solinge, 
prof. Hamann, Maarten ten Berg, Albert Huisman, Mark de Groot, Saskia Haitjema, 
Enja Blasse en Imo Höfer). Dank voor de hulp bij de implementatie van de AQUIOS 
en het aanleveren van de UPOD data.  
 
Onderzoekers van de 4-daagse studiegroep, waaronder Prof. Maria Hopman, 
Thijs en Coen. Al jaren doen jullie de meest diverse onderzoeken in deze specifieke 
populatie tijdens één van de mooiste events van het jaar. Dank dat jullie ons de 
mogelijkheid hebben gegeven om de AQUIOS te plaatsten in het veld lab, zodat wij 
ons onderzoek konden uitvoeren. Dank voor de goede samenwerking. 
 
Chemometrics study group of the Radboud University, including Jeroen, Carlo 
and Gerjen. Multidimensional analysis is a great addition to flowcytometry data 
analysis! Thanks for all the help with the complex analysis of the 4daagse, trauma 
and COVID data! 
Stafleden chirurgie, urologie en orthopedie van het Curaçao Medical Center 
(CMC), dank voor de mooie, leuke en leerzame tijden die ik bij jullie heb gehad! 
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Het CMC is een veelzijdige kliniek met veel bijzondere en uitgebreide pathologie. 
Na mijn promotietijd was dit de perfecte plek om te starten als ANIOS.  
 
Collega’s van het CMC en vrienden op Curaçao, waaronder de (oud) assistenten 
chirurgie groep (Olivia, Casper, Lynn, Sophie, Alex, Chris, Jelle, Rogier, Jan-
Marie), vrienden van het Kasteel, het Paleis, BL49, de kitegroep, Sjors en 
Josephine, lieve buren van ons paradijselijke BB47, en alle andere mensen 
waarmee ik fantastische tijden op het eiland heb gehad. Zonder jullie was het nooit 
zo mooi geweest!  
 
Paranimfen, dank voor alle hulp tijdens het finaliseren van dit proefschrift en de 
verdediging. Frank, maatje, wat hebben wij niet meegemaakt samen. Jij als 
consultant, ik als dokter, zijn we altijd een sterrenteam. Wij zijn al zo lang goede 
vrienden en hebben samen zo veel avonturen meegemaakt, dat ik niemand anders als 
mijn paranimf zou willen. Of het nou aan de andere kant van de wereld op San Juan 
del Sur, in de bergen van Zwitserland of in onze eigen woonkamer is, wij begrijpen 
elkaar zonder dat we maar iets hoeven te zeggen. Fons, Dr. Slieker, al jaren zijn wij 
geneeskunde maten. Naast dat we beste vrienden zijn, delen we ook altijd dezelfde 
interesses. We zijn bezig geweest met chirurgie onderzoek, commissies, congressen 
en verschillende sporten (roeien, krav maga, fitnessen). Beiden wilden we graag 
chirurg worden en zo zijn we beiden gaan promoveren. Jij hebt inmiddels dit pad 
verlaten en bent in opleiding tot kaakchirurg, wat ben ik trots op je. Fons ik ben 
ontzettend blij dat jij mijn paranimf wil zijn!  
 
Gustaaf, van het organiseren van de lustrumreis tot een koophuis met 
samenlevingscontract, wat hebben wij niet meegemaakt. Bij de oorsprong van team 
Canada werd het steeds duidelijker, wij hebben dezelfde missie in het leven. Veel 
avontuur, contact met vrienden en hard werken. Dit laatste resulteerde in ons huis op 
de Lindestraat. Elke avond en elk weekend klussen, met uiteindelijk een fantastisch 
resultaat, waar menig aannemer van onder de indruk is. Guuske, we hebben een 
mooie basis gelegd voor de rest van ons leven.  
 
Geert, vanaf het eerste jaar geneeskunde zijn wij al goede vrienden! We waren ook 
fantastische reis buddy’s, een duo dat perfect naast elkaar fungeert. Ik zal onze trips 
naar België, Duitsland, Zweden, Schotland, Sarajevo en Curaçao nooit vergeten. 
Hoelaat? Einde bericht.   
Tessa, bedankt voor alle leuke tijden in Utrecht, de mooie reizen samen en alle 
andere avonturen die we samen hebben meegemaakt. Ik kijk terug op een mooie en 
bijzondere tijd. Zonder jou was ik nooit gekomen waar ik nu was.    

 

 
Ritesh en Lau, bedankt voor de mooie tijden tijdens de lunches op de HU, borrels 
met KFC, avontuur op de Archimedeslaan en de pret op Curaçao. Hidde en Juul, 
elke jaar weer een groot feest tijdens jouw verjaardag en telkens weer mooie tijden 
op de Breedstraat. Leandra, bedankt voor de onwijs leuke tijden op Curaçao.  
 
Iris, wat bewonder ik jou voor je veelzijdigheid, charisma en muzikale talent. Jij 
probeert op elk moment in je leven goed af te wegen wat jij nou “echt” wil. Er is 
afgelopen jaren veel veranderd in ons leven, maar ondanks alles zijn wij elkaar altijd 
veel blijven zien. Wat ben ik blij met onze vriendschap en de mooie tijden die wij 
samen hebben gehad!  
 
Oud-huisgenoten van de Baanstraat, waaronder Wester, Pum, Sanne, Joris, 
Henny, Maxime, Fab, Kar, Bridget, Justin, Martijn, Reinout, Pim, Julian en 
Eef. Bedankt voor alle mooie tijden die ik met jullie heb gehad tijdens mijn 
studententijd en begin van deze promotie.  
 
Jaarclub motorboot (Kars, Guus, Jan, Kaey, Max, Niek, Roald, Rogier, Stefan, 
Marcus, Nick, Marijn, Allard, Frenkie). Individueel heel divers, maar samen een 
enorm mooie groep. Wat een leuke tijden hebben wij gehad afgelopen jaren! 
 
Onkie en bonkie, keer op keer geniet ik van jullie sterrenoptreden. Elke minuut is 
steen en steen goed. Hopelijk komen er snel meer optredens.  
 
Medisch Heeren dispuut Decensum Ab Superi (DAS), geneeskundigen van alle 
leeftijden. Wat vind ik het fantastisch om te zien hoe ons dispuut uitgegroeid is naar 
een volwaardig actief dispuut. Ook op wetenschappelijk vlak is er veel bereikt 
samen. Neurofielanalyses op varkensbloed (Jelte), COVID-19 granulocyt 
fenotypering (Bernard, Remi) en experimenteel trauma onderzoek (Robert). Dank 
voor al het goede werk en de mooie tijden samen!  
 
Samen in een kasteel in Frankrijk, op Lowlands of lekker thuis. Never a dull moment 
met Bianca, Tesse, Jen, Rots, Zwier, Arend, Elsa, Linde, Annelinde, Rogier, 
Bernard.  
 
Altijd op pad met de Wandelclub (Kira, Juul en Frank), spontaan op een avond 
bij elkaar gekomen en nu friends for life. In Zwitserland, Amsterdam of Curaçao, de 
wandelschoenen (en laptop in werktijden) gaan altijd mee. Eeuwig dankbaar 
hiervoor.  
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