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Chapter 1

General Introduction



  The myeloid compartment of the immune system 
Immune cells originating from the bone marrow are divided into several classes. The first 
division is into lymphoid and myeloid cells; the latter being the focus of this thesis. The 
myeloid compartment can be further subdivided into the granulocytic compartment 
(neutrophils, eosinophils and basophils) and the mononuclear compartment, comprised of 
monocytes, macrophages and myeloid dendritic cells. Mononuclear myeloid cells are 
relatively large cells with a round nucleus, whereas granulocytes are characterised by a multi-
lobed nucleus and a cytoplasm filled with granules. Myeloid cells can have different roles in 
the immune system. Neutrophils are the most abundant circulating white blood cells and are 
essential for host defence particularly against bacteria (1). With between 2*1010 and 5*1011 
neutrophils circulating in the bloodstream, they are the first cells to arrive on a site of 
inflammation where they eliminate pathogens by engulfing and digesting them in a process 
called phagocytosis. Dendritic cells are professional antigen presenting cells. After antigen 
uptake, they degrade the protein and present it as small peptides on their membrane to cells 
of the adaptive immune system. Macrophages can also phagocytose pathogens. In contrast 
to neutrophils they reside mostly in tissue instead of in the bloodstream. They express an 
array of scavenger receptors that are used for clearing debris and dead or dying cells. 
Monocytes can phagocytose pathogens, but are considered to be more important as potent 
sources of cytokines and chemokines, thereby shaping the following immune response. Both 
basophils and eosinophils play a role in the allergic immune response and are thought to 
protect from parasitic infections (2, 3). Eosinophils have granules filled by cytotoxic proteins, 
which can be released to eliminate large pathogens, such as parasites. Recent literature has 
shown however, that eosinophil deficient mice do not have a higher parasite load in some 
infection models (4), whereas in others eosinophils actually increase survival of the parasite 
(5, 6). This has led to a re-appraisal of the actual eosinophil function towards a more immune-
modulatory function, for example by mediating plasma cell survival (7) or release of cytokines 
and chemokines (8). In addition, eosinophils have been implicated in tissue remodelling and 
repair (9).  

Basophils are also known for their release of cytokines and chemokines, in particular 
histamine. Basophils release granule-stored histamine upon contact with allergens via 
allergen-specific IgE (10) and initiate an allergic immune reaction. In addition, basophils are a 
source of Il-4 (11), and can thereby steer the immune system towards a Th2 response (12).  
 
Phagocytes – an evolutionary perspective 
To underline the importance of innate immune cells, one can study their emergence during 
evolution. The evolution theory states that life is a struggle for survival in which organisms 
will only survive if they are adapted to their environment (13). This environment contains 
large numbers of microorganisms, which can be pathogenic. Therefore, each organism 
requires some form of protection from micro-organisms. Cells capable of protecting against 
microorganisms by phagocytosis arose in evolution together with the first multi-cellular 
organisms, around a billion years ago, and have been found in organisms as primitive as the 
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slime mould (14). Professional phagocytic cells with a similar morphology as granulocytes 
arose somewhat later in evolution in primitive invertebrates, such as sponges and jelly fish 
(15, 16). Thus, phagocytosing immune cells are present in almost all species of the animal 
kingdom (17). Traits of an organism that are not essential for survival are often lost during 
evolution, so the highly conserved nature of the phagocytic immune cell highlights its 
importance for host survival.  
 

1. The lifecycle of a granulocyte 
Cell production in the bone marrow – trees and controversies 
The granulocyte lifecycle (figure 1) begins in the bone marrow. Granulocytes are terminally 
differentiated cells not capable of division. So in order to replenish their number, immature 
cells are produced in the bone marrow from progenitor cells. Several stages of maturation 
are recognised in the bone marrow (18). Traditionally, haematopoiesis is pictured as a 
decision tree, in which multipotent haematopoietic stem cells lose (pluri)potency with each 
step of maturation (19). After differentiation into a committed myeloid progenitor, they were 
originally thought to lose their capability of differentiating into lymphoid cells. After further 
maturation into the myeloblast stage only granulocytes, monocytes and macrophages can be 
produced and total commitment to the granulocytic lineage was thought to start at the 
promyelocyte stage, with a different promyelocyte for each type of granulocyte (19). More 
recently, however, these findings have been disputed in a study suggesting that neutrophils 
develop separately from the other myeloid cells in its own lineage (20) and by several other 
studies that question whether the myeloid and lymphoid progenitors are truly committed (21, 
22). During this whole differentiation programme, progenitor cells have been shown to 
undergo asymmetric divisions, in which one daughter cell is different from the other (23), 
although other reports have shown only symmetrical divisions (24). In addition, cytokines and 
growth factors can skew the production of a certain type of cell. (25) However, the underlying 
mechanisms of the decision of progenitor cells to differentiate into one cell or another in vivo 
remain to be elucidated. Taken together, these findings indicate that surprisingly little is 
known about the process leading to production of myeloid cells.  
 
Granulocyte production in the bone marrow – lazy cells and the post-mitotic pool 
A lot further down the haematopoietic tree, additional interesting processes take place. For 
granulocytes, more maturation stages are recognised: Each granulocyte type has its own line 
of differentiation from promyelocyte into myelocyte, metamyelocyte, followed by immature 
cells with a banded nuclear morphology and finally a mature cell (18). During these 
maturation steps, the progenitor cells lose their capability for proliferation, which occurs 
during differentiation from myelocyte to metamyelocyte, making the myelocytes the last 
dividing progenitor. In contrast to the other granulocytic progenitors, the myelocytic 
compartment has a unique feature: the lazy pool (26). The lazy pool has been described for 
neutrophils and is thought to comprise approximately half of the myelocytic compartment 
(27, 28). It consists of cells that divide very rarely compared to the other half of the myelocytic 

pool. The speed at which they double has been estimated to be 71 days, whereas active 
myelocytes divide approximately once every day (29, 30).  

After differentiation from myelocytes into metamyelocytes, progenitor cells can no 
longer go into mitosis and thus, enter the post-mitotic pool (PMP). The time cells spent in the 
PMP differs between the different granulocytes, with eosinophils having a post-mitotic pool 
transit time (PMPtt) of only 4 days, where basophils and neutrophils have a PMPtt of 
approximately 6 days (31, 32).  

 
Figure 1. Different stages during neutrophil development in homeostasis and inflammation. Neutrophils are 
continuously produced in the bone marrow. The first committed neutrophil progenitor is the myeloblast. 
Together with the promyelocytes and the myelocytes, they comprise the mitotic pool of neutrophil progenitors, 
as these three cell types can still divide. A special feature of the myelocytes is that not all of them are actively 
dividing. An estimated 50% is thought to be in a resting state, called the lazy pool. From the stage after the 
myelocytes onwards, neutrophil progenitor lose their capacity to divide and produce new cells. These cells are 
called metamyelocytes, banded neutrophils and, finally, mature neutrophils. As long as these cells remain in the 
bone marrow, they are termed the post-mitotic pool. Mature segmented neutrophils can finally enter the 
circulation, where they can either be freely flowing in the blood or be in the marginated pool. Lastly, the 
hypersegmented neutrophil has been described, the origin of which is unknown. During inflammation, 
marginated, hypersegmented and bone marrow neutrophils are recruited to the bloodstream and the 
production of new neutrophils is increased. Although it seems likely that the lazy pool becomes active to 
contribute to this increased neutrophil output, this has not yet been shown. 
 

The mature granulocyte 
After release into the bloodstream, granulocytes exist under normal circumstances as either 
freely circulating cells or as part of the marginated pool (33). The marginated pool was 
identified when isolated neutrophils were labelled and reinfused, upon which fewer labelled 
neutrophils were recovered than expected (34). Upon injection of high doses of 
corticosteroids or adrenalin, these cells were rapidly mobilised back into the circulation, 
leading to the prevailing idea of a marginated pool from which neutrophils can be rapidly 
mobilized. The fraction of marginated cells differs somewhat between experiments, but 
seems to be approximately 50% for neutrophils, and in a single experiment with eosinophils 
as much as 80% of labelled cells were lost from the circulation (35). Infusion of adrenalin or 
high doses of corticosteroids induced a rapid doubling of neutrophil counts caused by 
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recruitment of marginated neutrophils back into the bloodstream (36). As the percentage of 
labelled cells was similar before and after recruitment of the marginated pool, the two pools 
are assumed to be constantly exchanging cells and thus in equilibrium (33, 36). Marginated 
granulocytes are assumed to be adhering to or rolling on the endothelium. This margination 
was originally postulated to occur mainly in the spleen, liver and lungs (35, 37, 38), as 
reinfusion of radiolabelled neutrophils led to accumulation of label in these organs. However, 
the presence of marginated neutrophils in the lungs was later shown to be an activation 
artefact (39). It is unknown to what extent the experiments suggesting the existence of a 
marginated pool were affected by this artefact. For basophils, none of these experiments 
have been performed, so the existence of a marginated pool for these cells is unknown. 
 

2. The lifecycle of the monocyte 
Monocytes in blood and bone marrow 
In contrast to the many different granulocytic progenitors in the bone marrow, the production 
of new monocytes is relatively simple (figure 2). After the myeloblast stage, committed 
monocyte progenitors are recognised in the bone marrow as promonocytes and immature 
monocytes (18, 40). The maturation from the last division into a circulating mature monocyte 
takes only 0.5 to 1 days (31, 41), which is very short compared to the PMPtt of granulocytes.  
 The situation of monocytes in blood is more complicated, with three different 
monocyte subsets being recognised in humans by flow cytometric evaluation (42): 
CD14++/CD16- classical monocytes, CD14++/CD16+ double positive intermediate monocytes 
and CD14low/CD16+ non-classical monocytes. Each of these subsets has been proposed to 
have a different function: classical monocytes are best at uptake of antigens, intermediate 
monocytes activate the adaptive immune system by antigen presentation (43) and the non-
classical monocytes show a patrolling behaviour in the vasculature (44). Measurements on all 
monocytes combined have indicated a lifespan of only a few days in circulation (31, 41, 45). 
Also for monocytes the existence of a marginated pool has been suggested, although this 
notion was based solely on calculations with production numbers and lifespans (46).  
 
Differentiation in the monocytic compartment 
The differentiation pattern of the different monocyte subsets and macrophages remains a 
matter of debate. Traditionally, monocytes were thought to represent an intermediate stage 
of cells that became macrophages after homing into the tissue (47). More recently, however, 
it has become clear that at least in mice many types of macrophages do not originate in the 
bone marrow (48). The other types that do arise from haematopoietic progenitors in the bone 
marrow migrate to their niche before birth (49, 50) and are not replenished by the bone 
marrow. Macrophages that are constantly being renewed from the bone marrow include 
CD14+ skin macrophages (51), some cardiac macrophages (52), and intestinal macrophages 
(53). For at least the skin and gut macrophages, it was shown in mice that they specifically 
originate from classical monocytes (51, 53) and this is also most likely the case for skin CD14+ 
macrophages in humans (51). 

 
Figure 2. Different stages in mononuclear cell development. Blood monocytes, skin CD14+ macrophages and 
intestinal DC’s are constantly renewed from cells produced in the bone marrow. The monoblast is the last 
mononuclear progenitor still capable of division. When they mature into immature monocytes and 
promonocytes, they no longer undergo mitosis and are therefore recognised as part of the PMP. Monocytes 
remain in the PMP only for a short time until they are released into the blood. In the blood, three monocyte 
subsets exist: classical, intermediate and non-classical monocytes. These cells are usually considered to be 
different maturation stages of the same cell, but this remains to be proven conclusively. CD14+ macrophages 
and intestinal DC’s are continuously replenished from circulating classical monocytes, whereas most other 
macrophages and DS’s are replenished by local proliferation. There is evidence for the existence of a 
mononuclear marginated pool, but it is unknown of which monocyte subset this pool is comprised.  

  
How the three monocyte subsets in blood are related is also unsure. In humans, IM 

are placed between CM and NCM on the basis of: 1. surface marker expression measured by 
flow cytometry (54), 2. gene expression patterns (43, 55) and 3. enhancer profiles in promotor 
regions in the DNA (56). This has led to the prevailing idea that monocytes follow a linear 
differentiation path from classical to intermediate to non-classical monocyte. Pulse-chase 
labelling in macaques (57) and repopulation kinetics after HSCT strengthen this notion as 
classical monocytes are the first to be labelled/repopulated, followed by the intermediate 
and non-classical monocytes (51). This indicates that if the subsets are developmentally 
related, the differentiation would have to occur from classical to intermediate to non-classical 
monocyte. However, this developmental relation remains to be proven and current evidence 
in humans is circumstantial at best.  

Also in mice two monocyte subsets have been identified that are homologous to the 
human classical and non-classical monocytes (58), although clear differences have also been 
reported (59). Using microscopy (60) and adoptive transfer (53) of labelled cells, it has been 
suggested that these murine subsets differentiate from classical into non-classical monocytes. 
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CD14+ skin macrophages (51), some cardiac macrophages (52), and intestinal macrophages 
(53). For at least the skin and gut macrophages, it was shown in mice that they specifically 
originate from classical monocytes (51, 53) and this is also most likely the case for skin CD14+ 
macrophages in humans (51). 

 
Figure 2. Different stages in mononuclear cell development. Blood monocytes, skin CD14+ macrophages and 
intestinal DC’s are constantly renewed from cells produced in the bone marrow. The monoblast is the last 
mononuclear progenitor still capable of division. When they mature into immature monocytes and 
promonocytes, they no longer undergo mitosis and are therefore recognised as part of the PMP. Monocytes 
remain in the PMP only for a short time until they are released into the blood. In the blood, three monocyte 
subsets exist: classical, intermediate and non-classical monocytes. These cells are usually considered to be 
different maturation stages of the same cell, but this remains to be proven conclusively. CD14+ macrophages 
and intestinal DC’s are continuously replenished from circulating classical monocytes, whereas most other 
macrophages and DS’s are replenished by local proliferation. There is evidence for the existence of a 
mononuclear marginated pool, but it is unknown of which monocyte subset this pool is comprised.  

  
How the three monocyte subsets in blood are related is also unsure. In humans, IM 

are placed between CM and NCM on the basis of: 1. surface marker expression measured by 
flow cytometry (54), 2. gene expression patterns (43, 55) and 3. enhancer profiles in promotor 
regions in the DNA (56). This has led to the prevailing idea that monocytes follow a linear 
differentiation path from classical to intermediate to non-classical monocyte. Pulse-chase 
labelling in macaques (57) and repopulation kinetics after HSCT strengthen this notion as 
classical monocytes are the first to be labelled/repopulated, followed by the intermediate 
and non-classical monocytes (51). This indicates that if the subsets are developmentally 
related, the differentiation would have to occur from classical to intermediate to non-classical 
monocyte. However, this developmental relation remains to be proven and current evidence 
in humans is circumstantial at best.  

Also in mice two monocyte subsets have been identified that are homologous to the 
human classical and non-classical monocytes (58), although clear differences have also been 
reported (59). Using microscopy (60) and adoptive transfer (53) of labelled cells, it has been 
suggested that these murine subsets differentiate from classical into non-classical monocytes. 
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Of note, however, the former study was performed during inflammation, and the latter 
results might have been confounded by (undesired) co-transfer of monocytic progenitor cells 
(61, 62).  
 

3. Granulocyte kinetics in disease 
Granulocytes in acute inflammation 
Acute inflammation is found in patients with severe trauma (63), burn trauma (64), or sepsis 
and in healthy individuals in response to systemic LPS challenge (65). Under these conditions 
the number of freely flowing neutrophils in the bloodstream increases rapidly (36, 65). The 
neutrophils responsible for this increase in the human endotoxemia model have been shown 
to be different from those in the marginated pool (36). In fact these cells were shown to 
consist of three phenotypically different neutrophils (65): CD16dim/CD62Lhigh neutrophils with 
a banded nuclear phenotype, CD16high/CD62Ldim neutrophils which have on average more 
nuclear segments and are therefore named hypersegmented neutrophils and lastly, 
CD16high/CD62Lhigh neutrophils, which have a normal nuclear morphology. In the rest of the 
thesis these cells are referred to as banded cells, hypersegmented cells and mature cells, 
respectively. The three subsets have differences in functionality: banded neutrophils have 
superior bactericidal capabilities (unpublished results by P. Leliefeld), whereas 
hypersegmented neutrophils are deficient in bacterial killing. In contrast, the latter cells are 
shown to inhibit T-cell proliferation in vitro (65). Although banded neutrophils observed in 
the circulation during acute inflammation are phenotypically similar to banded bone marrow 
neutrophils, and even though hypersegmented neutrophils have characteristics of aged 
neutrophils (66, 67), the origin and kinetics of these two subsets remain to be elucidated 
(figure 1).  
 
Granulocytes in the lungs during inflammation 
In healthy individuals only small numbers of granulocytes are found in the lung lumen (68). 
However, when the lung is inflamed, such as in patients with cystic fibrosis (CF) or asthma, 
granulocytes leave the bloodstream and migrate into the lungs (69, 70). In CF patients, mostly 
neutrophils are found in the lungs, whereas in asthma patients both neutrophils and 
eosinophils are found in increased numbers. In fact, different subtypes of asthma are 
identified based on which granulocyte is present in the sputum (70): patients with more than 
56% neutrophils and few eosinophils (<3%) in their sputum are considered to have 
neutrophilic asthma, patients with >3% eosinophils and with “low” percentages of 
neutrophils (<56%) are considered to have eosinophilic asthma. If both granulocytes are 
present in high numbers, the phenotype is referred to as mixed. Lastly, patients in which both 
cell types are present in numbers below the cut-off values of 56% and 3% are considered to 
have the paucigranulocytic type of asthma (71). 

In both diseases, granulocytes are thought to contribute to the inflammation in the 
lungs. Deposition of neutrophil and eosinophil granule proteins (neutrophil elastase and 
eosinophil major basic protein) is observed in both diseases. This indicates that degranulation 

and release of these toxic compounds occurs and can cause damage to the lungs. In fact, the 
amount of granule protein depositions was shown to correlate with epithelial damage in 
asthma patients (72). In addition, neutrophils have been shown to be able to release their 
DNA in a process called NETosis (73). The lungs of CF patients contain large amounts of free 
DNA, the amount of which correlates to airflow obstruction (74). This free DNA contributes 
to the high viscosity of the lining fluid that is characteristic of the disease, and, inhaled DNAse 
is prescribed in these patients to treat the high viscosity that causes so much trouble (75). 
Therefore, a role for granulocytes in both asthma and CF is highly likely.  
 
Why determine granulocyte kinetics? 
As granulocytes are implicated to contribute to the pathology of many diseases, it is logical to 
use or develop therapeutics targeting these cells. However, interpreting the effects of these 
therapeutics can be difficult when the kinetics of the cells they target are unknown. A good 
example for difficulties in interpreting results can be found in the studies describing the effect 
of anti-IL5, mepolizumab, in the treatment of eosinophilic asthma (76). Eosinophils are 
dependent on the presence of IL-5 during their development in the bone marrow (77). 
Mepolizumab is a monoclonal antibody targeting IL-5, which is very effective in reducing 
eosinophil numbers in blood in hypereosinophilic syndrome (78, 79). As eosinophils are 
implicated in the pathology of at least eosinophilic asthma (80), there were high expectations 
for the use of mepolizumab in this disease. However, even though mepolizumab potently 
reduced eosinophil numbers in the blood within 4 weeks, only a reduction of approximately 
50% was observed in bronchial mucosa and sputum up to 20 weeks after the start of therapy 
(76, 81). In addition, one study showed a marked delay (12 weeks) between the reduction of 
blood eosinophil counts and reduction of exacerbations (82), although another study 
suggested immediate clinical efficacy (83). Taken together, these studies raise important 
questions regarding eosinophil kinetics in the lungs. Do eosinophils survive for a long time in 
the lungs? Or alternatively, could the few eosinophils that are produced in the presence of 
mepolizumab immediately migrate into the lungs, thereby explaining the large numbers of 
eosinophils in the lungs in parallel with low numbers in the blood?  
 Another example lies in the interpretation of the effects of corticosteroids on disease. 
Many in vitro studies have shown that corticosteroids can diminish cytokine-induced 
eosinophil survival (84), whereas the same concentration of steroids prevents neutrophil 
apoptosis in vitro (85, 86). This suggests that whilst reducing eosinophil-mediated 
inflammation, corticosteroids might aggravate neutrophil-mediated inflammation. However, 
it is unknown whether neutrophil apoptosis in vitro has any relation to the situation in vivo, 
highlighting again, the need for reliable in vivo kinetical data.  
 
Controversies regarding determination of granulocyte lifespan 
Since determining the kinetics of granulocytes in the lungs and circulation is so important, 
why are so little data available regarding this issue? As described above, granulocytes are 
found in several compartments in the body: the bone marrow, the blood, the marginated pool 
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granulocytes leave the bloodstream and migrate into the lungs (69, 70). In CF patients, mostly 
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neutrophils (<56%) are considered to have eosinophilic asthma. If both granulocytes are 
present in high numbers, the phenotype is referred to as mixed. Lastly, patients in which both 
cell types are present in numbers below the cut-off values of 56% and 3% are considered to 
have the paucigranulocytic type of asthma (71). 

In both diseases, granulocytes are thought to contribute to the inflammation in the 
lungs. Deposition of neutrophil and eosinophil granule proteins (neutrophil elastase and 
eosinophil major basic protein) is observed in both diseases. This indicates that degranulation 
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DNA in a process called NETosis (73). The lungs of CF patients contain large amounts of free 
DNA, the amount of which correlates to airflow obstruction (74). This free DNA contributes 
to the high viscosity of the lining fluid that is characteristic of the disease, and, inhaled DNAse 
is prescribed in these patients to treat the high viscosity that causes so much trouble (75). 
Therefore, a role for granulocytes in both asthma and CF is highly likely.  
 
Why determine granulocyte kinetics? 
As granulocytes are implicated to contribute to the pathology of many diseases, it is logical to 
use or develop therapeutics targeting these cells. However, interpreting the effects of these 
therapeutics can be difficult when the kinetics of the cells they target are unknown. A good 
example for difficulties in interpreting results can be found in the studies describing the effect 
of anti-IL5, mepolizumab, in the treatment of eosinophilic asthma (76). Eosinophils are 
dependent on the presence of IL-5 during their development in the bone marrow (77). 
Mepolizumab is a monoclonal antibody targeting IL-5, which is very effective in reducing 
eosinophil numbers in blood in hypereosinophilic syndrome (78, 79). As eosinophils are 
implicated in the pathology of at least eosinophilic asthma (80), there were high expectations 
for the use of mepolizumab in this disease. However, even though mepolizumab potently 
reduced eosinophil numbers in the blood within 4 weeks, only a reduction of approximately 
50% was observed in bronchial mucosa and sputum up to 20 weeks after the start of therapy 
(76, 81). In addition, one study showed a marked delay (12 weeks) between the reduction of 
blood eosinophil counts and reduction of exacerbations (82), although another study 
suggested immediate clinical efficacy (83). Taken together, these studies raise important 
questions regarding eosinophil kinetics in the lungs. Do eosinophils survive for a long time in 
the lungs? Or alternatively, could the few eosinophils that are produced in the presence of 
mepolizumab immediately migrate into the lungs, thereby explaining the large numbers of 
eosinophils in the lungs in parallel with low numbers in the blood?  
 Another example lies in the interpretation of the effects of corticosteroids on disease. 
Many in vitro studies have shown that corticosteroids can diminish cytokine-induced 
eosinophil survival (84), whereas the same concentration of steroids prevents neutrophil 
apoptosis in vitro (85, 86). This suggests that whilst reducing eosinophil-mediated 
inflammation, corticosteroids might aggravate neutrophil-mediated inflammation. However, 
it is unknown whether neutrophil apoptosis in vitro has any relation to the situation in vivo, 
highlighting again, the need for reliable in vivo kinetical data.  
 
Controversies regarding determination of granulocyte lifespan 
Since determining the kinetics of granulocytes in the lungs and circulation is so important, 
why are so little data available regarding this issue? As described above, granulocytes are 
found in several compartments in the body: the bone marrow, the blood, the marginated pool 
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and the tissues. Unfortunately, only the blood is easily accessible for kinetic analyses in 
humans. In addition, most of the labelling methods used to track cells in vivo are toxic, 
including radioactive tracers like tritium thymidine (3H-TdR), chromium (51Cr), technetium 
(99Tc) or indium (111In), the mutagen BrdU or the nerve gas DFP, which has been used in 
radioactive forms with 3H and 32P. The toxicity of 99Tc (87), 111In (87) and DFP (88) has been 
shown to activate neutrophils. In addition, many of these labelling techniques require 
neutrophils to be taken out of the body, isolated and re-infused, a process which at least in 
the case of neutrophils has been shown to lead to aberrant homing characteristics (39). Due 
to their toxicity, in vivo labelling techniques such as 3H-TdR administration have only been 
employed in terminal cancer patients (31, 32, 89, 90), whom are likely to have altered 
granulocyte kinetics due to the cancer-induced inflammation and or treatment. On top of 
that, 3H-TdR has been suggested to alter eosinophil kinetics in vivo (90). Most textbooks 
report a neutrophil half-life in circulation of 7h (91), which corresponds to an average 
circulatory lifespan of approximately 10h. In the study that is referred to by most of these 
textbooks, prisoners were injected with DF32P, which binds very strongly to neutrophil 
elastase, and thus mostly labels neutrophils. The amount of radioactivity in the neutrophil 
fraction decreased rapidly in this study, leading to the conclusion of a short neutrophil 
circulatory half-life of 7 hrs. However, this approach has been shown to lead to a rapid loss of 
neutrophils from the circulation (92) and the 7h half-life might, therefore, reflect the kinetics 
of DFP-induced toxicity instead of the true neutrophil circulatory kinetics. These issues will be 
discussed in detail in chapter two of this thesis.  

More recently, non-toxic labelling strategies have been developed using stable isotope 
(non-radioactive) labelling with deuterium (2H) instead of radioactive tritium (3H) (93). 
Normally, only 0.015% of the hydrogen in the human body is enriched (2H), with the 
remainder being protium (1H). This isotope is non-toxic. Only very high doses of deuterium, 
with at least 30% of body water being deuterated have been reported to reduce the fertility 
of male mice by decreasing spermatogenesis (94, 95) and have been shown to enhance 
basophil activation ex vivo (96). Below these levels, however, deuterium labelling is 
considered a safe isotope to perform kinetic studies. Body water enrichments of around 2 
percent are more than sufficient to determine cell kinetics when administered as 2H2O (97), 
and when deuterium is administered as glucose (6,6-2H2-glucose) the contribution of 
deuterium to the total body water hydrogen pool is negligible.  
 Using these techniques, some estimates have been made regarding granulocyte 
kinetics in the circulation. Using 6,6-2H2-glucose, neutrophil kinetics have been studied (98), 
but as cells were followed too short to determine the complete uplabelling curve and no 
downlabelling was studied, only the PMPtt could be determined from this study. An attempt 
by our own group to determine circulatory neutrophil kinetics with 2H2O (99) was hampered 
by the relatively slow kinetics of the label in the human body in comparison with the rapid 
neutrophil kinetics (see also chapter 2). In addition, Li et al correctly pointed out that the 
estimated average lifespan of 5.4 days that we previously reported (which corresponds to a 
3.75d half-life) may not reflect the lifespan of neutrophils in blood, but instead a 3.75 day 

division time of neutrophil progenitors in the bone marrow (BM) (100). Thus, there is ample 
uncertainty regarding the circulatory kinetics of neutrophils in the circulation, whereas for 
the other two types of granulocytes no in vivo labelling data from healthy volunteers is 
available at all. Therefore, employing this technique will reveal crucial insights into the biology 
of these cells.  

 
Scope and outline of this thesis 
The first part of this thesis aims to determine the kinetics of myeloid cells in healthy humans. 
In the 1950’s and 1960’s many studies were performed to elucidate these kinetics, the results 
of which can nowadays be found in text books. Unfortunately, the methods available in those 
days were not ideal and cannot be reproduced for obvious ethical reasons. Chapter 2 of this 
thesis presents an overview of methods used for tracking granulocytes, their resulting 
conclusions and limitations. Subsequently, studies are presented to elucidate the kinetics of 
myeloid cells by deuterated glucose administration, a technique that overcomes most of 
these limitations and thereby represents a more accurate estimation of the kinetics of 
neutrophils in chapter 3, of eosinophils and basophils in chapter 4, and of the three types of 
monocytes in chapter 5. In addition, using computational modelling, we aim to elucidate 
whether monocyte can differentiate from CM into IM and subsequently into NCM or whether 
these three subsets are each a different cell type, differentiating separately from progenitors 
in the bone marrow.  

The second part of this thesis studies the kinetics of cells during acute inflammation. 
These studies start with chapter 6, which presents a detailed analysis of the immune 
suppressive neutrophils that are found in different types of disease. Chapter 7 also focuses 
on neutrophil subsets in disease: the kinetics of the three neutrophil subsets found only 
during acute inflammation will be determined in a model for human endotoxemia using 
deuterated glucose. These findings are combined with a proteomics approach to shed light 
on developmental relations between these three subsets. Chapter 8 presents another study 
performed in the human endotoxemia model, but focusses on the kinetics of the three 
monocyte subsets by multidimensional FACS analysis. The last chapter of this part, chapter 9 
aims to determine whether suppressive neutrophils play a role in disease. In a murine model 
of influenza infection, disease characteristics are compared between mice capable of CD11b-
mediated immune suppression and mice that lack CD11b and thus, cannot employ this 
surface molecule in immune suppression.  

The third and last part of this thesis describes granulocytes in respiratory diseases. It 
starts with chapter 10, a flow-cytometric comparison between the neutrophils and 
eosinophils in blood and induced sputum samples of asthma patients and concludes that 
there are no differences in expression patterns between patients with different asthma 
phenotypes. Finally, in chapter 11 we determined granulocyte kinetics in the blood and lungs 
of patients with eosinophilic asthma and cystic fibrosis, again by in vivo deuterium labelling. 
Lastly, chapter 12 discusses the results of the previous chapters in a broader perspective.  
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the other two types of granulocytes no in vivo labelling data from healthy volunteers is 
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of these cells.  
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in the bone marrow.  
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Abstract 
Neutrophils are the most abundant white blood cells and are indispensable for host defense. 
Recently, they have also been implicated in immune regulation and suppression. The latter 
functions seem hard to reconcile with the widely held view that neutrophils are very short-
lived, with a circulatory half-life of less than 7 hours. To reopen the discussion on the average 
neutrophil half-life, we review and discuss experiments performed in the 1950’s, 60’s and 
70’s, as well as recent in vivo labeling experiments. We reappraise the current knowledge on 
neutrophil half-lives, including their production in the bone marrow, their residency in the 
circulation and marginated pool and their exit from the circulation. 
 
  

Introduction 
Neutrophils are the most abundant immune cells in human blood under homeostatic 
conditions (1). They comprise the first line of cellular defense against invading micro-
organisms and are indispensable for host defense (2). On the other hand, they can be 
detrimental in acute and chronic inflammatory diseases as hyperactivation of these cells can 
cause tissue damage. Recently, the concept is emerging that neutrophils have functions 
beyond defense against pathogens. For example, they were shown to influence B-cell 
activation and to inhibit T-cell activation and proliferation (3-5)).  

These novel functions have received little attention, possibly due to the current 
paradigm that neutrophils have a circulatory half-life of only 7 hours (6). In the search of the 
typical neutrophil circulatory half-life, different methods have led to different conclusions. In 
this review, we revisit the experiments that have been performed to estimate neutrophil half-
lives, discuss their strengths and limitations, and suggest improvements for further research.  
 
The neutrophil life cycle 
Many aspects of the neutrophil life cycle, from production in the bone marrow to apoptosis, 
have been reviewed elsewhere (6-9). Here, we will discuss only those aspects that are 
essential to understand the methods and results of experiments aimed at determining the 
circulatory half-life of neutrophils. All experiments discussed throughout this review have 
been performed in healthy humans, unless stated otherwise. 
 
Neutrophil production 
Neutrophils originate from neutrophil progenitors in the bone marrow (figure 1). The first 
granulocyte-committed progenitor is the myeloblast, which can differentiate into three 
different granulocyte lineages. Compared to other progenitors, few of these cells are found 
in the bone marrow (10). Myeloblasts can further differentiate/mature into promyelocytes, 
which are committed to the neutrophil lineage and can no longer produce basophils or 
eosinophils. Subsequently, promyelocytes can mature into myelocytes. The cells in these 
three stages of development are able to proliferate and hence are known as the mitotic pool 
(7). Their division is believed to be symmetric, resulting in two cells with similar 
characteristics, which may proliferate further, or go one step ahead in maturation (11).  

When myelocytes become metamyelocytes, they can no longer divide and become 
part of the post-mitotic pool (PMP). After the metamyelocyte stage, the cells mature into 
banded and, finally, fully mature segmented neutrophils, which may enter the peripheral 
blood (7). The time from the last myelocytic division to release into the blood, i.e. the PMP 
transit time, is 6 to 7 days in healthy individuals, but can be shortened to 48 hours in diseased 
conditions (12-14). The release of neutrophils from the bone marrow is regulated by the 
chemokine receptors C-X-C motif receptor 2 (CXCR2) and CXCR4 and their ligands (CXCL1 and 
2 for CXCR2 and CXCL12 for CXCR4) (9). CXCL1 and 2 are expressed in high levels in the 
vasculature of the bone marrow, directing neutrophils towards the circulation. CXCL12 on the 
other hand, is produced by endosteal osteoblasts and retains neutrophils in the bone marrow. 
Under inflammatory conditions, cytokines such as G-CSF change the balance between these 
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chemokines and induce neutrophil mobilization into the bloodstream (as extensively 
reviewed previously (9)).  
 

Figure 1. Production of the 
neutrophil lineage in the bone 
marrow. Myeloblasts, 
promyelocytes and myelocytes are 
capable of proliferation and, thus, 
comprise the mitotic pool. The 
mitotic pool is followed by the 
subsequent maturation stages of 
metamyelocytes, banded 
neutrophils and segmented 
neutrophils. These cells together are 
called the post-mitotic pool (PMP). 
After being fully matured, 
segmented neutrophils can leave the 
bone marrow and enter the 
circulation. Numbers in brackets 
represent the total amount of each 
cell type per kilogram bodyweight, 
as determined by Donohue et al (15). 
 

 

 

 

The marginated pool 
After entering the circulation, neutrophils are thought to occur in two populations: (1) a free 
flowing pool present in blood and (2) a marginated pool of cells that are not retrieved by 
blood sampling (6). It is largely unknown how the distribution of neutrophils between these 
pools is regulated and whether these pools of cells are functionally different. The marginated 
pool was identified in studies where healthy volunteers received infusions with ex vivo radio-
labeled autologous neutrophils. In these experiments, over 50% of the labeled neutrophils 
disappeared from the circulation immediately after infusion (16). When adrenalin was 
administered during the infusion of cells, the overall number of neutrophils in the 
bloodstream increased and 64% of the labeled neutrophils could be retrieved (17). When 
subjects performed exercise several hours after infusion of labeled cells, the percentage of 
retrieved neutrophils even reached 87%. Since exercise induced cells to go from the 
marginated to the circulating pool, but did not change the percentage of labeled cells in the 
blood stream, it was concluded that the marginated pool is in equilibrium with the free 
flowing pool of neutrophils (17).  

The exact nature of this quickly mobilizable pool is unknown, but it is hypothesized 
that it consists of cells that are too rigid to easily flow through narrow capillaries (18). The 
most likely places for this to occur are in the liver, spleen and bone marrow, since radiolabeled 

neutrophils imaged with a gamma-camera (scintigraphy) were shown to quickly accumulate 
in these organs (19). In addition, neutrophils were shown to take 2-10 minutes to transit 
through these organs, much longer than expected if they were to flow freely through the 
blood vessels (20, 21). The lungs have also been implicated as a site for neutrophil 
margination (20), but recent studies have questioned this notion by showing that the transit 
time through the lungs was dependent on the method of isolation of the neutrophils and their 
activation state (19, 22). Neutrophils isolated by the method that induced the least activation 
showed a mere 3.5 seconds longer pulmonary transit time than red blood cells (19, 22). 
Besides influencing the site of margination, ex vivo manipulation of neutrophils was shown to 
influence the size of the marginated pool, with an increase of margination proportional to the 
duration of the labeling procedure (16). This indicates that there is a lot more uncertainty 
about the size and characteristics of the marginated pool than is generally thought. Future 
experiments should reveal the dynamic characteristics and size of the marginated pool under 
physiological circumstances.  

 
Neutrophil clearance 
Under homeostasis, the constant production of new neutrophils in the bone marrow needs 
to be counterbalanced by the clearance of the same amount of cells from the system. A 
reduced clearance and concurrent neutrophilia occurs in many chronic inflammatory 
diseases, and is involved in the pathogenesis of these diseases (23). The organs implicated in 
neutrophil clearance are the same as those thought to house the marginated pool: the spleen, 
liver and bone marrow (19, 24). Twenty-four and 48 hours after infusion of radio-labeled 
neutrophils, these organs contained the highest concentrations of label (19, 24). Since very 
few labeled neutrophils were found in the circulation at these time points, these findings were 
interpreted to reflect the destruction of neutrophils in the spleen, liver and bone marrow (6). 
However, these experiments did not give any direct evidence for neutrophil destruction in 
these organs. Since the very same organs are thought to contain marginated neutrophils, it is 
difficult to conclude whether the accumulation of label in these organs is due to neutrophil 
destruction or migration. 

Another possibility for neutrophil clearance is that neutrophils extravasate to 
peripheral tissues, where they go into apoptosis. Migration of radiolabeled neutrophils to 
peripheral tissues has indeed been shown to occur under non-homeostatic, inflammatory 
conditions (25). However, during homeostasis most tissues do not contain neutrophils, 
because whole-body imaging did not show any evidence for accumulation of ex vivo 
radiolabeled neutrophils in peripheral tissues (26). Interestingly, in both mice and zebra fish, 
neutrophils have been shown to migrate from peripheral tissues back into the bloodstream 
by a process called reverse transmigration, demonstrating that extravasation does not 
necessarily lead to neutrophil clearance in the tissue (27, 28). 
 
In vitro experiments 
In principal, the easiest approach to determine the average neutrophil half-life is by isolating 
neutrophils from the blood of healthy volunteers and measuring their survival in vitro. 
However, in this approach normal tissue environment is lacking, which most likely affects the 
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through these organs, much longer than expected if they were to flow freely through the 
blood vessels (20, 21). The lungs have also been implicated as a site for neutrophil 
margination (20), but recent studies have questioned this notion by showing that the transit 
time through the lungs was dependent on the method of isolation of the neutrophils and their 
activation state (19, 22). Neutrophils isolated by the method that induced the least activation 
showed a mere 3.5 seconds longer pulmonary transit time than red blood cells (19, 22). 
Besides influencing the site of margination, ex vivo manipulation of neutrophils was shown to 
influence the size of the marginated pool, with an increase of margination proportional to the 
duration of the labeling procedure (16). This indicates that there is a lot more uncertainty 
about the size and characteristics of the marginated pool than is generally thought. Future 
experiments should reveal the dynamic characteristics and size of the marginated pool under 
physiological circumstances.  

 
Neutrophil clearance 
Under homeostasis, the constant production of new neutrophils in the bone marrow needs 
to be counterbalanced by the clearance of the same amount of cells from the system. A 
reduced clearance and concurrent neutrophilia occurs in many chronic inflammatory 
diseases, and is involved in the pathogenesis of these diseases (23). The organs implicated in 
neutrophil clearance are the same as those thought to house the marginated pool: the spleen, 
liver and bone marrow (19, 24). Twenty-four and 48 hours after infusion of radio-labeled 
neutrophils, these organs contained the highest concentrations of label (19, 24). Since very 
few labeled neutrophils were found in the circulation at these time points, these findings were 
interpreted to reflect the destruction of neutrophils in the spleen, liver and bone marrow (6). 
However, these experiments did not give any direct evidence for neutrophil destruction in 
these organs. Since the very same organs are thought to contain marginated neutrophils, it is 
difficult to conclude whether the accumulation of label in these organs is due to neutrophil 
destruction or migration. 

Another possibility for neutrophil clearance is that neutrophils extravasate to 
peripheral tissues, where they go into apoptosis. Migration of radiolabeled neutrophils to 
peripheral tissues has indeed been shown to occur under non-homeostatic, inflammatory 
conditions (25). However, during homeostasis most tissues do not contain neutrophils, 
because whole-body imaging did not show any evidence for accumulation of ex vivo 
radiolabeled neutrophils in peripheral tissues (26). Interestingly, in both mice and zebra fish, 
neutrophils have been shown to migrate from peripheral tissues back into the bloodstream 
by a process called reverse transmigration, demonstrating that extravasation does not 
necessarily lead to neutrophil clearance in the tissue (27, 28). 
 
In vitro experiments 
In principal, the easiest approach to determine the average neutrophil half-life is by isolating 
neutrophils from the blood of healthy volunteers and measuring their survival in vitro. 
However, in this approach normal tissue environment is lacking, which most likely affects the 
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half-life of the cells. For example, ex vivo manipulation of neutrophils is known to cause 
priming, which has been shown to increase survival in vitro (23, 24, 29). On the other hand, 
neutrophils in culture spontaneously produce reactive oxygen species, which is known to 
induce apoptosis (30, 31). Based on these findings, in vitro experiments do not seem to reflect 
the in vivo situation and, therefore, will not be discussed further in this review. 
 
Labeling experiments 
The most commonly used method of determining the neutrophil half-life in vivo is by pulse-
chase labeling experiments. Several different labeling procedures and different labels have 
been used, each with their own benefits and limitations (table 1).  
 
Ex vivo labeling 
The first experimental approach to determine the half-life of neutrophils in humans that has 
been performed was based on ex vivo labeling. In these experiments, blood was drawn from 
a healthy volunteer, labeled in vitro with a radioactive tracer and reinfused into the volunteer. 
The first tracer to be used for this purpose was diisopropyl fluorophosphate with a radioactive 
phosphorous (DF32P) or hydrogen isotope (3H-DFP) (16). DFP is a cell permeable molecule that 
binds to the hydroxyl group of serine proteases. Since neutrophils contain large amounts of 
serine proteases (e.g. neutrophil elastase), they take up large amounts of label (32). 
Subsequently, the amount of label was determined by measuring the radioactivity per 
milligram of isolated neutrophils or by autoradiography on blood smears. Alternatively, 
neutrophils were labeled with metastable technetium-99-hexametazime (99mTc-HMPAO), 
indium-111 (111In) tropolonate, or chromium-51 (51Cr), which bind to cellular proteins (33), or 
with tritiated thymidine (3HTdr), which is incorporated into the DNA of dividing cells during 
the S-phase (12). Since neutrophils do not divide, 3HTdr was injected into a healthy volunteer 
and after 7 days, when the percentage of labeled neutrophils in the blood was at its 
maximum, blood was transfused into a second healthy volunteer. Over time, the radioactivity 
was measured in the blood of the second volunteer. 

Where 51Cr labeled cells revealed a neutrophil half-life of 17 hours, a number of ex vivo 
DFP and the 3HTdr labeling studies all came to similar half-lives of 5-8 hours in peripheral 
blood (table 1) (8, 16, 17, 32, 34). Despite the relatively consistent picture that emerges from 
these studies, ex vivo labeling has a major limitation since it causes neutrophil activation, 
which has been shown to alter neutrophil homing characteristics (19, 22, 29, 35) and thereby 
affects the neutrophil circulatory half-life. Indeed, ex vivo manipulation of neutrophils has 
been shown to have dramatic effects on their circulatory half-life in mice; in vivo labeled 
neutrophils had a half-life of 8-10 hours, whereas ex vivo labeled neutrophils disappeared 
from the blood with a half-life of only 1.5 hours (24, 36). Even though the in vivo labeled 
neutrophil circulatory half-life in mice lies within the range of half-lives reported in human ex 
vivo labeling studies, it cannot be taken as support for its correctness, as leukocyte half-lives 
can differ tremendously between man and mouse (37). 

In summary, since ex vivo labeling studies were performed with cells that likely had 
altered homing characteristics, the results from these studies may not reflect the half-life of 
normal, untouched neutrophils under homeostatic circumstances. 

In vivo DF32P labeling 
Besides labeling neutrophils ex vivo with DF32P, Cartwright et al injected this tracer directly 
into the bloodstream of healthy subjects (32). Since neutrophil elastase is present in all 
maturation stages from myelocyte to mature neutrophil, not only circulating neutrophils, but 
also bone marrow neutrophils and neutrophil progenitor cells were labeled. Immediately 
after injection of DFP, labeled neutrophils disappeared from the circulation with a half-life of 
7 hours. Nevertheless, labeled neutrophils were found up to 20 days later, which was 
interpreted as release of newly produced neutrophils from the bone marrow.  

DFP is a structural homologue of the nerve gas sarin and is extremely toxic. Dresch et 
al (34) demonstrated that this toxicity affects neutrophil half-lives. The injection of DF32P 
several hours after reinfusion of 51Cr labeled neutrophils into a healthy volunteer, resulted in 
an immediate loss of one third of the leukocytes and of ~85% of 51Cr labeled cells and hence 
in an underestimation of the neutrophil half-life. The results of this study show that DF32P is 
not suitable for studying neutrophil half-life or margination.  
 
In vivo 3HTdr labeling 
3HTdr has also been used for in vivo labeling experiments. After injection, it is incorporated 
into the DNA of neutrophil progenitors (12). After going through all subsequent maturation 
stages, these progenitor cells give rise to fully mature, labeled neutrophils that start entering 
the bloodstream. Several studies showed that the first 3HTdr labeled neutrophils enter the 
circulation approximately 5 days after labeling (8, 12, 13, 38). Two to three days later, the 
amount of label in the blood reaches its maximum and subsequently decreases in a similar 
timespan. Ten to twelve days after injection of label, a second peak of labeled neutrophils 
was seen in some volunteers, which was interpreted as a wave of new labeled cells appearing 
from the bone marrow (13). This illustrates a drawback of determining the neutrophil half-
life by this method. In studies in which neutrophil progenitors are labeled, it is impossible to 
distinguish between labeled cells surviving in the circulation and labeled cells that have 
recently left the bone marrow. Steinbach et al. have calculated the half-life of in vivo 3HTdr 
labeled neutrophils in terminal cancer patients and found it to be 17.3 hours (38). However, 
the effect of cancer on neutrophil kinetics is unknown. In addition, 3HTdr can be toxic for bone 
marrow cells, demonstrating the advantage of a truly non-toxic label (39). 
 
In vivo deuterium labeling 
Labeling with the stable hydrogen isotope deuterium (2H) is a relatively new technique that 
does label cells without cytotoxic effects (14). 2H is administered to volunteers in the form of 
heavy water (2H2O) or deuterated glucose (2H-glucose), which are used to produce 
nucleotides via the de novo synthesis pathway and thus incorporated into the DNA of dividing 
cells (40, 41). Incorporation of the isotope into the DNA of a certain cell population can be 
quantified by a combination of gas chromatography and mass spectrometry (14). We have 
used data from our long-term (63 days) 2H2O labeling study to estimate the average 
neutrophil half-life in healthy volunteers (42, 43). The presence of 2H was measured in 
neutrophil DNA and urine during and after administration of label. A mathematical model was 
fitted to the data in order to estimate the average neutrophil half-life. The relatively slow gain 
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half-life of the cells. For example, ex vivo manipulation of neutrophils is known to cause 
priming, which has been shown to increase survival in vitro (23, 24, 29). On the other hand, 
neutrophils in culture spontaneously produce reactive oxygen species, which is known to 
induce apoptosis (30, 31). Based on these findings, in vitro experiments do not seem to reflect 
the in vivo situation and, therefore, will not be discussed further in this review. 
 
Labeling experiments 
The most commonly used method of determining the neutrophil half-life in vivo is by pulse-
chase labeling experiments. Several different labeling procedures and different labels have 
been used, each with their own benefits and limitations (table 1).  
 
Ex vivo labeling 
The first experimental approach to determine the half-life of neutrophils in humans that has 
been performed was based on ex vivo labeling. In these experiments, blood was drawn from 
a healthy volunteer, labeled in vitro with a radioactive tracer and reinfused into the volunteer. 
The first tracer to be used for this purpose was diisopropyl fluorophosphate with a radioactive 
phosphorous (DF32P) or hydrogen isotope (3H-DFP) (16). DFP is a cell permeable molecule that 
binds to the hydroxyl group of serine proteases. Since neutrophils contain large amounts of 
serine proteases (e.g. neutrophil elastase), they take up large amounts of label (32). 
Subsequently, the amount of label was determined by measuring the radioactivity per 
milligram of isolated neutrophils or by autoradiography on blood smears. Alternatively, 
neutrophils were labeled with metastable technetium-99-hexametazime (99mTc-HMPAO), 
indium-111 (111In) tropolonate, or chromium-51 (51Cr), which bind to cellular proteins (33), or 
with tritiated thymidine (3HTdr), which is incorporated into the DNA of dividing cells during 
the S-phase (12). Since neutrophils do not divide, 3HTdr was injected into a healthy volunteer 
and after 7 days, when the percentage of labeled neutrophils in the blood was at its 
maximum, blood was transfused into a second healthy volunteer. Over time, the radioactivity 
was measured in the blood of the second volunteer. 

Where 51Cr labeled cells revealed a neutrophil half-life of 17 hours, a number of ex vivo 
DFP and the 3HTdr labeling studies all came to similar half-lives of 5-8 hours in peripheral 
blood (table 1) (8, 16, 17, 32, 34). Despite the relatively consistent picture that emerges from 
these studies, ex vivo labeling has a major limitation since it causes neutrophil activation, 
which has been shown to alter neutrophil homing characteristics (19, 22, 29, 35) and thereby 
affects the neutrophil circulatory half-life. Indeed, ex vivo manipulation of neutrophils has 
been shown to have dramatic effects on their circulatory half-life in mice; in vivo labeled 
neutrophils had a half-life of 8-10 hours, whereas ex vivo labeled neutrophils disappeared 
from the blood with a half-life of only 1.5 hours (24, 36). Even though the in vivo labeled 
neutrophil circulatory half-life in mice lies within the range of half-lives reported in human ex 
vivo labeling studies, it cannot be taken as support for its correctness, as leukocyte half-lives 
can differ tremendously between man and mouse (37). 

In summary, since ex vivo labeling studies were performed with cells that likely had 
altered homing characteristics, the results from these studies may not reflect the half-life of 
normal, untouched neutrophils under homeostatic circumstances. 

In vivo DF32P labeling 
Besides labeling neutrophils ex vivo with DF32P, Cartwright et al injected this tracer directly 
into the bloodstream of healthy subjects (32). Since neutrophil elastase is present in all 
maturation stages from myelocyte to mature neutrophil, not only circulating neutrophils, but 
also bone marrow neutrophils and neutrophil progenitor cells were labeled. Immediately 
after injection of DFP, labeled neutrophils disappeared from the circulation with a half-life of 
7 hours. Nevertheless, labeled neutrophils were found up to 20 days later, which was 
interpreted as release of newly produced neutrophils from the bone marrow.  

DFP is a structural homologue of the nerve gas sarin and is extremely toxic. Dresch et 
al (34) demonstrated that this toxicity affects neutrophil half-lives. The injection of DF32P 
several hours after reinfusion of 51Cr labeled neutrophils into a healthy volunteer, resulted in 
an immediate loss of one third of the leukocytes and of ~85% of 51Cr labeled cells and hence 
in an underestimation of the neutrophil half-life. The results of this study show that DF32P is 
not suitable for studying neutrophil half-life or margination.  
 
In vivo 3HTdr labeling 
3HTdr has also been used for in vivo labeling experiments. After injection, it is incorporated 
into the DNA of neutrophil progenitors (12). After going through all subsequent maturation 
stages, these progenitor cells give rise to fully mature, labeled neutrophils that start entering 
the bloodstream. Several studies showed that the first 3HTdr labeled neutrophils enter the 
circulation approximately 5 days after labeling (8, 12, 13, 38). Two to three days later, the 
amount of label in the blood reaches its maximum and subsequently decreases in a similar 
timespan. Ten to twelve days after injection of label, a second peak of labeled neutrophils 
was seen in some volunteers, which was interpreted as a wave of new labeled cells appearing 
from the bone marrow (13). This illustrates a drawback of determining the neutrophil half-
life by this method. In studies in which neutrophil progenitors are labeled, it is impossible to 
distinguish between labeled cells surviving in the circulation and labeled cells that have 
recently left the bone marrow. Steinbach et al. have calculated the half-life of in vivo 3HTdr 
labeled neutrophils in terminal cancer patients and found it to be 17.3 hours (38). However, 
the effect of cancer on neutrophil kinetics is unknown. In addition, 3HTdr can be toxic for bone 
marrow cells, demonstrating the advantage of a truly non-toxic label (39). 
 
In vivo deuterium labeling 
Labeling with the stable hydrogen isotope deuterium (2H) is a relatively new technique that 
does label cells without cytotoxic effects (14). 2H is administered to volunteers in the form of 
heavy water (2H2O) or deuterated glucose (2H-glucose), which are used to produce 
nucleotides via the de novo synthesis pathway and thus incorporated into the DNA of dividing 
cells (40, 41). Incorporation of the isotope into the DNA of a certain cell population can be 
quantified by a combination of gas chromatography and mass spectrometry (14). We have 
used data from our long-term (63 days) 2H2O labeling study to estimate the average 
neutrophil half-life in healthy volunteers (42, 43). The presence of 2H was measured in 
neutrophil DNA and urine during and after administration of label. A mathematical model was 
fitted to the data in order to estimate the average neutrophil half-life. The relatively slow gain 
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and loss of label in blood neutrophils were interpreted to reflect a neutrophil circulatory half-
life of as much as 90 hours, far longer than described previously (43). However, as pointed 
out by Li et al., the data could equally well be explained by a model in which BM neutrophils 
have a half-life of 90 hours, while neutrophils have a much shorter circulatory half-life (44). 
Future non-toxic in vivo labeling studies on bone marrow neutrophils should resolve this 
issue. 
 
Table 1. Overview of results from labeling experiments 

Reference Tracer In vivo or ex vivo labelling 
Duration 

of 
labeling 

Reported 
Half-life 

% cells in 
marginated 

pool 
Cartwright 

(32) DF32P Ex vivo labeling of whole 
blood 1h 6.7h 56% 

Mauer (16) DF32P Ex vivo labeling of whole 
blood 1h 5.3-9.0h 43-67% 

Athens (17) DF32P Ex vivo labeling of whole 
blood 1h 6.6h 51% 

Dancey (8) 
3H-

Thymidine 

In vivo labeled blood 
transfused into donor at 

day 7 after labeling 

Single 
dose 

(<30min) 
7.6h 41.5% 

Cartwright 
(32) DF32P In vivo 

Single 
dose 

(<10min) 
7.0h N.D. 

Dresch (34) 51Cr Ex vivo labeling of isolated 
leukocytes 45min 17.5h 48% 

Steinbach 
(38) 

3H-
Thymidine 

In vivo (terminal cancer 
patients) 3-10 days 17.3h N.D 

Peters (26) 

111In-
tropolanate Ex vivo labeling of isolated 

leukocytes 5min 
6.3h 68% 

99mTc-
HMPAO 4.2h 67% 

Al-Janabi 
(45) 

99mTc-
HMPAO Ex vivo 5min 4.3h 65% 

Pillay (43) 2H2O In vivo 63 days 90h N.D 
 
Neutrophil production in the bone marrow 
An alternative way to estimate the neutrophil circulatory half-life is to reveal it from 
neutrophil production numbers in the bone marrow compared to the amount of circulating 
neutrophils. The number of neutrophils exported from the BM per day can be derived by 
dividing the number of cells in the PMP by the average PMP transit time. The number of cells 
in the PMP was estimated to be 8.1 * 109 cells per kilogram bodyweight, by extrapolation 
from 59Fe labeling studies that were used to quantify the total number of cells in the erythroid 
lineage (15, 46). The 59Fe study revealed that the total number of erythrocytes and 
reticulocytes in the body 3.2 * 1011 per kilogram bodyweight, of which approximately 3% 
resides in the bone marrow. Combining the known prevalence of each cell type in the bone 
marrow with this number led to the conclusion that there are approximately 18 * 109 
granulocytic bone marrow cells per kilogram body weight, of which 45% is in the PMP (15, 

46). However, It has been shown that neutrophils can migrate back to the bone marrow (47) 
and one study showed that up to 50% of PMP cells undergo apoptosis before reaching the 
bloodstream (48), demonstrating that the effective size of the PMP used in these equations 
is probably an overestimation. In addition, the 59Fe labelling studies have never been 
confirmed with different methods and thus, the accuracy of the estimated bone marrow cell 
numbers remains unknown.  

The second part of the equation, the transit time through the PMP, was estimated to 
be 5 days, since in 3HTdr experiments the first labeled cells appear in the blood at this 
timepoint (12, 13, 15). Although these experiments accurately measured the appearance of 
the first labeled cells, they did not determine the average PMP transit time. Moreover, 
labeling experiments utilizing a non-toxic label revealed the first labeled cells to appear after 
6 rather than 5 days (14).  

The amount of free flowing neutrophils in the bloodstream of an average healthy 
human has been estimated to be 8-30 * 109 (32), to which the number of neutrophils in the 
marginated pool should be added. As stated above, the consensus is that during homeostasis 
the marginated pool comprises ~50% of all circulating neutrophils, although this number 
should be used with caution, because it is based on ex vivo labeling experiments.  
Combining the number of neutrophils in the blood, the PMP size and transit time, the 
neutrophil lifespan in the blood was estimated to be 6.2 hours, which corresponds to a 4.3 
hour circulatory half-life. Considering the probable overestimation of the effective PMP size 
and an underestimation of the PMP transit time, this estimation is probably an 
underestimation of the real neutrophil circulatory half-life.  

A second method to estimate neutrophil production numbers in the bone marrow is 
by determining the amount of divisions by neutrophil progenitors. In principle, one should be 
able to deduce it from the total number of myelocytes and their doubling time. As described 
above, early experiments estimated the total cellularity of the bone marrow to be 18 * 109 
bone marrow cells per kilogram body weight (15, 46). Myelocytes are thought to comprise 
24% of all bone marrow cells, yielding an estimated total number of 4.3 * 109 myelocytes per 
kilogram bodyweight (7, 12, 15). In vitro experiments have revealed a myelocyte doubling 
time of 60 hours. Since myelocytes in cell division were found to complete the full cell cycle 
in 30 hours, the authors concluded that two thirds of the myelocytes were not actively 
proliferating. These cells were dubbed the “lazy pool” and estimated to divide only once every 
69 days (7). It remains unknown how representative these numbers are for the in vivo 
situation. Alternatively, in vivo myelocyte doubling times can be derived from the fraction of 
myelocytes undergoing cell division, and the time it takes for each cell to complete a cell-
division. Unfortunately, data are conflicting: flow cytometric evaluation of cellular DNA 
contents has shown that in homeostasis, 6.3% of myelocytes are in the S, G2 or M-phase (49), 
whilst another study revealed that less than 0.005% of myelocytes are in the M-phase (50) 
and visual inspection of bone marrow smears estimated 0.79 – 5.2% of myelocytes to be in 
the M-phase (7). As a consequence, neutrophil half-lives calculated from the different papers 
yield results that differ up to 1000-fold. 

Taken together, both the interpretation of in vivo deuterium labeling studies as well 
as the above-mentioned alternative routes to quantify neutrophil circulatory half-lives 
require better quantitative insights into neutrophil production rates in the BM. Future 
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and loss of label in blood neutrophils were interpreted to reflect a neutrophil circulatory half-
life of as much as 90 hours, far longer than described previously (43). However, as pointed 
out by Li et al., the data could equally well be explained by a model in which BM neutrophils 
have a half-life of 90 hours, while neutrophils have a much shorter circulatory half-life (44). 
Future non-toxic in vivo labeling studies on bone marrow neutrophils should resolve this 
issue. 
 
Table 1. Overview of results from labeling experiments 

Reference Tracer In vivo or ex vivo labelling 
Duration 

of 
labeling 

Reported 
Half-life 

% cells in 
marginated 

pool 
Cartwright 

(32) DF32P Ex vivo labeling of whole 
blood 1h 6.7h 56% 

Mauer (16) DF32P Ex vivo labeling of whole 
blood 1h 5.3-9.0h 43-67% 

Athens (17) DF32P Ex vivo labeling of whole 
blood 1h 6.6h 51% 

Dancey (8) 
3H-

Thymidine 

In vivo labeled blood 
transfused into donor at 

day 7 after labeling 

Single 
dose 

(<30min) 
7.6h 41.5% 

Cartwright 
(32) DF32P In vivo 

Single 
dose 

(<10min) 
7.0h N.D. 

Dresch (34) 51Cr Ex vivo labeling of isolated 
leukocytes 45min 17.5h 48% 

Steinbach 
(38) 

3H-
Thymidine 

In vivo (terminal cancer 
patients) 3-10 days 17.3h N.D 

Peters (26) 

111In-
tropolanate Ex vivo labeling of isolated 

leukocytes 5min 
6.3h 68% 

99mTc-
HMPAO 4.2h 67% 

Al-Janabi 
(45) 

99mTc-
HMPAO Ex vivo 5min 4.3h 65% 

Pillay (43) 2H2O In vivo 63 days 90h N.D 
 
Neutrophil production in the bone marrow 
An alternative way to estimate the neutrophil circulatory half-life is to reveal it from 
neutrophil production numbers in the bone marrow compared to the amount of circulating 
neutrophils. The number of neutrophils exported from the BM per day can be derived by 
dividing the number of cells in the PMP by the average PMP transit time. The number of cells 
in the PMP was estimated to be 8.1 * 109 cells per kilogram bodyweight, by extrapolation 
from 59Fe labeling studies that were used to quantify the total number of cells in the erythroid 
lineage (15, 46). The 59Fe study revealed that the total number of erythrocytes and 
reticulocytes in the body 3.2 * 1011 per kilogram bodyweight, of which approximately 3% 
resides in the bone marrow. Combining the known prevalence of each cell type in the bone 
marrow with this number led to the conclusion that there are approximately 18 * 109 
granulocytic bone marrow cells per kilogram body weight, of which 45% is in the PMP (15, 

46). However, It has been shown that neutrophils can migrate back to the bone marrow (47) 
and one study showed that up to 50% of PMP cells undergo apoptosis before reaching the 
bloodstream (48), demonstrating that the effective size of the PMP used in these equations 
is probably an overestimation. In addition, the 59Fe labelling studies have never been 
confirmed with different methods and thus, the accuracy of the estimated bone marrow cell 
numbers remains unknown.  

The second part of the equation, the transit time through the PMP, was estimated to 
be 5 days, since in 3HTdr experiments the first labeled cells appear in the blood at this 
timepoint (12, 13, 15). Although these experiments accurately measured the appearance of 
the first labeled cells, they did not determine the average PMP transit time. Moreover, 
labeling experiments utilizing a non-toxic label revealed the first labeled cells to appear after 
6 rather than 5 days (14).  

The amount of free flowing neutrophils in the bloodstream of an average healthy 
human has been estimated to be 8-30 * 109 (32), to which the number of neutrophils in the 
marginated pool should be added. As stated above, the consensus is that during homeostasis 
the marginated pool comprises ~50% of all circulating neutrophils, although this number 
should be used with caution, because it is based on ex vivo labeling experiments.  
Combining the number of neutrophils in the blood, the PMP size and transit time, the 
neutrophil lifespan in the blood was estimated to be 6.2 hours, which corresponds to a 4.3 
hour circulatory half-life. Considering the probable overestimation of the effective PMP size 
and an underestimation of the PMP transit time, this estimation is probably an 
underestimation of the real neutrophil circulatory half-life.  

A second method to estimate neutrophil production numbers in the bone marrow is 
by determining the amount of divisions by neutrophil progenitors. In principle, one should be 
able to deduce it from the total number of myelocytes and their doubling time. As described 
above, early experiments estimated the total cellularity of the bone marrow to be 18 * 109 
bone marrow cells per kilogram body weight (15, 46). Myelocytes are thought to comprise 
24% of all bone marrow cells, yielding an estimated total number of 4.3 * 109 myelocytes per 
kilogram bodyweight (7, 12, 15). In vitro experiments have revealed a myelocyte doubling 
time of 60 hours. Since myelocytes in cell division were found to complete the full cell cycle 
in 30 hours, the authors concluded that two thirds of the myelocytes were not actively 
proliferating. These cells were dubbed the “lazy pool” and estimated to divide only once every 
69 days (7). It remains unknown how representative these numbers are for the in vivo 
situation. Alternatively, in vivo myelocyte doubling times can be derived from the fraction of 
myelocytes undergoing cell division, and the time it takes for each cell to complete a cell-
division. Unfortunately, data are conflicting: flow cytometric evaluation of cellular DNA 
contents has shown that in homeostasis, 6.3% of myelocytes are in the S, G2 or M-phase (49), 
whilst another study revealed that less than 0.005% of myelocytes are in the M-phase (50) 
and visual inspection of bone marrow smears estimated 0.79 – 5.2% of myelocytes to be in 
the M-phase (7). As a consequence, neutrophil half-lives calculated from the different papers 
yield results that differ up to 1000-fold. 

Taken together, both the interpretation of in vivo deuterium labeling studies as well 
as the above-mentioned alternative routes to quantify neutrophil circulatory half-lives 
require better quantitative insights into neutrophil production rates in the BM. Future 
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research should aim to quantify (1) how many neutrophils reside in the marginated pool (2) 
myelocyte doubling times in vivo and (3) the effective size of the PMP.  

 
The neutrophil after-life – after leaving the bloodstream 
So far, we have only discussed the circulatory half-life of neutrophils, but – as already 
mentioned – neutrophils do not exclusively reside in the bloodstream. There is a pool of 
neutrophils that rapidly enters the bloodstream upon immune activation (e.g. in sepsis and 
trauma) or during exercise (3, 17). Although some of these cells are probably coming from the 
marginated pool, (6, 17), others are considered to come from outside the blood vessels. In 
labeling studies, injection of LPS or corticosteroids not only increased the number of labeled 
cells in the blood, but also decreased the average amount of label per cell. (17). This suggests 
that not only marginated cells, but also other neutrophils are recruited to the bloodstream, 
most probably involving immature cells from the bone marrow. Indeed, these cells were 
shown to have a banded nuclear morphology and low CD16 expression (3). In addition to 
these recent bone marrow emigrants, cells with a hypersegmented nucleus (> 4 lobes) were 
found to enter the bloodstream (3). Considering that neutrophils increase their amount of 
lobes during maturation, it is tempting to suggest that hypersegmented cells are older than 
mature neutrophils.  

Experiments by Vincent et al (51) have indeed shown that a pool of old cells exists in 
the body and can be recruited to the bloodstream. In these experiments, one calve was 
labeled with 3HTdr after which its bloodstream was surgically coupled to a genetically 
identical sibling. After 2 hours, the connection of the bloodstreams was removed and the 
number of labeled cells in the acceptor calve was followed. Forty-eight hours later, very few 
labeled cells were detectable in peripheral blood. Upon receiving a dose of corticosteroids, 
labeled cells were again detected in the bloodstream, at levels as high as 25% of the maximum 
value, suggesting that at least a subpopulation of neutrophils survives for several days in the 
body. This notion is strengthened by observations in mice, which have demonstrated that 
neutrophils can survive up to 7 days in the tissues (52). Taken together, these data show that 
neutrophils do not go into apoptosis immediately after leaving the bloodstream, but that a 
marked pool of old neutrophils resides somewhere in the body. Whether these cells can 
influence the measurement of neutrophil half-lives by labeling experiments depends on 
whether these cells return to the circulation, as they do after injection of steroids (51). 
 
Neutrophil half-lives under non-homeostatic conditions 
Neutrophils are well known to migrate to sites of inflammation under the guidance of factors 
such as C5a, CXCL8 (IL-8), platelet activating factor (PAF) and leukotriene B4 (LTB4) (reviewed 
in (53)). Also, during acute inflammation, the total number of neutrophils in the bloodstream 
increases dramatically (17). Based on these findings it is likely that inflammation influences 
the neutrophil half-life. Ex vivo labeled neutrophils showed an increased circulatory half-life 
compared to healthy volunteers in patients suffering from chronic myeloid leukemia (CML), 
sarcoidosis or liver cirrhosis, in splenectomized individuals, and when healthy volunteers 
received prednisolone (table 2) (54, 55). No difference was seen in patients suffering from 
rheumatoid arthritis, active inflammation or in healthy volunteers receiving G-CSF (26, 45, 

56). One study suggested that G-CSF and GM-CSF administration lead to increased neutrophil 
counts in peripheral blood by increasing the production rate, rather than the circulatory half-
life of neutrophils (57), while another study found evidence for an increased neutrophil half-
life after GM-CSF administration. Also in other diseases or non-homeostatic conditions, data 
differ. Within one study, labeled neutrophils of different patients with active infections had 
either longer or shorter half-lives than healthy controls (54). Similarly, the half-lives of 
neutrophils from neutropenic patients differed, depending on whether neutropenia was drug 
induced or not and whether the transfusion was autologous or from a healthy donor (table 2) 
(54, 55). 

Taken together, these data demonstrate that inflammation can influence neutrophil 
half-lives, and that the influence varies between or even within diseases. Importantly, before 
disturbances induced by disease can be understood, it is essential to fully understand the 
situation under homeostatic circumstances. 
 
Table 2. Neutrophil half-life under non-homeostatic conditions 

Reference 
Disease / 

pharmaceutic Labeling method 
Half-life 

(non-homeostatic) 
Half-life 
(control) 

Dale (55) Neutropenia 
Transfusion of 3H-DFP labeled, isolated 
neutrophils from volunteers receiving 
G-CSF and dexamethasone 

20.3h 
9.6h 

Dale (2) (58) GM-CSF Transfusion of autologous 3H-DFP 
labeled blood 13.1h 

Athens (17) 
Prednisone Transfusion of autologous, ex vivo 

DF32P labeled blood 

10.3h 
6.8h Exercise 6.7h ns 

Adrenalin 5.8h ns 

Price (56) G-CSF Transfusion of autologous, ex vivo 3H-
DFP labeled blood 13.5-15.9h ns 10.4h 

Dresch (34) DFP injection Ex vivo 51Cr labeling of isolated 
neutrophils 9.4h 17.5h 

Al-Janabi (45) Rheumatoid 
arthritis 

Ex vivo 99mTc-HMPAO labeling of 
isolated white blood cells 4.2h 4.3h 

Peters (26) 
Suspected 
inflammatory 
disease* 

Ex vivo 111In–tropolonate 5.8h 6.3h 

Ex vivo 99m-HMPAO 4.5h 4.2h 

Meuret (54) 

CML 

Transfusion of autologous, ex vivo 3H-
DFP labeled blood 

82-140h 

7.6h 

Sarcoidosis 17h 
Liver Cirrhosis 15h 
Drug induced 
neutropenia 8.4, 13.2h 

Other 
Neutropenia 2.3-7h 

Infection 4-12h 
Splenectomy 22.2h 

ns = not significantly different from control 
* Patients that are not diagnosed with inflammation are used for control half-life 
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research should aim to quantify (1) how many neutrophils reside in the marginated pool (2) 
myelocyte doubling times in vivo and (3) the effective size of the PMP.  
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neutrophils do not go into apoptosis immediately after leaving the bloodstream, but that a 
marked pool of old neutrophils resides somewhere in the body. Whether these cells can 
influence the measurement of neutrophil half-lives by labeling experiments depends on 
whether these cells return to the circulation, as they do after injection of steroids (51). 
 
Neutrophil half-lives under non-homeostatic conditions 
Neutrophils are well known to migrate to sites of inflammation under the guidance of factors 
such as C5a, CXCL8 (IL-8), platelet activating factor (PAF) and leukotriene B4 (LTB4) (reviewed 
in (53)). Also, during acute inflammation, the total number of neutrophils in the bloodstream 
increases dramatically (17). Based on these findings it is likely that inflammation influences 
the neutrophil half-life. Ex vivo labeled neutrophils showed an increased circulatory half-life 
compared to healthy volunteers in patients suffering from chronic myeloid leukemia (CML), 
sarcoidosis or liver cirrhosis, in splenectomized individuals, and when healthy volunteers 
received prednisolone (table 2) (54, 55). No difference was seen in patients suffering from 
rheumatoid arthritis, active inflammation or in healthy volunteers receiving G-CSF (26, 45, 

56). One study suggested that G-CSF and GM-CSF administration lead to increased neutrophil 
counts in peripheral blood by increasing the production rate, rather than the circulatory half-
life of neutrophils (57), while another study found evidence for an increased neutrophil half-
life after GM-CSF administration. Also in other diseases or non-homeostatic conditions, data 
differ. Within one study, labeled neutrophils of different patients with active infections had 
either longer or shorter half-lives than healthy controls (54). Similarly, the half-lives of 
neutrophils from neutropenic patients differed, depending on whether neutropenia was drug 
induced or not and whether the transfusion was autologous or from a healthy donor (table 2) 
(54, 55). 

Taken together, these data demonstrate that inflammation can influence neutrophil 
half-lives, and that the influence varies between or even within diseases. Importantly, before 
disturbances induced by disease can be understood, it is essential to fully understand the 
situation under homeostatic circumstances. 
 
Table 2. Neutrophil half-life under non-homeostatic conditions 

Reference 
Disease / 

pharmaceutic Labeling method 
Half-life 

(non-homeostatic) 
Half-life 
(control) 

Dale (55) Neutropenia 
Transfusion of 3H-DFP labeled, isolated 
neutrophils from volunteers receiving 
G-CSF and dexamethasone 

20.3h 
9.6h 

Dale (2) (58) GM-CSF Transfusion of autologous 3H-DFP 
labeled blood 13.1h 

Athens (17) 
Prednisone Transfusion of autologous, ex vivo 

DF32P labeled blood 

10.3h 
6.8h Exercise 6.7h ns 

Adrenalin 5.8h ns 

Price (56) G-CSF Transfusion of autologous, ex vivo 3H-
DFP labeled blood 13.5-15.9h ns 10.4h 

Dresch (34) DFP injection Ex vivo 51Cr labeling of isolated 
neutrophils 9.4h 17.5h 

Al-Janabi (45) Rheumatoid 
arthritis 

Ex vivo 99mTc-HMPAO labeling of 
isolated white blood cells 4.2h 4.3h 

Peters (26) 
Suspected 
inflammatory 
disease* 

Ex vivo 111In–tropolonate 5.8h 6.3h 

Ex vivo 99m-HMPAO 4.5h 4.2h 

Meuret (54) 

CML 

Transfusion of autologous, ex vivo 3H-
DFP labeled blood 

82-140h 

7.6h 

Sarcoidosis 17h 
Liver Cirrhosis 15h 
Drug induced 
neutropenia 8.4, 13.2h 

Other 
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Infection 4-12h 
Splenectomy 22.2h 

ns = not significantly different from control 
* Patients that are not diagnosed with inflammation are used for control half-life 
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Concluding Remarks 
Although the importance of the quantification of neutrophil half-lives and kinetics is evident, 
there is still a lot of uncertainty about neutrophil turnover in BM and blood. Both old and new 
labeling experiments suffer from technical limitations such as the toxicity of the tracers that 
were used, ex vivo manipulation affecting neutrophil kinetics and migration, and the inability 
to distinguish between labeled cells residing in the blood and those that are released by the 
bone marrow. Alternative approaches that are based on the quantification of neutrophil 
production in the bone marrow are hampered by the lack of consistent data. Therefore, we 
strongly encourage initiatives that will address these issues with new experiments in which 
neutrophils are not affected by label toxicity or ex vivo manipulation. Such studies should 
reveal conclusive data on neutrophil production rates in the bone marrow and half-lives in 
the circulation. 
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Abstract 
Neutrophils are essential for host defence against invading pathogens and shape subsequent 
immunity by acquiring different functional phenotypes. However, a basic characteristic, their 
lifespan in blood under homeostatic conditions, remains uncertain. Previous attempts to 
determine the neutrophil lifespan in human blood were hampered by sampling under non-
homeostatic conditions (e.g. cancer patients), reinfusion of ex vivo manipulated cells, or 
toxicity of the label. A recent attempt by our group applying stable non-toxic 2H2O in vivo was 
hampered by the relatively slow turnover of 2H2O in body water and by not taking bone 
marrow kinetics into account. 

Here, we employed short-term (6h) in vivo pulse labelling with 6,6-2H2-glucose in 
healthy volunteers to estimate the circulatory lifespan of neutrophils by determining 
deuterium enrichment in the DNA of blood neutrophils. Measured deuterium enrichments 
were interpreted using both a model based on ordinary differential equations (ODE) and an 
agent-based conveyor-belt model, both simulating label kinetics in both blood and bone 
marrow. ODE models estimated implausible values for the combination of neutrophil 
circulatory lifespan and division time of progenitor cells (t-div) in the BM (3.7h/4.8d and 
4.5d/1h for lifespan and t-div, respectively). The agent-based model was not able to produce 
exact estimates, but simulations with this model produced the best results with a neutrophil 
circulatory lifespan between 2.5 and 4 days. Such relatively long circulatory lifespans allows 
neutrophils to engage in relatively long-term processes, such as interactions with the adaptive 
immune system.  
 
  

Introduction  
Neutrophils are the most common white blood cells and are indispensable for immune 
defense (1). Traditionally, neutrophils are considered to only form a first line of defense 
against bacteria and fungi, but more recently several other neutrophil functions have been 
described (2, 3). These include tumoricidal activity (4), antigen presentation (5), immune 
suppression (6) and trans-differentiation to neutrophil-dendritic hybrid cells (7). Besides 
having a beneficial role in immunity against pathogens, neutrophils have been shown to be 
detrimental in a wide range of diseases, making them a potential target for novel therapeutics 
(8-10). However, some very basic neutrophil characteristics, including their average lifespan 
in the bloodstream, remain a matter of debate (11, 12). Without knowledge of their lifespan, 
it is difficult to fully understand the mechanisms by which these cells engage in immune 
homeostasis and to predict the potential effects of therapeutics.  
 Much work has been done on elucidating the circulatory lifespan of neutrophils (13-
16). Unfortunately, as reviewed elsewhere (17), interpretation of these studies is hampered 
by utilization of labelling methods which induce rapid depletion of neutrophils from the blood 
(18, 19), by ex vivo manipulation of neutrophils leading to aberrant homing to the lungs when 
reinfused in vivo (20) or by the use of toxic labels (15, 21). More recently, our group attempted 
to estimate the circulatory lifespan of untouched neutrophils by utilization of non-toxic 
deuterium labelling in vivo with heavy water (2H2O) (11). As human body water has a relatively 
slow turnover rate, 2H2O labelling is not the ideal method to measure the lifespan of cells with 
a relatively fast turnover rate, such as neutrophils. In addition, Li et al correctly pointed out 
that the long estimated average lifespan of 5.4 days that we previously reported may in fact 
not reflect the lifespan of neutrophils in blood, but may alternatively point at a long division 
time of neutrophil progenitors in the bone marrow (BM) (12).  
 In order to gain a better insight into the in vivo neutrophil lifespan, we performed 
short-term (6h) in vivo pulse-labelling in 32 healthy volunteers using 6,62H2–glucose, a source 
of deuterium with a much higher turnover rate than water. Blood was drawn from these 
individuals at different time points and incorporation of label in neutrophil DNA was 
measured using GC/MS analysis. The resulting data were analysed using a model based on 
ordinary differential equations (ODE) and an agent-based model that simulates maturation 
kinetics in both blood and BM.  
 

Methods  
Study population 
In total, 32 healthy volunteers (age 19-27, no allergic/immunological diseases, no medication 
use, no excessive use of alcohol, no drug use and normal WBC differential counts) were 
included in the study after giving written informed consent. The study was performed in 
accordance to the Declaration of Helsinki, and was approved by the medical ethical 
committee of the University Medical Centre Utrecht (#10-349/O). The labelling protocol was 
adapted from Macallan et al, with small modifications (22): Volunteers received 12 oral doses 
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of 6,6-2H2-glucose (Cambridge Isotopes Tewksbury, MA, USA) at a total of 1g/kg bodyweight 
over a period of 6 hours. For twelve volunteers, blood was drawn before the start of the 
labelling procedure and at five subsequent days. For the other twenty volunteers only one 
time point was available after labelling. Sampling days differed between volunteers to 
maximize the information regarding deuterium enrichment. All samples (92 in total) were 
taken at the same time of day, to prevent effects caused by diurnal rhythms in cell 
populations. One volunteer presented with gastroenteritis at day 10 during the study and was 
excluded from the analysis.  
 
Cell isolation  
Whole blood white cells were obtained by erythrocyte lysis of heparinized blood using an ice-
cold NH4Cl solution (23). Subsequently, cells were isolated by FACS sorting (Aria IIb and III, 
Becton Dickinson, Mountain View CA, USA). Neutrophils were gated based on FSC/SSC, and 
as CD16high/CD192neg to exclude eosinophils (supplementary figure S1). Purity was 99.5% as 
determined by re-analysis of the sorted samples and by microscopic evaluation of cytospin 
preparations. 
 
Measurement of DNA enrichment  
DNA enrichment was measured as described in detail previously (22). In short, DNA was 
isolated (NucleoSpin Blood, Macherey-Nagel, Düren, Germany), enzymatically hydrolyzed 
into deoxyribonecleotides and derivatised into pentafluoro triacetate (PFTA) for analysis on a 
GC/MS using selective ion monitoring (SIM). Only the adenosine derivate was analyzed, with 
m/z ratios of 435 (M+0, unlabeled) and 437 (M+2, labelled) to limit effects of label re-
utilization, which is far more pronounced in pyrimidines. Equal amounts of PFTA were 
analyzed for each sample to avoid abundance artefacts. DNA enrichment was corrected for 
the availability of label in the blood as published previously (22). The cell-type specific factor 
used to correct the fraction adenosine that is re-utilized instead of de novo produced was 
determined in vitro as described in the next section.  
 
In vitro cell assays  
Several assays were performed in vitro with a neutrophil progenitor derived cell line (HL-60) 
to determine important characteristics of the fate of the label inside the cell (time, 
enrichment and de novo adenosine synthesis from 6,6-2H-glucose), To determine the fraction 
of adenosine being produced by de novo synthesis instead of by the salvage pathway, cells 
were cultured in IMDM medium containing 50% 6,6-2H-glucose and 8% FBS for 4 weeks as 
published previously (22). Cells were isolated at several time points during the 4 weeks and 
DNA 2H-enrichment was determined. When DNA enrichment reached a plateau, the ratio of 
de novo synthesized/salvaged adenosine could be calculated as: 
Ratio = (plateau enrichment) / (fraction label in medium). 
  HL-60 cells were pulse-labelled with 50% 6,6-2H-glucose containing medium for 
6 hours to determine the effective pulse-length in neutrophil progenitors. After 6 hours the 

cells were washed and cultured in medium with normal glucose (figure 1). The total glucose 
concentration was kept constant during the whole experiment. Small samples were taken at 
several time points to count the number of cells and to determine their DNA 2H-enrichment. 
The time between the first uptake of label into the DNA and the first time point at which label 
incorporation was at its maximal level (determined after 24h) was measured and used as the 
time period of the pulse in all simulations (see below). The total amount of labelled adenosine 
was calculated as DNA 2H enrichment multiplied by the number of cells. A linear regression 
was performed on the labelling data from t=2h (when the first label was detected) up to t=6h 
(when label was removed). The time during which 2H-incorporation takes place was estimated 
as the time at which the linear regression line and the maximum amount of labelled 
adenosine at t=24h intersect, minus the delay during the uplabelling phase. 
  
Computational and mathematical modelling 
Enrichment data were analyzed using mathematical modelling based on ordinary differential 
equations (ODE’s) or using an agent-based model. Details on the models can be found in the 
supplementary materials and methods. In short, all models assume progenitor cells in the 
bone marrow to divide with an average division time t-div, during which label can be 
incorporated into the DNA. The maximum level of enrichment of a cell reached after one 
division is 50%, since only one DNA strand of each chromosome is newly synthesized during 
cell division. Hereafter, one daughter cell remains a progenitor cell that will divide again (after 
t-div hours), whereas the other cell will stop dividing and start maturing. After a delay during 
which cells mature in the post-mitotic pool (PMP), the so-called PMP transit time (PMPtt), 
cells enter the bloodstream. In the circulation, cells have an average lifespan after which they 
leave the bloodstream. Cells are assumed not to return to the circulation, since the numbers 
of returning cells have been shown to be very low in healthy volunteers (24). The marginated 
pool is assumed to be constantly exchanging cells with the circulating pool, leading to similar 
enrichments and kinetics in both pools as published previously (14, 25).  
 
Software 
FCS express 4 flow was used for analysis of FACS data, GraphPad Prism 6 for plotting and 
correcting measurements with a standard curve. ODE models were fitted using Monolix 
version 4.3.3s, whereas NetLogo 5.02 was used to develop the computer model with the add-
in “Behaviourspace” for high throughput analysis and R x64 3.1.2 for data transformations 
and calculation of the sum of squared residuals (SSR).  
 

Results  
Determination of effective pulse length and percentage de novo adenosine synthesis by in 
vitro 6,6-2H2-glucose labelling in the myeloid progenitor cell line HL60. 
Long term culture of HL-60 cells with 50% 6,62H2–glucose revealed a maximum DNA 2H-
enrichment of 0.65 times the enrichment in the culture medium (figure 1A). This indicated 
that 65% of the adenosine moiety in these cells was derived from de novo synthesis.  
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in “Behaviourspace” for high throughput analysis and R x64 3.1.2 for data transformations 
and calculation of the sum of squared residuals (SSR).  
 

Results  
Determination of effective pulse length and percentage de novo adenosine synthesis by in 
vitro 6,6-2H2-glucose labelling in the myeloid progenitor cell line HL60. 
Long term culture of HL-60 cells with 50% 6,62H2–glucose revealed a maximum DNA 2H-
enrichment of 0.65 times the enrichment in the culture medium (figure 1A). This indicated 
that 65% of the adenosine moiety in these cells was derived from de novo synthesis.  
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Short-term (6h) labelling with 50% 6,62H2 –glucose was performed to determine the 
intracellular kinetics of de novo adenosine synthesis from 6,62H2–glucose and its 
incorporation into the DNA. The total amount of incorporated 2H adenosines was determined 
by measuring 2H-DNA enrichment and cell numbers. During the first 1.0 to 1.5 hours of the 
experiment little DNA 2H-enrichment was observed (figure 1B). After removal of 6,62H2–
glucose, DNA enrichment kept increasing for approximately 4h, at which point the maximum 
amount of label was reached. Taken together, these data indicate that a 6 hour pulse of 
6,62H2–glucose label leads to 2H being incorporated into the DNA for approximately 8h; the 
effective pulse length used in the mathematical simulations (see below). 
 

Figure 1. (A) Long term culture 
of pro-myelocytic cell HL-60 
cell line with 50% 6,62H2–
glucose, revealed a maximum 
DNA enrichment of 0.65 times 
of the enrichment in the 
culture medium. Thus, 65% of 
the adenosine moieties in 
these cells are derived from de 
novo synthesis and the 
correction factor used in the 
correction for plasma glucose 
levels should be 0.65. On 
average, cell numbers doubled 
each 1.04 days. Short-term 
labelling with 50% 6,62H2–
glucose was performed to 
determine the kinetics of de 
novo adenosine synthesis from 
6,62H2–glucose and its 
incorporation into the DNA. 
Cells were grown in medium 
containing 50% 6,62H2–glucose 

for 6h, after which they were grown in normal medium. The glucose concentration was kept constant during the 
experiment. The total amount of incorporated 2H adenosines was determined by measuring 2H-DNA enrichment 
and multiplying by cell numbers. After removal of 6,62H2–glucose, DNA enrichment kept increasing for 
approximately 4h, at which point a similar enrichment was reached as measured 24h after the start of the 
experiment.  
 
In vivo 6,6-2H2-glucose labelling in healthy volunteers.  
In total, 32 healthy volunteers received twelve oral doses of 6,62H2–glucose (1 g/kg) over the 
course of six hours. Availability of label in plasma was determined prior to and at 3 moments 
during intake of labeled glucose, and 2H-enrichment in the DNA of blood neutrophils was 
followed over time (figure 2). Availability of label in the plasma during the procedure was used 
to correct DNA enrichments. The first labeled neutrophil DNA was detected in the circulation 
at day 6 after intake of label, representing the time it takes for the first myelocytes to mature 

into neutrophils and to be released into the blood (i.e. the post-mitotic pool transit time, 
PMPtt). This is in agreement with previously published results obtained from healthy 
volunteers (26), but slightly longer than observed under non-homeostatic conditions (15, 21, 
27). Deuterium enrichment in peripheral blood neutrophils reached its peak at day 8 after 
intake of label, and decreased almost to baseline at the end of the study (day 17/18). 

 
Figure 2. Deuterium enrichment in plasma glucose and peripheral blood neutrophil DNA. (A) Deuterium 
enrichment of plasma glucose during intake of 6,6-2H2-glucose, which determines the availability of label for 
each volunteer. For every individual 4 time points were studied (mean ± SD, n=32). (B) Deuterium enrichment 
of neutrophil DNA after label intake, with 6 time points for 12 volunteers and an additional single time point for 
20 volunteers (92 data points in total), after correction for each individual's plasma enrichment and the factor 
0.65??? The dashed curve joins the mean enrichment levels per time point, while error bars indicate SD. 
 
Fitting data using ODE’s 
In order to estimate the neutrophil lifespan in our experiments, we first fitted our data to an 
ODE model adapted from the study performed by Vrisekoop et al. (28) (see supplementary 
materials). As each volunteer had measurements on different moments after intake of label, 
we used a mixed effects approach, which first fits all combined data to the model and then 
estimates parameters for each individual. The model assumes 2H-incorporation into the DNA 
of neutrophil progenitors in the bone marrow during the labelling phase and exponential loss 
of label after cessation of label intake. Label enters the circulation with the same enrichment 
kinetics as the bone marrow, with an additional delay in the PMP. Initially, the PMPtt was 
assumed to be the same for each cell. Fits were performed using different starting values for 
each parameter, assuming blood or BM to be the compartment with the slowest kinetics as 
described by Pillay et al (11) and Li et al (12). Alternatively, starting values were chosen in 
which both compartments had similar kinetics.  
 Fitting our model to the data resulted in two nearly identical fits with no significant 
difference in quality (as determined by the Akaike Information Criterium) (figure 3A). The two 
fits represented two extremes, with either progenitor cells dividing every 4.3 days and a 
neutrophil circulatory lifespan of 3.7h or the bone marrow dividing a bit more than once an 
hour and a 4.8 day circulatory lifespan. Both fits estimated the PMPtt to be on average 6.4 
days.  
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Short-term (6h) labelling with 50% 6,62H2 –glucose was performed to determine the 
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materials). As each volunteer had measurements on different moments after intake of label, 
we used a mixed effects approach, which first fits all combined data to the model and then 
estimates parameters for each individual. The model assumes 2H-incorporation into the DNA 
of neutrophil progenitors in the bone marrow during the labelling phase and exponential loss 
of label after cessation of label intake. Label enters the circulation with the same enrichment 
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assumed to be the same for each cell. Fits were performed using different starting values for 
each parameter, assuming blood or BM to be the compartment with the slowest kinetics as 
described by Pillay et al (11) and Li et al (12). Alternatively, starting values were chosen in 
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 Fitting our model to the data resulted in two nearly identical fits with no significant 
difference in quality (as determined by the Akaike Information Criterium) (figure 3A). The two 
fits represented two extremes, with either progenitor cells dividing every 4.3 days and a 
neutrophil circulatory lifespan of 3.7h or the bone marrow dividing a bit more than once an 
hour and a 4.8 day circulatory lifespan. Both fits estimated the PMPtt to be on average 6.4 
days.  
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Figure 3. Fitting an ODE model to the 
experimental data resulted in 2 fits of 
equal quality and nearly identical curves 
(A). The difference between the two fits is 
whether the slowest kinetics take place in 
the BM or in blood. For both solutions 
(slow BM or slow blood), parameter 
estimates for each individual are plotted 
for the progenitor division time (B), 
neutrophil circulatory lifespan (C) and 
PMPtt (D). 
 
 
 
 
 
 
 
 
 
 
 

 The two extreme results of this model are difficult to reconcile with previous 
publications on the behavior of circulatory neutrophils and/or neutrophil progenitors. An 
average neutrophil circulatory lifespan of 3.7h is shorter than any report described to date in 
healthy volunteers (17), and even the S-phase of the cell-cycle has been reported to be twice 
as long (approximately 8h (29)). The model estimated the PMPtt of the first cells entering the 
bloodstream to be 6.4 days on average. This long PMPtt is not in agreement with our labelling 
data, since our results show the first appearance of labeled DNA in the blood between 5 and 
6 days (figure 2B). In addition, the prerequisite in this model that all neutrophils have a similar 
PMPtt has been challenged before (27). To mitigate this latter issue we added an extra 
parameter to the model, which allows for variation in PMPtt between cells. In this variant of 
the model, neutrophils were assumed to exit the PMP with a normally distributed variation 
around an average PMPtt (see supplementary methods). Addition of this extra parameter 
improved the fit to the early data points but not significantly improve the fit to the full dataset 
and resulted in an even shorter circulatory lifespan (1.0h) or progenitor division time (2.4h).  
 
Fitting the data applying agent-based modelling    
As stated above, the ODE models we used to describe our labelling data resulted in estimates 
of neutrophil circulatory lifespans or BM turnover that are improbable in the light of previous 
experiments and cell biology. A caveat of the ODE model is that it assumes cells to behave 
exponentially. This means that even if the average time between divisions in the BM (t-div) is 
in the order of several days, some myelocytes can divide e.g. within 1 hour. It has been shown 

that myelocyte divisions are not exponentially distributed in vivo. In fact, the time between 
two myelocytes divisions appears to vary little, as shown by in vivo 3H-Tdr pulse-labelling (30, 
31). 
 Therefore, an agent-based method was developed (see supplementary materials for 
specifics) to analyze the pooled data from all volunteers. The agent-based model simulates 
the kinetics of individual cells based on a conveyor-belt model as first described by Cartwright 
et al (13) (Figure 4A). The model simulates both BM and blood kinetics, as well as a PMPtt. It 
assumes that myelocytes that enter the cell cycle keep dividing until exit into the PMP. The 
average time cells stay in the PMP until they enter the bloodstream as mature cells is the 
PMPtt.  
 In the vasculature, neutrophils can be either circulating or marginated. Since the 
marginated pool is thought to be in equilibrium with circulating neutrophils (25) we assume 
that the level of deuterium enrichment is similar in both pools (14), and for simplicity did not 
include the marginated pool in the model. We allowed for heterogeneity between cells by 
adding a normally distributed variation around each parameter, i.e. each cell is assigned a 
value for PMPtt from a normal distribution with mean parameter PMPtt and a SD of SD_PMP. 
After each division, progenitor cells are assigned a new value drawn from the same 
distribution for their next division.  
 The model was run ~375.000 times with different values for the division time in the 
bone marrow (t-div), the PMPtt, the average circulatory lifespan, and different SDs for each 
of these parameters. These values were based on the wide range of previous estimates on 
neutrophil lifespan (5-192h) (17) and neutrophil progenitor division times (10-92h). We 
allowed the average PMPtt to vary quite widely between cells, from 4-8 days. SD’s ranged 
from 0 (no variation between cells) to a maximum of 40% of the mean parameter value. For 
each circulatory lifespan that was tested, the exact same combination of other parameters 
and parameter variations was run (>16.000). For each run, the quality of the fit to the 
experimental data was determined by the sum of squared residuals (SSR), with a low SSR 
indicating a better fit (Figure 3B). As agent-based models are stochastic, two different runs 
with the same set of parameters can have a slightly different outcome. Therefore, several of 
the best fits were re-run 10 times and plotted against the measured data (figure 3C-J).  
Model runs with circulatory lifespans between 72 and 96 hours and t-div between 48 and 96h 
mimicked the data best. Runs with shorter circulatory lifespans tended to show a too rapid 
up and downlabelling while runs with even longer circulatory lifespans tended to show a too 
slow down-labelling.  
 Due to the conveyor-belt nature of the model, runs with a circulatory lifespan shorter 
than t-div and a low SD showed waves of labelled cells entering and rapidly leaving the 
circulation (e.g. figure 3C). With a short circulatory lifespan, fits to the data improved when 
there was more variation in the PMPtt. A large variation in PMPtt, however, leads to the 
model prediction that labelled cells enter the circulation very early during the experiment (e.g 
figure 3D). In contrast, model runs with a longer circulatory lifespan fitted the data better 
when  the  variation  in  the  PMPtt  was  low  (e.g. figure 3I).  To  give more insight into which 
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exponentially. This means that even if the average time between divisions in the BM (t-div) is 
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et al (13) (Figure 4A). The model simulates both BM and blood kinetics, as well as a PMPtt. It 
assumes that myelocytes that enter the cell cycle keep dividing until exit into the PMP. The 
average time cells stay in the PMP until they enter the bloodstream as mature cells is the 
PMPtt.  
 In the vasculature, neutrophils can be either circulating or marginated. Since the 
marginated pool is thought to be in equilibrium with circulating neutrophils (25) we assume 
that the level of deuterium enrichment is similar in both pools (14), and for simplicity did not 
include the marginated pool in the model. We allowed for heterogeneity between cells by 
adding a normally distributed variation around each parameter, i.e. each cell is assigned a 
value for PMPtt from a normal distribution with mean parameter PMPtt and a SD of SD_PMP. 
After each division, progenitor cells are assigned a new value drawn from the same 
distribution for their next division.  
 The model was run ~375.000 times with different values for the division time in the 
bone marrow (t-div), the PMPtt, the average circulatory lifespan, and different SDs for each 
of these parameters. These values were based on the wide range of previous estimates on 
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allowed the average PMPtt to vary quite widely between cells, from 4-8 days. SD’s ranged 
from 0 (no variation between cells) to a maximum of 40% of the mean parameter value. For 
each circulatory lifespan that was tested, the exact same combination of other parameters 
and parameter variations was run (>16.000). For each run, the quality of the fit to the 
experimental data was determined by the sum of squared residuals (SSR), with a low SSR 
indicating a better fit (Figure 3B). As agent-based models are stochastic, two different runs 
with the same set of parameters can have a slightly different outcome. Therefore, several of 
the best fits were re-run 10 times and plotted against the measured data (figure 3C-J).  
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up and downlabelling while runs with even longer circulatory lifespans tended to show a too 
slow down-labelling.  
 Due to the conveyor-belt nature of the model, runs with a circulatory lifespan shorter 
than t-div and a low SD showed waves of labelled cells entering and rapidly leaving the 
circulation (e.g. figure 3C). With a short circulatory lifespan, fits to the data improved when 
there was more variation in the PMPtt. A large variation in PMPtt, however, leads to the 
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 Figure 4. (A) Schematic representation of the neutrophil compartment as simulated by the agent-based model. 
The model is a linear conveyor-belt model, in which cells subsequently go through each phase: division, 
maturation in the post-mitotic pool and residence in circulation followed by clearance from circulation. To allow 
for biological variation, cells go through each phase at a mean speed with a normally distributed variability. The 
SD of the variation is an independent parameter for each phase. This model was run >375.000 times and the 
quality of the fit to the experimental data was determined by the SSR method, in which a lower SSR indicates a 
better fit. For each run, the SSR was plotted against the circulatory neutrophil lifespan (B), with a cutoff above 
10 (indicating irrelevant fits) for clarity. The best fitting parameter combinations for a circulatory lifespan of 7, 
15, 24, 42, 60, 72, 96 and 120 hours (C-J) were rerun 10 times and plotted against the measured enrichments. 
Information on the values for the other parameters can be found in supplementary figure S2. Green lines 
represent BM DNA enrichment, red lines represent blood neutrophil enrichment +/- 95% CI (light area’s) and 
black dots represent the measured DNA enrichments +/- SD. 
 

 

parameter combinations were used, and which showed the best fits to the experimental data, 
all possible combinations were plotted, with the values of the best fits highlighted in 
supplementary figure S2. 
 

Discussion 
Re-utilization of label 
Label re-utilization can be a major concern in interpreting labelling studies (32). However, as 
we are using a pulse-chase type of labelling and neutrophils have a PMPtt of approximately 6 
days, re-utilization of labeled nucleotides from neutrophils removed from the circulation 
cannot occur before day 6 after intake of label. After re-uptake of label, it will take an 
additional 5-6 days before the re-utilized label can be found in the DNA of circulating 
neutrophils due to the length of the PMPtt. Thus, reutilized label will not affect our 2H 
enrichment data for at least the first 12 days. In addition, we confirm previous studies (26) 
showing that the majority of the adenosine moiety is derived from de novo synthesis and not 
by base salvage. Taken together, these data indicate that re-utilization of label is of less 
concern than it might be during long-term labelling strategies. 
 
ODE versus an agent-based model  
The ODE models provided reasonable fits of the neutrophil DNA enrichment data (figure 2A). 
However, the combination of estimates of these fits for neutrophil lifespan and t-div were 
biologically not plausible. A caveat of ODE model is that they may not correctly describe the 
kinetics of neutrophil progenitors in the BM. ODE models assume progenitor cells to behave 
exponentially, while in fact they have been shown to have a very low variation in time 
between divisions (30). In addition, the first ODE model we used assumed that every 
neutrophil takes the same amount of time to mature and enter the bloodstream. This notion 
has been challenged by other authors (27), but the addition of an extra parameter allowing 
variation in the PMPtt did not produce significantly better fits. In addition, this extra 
parameter led to even less biologically plausible results, with an estimated neutrophil 
circulatory lifespan of only one hour.  
 We also developed and applied an agent-based model, which describes neutrophil 
maturation as a conveyor belt, with bone marrow cells having little variation between 
divisions. The model allowed for (but did not require) variation between PMPtt’s of different 
cells. As shown in figure 4, this model was able to fit the measured data and produced 
estimates for neutrophil lifespan and t-div in a biologically plausible range.  
 The agent based model was not able to produce exact parameter estimates and did 
not take into account the information lying in repeated measurements per individual. It did, 
however, better describe the behavior of cells in the BM as described in literature and 
produced more biologically plausible estimates of a 72-96 h circulatory lifespan and a 72h t-
div. Therefore, we propose that the model may be a better option for the interpretation of 
neutrophil 2H enrichment data in the context of cellular kinetics. 
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supplementary figure S2. 
 

Discussion 
Re-utilization of label 
Label re-utilization can be a major concern in interpreting labelling studies (32). However, as 
we are using a pulse-chase type of labelling and neutrophils have a PMPtt of approximately 6 
days, re-utilization of labeled nucleotides from neutrophils removed from the circulation 
cannot occur before day 6 after intake of label. After re-uptake of label, it will take an 
additional 5-6 days before the re-utilized label can be found in the DNA of circulating 
neutrophils due to the length of the PMPtt. Thus, reutilized label will not affect our 2H 
enrichment data for at least the first 12 days. In addition, we confirm previous studies (26) 
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biologically not plausible. A caveat of ODE model is that they may not correctly describe the 
kinetics of neutrophil progenitors in the BM. ODE models assume progenitor cells to behave 
exponentially, while in fact they have been shown to have a very low variation in time 
between divisions (30). In addition, the first ODE model we used assumed that every 
neutrophil takes the same amount of time to mature and enter the bloodstream. This notion 
has been challenged by other authors (27), but the addition of an extra parameter allowing 
variation in the PMPtt did not produce significantly better fits. In addition, this extra 
parameter led to even less biologically plausible results, with an estimated neutrophil 
circulatory lifespan of only one hour.  
 We also developed and applied an agent-based model, which describes neutrophil 
maturation as a conveyor belt, with bone marrow cells having little variation between 
divisions. The model allowed for (but did not require) variation between PMPtt’s of different 
cells. As shown in figure 4, this model was able to fit the measured data and produced 
estimates for neutrophil lifespan and t-div in a biologically plausible range.  
 The agent based model was not able to produce exact parameter estimates and did 
not take into account the information lying in repeated measurements per individual. It did, 
however, better describe the behavior of cells in the BM as described in literature and 
produced more biologically plausible estimates of a 72-96 h circulatory lifespan and a 72h t-
div. Therefore, we propose that the model may be a better option for the interpretation of 
neutrophil 2H enrichment data in the context of cellular kinetics. 
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Bone marrow kinetics   
Even though we did not acquire BM samples from healthy volunteers, our computer model 
made predictions regarding the turnover of neutrophil progenitors. Simulating the blood data 
obtained after short term 2H-glucose labeling with the agent-based model yielded an estimate 
of the average circulatory neutrophil lifespan of 72-96h, and a relatively long t-div (72h). This 
relatively long t-div is in the same order of magnitude as the hypothetical one proposed by Li 
et al in response to our 2H2O labeling study (12).  
 Little direct data is available on the turnover of neutrophil progenitors in the BM, the 
myelocytes. The only published in vivo labelling experiments measuring myelocyte kinetics in 
bone marrow employed tritium thymidine (3H-TdR) pulse-labelling in both humans (30) and 
rats (31). This was followed by measurement of the fraction of labeled mitoses in myelocytes 
obtained from bone marrow samples. In this experiment the percentage of 3H-TdR labelled 
mitoses increased rapidly (>90% at 3h post administration of label) until all mitotic cells were 
3H-TdR labelled. Fifteen hours after administration of label, the percentage of labelled 
mitoses decreased rapidly again, to be followed by all mitoses being labelled again ~18h after 
administration of label. These data demonstrated that all myelocytes that go into mitosis 
when 3H-Tdr is present go into mitosis again after 18h. In addition, during the second 
myelocyte division 100% of mitoses are labelled, indicating there is very little variation in the 
time between myelocyte divisions and suggesting that myelocytes in a pulse-chase labeling 
experiment do not behave exponentially.  
 Another study employed in vivo labelling with diisopropyl fluorophosphate-32 (DF32P) 
and revealed two phases of label decrease in the blood, one of which was interpreted as the 
kinetics in BM, with an average division time of 3 days (13). However, interpretation and 
comparison of the 3 studies (13, 30), (31) are not straightforward, because the first 
experiment was performed under non-homeostatic conditions in a patient with mild 
polycythemia vera and the second was performed using DF32P. Treatment of individuals with 
DFP in vivo has been shown to induce priming and rapid loss of neutrophils from the 
circulation (18, 33). Therefore, the first phase of decrease of label in the latter study more 
likely reflected DFP-induced loss of labelled cells rather than the normal half-life of blood 
neutrophils. This also makes the second phase a combination of loss due to BM and blood 
kinetics, without a possibility to distinguish between the two. 
 In vitro, myelocytes have been followed by video microscopy (34) and by 3H-TdR 
labelling (35) revealing ex vivo cycle times of 30h and 22h, respectively. These estimates are 
very near the estimated t-div of 18h described in vivo (18,19). In addition to direct 
measurements, the turnover of myelocytes can be estimated from the percentage of 
myelocytes in mitosis (mitotic index) and the duration of the mitosis (35). Interpretation of 
such data should take into account that approximately 50% of myelocytes form a “lazy pool” 
of cells, which do not divide within the timeframe of the labelling experiments and thus do 
not contribute to the incorporation of label in neutrophils (35, 36). From these studies it was 
estimated that myelocytes divide on average once every 21.5h (35), which is again very similar 
to results obtained in vivo (30). Taken together, data on directly labelled BM 3H-TdR suggest 

that the division time of neutrophil progenitor cells in BM is much faster than the 3.75 days 
required to reconcile our 2H2O labelling data (11) with a short circulatory neutrophil lifespan. 
Importantly, the BM turnover in vivo remains to be determined in healthy volunteers with a 
non-toxic labelling strategy. 
 Our results do not seem to be in line with the in vivo and in vitro methods described 
above (30, 34, 35), which indicated shorter neutrophil progenitor division times ranging from 
18-30 hours. However, these data were obtained in vitro or from patients with hematological 
disorders. It is unknown whether division times of myelocytes in vitro represent the situation 
in vivo. In addition, BM has been shown to undergo increased turnover during non-
homeostatic conditions such as inflammation (37, 38). Therefore, it is possible that these data 
reflected the BM kinetics under non-homeostatic conditions, whereas our predictions reflect 
homeostatic conditions. Of importance is that restricting division times of myelocytes in the 
BM to a maximum of 30h is associated with longer blood lifespans (supplementary figure S2). 
Therefore, the estimates of our model will be conservative as our model predicts a relatively 
long t-div. 
 

Conclusion 
Our study applying short-term labelling with 2H-glucose in vivo has circumvented problems 
regarding long-term labelling with 2H2O and suggests that a relatively long division time of 
progenitors in the BM is not necessarily associated with a short (<1 day) life span of 
neutrophils in peripheral blood. Our study supports a relatively long (2-4 day) lifespan of 
neutrophils in the peripheral blood under homeostatic conditions. 
 The best estimate of the circulatory neutrophil lifespan based on the agent-based 
model is 3 – 9 times longer than that obtained using 3H-TdR or DF32P labelling, which can be 
explained by the use of toxic labelling methods or non-homeostatic conditions (17). On the 
other hand, the estimated circulatory lifespans are shorter than those previously presented 
by our group using 2H2O labelling. As stated above, long term 2H2O labelling of volunteers is 
not ideal for estimating the kinetics of circulating neutrophils. In addition, the model used in 
the 2H2O study was only capable of determining the slowest turnover, either in blood or BM. 
The results obtained by pulse-chase 6,62H2–glucose labelling were first analyzed by ODE 
models taking label kinetics into account in both blood and BM resulted in implausible 
estimates of either the circulatory neutrophil lifespan or the t-div of neutrophil progenitors 
in the BM. Using an AB model to simulate the label kinetics, based on the known behavior of 
neutrophil progenitor cells in the BM, we show that this model is not agreement with a short 
neutrophil circulatory lifespan. Instead, simulations of out AB model suggest a neutrophil 
circulatory lifespan of 3-4 days.  
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Supplementary data 
 

Supplementary figure 1. Sort strategy. Neutrophils were isolated by FACS-sorting based on (A) FSC/SSC, (B) 
doublet exclusion and (C) CD16high/CD193neg. (D) Representative cytospin of sorted neutrophils stained with 
May-Grünwald-Giemsa. Used magnification 25x, bar indicates 25 μm. 
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Supplementary figure S2. Tested parameter values and the parameter values of the best fits. Tested values for 
all parameters (PMPtt, t-div, and the three standard deviations) were plotted in black with the 10 best fitting 
parameter sets in blue for each tested circulatory lifespan. Numbers indicate which set of parameters fitted best 
within the tested lifespan (1 is best). Especially the short circulatory lifespans tend to show random patterns of 
the 10 best fits, which may be due to overfitting as illustrated in figure 2.  
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  To the editor,  
Eosinophils and basophils play an important role in the protection against invading 
multicellular parasites, and exhibit a detrimental role in allergic diseases. Because of this, 
therapeutics are in use to prevent the production of eosinophils (α-IL-5 and α-IL5R/CD125) 
or the activation of basophils (α-IgE) in patients with a wide range of allergic diseases. 
However, remarkably little is known about the kinetics of these cells in homeostasis, which 
hampers the interpretation of the effects of these therapeutics. A clear example is the lack of 
understanding of prolonged tissue eosinophilia in the asthmatic lung during treatment with 
the anti-IL-5 antibody Mepolizumab (1). 
  Only one study has attempted to determine the circulatory lifespan of basophils in 
humans, and estimated it to be 89h (2). However, this study was performed in terminal cancer 
patients because of the toxicity of tritiated thymidine (3H-TdR) that was used in the study. It 
is very likely that the pathogenesis of disease, its treatment and the toxicity of the label 
influenced the cellular kinetics. The average circulatory lifespan of eosinophils was estimated 
to be between 11 and 63h in patients with cancer (2, 3) or hypereosinophilia (3, 4) using 
chromium-51 (4) and 3H-Tdr (2, 3). Another study in healthy volunteers reported a 25h 
lifespan (5), but this was based on reinfusion of ex vivo manipulated cells into the volunteer; 
a procedure that has been shown to activate both eosinophils and neutrophils (6). Ex vivo 
manipulation of neutrophils has been shown to cause sequestration in the lung (7), which was 
also observed for ex vivo labelled eosinophils (5).  
  We labeled 7 healthy volunteers for 6h with 12 oral half-hourly doses of 6,62H2–
glucose, adding up to 1g/kg bodyweight, as adapted from Macallan et al (8). Written informed 
consent was obtained from all volunteers in agreement with the declaration of Helsinki. 
During the labelling procedure, small blood samples were collected to determine the 
availability of label in the plasma. One volunteer reported gastroenteritis at day 10, so for this 
volunteer measurements from day 7 and onwards were excluded from analysis.  
 At various time points after intake of label, blood was obtained in sodium heparin 
tubes. After lysis of erythrocytes in a 150 mM NH4Cl, 10 mM KHCO3 0.1 mM NA2EDTA buffer, 
total leukocytes were stained with CD16-FITC (clone 3G8), CD193-Alexa647 (83103, both from 
BD biosciences) and CD9-IgM (clone S32, a kind gift from Ir. D. Kanters). A secondary anti-IgM-
PE (Southern Biotech) was used for detection of CD9. Eosinophils and basophils were isolated 
by FACS sorting as SSChigh/CD16-/CCR3+/CD9high and SSClow/CD16-/CCR3+/CD9high, respectively 
(supplementary figure S1). Cellular DNA was isolated after sorting of typically >99% pure cell 
populations. Subsequently, 2H-enrichment in the DNA was determined in the adenosine 
moiety as previously described (8).  

Computational modelling was performed as previously described in detail (chapter 2) 
using an agent-based model that assumes an effective 6,6-2H2-glucose pulse-length of 8h and 
takes into account incorporation of label in the bone marrow, followed by maturation in the 
post mitotic pool (PMP), release from the bone marrow into the bloodstream and ultimately 
clearance from the circulation.  
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Computational models were run using NetLogo 5.0.2 and analyzed using R version 
3.1.2. FACS data were analyzed with FCS Express Flow V5.01, graphs were made using 
GraphPad Prism 6.05. Composite figures were made using Adobe Illustrator CC 2015. 

Plasma glucose 2H-enrichment was determined to correct for availability of label, 
(figure 1A). After correction, DNA 2H-enrichment data showed that the first labelled 
eosinophils and basophils appeared 4/5 days after intake of label (figure 1B). This 
demonstrates that the time between the last division of an eosinophil progenitor and release 
of the first mature cells into the blood (PMP transit time; PMPtt) is approximately 4-5 days. 
Thereafter, the differences between eosinophils and basophils became quite pronounced: 
Eosinophils reached their maximum enrichment around day 7, while basophils reached their 
maximum enrichment at around day 12 after intake of label. The previous study by Steinbach 
et al using 3H-thymidine labelling in cancer patients found a shorter PMPtt for both 
eosinophils (2-4 days) and basophils (3-4 days) (2). A possible explanation for these 
discrepancies is that inflammation in cancer patients might reduce the PMPtt, such as 
described for neutrophils in inflammation (9). We do show eosinophilic inflammation to lead 
to a longer eosinophil PMPtt (see chapter 10), but this type of inflammation might alter the 
PMPtt differently. Alternatively, the kinetics of 3H-Tdr incorporation might differ from those 
of 6,6-2H2-glucose . Using the agent-based computational model, we performed 500,000 runs 
with different parameter combinations with the following constraints: BM division times 
between 18h-120h, PMPtt between 66-180h and circulatory lifespans of eosinophils and 
basophils between 4-340h. For each of these runs, we determined how well the run described 
the experimental data, using the sum of squared residuals (SSR). The enrichment curves of 
eosinophils were best described by model runs with a circulatory lifespan between 66 and 88 
hours, whereas for basophils model runs with circulatory lifespans between 192 and 312 
hours mimicked the experimental data best (figure 1 C,D). As the model is stochastic, different 
model runs may produce slightly different results, so the model was re-run 10 times with the 
best estimates and plotted with the measured data (figure 1 E,F) These lifespans are much 
longer than those previously reported for terminal cancer patients and based on reinfusion 
of ex vivo labelled cells. These differences might, again, be explained by the presence of 
inflammation in cancer patients and (pre)activation of ex vivo labelled eosinophils.  

Although not based on deuterium measurements of bone marrow progenitors, our 
computational model estimates that eosinophilic progenitors divide once every 96-120h and 
basophilic progenitors every 48-84h. In rats, it was shown that approximately 1% of 
eosinophilic progenitors are in mitosis (10). Assuming that the duration of the mitosis is about 
1h (11), one can estimate that eosinophilic progenitors divide approximately once every 100h, 
which would be in good agreement with our estimates. For basophils no data are available on 
progenitor mitotic indices. Solid conclusions on the turnover of the different granulocyte 
progenitor cells await direct measurement of deuterium incorporation in these cells from the 
bone marrow.  

In conclusion, we present the first kinetic data of untouched eosinophils and basophils 
in the circulation of healthy individuals. Our analysis suggests that both eosinophils and 

basophils have a PMPtt of 4-5 days, and that eosinophils and basophils have circulatory 
lifespans of 66-88 h and 192-312 h, respectively.  

Figure 1. 2H-enrichment 
kinetics and computa-
tional modelling. 
Plasma glucose 2H-
enrichment during the 
labelling procedure (A). 
DNA 2H-enrichment 
corrected for label 
availability in plasma (B) 
was detected at day 5 
after intake of label in 
both eosinophils and 
basophils, after which 
the two cell types show 
marked differences in 
kinetics. When fitting 
the data with our 
computational model, 
the best fits for 
eosinophils (C) were 
reached with circulatory 
lifespans of 66-88 h and 
the best fits for 
basophils for 192-312 h 
(D) Arrows indicate the 
best fit of each cell type, 
which was rerun 10 
times and plotted with 
the measured data for 
other parameters, see 
supplementary table 1 
for both eosinophils (E) 
and basophils (F). Data 
represent (A) means of 7 
measurements at each 
time point +/-95% CI, (B) 
mean +/- SD of a total of 
39 measurements from 
7 volunteers (6 times 6 
measurements, only 3 

measurements for one volunteer), (C-D) best 200.000 individual model runs of ~500.000 and (E-F) the mean +/-
SD of 10 model re-runs with the estimated best parameters plotted with 39 individual measurements.  
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Supplementary Materials 
 
Supplementary table 1. Values of parameter sets producing the best fits in figure 1 E and F.  

Parameter Basophil Eosinophil 
circulatory lifespan (h) 240 80 
lifespan standard deviation (%) 20 30 
tdiv precursors (h) 60 96 
tdiv standard deviation (%) 0 20 
average PMPtt (h) 136 124 
PMPtt standard deviation (%) 30 20 

 
 
 
 

Supplementary figure S1. Gating strategy for FACS sort. (A) Granulocyte and PBMC Singlets were gated based 
on FSC/SSC. (B) Basophils were identified from SSClow PBMC’s as CD193+/CD9+. (C) Eosinophils were identified 
from SSChigh granulocytes as CD193+/CD16-/CD9+. (D) Microscopic evaluation of May-Grünwald-Giemsa stained 
cytospins show typical eosinophilic and basophilic granules. Object used: 100x (E) Re-analysis of sorted cells 
show typical SSChigh/FSClow eosinophils (blue) and basophils (red) with a typical FSC/SSC in between that of 
lymphocytes and monocytes. 
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Abstract 
Monocytes are thought to be relatively short-lived cells that are essential for the immune 
system. Their kinetics were previously studied assuming a single homogeneous monocyte 
compartment. In fact, monocytes can be subdivided into at least three different subsets: 
classical CD14++/CD16- (CM), intermediate CD14++/CD16+ (IM) and non-classical CD14+/CD16+ 

(NCM) monocytes, which are generally assumed to differentiate in a linear fashion from CM 
via IM to NCM.  

To investigate the circulatory and maturation kinetics of these monocyte subsets, we 
employed in vivo deuterium labelling in humans. Fourteen volunteers were labelled with 6,6-
2H2-glucose and subsequently 2H-DNA enrichment was determined over time in sorted 
monocyte subsets. We used a mixed effect model to interpret the enrichment levels in the 
different subsets, estimated their circulatory lifespans and assessed whether a linear 
differentiation pattern is consistent with the labelling data.  

We estimated the average circulatory lifespans of CM, IM and NCM to be 0.74, 1.1 and 
3.1 days, respectively. Our data support the generally assumed linear differentiation from CM 
via IM to NCM if the majority of CM does not differentiate into circulatory NCM and the last 
step of this differentiation pathway takes place outside the circulation, suggesting that 
monocytes leave the circulation as IM and re-enter as NCM.  
  

Introduction 
Monocytes originate from the bone marrow (1), are distributed in the bloodstream, and can 
differentiate into skin macrophages or intestinal DC’s (2). They play an essential role in the 
defense against pathogens (3) and are implicated in a range of diseases (4).  
 Labelling experiments with 6,6-2H2-glucose (5) and 3H-thymidine (6) have suggested a 
relatively short monocyte circulatory lifespan of 2-4 days. While these experiments 
considered monocytes as a single population, the currently held view is that the blood 
monocyte compartment consists of at least 3 distinct subsets: Classical CD14++/CD16- 
monocytes (CM), intermediate CD14++/CD16+ monocytes (IM), and non-classical CD14-/CD16+ 
monocytes (NCM). The lifespans of these separate subsets remain to be determined. The 
three subsets are characterized by gradually changing surface marker expressions (7), 
differential gene profiling (8, 9), enhancer profiling (10), and different functionality (4, 11). 
Their maturation kinetics also differ, as human CM have been shown to repopulate the 
bloodstream more rapidly after haematopoietic stem cell transplantation than CD16+ 
monocytes (12). In rhesus macaques, which have comparable monocyte subsets, BrdU 
labelling showed CM to be the first to become BrdU positive, followed by IM and later NCM 
(13). The combination of gradually changing expression patterns, combined with their 
consecutive repopulation/labelling kinetics has led to the prevailing idea that monocytes 
follow a linear differentiation path from CM via IM to NCM (4, 10), although an alternative 
model in which each subset develops in parallel from separate progenitors cannot be ruled 
out.  
 In mice, two monocyte subsets have been described (14) for which a linear 
differentiation pattern has been shown more directly, because 1) adoptively transferred CM 
homologues were shown to differentiate into NCM (15, 16) and 2) in vivo imaged monocytes 
were shown to lose the CM marker CCR2 whilst acquiring the NCM marker CXC3CR1 at sites 
of sterile inflammation (17). However, due to doubts about the purity of adoptively 
transferred CM preparations, the discussion on the developmental relation of the two 
monocyte subsets under homeostatic conditions has not yet been settled (4, 15, 18). 
 Using in vivo 6,6-2H2-glucose pulse-chase labelling combined with mathematical 
modelling, we here estimated the kinetics of the three human monocyte subsets under 
homeostatic conditions, and assessed whether these labelling data are consistent with the 
generally assumed linear differentiation pattern from CM via IM to NCM in the circulation. 
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via IM to NCM.  

To investigate the circulatory and maturation kinetics of these monocyte subsets, we 
employed in vivo deuterium labelling in humans. Fourteen volunteers were labelled with 6,6-
2H2-glucose and subsequently 2H-DNA enrichment was determined over time in sorted 
monocyte subsets. We used a mixed effect model to interpret the enrichment levels in the 
different subsets, estimated their circulatory lifespans and assessed whether a linear 
differentiation pattern is consistent with the labelling data.  

We estimated the average circulatory lifespans of CM, IM and NCM to be 0.74, 1.1 and 
3.1 days, respectively. Our data support the generally assumed linear differentiation from CM 
via IM to NCM if the majority of CM does not differentiate into circulatory NCM and the last 
step of this differentiation pathway takes place outside the circulation, suggesting that 
monocytes leave the circulation as IM and re-enter as NCM.  
  

Introduction 
Monocytes originate from the bone marrow (1), are distributed in the bloodstream, and can 
differentiate into skin macrophages or intestinal DC’s (2). They play an essential role in the 
defense against pathogens (3) and are implicated in a range of diseases (4).  
 Labelling experiments with 6,6-2H2-glucose (5) and 3H-thymidine (6) have suggested a 
relatively short monocyte circulatory lifespan of 2-4 days. While these experiments 
considered monocytes as a single population, the currently held view is that the blood 
monocyte compartment consists of at least 3 distinct subsets: Classical CD14++/CD16- 
monocytes (CM), intermediate CD14++/CD16+ monocytes (IM), and non-classical CD14-/CD16+ 
monocytes (NCM). The lifespans of these separate subsets remain to be determined. The 
three subsets are characterized by gradually changing surface marker expressions (7), 
differential gene profiling (8, 9), enhancer profiling (10), and different functionality (4, 11). 
Their maturation kinetics also differ, as human CM have been shown to repopulate the 
bloodstream more rapidly after haematopoietic stem cell transplantation than CD16+ 
monocytes (12). In rhesus macaques, which have comparable monocyte subsets, BrdU 
labelling showed CM to be the first to become BrdU positive, followed by IM and later NCM 
(13). The combination of gradually changing expression patterns, combined with their 
consecutive repopulation/labelling kinetics has led to the prevailing idea that monocytes 
follow a linear differentiation path from CM via IM to NCM (4, 10), although an alternative 
model in which each subset develops in parallel from separate progenitors cannot be ruled 
out.  
 In mice, two monocyte subsets have been described (14) for which a linear 
differentiation pattern has been shown more directly, because 1) adoptively transferred CM 
homologues were shown to differentiate into NCM (15, 16) and 2) in vivo imaged monocytes 
were shown to lose the CM marker CCR2 whilst acquiring the NCM marker CXC3CR1 at sites 
of sterile inflammation (17). However, due to doubts about the purity of adoptively 
transferred CM preparations, the discussion on the developmental relation of the two 
monocyte subsets under homeostatic conditions has not yet been settled (4, 15, 18). 
 Using in vivo 6,6-2H2-glucose pulse-chase labelling combined with mathematical 
modelling, we here estimated the kinetics of the three human monocyte subsets under 
homeostatic conditions, and assessed whether these labelling data are consistent with the 
generally assumed linear differentiation pattern from CM via IM to NCM in the circulation. 
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Results and discussion  

Monocyte subset numbers and percentages (figure 1) were in agreement with previous 
findings (4), with 88.5% CM, 4.4% IM and 7.1% NCM. Maximum DNA enrichment (figure 1) 
was achieved first in CM (3-4 days), followed by IM (~4 days) and NCM (~8 days), in line with 
recent results obtained in rhesus macaques (13), which seems to fit a putative linear 
differentiation pattern. Our CM labelling data are in fact very similar to 3H-thymidine data on 
the whole monocyte population (6, 19), which is not surprising since >80% of monocytes are 
CM.  
 

 
Figure 1. Analysis and isolation of circulating monocytes. Monocyte subsets were gated based on FSC/SSC (A), 
singlets and CD14/CD16 expression (B). Resulting monocyte percentages (C) and numbers (D) showed CM to be 
the most common circulating monocyte subset, followed by NCM and with IM being the smallest subset. FACS 
analysis of sorted monocyte subsets (E) typically revealed a purity >99% and good separation between the 
populations. Cytospin preparations stained with May-Grünwald-Giemsa (F) showed an increasingly mature 
phenotype from CM to NCM as characterized by a more neutrophilic cytoplasm and increasingly dendritic 
appearance. DNA 2H-enrichments after in vivo pulse-labeling with 6,6-2H2-glucose (G) were determined by GC-
MS and corrected for availability of label in the plasma during label administration and the fraction de novo 
synthesized adenosine (see Methods). A,B,E,F: representative results from 1 experiment. C,D: Each circle 
represents the mean of 6 measurements in one volunteer, lines indicate mean +/-SD for the 14 volunteers. F: 
Objective used: 100x oil immersion lens, numerical aperture 1.30, scale bars indicate 10μm. G: 249 
measurements from 14 individuals Mean +/- SD. 
 
 A mathematical model was fitted to the measured deuterium enrichment levels (figure 
2A-B and supplementary methods) assuming all incorporation of label to occur at the 
monocyte progenitor stage in the bone marrow (BM). After maturation in the post-mitotic 
pool (PMP), the model assumes that cells enter the bloodstream as CM and subsequently 

mature into IM and NCM. Models assuming differentiation from IM into NCM directly in the 
circulation failed to give good fits to the enrichment data (see supplementary figure S1). We 
therefore extended the model with a delay during which IM differentiate into NCM outside 
the circulation. This delay significantly increased the fit to the labeling data, and was 
estimated to be 1.8 (1.4-2.1) days. Of note, adding a delay between CM and IM did not 
significantly improve the fit to the data and was therefore not included in the model. Based 
on the model fits, the average circulatory lifespans of cells in the three monocyte subsets 
were estimated to be 0.74 (95% CI: 0.71-0.77), 1.1 (0.78-1.4) and 3.1 (2.7-3.6) days for CM, 
IM and NCM, respectively (figure 2C, and table S1). In addition, the turnover rate of monocyte 
precursors in the bone marrow was estimated to be 0.43 (0.42-0.45) per day while the 
average maturation time in the PMP was 1.95 (1.74-2.1) days. 
 From the estimated circulatory lifespans and the percentages of monocytes in the 
three subsets we could calculate the percentage of CM that differentiate into circulating IM 
and the percentage of circulating IM that differentiate into circulating NCM (see 
supplementary methods). We estimated that on average only 4.4% (2.4-6.4) of CM 
differentiate into IM, while 53% (36.5-70.6) of IM mature into circulating NCM. This is in line 
with previous experiments that suggested monocyte-derived macrophages in skin (12) and 
DC’s in the gut (16) to be directly derived from CM, and not from IM or NCM, implying that 
not all CM become IM. Alternatively, there might be pools of IM and NCM in the blood that 
can nevertheless not be obtained by venipuncture, and therefore seem to be “lost” from the 
circulation. The existence of non-circulating monocytes has been suggested in the form of 
“patrolling” NCM (11) adhering to blood vessel walls or the marginated monocytes described 
in mice (20, 21).  
 Even though our results can be fitted with a linear CM-IM-NCM differentiation, our 
results do not exclude the possibility that any or all subsets develop separately. In the case of 
IM and NCM, this would require longer retention in the PMP and can only truly be excluded 
using lineage tracing experiments.  
 Our results have important implications for monocytes under homeostasis: we show 
that all three monocyte subsets have a rapid turnover in circulation. Our data support the 
hypothesis of a linear CM-IM-NCM differentiation if the majority of CM does not differentiate 
into circulatory NCM and the last step of this differentiation pathway takes place outside the 
circulation, suggesting that monocytes leave the circulation as IM and re-enter as NCM. From 
these results important questions arise, such as what determines whether a monocyte 
follows the CM/IM/NCM differentiation pathway or becomes a macrophage or DC, why IM 
leave the circulation and how these processes are involved in immune homeostasis and 
pathogenesis of immune-mediated diseases.  
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Figure 2. Linear differentiation model used to describe the data (A). The model consists of a bone marrow 
compartment in which label is incorporated during progenitor divisions. Subsequently, cells differentiate in a 
linear fashion from progenitor cells into CM, IM and NCM. Two delays were added in the model. The first is a 
delay between incorporation of label in progenitor cells and release as CM into the bloodstream: the PMPtt. The 
second delay was added during maturation from IM to NCM, assuming that this differentiation step occurs 
outside the circulation, after which monocytes return to the blood stream as NCM. From the resulting lifespans 
and the known relative abundance of each subset, the "loss" of cells from the linear CM-IM-NCM differentiation 
pattern was determined. Using this model, each parameter was estimated from all pooled data. The best fit of 
the model (solid curves) was plotted together with the measured enrichment levels (dots) (B). Using a mixed 
effect model, we estimated for each individual the cellular lifespans in the different monocyte subsets (C), the 
delays in the PMP and between IM and NCM differentiation (D), and the percentage of cells that does not 
differentiate from CM into IM or from IM into NCM (E). Data were obtained from 14 individuals. Best fits for 
each individual can be found in supplementary figure S2. 
 

Materials and Methods 
Human volunteers  
Five healthy volunteers and 9 asthma patients were included in the study after giving written 
informed consent in accordance to the Declaration of Helsinki. Monocyte (subset) numbers 
and kinetics did not differ between controls and asthmatics (see supplementary figure 3). 
Therefore, data from both groups was combined for analysis. This study was approved by the 
University Medical Centre Utrecht ethical review board (METC). 
 Volunteers received an oral dose of 1g 6,6-2H2-glucose (Cambridge Isotopes) per kg of 
bodyweight over a period of 6h as published previously (22). Blood was drawn at six time 
points within 17 days after labelling.  
 

 
Cell isolation  
Monocyte populations were isolated from total leukocytes prepared by RBC lysis from 
heparinized blood (23). Monocyte subpopulations were isolated by FACS sorting on a BD 
AriaIII (see figure 1 for gating strategy). Resulting preparations were typically >99% pure. 
 
DNA enrichment 
After isolation of DNA from the different monocyte subsets, DNA 2H-enrichment was 
determined as published previously (24) by GC-MS on adenosine derivatized to pentafluoro-
triacetate, with m/z ratios of 435 and 437 for unlabeled and labeled derivatives, respectively. 
Resulting enrichments were corrected for each individual's availability of label in plasma and 
the fraction de novo synthesized adenosine (0.65) as described previously (22). 
 
Mathematical modelling 
Monocyte lifespans were estimated using a mixed effects model with Monolix 4.3.3 taking 
into account kinetics and delays in BM, blood and non-circulatory compartments as well as 
relative cell numbers. For detailed description, see supplementary methods. 
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Supplementary Information 

 
 
Supplementary figure S1. Best fits of models with IM to NCM maturation inside the circulation. Models 
assuming IM to differentiate into NCM in the circulation without delay (A) do not produce good fits for NCM 
uplabelling. Models allowing a fraction of IM to leave the circulation, while the rest remains in the circulation 
for a longer amount of time (B) do not produce good fits either. The model used in the rest of the paper assuming 
IM to leave the circulation during maturation into NCM does produce good fits to the enrichment data. Lines 
indicate fits, symbols represent means +/- range of measured enrichments. 
 
 
 

Supplementary figure S2. Best fits of the mathematical model to the enrichment levels of the three monocyte 
subsets for each volunteer. Some data points are missing because not enough cells were collected to ensure 
reliable quantification of 2H-DNA enrichment.  

 
 
Supplementary figure S3. Comparison of blood monocyte subsets between healthy controls and asthma 
patients. DNA 2H-enrichment kinetics for CM (A), IM (B) and NCM (C) show no obvious differences between 
patients and healthy controls. No statistically significant differences were found between healthy volunteers 
and asthma patients in subset percentages (D), absolute cell numbers (E) and estimated cellular lifespans (F). All 
plots represent data from 5 healthy volunteers and 9 asthma patients, with subset percentages (D) and counts 
(E) representing mean values of each individual during the study.  
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Supplementary Methods 
 

Monocyte dynamics model 
We constructed a model of monocyte development in the bone marrow and differentiation 
in the periphery. In this model, monocyte progenitors (M) proliferate in the bone marrow at 
a rate pm and mature for a fixed time Δ before exiting into the blood as classical monocytes 
M1 (CD14++CD16-) at a rate �. Monocytes M1 are lost at a rate dm1 and a fraction α1 of them 
mature into intermediate (CD14++CD16+). Intermediate M2 are lost at a rate dm2 and a 
fraction α2 eventually mature into non-classical monocytes M3 (CD14+CD16+) with a fixed 
delay δ. Non-classical monocytes M3 are lost at a rate dm3.  
The biological model is described by the following equations: 
 
��
�� = ��� − �� 

 
���
�� = � ��� − Δ� − ����� 

 
���
�� = �� ����� − ����� 

  
���
�� = ��������� − �� − ����� 

  
 
where ���� describes the dynamics of monocyte progenitors in the bone marrow. 
  
By assuming that each cell population count is constant over time, the fraction of labeled DNA 
in each population denoted LM for the precursor in the bone marrow and L1, L2 and L3 in the 
periphery at any given time t is hence given by: 
 
During intake of label: 
���
�� = �� − ���� 

  
After intake of label:  
���
�� = −���� 
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Supplementary Methods 
 

Monocyte dynamics model 
We constructed a model of monocyte development in the bone marrow and differentiation 
in the periphery. In this model, monocyte progenitors (M) proliferate in the bone marrow at 
a rate pm and mature for a fixed time Δ before exiting into the blood as classical monocytes 
M1 (CD14++CD16-) at a rate �. Monocytes M1 are lost at a rate dm1 and a fraction α1 of them 
mature into intermediate (CD14++CD16+). Intermediate M2 are lost at a rate dm2 and a 
fraction α2 eventually mature into non-classical monocytes M3 (CD14+CD16+) with a fixed 
delay δ. Non-classical monocytes M3 are lost at a rate dm3.  
The biological model is described by the following equations: 
 
��
�� = ��� − �� 

 
���
�� = � ��� − Δ� − ����� 

 
���
�� = �� ����� − ����� 

  
���
�� = ��������� − �� − ����� 

  
 
where ���� describes the dynamics of monocyte progenitors in the bone marrow. 
  
By assuming that each cell population count is constant over time, the fraction of labeled DNA 
in each population denoted LM for the precursor in the bone marrow and L1, L2 and L3 in the 
periphery at any given time t is hence given by: 
 
During intake of label: 
���
�� = �� − ���� 

  
After intake of label:  
���
�� = −���� 
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���
�� = ������� − Δ� − ����� 

 
���
�� =  ������� − ����� 

 
���
�� = ��������� − �� − ����� 

 
Each parameter (pm, dm1, dm2, dm3, Δ, δ, α1, α2) was modeled as the sum of a population 
(fixed) parameter (a) and a random effect (bi) allowing each parameter to be different from 
one individual to another: �� = � + ��. Each random effect was assumed to be normally 
distributed with a variance to be estimated: ��~��0, ���. Hence, for each biological 
parameter, two parameters were estimated: one for the average value and one for the 
variance of the random effect. Parameters were estimated using the software Monolix® 
(version 4.3.3) (1).  
 
In some multi-compartment models, it can be difficult to distinguish between label retained 
for a long period in the BM and slow kinetics of circulating cells (2). However, this alternative 
with a BM turnover of 1.0 d-1 and CM lifespan of 2.0 d produced a statistically significant 
poorer fit (Akaike Information Criteria of -1960 vs -1981). 
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Abstract 
Neutrophils are essential effector cells in the host defense against invading pathogens. 
Recently novel neutrophil functions have emerged besides their classical anti-microbial role. 
One of these functions is the suppression of T-cell responses. In this respect, neutrophils share 
similarities with granulocytic myeloid derived suppressor cells (G-MDSCs). In this review, we 
will discuss the similarities and differences between neutrophils and G-MDSCs. Various types 
of G-MDSCs have been described, ranging from immature to mature cells shaping the immune 
response by different immune suppressive mechanisms. However, all types of G-MDSCs share 
distinct features of neutrophils, such as surface markers and morphology. We propose that 
G-MDSCs are heterogeneous and represent novel phenotypes of neutrophils, capable of 
suppressing the immune response. In this review we will attempt to clarify the differences 
and similarities between neutrophils and G-MDSCs and attempt to facilitate further research. 
  

 
 

Introduction 
Neutrophils are important effector cells in the innate immune response against invading 
micro-organisms (1). The cells possess multiple powerful mechanisms enabling them to 
migrate towards, engage with, in particular, small targets and kill them intracellularly (1). The 
importance of these cells is illustrated by the fact that neutrophils and/or neutrophil like cells 
already developed early in evolution (2). Cells with phagocytic function and neutrophil-
specific proteins are now found in species ranging from simple organisms such as sea fan 
corrals (3) to complex organisms such as mammals (4).  

The evolution from simple to complex organisms resulted in the origin of the adaptive 
immune system. This review will focus on recent data showing the existence of multiple 
functional phenotypes of neutrophils that, beyond their well-recognized anti-microbial 
functions, are able to steer and shape the adaptive immune system. But before reviewing 
these functional phenotypes in detail, it is important to first discuss recent data with respect 
to: 1. definitions for priming and phenotypes and 2. the life cycle and compartmentalization 
of neutrophils. 
 
Switching phenotype and priming: two distinct mechanisms 
In this review, we define granulocytic myeloid derived suppressor cells (G-MDSCs) as a 
phenotype of neutrophils. A phenotype refers to a cell that either in the bone marrow or by 
instruction in the periphery (fig. 1) develops towards a cell with a specialized function, which 
distinguishes it from other cells. In the case of G-MDSCs, this would be their ability to suppress 
the adaptive immune response. It is only recently that neutrophils are accepted to have 
multiple phenotypes and surprisingly, little is known regarding the occurrence and induction 
mechanisms of these neutrophil phenotypes. In contrast to induction of phenotypes, priming 
can also modulate the functionality of neutrophils. Non-primed neutrophils are relatively 
refractory to activation, limiting aspecific activation. This process functions as a safe lock 
mechanism and has been extensively reviewed elsewhere (5, 6). Only after priming (typically 
by a cytokine, chemokine or bioactive lipid), a neutrophil can optimally exert functions such 
as the generation of a respiratory burst induced by fMLF (7), or chemotaxis (8). Priming is a 
mechanism distinct from changing of phenotype, as it reversibly potentiates effector 
functions of neutrophils but does not change their overall function.  
  

Chapter 6

98



 
 

Abstract 
Neutrophils are essential effector cells in the host defense against invading pathogens. 
Recently novel neutrophil functions have emerged besides their classical anti-microbial role. 
One of these functions is the suppression of T-cell responses. In this respect, neutrophils share 
similarities with granulocytic myeloid derived suppressor cells (G-MDSCs). In this review, we 
will discuss the similarities and differences between neutrophils and G-MDSCs. Various types 
of G-MDSCs have been described, ranging from immature to mature cells shaping the immune 
response by different immune suppressive mechanisms. However, all types of G-MDSCs share 
distinct features of neutrophils, such as surface markers and morphology. We propose that 
G-MDSCs are heterogeneous and represent novel phenotypes of neutrophils, capable of 
suppressing the immune response. In this review we will attempt to clarify the differences 
and similarities between neutrophils and G-MDSCs and attempt to facilitate further research. 
  

 
 

Introduction 
Neutrophils are important effector cells in the innate immune response against invading 
micro-organisms (1). The cells possess multiple powerful mechanisms enabling them to 
migrate towards, engage with, in particular, small targets and kill them intracellularly (1). The 
importance of these cells is illustrated by the fact that neutrophils and/or neutrophil like cells 
already developed early in evolution (2). Cells with phagocytic function and neutrophil-
specific proteins are now found in species ranging from simple organisms such as sea fan 
corrals (3) to complex organisms such as mammals (4).  

The evolution from simple to complex organisms resulted in the origin of the adaptive 
immune system. This review will focus on recent data showing the existence of multiple 
functional phenotypes of neutrophils that, beyond their well-recognized anti-microbial 
functions, are able to steer and shape the adaptive immune system. But before reviewing 
these functional phenotypes in detail, it is important to first discuss recent data with respect 
to: 1. definitions for priming and phenotypes and 2. the life cycle and compartmentalization 
of neutrophils. 
 
Switching phenotype and priming: two distinct mechanisms 
In this review, we define granulocytic myeloid derived suppressor cells (G-MDSCs) as a 
phenotype of neutrophils. A phenotype refers to a cell that either in the bone marrow or by 
instruction in the periphery (fig. 1) develops towards a cell with a specialized function, which 
distinguishes it from other cells. In the case of G-MDSCs, this would be their ability to suppress 
the adaptive immune response. It is only recently that neutrophils are accepted to have 
multiple phenotypes and surprisingly, little is known regarding the occurrence and induction 
mechanisms of these neutrophil phenotypes. In contrast to induction of phenotypes, priming 
can also modulate the functionality of neutrophils. Non-primed neutrophils are relatively 
refractory to activation, limiting aspecific activation. This process functions as a safe lock 
mechanism and has been extensively reviewed elsewhere (5, 6). Only after priming (typically 
by a cytokine, chemokine or bioactive lipid), a neutrophil can optimally exert functions such 
as the generation of a respiratory burst induced by fMLF (7), or chemotaxis (8). Priming is a 
mechanism distinct from changing of phenotype, as it reversibly potentiates effector 
functions of neutrophils but does not change their overall function.  
  

Suppressive neutrophils and G-MDSCs

99

6



 
 

Figure 1. Priming versus functional 
phenotypes of neutrophils. The figure 
illustrates that phenotypes are defined as 
cells that retain specialized functions for a 
prolonged time. Priming refers to the 
mechanism that is rapidly and reversibly 
induced by soluble or cell associated 
mediators such as platelet activating factor 
(PAF) (6), which potentiate functions of 
neutrophils but do not change their overall 
function. Priming can potentiate all 
different phenotypes and functions, such 
as migration, production of ROS and 
phagocytosis.  
 
 
 
 
 
 
 
 
 
 

The life cycle of a neutrophil 
Despite the consensus regarding the importance of neutrophils in host defense surprisingly 
little is known about very basic characteristics of these cells in respect to their life cycle. As 
stated above, it is only recently that neutrophils are accepted to have multiple phenotypes. A 
possible reason that neutrophil subtypes were overlooked is the view that they are short-
lived cells, which perform their duty and subsequently rapidly go into apoptosis in the tissue. 
This view is based on experiments labeling and tracing neutrophils with radioactive isotopes 
(9-12). These experiments, which used ex-vivo and potentially toxic labeling techniques 
showed a peripheral blood half-life of only 7-25 hours. Our recent paper using in-vivo labeling 
with the stable isotope 2H suggests a half-life of 3.9 days (13). This result remains a matter of 
debate as Li et al suggested that the observed results could also be explained by a 3.9 day 
division time of neutrophil progenitors (14). Moreover, the view that neutrophils in tissue 
cannot return to the peripheral blood has been challenged by several studies. Already in 1974, 
Vincent et al (15) showed in calves that after disappearance of most labeled neutrophils from 
blood, hydrocortisone can induce their return into the circulation, where they stay for at least 
another 24 hours. More recently, several studies have provided additional evidence that 
support the view that neutrophils do not simply die by apoptosis in the tissues, but move to 
additional sites in the body. These studies show homing of neutrophils to secondary lymphoid 
tissue (16) and reverse migration of cells over endothelium in vitro and in vivo (17, 18). 
Reverse migration and remobilization of neutrophils has also very elegantly been shown in a 

 
 

zebra fish larvae demonstrating migration of neutrophils from a site of inflammation toward 
different organs throughout the organism (19). 

Taken together, these data demonstrate that at least a subpopulation of neutrophils 
can survive for much longer than previously appreciated, allowing more time for these cells 
to switch phenotypes and exert functions beyond cytotoxicity against invading pathogens. 
 
Myeloid derived suppressor cells 
One such phenotype is the recently described myeloid derived suppressor cells (MDSC). These 
cells were firstly identified at the beginning of this century and described as immature 
myeloid cells that suppress immune responses in the spleens of tumor bearing mice (20-22). 
Such immune suppression was earlier attributed to myeloid cells, but this activity was 
confined to differentiated cells such as macrophages (23). As research progressed on these 
immature myeloid cells, it became clear that they consisted of a heterogeneous group of cells, 
consisting of (precursors of) granulocytes and monocytes, and that these cells were not 
always immature (24). The term Myeloid derived suppressor cell was coined in 2007 by 
Gabrilovic et al. (25) to encompass the heterogeneity of these cells.  

Considering the granulocytic component of MDSCs, there is still discussion on their 
differences and similarities with neutrophils. Recently, research on neutrophils described 
various novel neutrophil functions, such as antigen presentation, inhibition of immune 
responses and induction of B-cell class switching (26-28). In addition, it has been known for 
decades that neutrophils reside in the spleen in health and disease (29), a location frequently 
sampled for MDSCs (30-32). As the research fields concerning neutrophils and granulocytic 
MDSCs seem to have evolved in separate ways, this review will attempt to clarify the 
differences and similarities between these cells and attempt to unify and guide further 
research. 
 
Identification of neutrophils and G-MDSCs  
G-MDSCs are MDSCs of granulocytic origin. According to this definition, these cells can belong 
to one of three different types of granulocytes: neutrophils, eosinophils and basophils. 
However, only neutrophils have been described as a component of MDSCs (33, 34). Multiple 
surface markers and characteristics that identify G-MDSCs have been described. Before going 
into detail about the different G-MDSC characteristics, we will first clearly define how to 
identify a neutrophil in order to discuss the similarities and differences with G-MDSCs. 
 
Neutrophil identification 
The gold standard to identify a neutrophil is by visual inspection under a light microscope. 
When stained with May-Grünwald-Giemsa or similar, neutrophils can be easily distinguished 
by the shape of their nucleus and cytoplasmic color/granularity (fig. 2). The nucleus should 
either have a band or (hyper)segmented shape and a light pink/purple cytoplasm filled with 
similarly colored (“neutrophilic”) granules (fig. 2) (35). 
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Identification of neutrophils by flow cytometry may be more convenient than visual 
inspection, as the latter is a more laborious and subjective method. In mice, flow cytometric 
identification of neutrophils can easily be performed by using the neutrophil specific marker 
Ly6G (36). Traditionally, Ly6G is combined with CD11b, but this is not necessary when using 
the specific Ly6G antibody 1A8 (36).  

Human neutrophils lack a marker similar to Ly6G, but can be reliably identified 
nonetheless (table 1). In studies on MDSCs, CD11b and CD33 are traditionally used as markers 
for human MDSCs. However, these markers are expressed on all cells of the myelocytic 
lineage and on NK cells, so they are not specific enough to identify human neutrophils (37-
39). Other markers used are CD14 and CD15. Neutrophils (or G-MDSCs) are found to be 
CD14neg/low and CD15pos, whereas monocytes (or Mo-MDSCs) are CD14high and CD15neg/low (34). 
Unfortunately, these two markers are not sufficient to identify neutrophils, as eosinophils 
have a similar CD15 expression (40). We suggest CD16 as an additional marker, as mature 
neutrophils are CD16high, eosinophils are CD16neg and monocytes either CD16neg or CD16int. 
Therefore, CD16 allows for distinction between these two types of granulocytes. An additional 
advantage of using CD16 is that its expression varies between the different stages of 
neutrophil maturation: neutrophil progenitors capable of dividing are CD16neg, with 
increasing expressions in metamyelocytes, banded and mature neutrophils, respectively (37). 
CD16 alone is not enough to identify neutrophils, since NK cells and monocytes also express 
this marker (41).  

In short, we suggest the use of Ly6G for identification of murine neutrophils and the 
combination of CD14, CD15 and CD16 for identification of human neutrophils. We do want to 
emphasize the importance of visual inspection, which remains the gold standard to identify 
neutrophils. Visual inspection should routinely be performed in order to eliminate the 
possibility of other cell types expressing neutrophil markers under certain clinical conditions. 
 
Table 1. Expression of the markers commonly used to identify human neutrophils or G-
MDSCs. 

 Neutrophil Eosinophil Monocyte NK cell 
CD14 -/+ - ++ - 
CD15 ++ ++ -/+ - 
CD16 ++ - + ++ 
CD11b ++ ++ ++ ++ 
CD33 + + + + 

 
G-MDSCs versus neutrophils 
As mentioned above, G-MDSCs have been implicated to have similar surface expression of 
CD14, CD15 and CD16 as neutrophils. However, there seems to be one prime feature that 
distinguishes them from normal neutrophils: immune suppression. Several methods have 
been proposed to distinguish between the suppressive G-MDSCs and circulating neutrophils 
and will be discussed below.  

 
 

 
Identification of G-MDSCs – Flow Cytometry 
Several papers show differences between G-MDSCs and normal neutrophils in the expression 
of cell surface markers visualized by flow cytometry (table 2). Greifenberg et al (42) identified 
two subsets of neutrophils with a different CD11b expression in the spleens of healthy mice. 
Of these two populations, only the relatively low (but still positive) CD11b expressing cells 
were found to be immunosuppressive and, therefore, exhibited characteristics of G-MDSCs. 
Youn et al found an increased proportion of neutrophils expressing SLAMF4 (CD244) in mice 
bearing several different tumors. In some, but not all, of these tumor models, there was also 
an increased population of neutrophils expressing CSF1-R (CD115). When they compared the 
CD244 positive and negative populations, only the CD244pos cells were found to be 
immunosuppressive (43). The consequences of these findings for the human situation remain 
to be established (table 2). 
 
Table 2. Reported differences in flow cytometric markers between suppressive and non-
suppressive neutrophils 

Cell identification 
Murine/ 
human 

Model/Disease Source Ref 

CD11b↓ banded Murine Healthy mice Spleen Greifenberg (42) 

CD244↑ CD115↑ Murine 
Tumor (CD115: only EL4, 
CD244: EL4, LLC, MC38, 

B16F10) 
Spleen Youn (43) 

IL-4Rα↑ Human 
Tumor (non-small cell lung 

cancer) 
Blood Mandruzzato (45) 

CD62L↓ CD11c↑ (CD32↑ 
CD35↑ CD45↑ CD66b↑) 

hypersegmented 
Human Trauma, LPS injection Blood Pillay (28) 

CD11b↑ BAFF↑ CD15↓ 
CD16↓ CD62L↓↓ CD62P↓ 

CD86↑a CD95↑a CD27↓a 
CD40L↓a 

Human Healthy Spleen Puga (27) 

a.  B-helper Neutrophil subtype 2 only 
 
In humans, an enhanced expression of the IL-4Rα (CD124) was found on suppressive cells. 
This marker was found on the G-MDSCs of patients with non-small cell lung carcinoma (44). 
However another paper found CD124 expression to correlate only with immunosuppression 
by monocyte derived MDSCs (45). Therefore, it remains uncertain whether CD124 can be used 
to identify human G-MDSCs. 

In severely injured patients and a human acute inflammation model, our group has 
identified distinct neutrophil subsets of which the CD62Ldim/CD16bright subset was 
immunosuppressive (28). In contrast to the findings by Greifenberg, who showed G-MDSCs 
to be lower in CD11b expression, this CD62Ldim/CD16bright subset showed a trend of higher 
CD11b expression (42). Other markers upregulated in these suppressive cells were CD11c, 
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CD32, CD35, CD45 and CD66b. The suppressive cells could, however, not be clearly 
distinguished on the basis of these latter markers. 

Puga et al. show two different subtypes of neutrophils in the human spleen, named 
NBH1 and NBH2 (B-cell helper neutrophils). These subtypes have a higher expression of B-cell 
activating factor (BAFF) and CD11b, and lower expressions of CD15, CD16, CD62P and CD62L 
compared to blood cells. Additionally, the NBH2 cells have a higher CD27, CD40L, CD86 and 
HLA-II compared to both circulating and NBH1 neutrophils (27). Unfortunately, they only 
assessed immune suppression by splenic neutrophils as a whole. Therefore, it is unclear 
whether only one of these two subtypes or both are suppressive and which markers can 
distinguish between suppressive and normal neutrophils. 

In conclusion, many markers are shown to distinguish suppressive G-MDSCs from non-
suppressive neutrophils. However, so far none of these findings has been confirmed by other 
papers and some findings are contradictory (e.g. CD11b, IL-4Rα). Thus, to date no single or 
combined expression of surface markers can reliably identify suppressive neutrophils or G-
MDSCs in either humans or mice. 
 
Identification of G-MDSCs – Density centrifugation 
Centrifugation of blood over a layer with a density of 1.077g/ml is a common step in the 
isolation of leukocytes from whole blood (46). Due to their relatively high density, neutrophils 
end up below the layer, on top of the erythrocyte fraction, whereas the PBMC fraction is 
found in the interphase between this layer and the plasma. Schmielau and Finn (47), and 
Rodriquez et al (48) found immunosuppressive G-MDSCs in the PBMC fraction of cancer 
patients. These cells show an activated phenotype, characterized by increased CD66b and 
CD11b expression. Also, they show the immune suppression to be mediated by the CD66b 
expressing cells (48). However, they did not show whether the neutrophils with normal 
density in the same patients were also suppressive, therefore it remains uncertain whether 
density centrifugation can distinguish between suppressive and non-suppressive cells. In vitro 
activation of neutrophils from healthy donors resulted in neutrophils with a similar density 
and suppressive capabilities, indicating that in this system, G-MDSCs might be activated 
neutrophils (48). Density centrifugation remains a widely used method for the isolation of 
human MDSCs in cancer patients, but there is still a lack of data on the differences between 
these G-MDSC and neutrophils from these patients (49). 
 
Identification of G-MDSCs – Gene profiling 
Even though it is not possible to isolate cells based on gene expression patterns, it is likely 
that cells with different functions will have different gene expression profiles. Fridlender et al 
show differences in the transcriptome of naïve bone marrow neutrophils in healthy mice, 
blood G-MDSCs from tumor bearing mice and tumor associated neutrophils (TANs) (50). The 
cells from the blood of tumor bearing mice have a low expression of mRNA for cytokines and 
chemokines compared to TANs. Compared to bone marrow cells, G-MDSCs show a low mRNA 
expression of granule proteins, NADPH complex subunits and peroxidases. Unfortunately, the 

 
 

location of neutrophils can influence their functionality (51), so it is unclear whether these 
differences were specific for G-MDSCs or a result of different localization/maturation. For 
instance, it is likely that neutrophils produce their granule and respiratory burst proteins 
during maturation and store them for later use, explaining the high amounts of mRNA for 
these proteins (52, 53).  

Another transcriptome analysis by Youn et al. compared neutrophils from naïve and 
tumor-bearing mice. It showed an upregulation of MPO and proteins involved in cell-cycle 
pathways in G-MDSCs from tumor bearing mice. In contrast, neutrophils from naïve mice 
show an upregulation in mRNA for cytokines, chemokines, proteases and other pro-
inflammatory proteins (43). 

Other proteins found to be upregulated in G-MDSCs are Arginase I (48, 50, 54, 55), 
iNOS (56) and IL-10 (54). As these three proteins are directly involved in mechanisms of 
immune suppression by G-MDSCs, they will be described in more detail in the section below. 
 
Identification of G-MDSCs– nuclear morphology 
MDSCs are in general described as young or immature cells (57). The nuclear morphology of 
neutrophils provides a simple tool to assess their age. Neutrophils possess a distinct nuclear 
morphology in different stages of development (fig. 2). Early progenitors have a round 
nucleus, which changes during maturation in the horseshoe, or “banded”, shape of a human 
immature neutrophil (a ring-shape in mice). When these cells fully mature, the nucleus starts 
showing indentations and is called segmented. When the nucleus has 5 or more segments in 
humans, or a cloverleaf-shape in mice, it is called hypersegmented. Since neutrophils gain 
more indentations and segments upon maturation, it is tempting to address hypersegmented 
cells as “old”. However, there is evidence that segmented and hypersegmented neutrophils 
in humans are of similar age (58). 

In the paper from Greifenberg et al mentioned above, the G-MDSC population had a 
clear ring-shaped morphology, whereas the cells with a segmented nucleus were not 
suppressive (42). This supports the notion of G-MDSCs being young/immature cells. Also, 
Fridlender et al show in a tumor model that immunosuppressive TANs are mostly immature, 
whereas after TGF-β inhibition, the TANs were found to be hypersegmented and did not 
suppress tumor growth, thus implying loss of immune suppression [37].  

Other papers, however, show no difference in nuclear morphology for the suppressive 
cells (43, 59). Similarly, Dumitru et al (34) have extensively reviewed the phenotype of 
suppressive G-MDSCs in human cancers and found them to be segmented in 8 out of 9 papers 
where the nuclear morphology was assessed (44, 47, 48, 55, 60-63). In addition, in our model 
of acute inflammation and in severely injured patients, we have shown only the 
hypersegmented cells to be immunosuppressive (28).  

Taken together, nuclear morphology is not a good indication for immunosuppressive 
functions and, therefore, of G-MDSCs. However, these differences do indicate the existence 
of several distinct G-MDSC subtypes.  
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CD32, CD35, CD45 and CD66b. The suppressive cells could, however, not be clearly 
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whether only one of these two subtypes or both are suppressive and which markers can 
distinguish between suppressive and normal neutrophils. 
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cells from the blood of tumor bearing mice have a low expression of mRNA for cytokines and 
chemokines compared to TANs. Compared to bone marrow cells, G-MDSCs show a low mRNA 
expression of granule proteins, NADPH complex subunits and peroxidases. Unfortunately, the 
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pathways in G-MDSCs from tumor bearing mice. In contrast, neutrophils from naïve mice 
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immune suppression by G-MDSCs, they will be described in more detail in the section below. 
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neutrophils provides a simple tool to assess their age. Neutrophils possess a distinct nuclear 
morphology in different stages of development (fig. 2). Early progenitors have a round 
nucleus, which changes during maturation in the horseshoe, or “banded”, shape of a human 
immature neutrophil (a ring-shape in mice). When these cells fully mature, the nucleus starts 
showing indentations and is called segmented. When the nucleus has 5 or more segments in 
humans, or a cloverleaf-shape in mice, it is called hypersegmented. Since neutrophils gain 
more indentations and segments upon maturation, it is tempting to address hypersegmented 
cells as “old”. However, there is evidence that segmented and hypersegmented neutrophils 
in humans are of similar age (58). 

In the paper from Greifenberg et al mentioned above, the G-MDSC population had a 
clear ring-shaped morphology, whereas the cells with a segmented nucleus were not 
suppressive (42). This supports the notion of G-MDSCs being young/immature cells. Also, 
Fridlender et al show in a tumor model that immunosuppressive TANs are mostly immature, 
whereas after TGF-β inhibition, the TANs were found to be hypersegmented and did not 
suppress tumor growth, thus implying loss of immune suppression [37].  

Other papers, however, show no difference in nuclear morphology for the suppressive 
cells (43, 59). Similarly, Dumitru et al (34) have extensively reviewed the phenotype of 
suppressive G-MDSCs in human cancers and found them to be segmented in 8 out of 9 papers 
where the nuclear morphology was assessed (44, 47, 48, 55, 60-63). In addition, in our model 
of acute inflammation and in severely injured patients, we have shown only the 
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Taken together, nuclear morphology is not a good indication for immunosuppressive 
functions and, therefore, of G-MDSCs. However, these differences do indicate the existence 
of several distinct G-MDSC subtypes.  
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Figure 2. Schematic representations and images of the nuclear morphology of human and murine neutrophils 
during subsequent stages of development. Myelocytes mature into metamyelocytes, banded neutrophils and 
finally into mature segmented neutrophils. Neutrophils may also become hypersegmented, with more than 4 
nuclear lobes (human) or a cloverleaf shape (mouse). It is unknown whether hypersegmented neutrophils are 
more mature than segmented neutrophils. 
 
 
G-MDSC identification and subtypes – conclusion 
When studying potential G-MDSCs (or suppressive neutrophils), one should first ascertain the 
cells of interest to be neutrophils. This can be done by flow cytometric determination of CD14, 
CD15 and CD16 expression and, ideally, assessing nuclear morphology after cell sorting. 
Density centrifugation is not a suitable method for isolating suppressive neutrophils, as it 
cannot distinguish suppressive cells from non-suppressive activated cells. 

In various studies, different surface markers are shown to distinguish G-MDSCs or 
suppressive neutrophils from their non-suppressive counterparts (table 2). However, there 
are differences in expression of (activation) markers and nuclear morphology between these 
suppressive subsets. This demonstrates that there are several G-MDSC phenotypes, possibly 
reflecting differences in localization, clinical condition or origin.  

 
 

Mechanisms of immune suppression by suppressive neutrophils and G-MDSCs and their 
relevance to disease 
Proliferation of T-cells is influenced by many environmental factors. These factors, such as 
cytokines, growth factors, and amino acids are easily altered in an inflammatory environment 
in the presence of other inflammatory cells such as neutrophils and G-MDSCs. Suppression of 
T-cell responses can be achieved by depletion of essential amino acids from the 
microenvironment such as L-arginine (64), (massive) generation of reactive oxygen species 
(47), or through cell-cell contact (fig. 3) (28).  

Production of anti-inflammatory cytokines such as IL-10 by neutrophils has been 
proposed (59, 65). However this was only observed in murine neutrophils (66) and will, 
therefore, not be discussed in this review.  

Recently studies have shown that, in addition to limiting T-cell responses, G-MDSCs 
limit NK-cell responses and activation to vaccinia virus (67). This was dependent on H2O2 

production by G-MDSCs. Other studies have shown reduced NK-cell responses by G-MDSCs in 
pregnancy, cancer and in the tumor environment, however no mechanism of suppression was 
reported (68-70).  
 
The role of arginase in T-cell suppression by MDSCs 
Arginase-1 (ARG1) was shown to be important in the suppression of immune responses by 
MDSCs in various murine models (71). ARG1 metabolizes L-arginine into L-ornithine and urea. 
This depletes L-arginine from the micro-environment. The amino acid L-arginine has multiple 
roles such as its importance in wound healing (72). In addition, it is the only endogenous 
substrate for the production of nitric oxide (NO) by inducible nitric oxide synthase (iNOS) (73). 
L-arginine is necessary for T-cell proliferation, as in the absence of L-arginine, the cell cycle of 
proliferating T-cells arrests in the G0-G1 phase. (64).  

Several mechanisms have been described to explain this L-arginine depletion 
mediated inhibition of proliferation. L-arginine influences the expression of the T cell receptor 
ζ chain (TCRζ, CD247) (74), and ARG-1 has been shown to downregulate TCRζ expression, and 
T-cell activation at the level of TCR expression (75, 76). The TCR/CD3 expression is regulated 
by continuous internalization and recycling of receptors. The level of surface expression of 
the receptor regulates the ability of a T cell to become activated. The rate of synthesis of the 
TCRζ-chain is rate limiting to that of the other TCR/CD3 chains. Therefore, this chain is 
critically important in the regulation of TCR/CD3 internalization and recycling as it stabilizes 
the TCR/CD3 complex on the cell membrane. (77). A second mechanism by which a depletion 
of L-arginine results in T-cell suppression has recently been described. Feldemeyer et al show 
that dephosphorylation of cofilin is decreased by depletion of L-arginine. Cofilin is a protein 
necessary for the remodeling of F-actin (78), which is essential for the formation of an 
immunological synapse and T-cell proliferation (79). 

ARG1 is widely expressed in murine myeloid cells and macrophages. However, in 
humans it has only convincingly been shown in neutrophils (33, 80). Neutrophil ARG1 is 
synthesized in their myelocyte and metamyelocyte stage and located in the gelatinase 
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nuclear lobes (human) or a cloverleaf shape (mouse). It is unknown whether hypersegmented neutrophils are 
more mature than segmented neutrophils. 
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Several mechanisms have been described to explain this L-arginine depletion 
mediated inhibition of proliferation. L-arginine influences the expression of the T cell receptor 
ζ chain (TCRζ, CD247) (74), and ARG-1 has been shown to downregulate TCRζ expression, and 
T-cell activation at the level of TCR expression (75, 76). The TCR/CD3 expression is regulated 
by continuous internalization and recycling of receptors. The level of surface expression of 
the receptor regulates the ability of a T cell to become activated. The rate of synthesis of the 
TCRζ-chain is rate limiting to that of the other TCR/CD3 chains. Therefore, this chain is 
critically important in the regulation of TCR/CD3 internalization and recycling as it stabilizes 
the TCR/CD3 complex on the cell membrane. (77). A second mechanism by which a depletion 
of L-arginine results in T-cell suppression has recently been described. Feldemeyer et al show 
that dephosphorylation of cofilin is decreased by depletion of L-arginine. Cofilin is a protein 
necessary for the remodeling of F-actin (78), which is essential for the formation of an 
immunological synapse and T-cell proliferation (79). 

ARG1 is widely expressed in murine myeloid cells and macrophages. However, in 
humans it has only convincingly been shown in neutrophils (33, 80). Neutrophil ARG1 is 
synthesized in their myelocyte and metamyelocyte stage and located in the gelatinase 
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containing granules of mature neutrophils (52, 80). It is implicated in the host defense against 
fungi (80). Activated neutrophils exocytose a form of ARG1 that is catalytically active at pH 
9.5-10.5 (52, 81). This ARG1 becomes active at a physiological pH of 7.5 only after cleavage 
by a co-factor. The co-factor responsible for this cleavage has not been identified, but it has 
been suggested to be located in azurophil neutrophil granules. 

Release of ARG1 by neutrophils requires cellular activation and degranulation of both 
tertiary (gelatinase) and azurophllic granules. As stated above, human MDSCs have been 
shown to co-localize with PBMCs when isolated by density separation. Interestingly fMLF- 
activated neutrophils from healthy volunteers show similar behavior and co-localize with 
PBMCs (47). In patients suffering from severe traumatic injury, the increase of ARG1 activity 
has also been attributed to activated neutrophils in the PBMC fraction (82). In addition, 
increased serum ARG1 correlates with degranulated neutrophils in patients with glioblastoma 
multiforme (62). These findings could implicate that G-MDSCs in humans that inhibit T-cell 
proliferation via an ARG1 mediated mechanism are simply activated granulocytes (48).  

As described above, ARG1 expression in myeloid cells of mice and humans is 
essentially different (83). Human studies have only correlated the degree and occurrence of 
ex vivo measured ARG1 mediated T-cell suppression to disease progression. Murine studies 
mostly focused on the association of ex vivo T-cells suppression and occurrence of MDSCs in 
the spleen. The direct contribution of MDSCs to in vivo T-cell suppression in T-cell mediated 
diseases has remained largely uninvestigated, although recently, ARG1 has been shown to 
limit graft vs host disease (GVHD) in mice. In this study ARG1 expressing monocytic MDSC 
were generated by ex vivo incubation with G-CSF, GM-CSF and IL-13. Adoptive transfer of 
these ARG1 expressing cells or administration of pegylated-ARG1 limited pathology in this 
model (71).  
 
Reactive Oxygen Species 
A hallmark of neutrophils and G-MDSCs is the potential to produce large amounts of reactive 
oxygen species (ROS). These are generated by the NADPH-oxidase complex in neutrophils. A 
detailed and schematic description of the generation of ROS is presented by Nathan and Ding 
(84). Generation of superoxide anion (O2-) is the first oxygen radical produced. O2- can be 
converted to two substances that have been shown to mediate lymphocyte suppression. 
Firstly, O2- can react with NO, producing reactive nitrogen species such as peroxynitrite. NO 
is generated by inducible nitric oxide synthase (iNOS) using L-arginine as substrate, linking the 
generation of reactive nitrogen species to L-arginine metabolism as described above. Reactive 
nitrogen species are utilized in some models by monocytic MDSCs but not by G-MDSC and 
neutrophils, and will, therefore, not be discussed in this review (57).  

The second substance formed from O2- is H2O2 (hydrogenperoxide). H2O2 can be 
converted by myeloperoxidase to hypochlorous acid (HOCl-). H2O2 can suppress lymphocyte 
proliferation through various mechanisms by inducing apoptosis, decreasing Nf-κB activation, 
downregulating TCRζ and oxidation of cofilin (85-87).  

 
 

Cofilin remodeling of F-actin is essential for the T-cell effector function. Oxidation of cofilin 
results in its loss of Ser3 phosphorylation (86). Dephosphorylated cofilin is unable to mediate 
actin depolimerization, thus severely disturbing actin dynamics and impairing T-cell activation 
(79). Similar to L-arginine depletion, oxidative stress correlates with TCRζ expression, 
although the exact mechanism is not known. In addition, oxidative stress blocks Nf-κB 
activation leading to impaired T-cell activation (87). 

Of note is that regulatory T-cells have been shown to be resistant to oxidative stress 
(88). This suggests that regulatory T-cells are less suppressed than other T-cells, thus 
enhancing the overall suppressive effect of H2O2 in vivo. 

Suppression of T-cell activation and proliferation requires high concentrations of H2O2 

(47, 86), which can be provided by the presence of large numbers of neutrophils at the site of 
T-cell activation. This might be due to the fact that hydrogen peroxide is unstable and is 
rapidly converted to H2O and O2. Indeed, activated neutrophils or G-MDSCs in cancer patients 
have been shown to inhibit T-cell responses in a H2O2 dependent manner (47).  

The relevance of H2O2 in the context of G-MDSC or neutrophil mediated suppression 
is difficult to study in animal models. This is mainly due to the diverse biological functions of 
H2O2. Besides immune suppression, H2O2 and its metabolites are involved in bacterial killing 
(89). In addition it functions as a signaling molecule necessary for diverse cellular functions 
(89) including chemotaxis of immune cells. It has recently been shown that H2O2 is a potent 
inducer of chemotaxis of neutrophil-like immune cells in a model of tissue injury in zebrafish 
(90). Hydrogen peroxide might, therefore, also indirectly contribute to microbial clearance by 
attracting immune cells and killing bacteria. These functions of H2O2 are indispensable in 
immune processes and, therefore, complicate the interpretation of studies targeting H2O2 to 
define its role in immune suppression by G-MDSCs.  

Caution must be taken in interpreting ex vivo suppression of T-cell proliferation 
mediated by H2O2. Manipulation and isolation of neutrophils and G-MDSCs might lead to cell 
priming and aberrant activation. Also, adhesion to plastic culture dishes might result in 
cellular activation, degranulation and reactive oxygen species production resulting in vitro 
suppression of T-cell responses (91). Activation of large number neutrophils from healthy 
volunteers has been shown to suppress T-cell responses ex vivo (86). Therefore, at least two 
possibilities exist on how H2O2 results in immune suppression in vivo. Firstly, a general 
oxidative environment described by Klemke et al. in which ‘normal’ activated neutrophils 
mediate immune suppression. Secondly as described below, low concentrations of H2O2 can 
be delivered via the formation of an immunological synapse providing specific and direct 
suppression of T-cell responses. It would be useful to distinguish between these two 
mechanisms in future studies concerning G-MDSCs and neutrophil suppression by H2O2. 
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Figure 3. Mechanisms of 
suppression by G-MDSC and 
suppressive neutrophils. 
Suppression can be mediated 
by extracellular arginase, 
extracellular ROS, or ROS in 
an immunological synapse. Al 
these mechanisms result in 
reduced T-cell proliferation, 
via decreases in extracellular 
L-arginine, cofilin, TCRζ 
expression, NF-κB activation 
or unknown mechanisms. 
 
 
 
 
 
 
 

Immunological synapse formation, the requirement of cell-to-cell contact  
The potency of the above-described suppressive mechanisms would be greatly enhanced by 
cell-to-cell contact and the formation of an immunological synapse. H2O2 has a short half-life 
and can be degraded by many endogenous anti-oxidants. Therefore, release into a synapse 
would potentiate and concentrate local concentrations of H2O2, H2O2 is produced in an 
immunological synapse between T-cells and macrophages and dendritic cells during antigen 
presentation, and results in decreased lymphocyte activation (92, 93). We have recently 
shown that a subset of neutrophils in human inflammation is capable of directly delivering 
H2O2 to the surface of lymphocytes and thereby limiting T-cell activation and proliferation 
(28). This contact was dependent on CD11b/CD18, an integrin abundantly expressed by G-
MDSCs in mice. However in mice, no requirement of cell-to-cell contact suppression by G-
MDSCs was found. A very recent study showed that in patients with gastric cancer, G-MDSCs 
isolated from the tumor site, suppressed T-cells in a contact dependent manner (94). 
Regretfully, no experiments were performed in this latter study to further elucidate the 
suppressive mechanism.  
 
Distribution of neutrophils and G-MDSC’s in lymphoid organs. 
In order to modulate the function and proliferation of T-cells, neutrophils or G-MDSCs need 
to come in contact with or in close proximity to T-cells (95). T-cell proliferation is normally 
considered to take place in secondary lymphoid organs such as lymph nodes and the spleen 
(96). Recently, T-cell proliferation has also been shown at the site of inflammation (97, 98). In 
order to suppress these T-cells, neutrophils will have to be present at these sites. Indeed, 

 
 

many studies show neutrophil homing to sites of T-cell proliferation, which will be reviewed 
in the following section.  
 
Neutrophils in lymphoid organs. 
Spleen: Neutrophils are known to migrate to the spleen both under homeostatic and 
pathological conditions (29). Reinfusion of ex-vivo 111Indium labeled neutrophils in healthy 
controls showed the majority of label in the bone marrow, spleen and liver (29, 99). These 
studies imply that considerable amounts of neutrophils rapidly home to the spleen after 
release from the bone marrow. In addition, in mice about 10% of reinfused radiolabeled 
neutrophils migrated towards the spleen, which was not influenced by maturation status of 
neutrophils or inflammation (100). It is important to emphasize that ex vivo manipulation of 
the cells could induced subtle changes affecting their homing behavior in vivo (101). 
  In the spleen, neutrophils reside on the border of the red and white pulp (102, 103) 
and the marginal zone under normal homeostatic conditions, whereas T-cells are found in the 
white pulp during homeostasis (102). Consequently neutrophils should migrate to the white 
pulp in order to contact the T-cells or vice versa. Neutrophil migration to the white pulp has 
been shown after intraperitoneal injection of LPS in mice. This was shown to be CD14 
dependent (103). Also, after surgical trauma neutrophils were found to co-localize with T-cells 
in the spleen (76). These data demonstrate that neutrophils migrate towards the T-cell zones 
of the spleen in acute systemic inflammation.  
  Lymph nodes: During inflammation, neutrophils are found to migrate to lymph nodes 
(16, 104-110). Already in 1987, neutrophil trafficking from lung to draining lymph nodes was 
described in dogs (1). In this study fluorescent microspheres were instilled in the lung of dogs 
and phagocytosed by neutrophils and macrophages. After 40 hours, almost half of the cells in 
the draining lymph node were neutrophils containing microspheres (104). Also, in a more 
physiological model of antigen uptake (110) neutrophils can migrate to draining lymph nodes 
(16, 105). Neutrophils were detected in lymph nodes during infections with mycobacterium 
bovis (106), Salmonella (107), and different parasites (108-110). In some of these models, 
neutrophils were shown to alter (16, 110) or even inhibit the inflammatory response (105, 
109). The route of migration towards (106-110) the lymph nodes was via the lymphatic system 
(16, 104-106, 108).  
 
Suppressive neutrophils and G-MDSC in the spleen 
Almost all studies regarding G-MDSCs in literature were performed with Ly6G positive cells 
isolated from the spleen (30-32). However, not all of these Ly6G positive neutrophils in the 
spleen can suppress T-cells (42). Influx of G-MDSCs into the spleen in mice has been seen both 
in acute and chronic inflammation such as cancer models (30), parasite infection 
(Trypanosoma cruzi) (31), and superantigen stimulation (staphylococcal enterotoxin) (32). 
Numbers of G-MDSCs were increased up to 10-fold 14 days after Trypanosoma cruzi infection 
(31). During superantigen stimulation, suppressive neutrophils with highly segmented nuclei 
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were sorted from the spleen (32), these cells bear a resemblance to the hypersegmented 
CD16bright/CD62Ldim neutrophils that are found in the blood after LPS challenge (28).  

Some cancer models increase hematopoiesis, resulting in increased cycling of 
hematopoietic stem cells and hematopoietic activity in the spleen (111). Younos et al show 
by in vivo BrdU labeling that in tumor bearing mice granulocytic proliferation mainly takes 
place in the spleen, whereas, in control mice granulocytic cells predominantly proliferate in 
the bone marrow (112). The CD3+ cells in this model proliferate less in the tumor bearing 
mice, but unfortunately, they do not show that this immune suppression is a direct effect of 
the spleen granulocytes. There were also no microscopic pictures of these cells, to show their 
maturation stage (112). 
 
Suppressive neutrophils and G-MDSCs in the lymph nodes 
Less data is available to show suppressive neutrophils or G-MDSCs in lymph nodes. Sepsis 
induced an influx of immature myelocytes capable of T-cell suppression in lymph nodes. These 
cells could be detected 10-14 days after sepsis and remained present in the lymph nodes for 
at least 12 weeks after sepsis. Cytospins obtained during this study showed a heterogeneous 
group of cells consisting of both monocytic and granulocytic origin (113).  

Vascular Endothelial Growth Factor (VEGF) is able to induce MDSCs in cancer models 
and is a factor important for immune evasion in several cancer models (114). Upon infusion 
of VEGF, myeloid cells, including neutrophils, were massively increased in lymph nodes (115). 
Unfortunately, the capacity of these granulocytes to suppress T-cells was not tested. Another 
indication that MDSCs can migrate to lymph nodes came from a study of Watanabe et al (116). 
They showed that proliferation of T-cells in the lymph nodes of leukocyte depleted mice was 
low when injected with spleen cells (containing both T-cells and MDSCs) from tumor bearing 
mice, compared to proliferation after injection with control mice spleen cells (116). 
Proliferation was measured in vitro using cells isolated from lymph nodes. Unfortunately this 
model did not discriminate between granulocytic and monocytic MDSCs, so further research 
is necessary to draw definite conclusions about the presence and importance of suppressive 
neutrophils in lymph nodes. 
 
T-cell proliferation outside the lymphoid organs 
T-cell proliferation is not restricted to lymphoid organs, because T cell proliferation was also 
found e.g. at sites of viral infection (97, 98, 117-120). In influenza infection, proliferating T-
cells in the lungs contribute substantially to the total number of cytotoxic T-cells in the lung 
(97, 117). Also, the persistence and reactivation of influenza-specific CD8+ memory T-cells can 
take place in mice without secondary lymphoid organs (118). Similarly, CD8+ T-cells 
proliferate outside the secondary lymphoid organs in a model of Herpes simplex virus (HSV) 
reactivation. In this model, infected sensory dorsal root ganglia (DRGs) are transplanted into 
naïve mice, inducing proliferation in the DRGs of both memory CD8+ T-cells from graft (98) 
and newly recruited CD8+ T-cells from the host (119). Even further, in RSV infected mice, CD4+ 
memory T-cells proliferate and differentiate in the lung, but not in the lymph nodes (120).  

 
 

Taken together, this shows that T-cells can proliferate at sites of viral infection, which is 
exactly the place where vast amounts of neutrophils are found (121, 122). Therefore, 
although it may contribute, neutrophil migration towards the secondary lymphoid organs is 
not necessary to dampen the immune response. 
 
Origin of G-MDSCs and suppressive neutrophils  
Many papers show only a subset of neutrophils to be suppressive. Even further, these 
suppressive subsets show differences in (flow cytometric) expression patterns and nuclear 
morphology (27, 28, 43-45). The difference between normal neutrophils and the different 
types of suppressive neutrophils may lie in the presence of cytokines or growth factors, (e.g. 
G-CSF and VEGF) (114, 115, 123) in localization or in their origin (27). Few studies have 
addressed the origin of suppressive phenotypes, therefore we will briefly discuss four 
hypotheses regarding the origin(s) of these suppressive cells (fig. 4): 
 

1.  Suppressive neutrophils might originate from normal, fully maturated cells. These 
cells acquire a suppressive phenotype under certain (inflammatory) conditions. They 
can either retain their mature nuclear morphology (1m) or become hypersegmented 
(1h).  

2.  Cells do not fully mature before exiting from the bone marrow. Progenitors have been 
found in the peripheral blood under conditions of severe systemic inflammation 
caused by infection or trauma (124, 125). These cells are neutrophil progenitors, which 
migrate to the tissue and subsequently become suppressive.  

3.  An altered or a dedicated suppressive granulopoiesis, underlie the production of G-
MDSCs, as suggested by the role of G-CSF in several papers (71, 123). This results in 
either immature (3i) or mature (3m) cells with a suppressive phenotype.  

4.  Instead of being produced in the bone marrow, suppressive cells might be produced 
by extramedullary granulopoiesis. This would result in either immature (4i) or mature 
(4m) cells with a suppressive phenotype. For example, Youn et al. (43) described G-
MDSCs from tumor-bearing mice were produced in the spleen, whereas neutrophils 
from healthy mice originated from the bone marrow. 
 

At this moment it is unclear which of these mechanisms underlie the induction of G-MDSC’s 
and whether multiple mechanisms co-exist. Further research is required to elucidate the 
origin of different suppressive phenotypes, and whether differences between suppressive 
phenotypes are caused by differences in their origin or by alternative activation.  
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Figure 4. The origin of G-MDSCs remains unknown. Hypothetically, these calls can arise from mature (1) or 
immature (2) neutrophils receiving signals to become suppressive. Alternatively, there may be a dedicated 
granulopoiesis, which only produces suppressive cells. This granulopoiesis can take place either in the bone 
marrow (3) or extramedullary (4). Additionally, these cells can be immature (i), mature (m) or hypersegmented 
(h). 
 
Conclusion – A novel hypothesis: G-MDSCs are a phenotype of neutrophils 
Neutrophils do not belong to a single homogenous population of cytotoxic cells with a sole 
function to eliminate invading microorganisms. In fact, these cells can engage with and 
modulate T-cells and, thereby, shape the adaptive immune system. The lack of consensus 
regarding nomenclature of these suppressive cells, their heterogeneity, and the lack of 
suppressive assays in many studies makes it difficult to draw overall conclusions. However, 
these studies support the hypothesis that multiple types of suppressive neutrophils exist, 
capable of mediating immune suppression by different mechanisms. Given the recent 
advances in neutrophil biology, illustrating their plasticity, we hypothesize that G-MDSCs 
might be a functional heterogenic subset of neutrophils. At this moment in time, it is 
uncertain how many neutrophil phenotypes exist. It is, however, clear that targeting 
neutrophils or G-MDSCs as clinical intervention is only effective with knowledge of the 
different pro- and anti-inflammatory phenotypes, and when origin and kinetics of these cells 
are adequately elucidated.  
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Abstract 
During acute inflammation three neutrophil subsets are found in the blood neutrophils 
resembling conventional mature neutrophils, neutrophils with a banded nucleus and T-cell 
suppressing neutrophils with a hypersegmented nucleus. Little is known about the origins, 
properties and developmental relation of these subsets. 

We determined the maturation times and proteomic profiles of these neutrophil 
subsets during lipopolysaccharide induced acute inflammation. Cellular kinetics was 
determined with DNA 2H-enrichment after in vivo pulse chase experiments with 6,6-2H2-

glucose. Labeled banded neutrophils were detected already after 5 days. Labeled 
hypersegmented and classical neutrophils both appeared later at day 7, and had similar 
kinetics suggesting a non-linear differentiation relationship. In line with this, comparison of 
the proteomes by hierarchical clustering placed hypersegmented neutrophils separately from 
the other two subsets. 

These data imply a linear relation between banded and classical neutrophils. 
Hypersegmented neutrophils are a separate subset which is recruited to the bloodstream in 
response to inflammation.  

 
 
  

 
 

Introduction 
Neutrophils engage in resolution of infection by phagocytosis and subsequent killing of 
pathogens. They are also vital in maintaining the immunological balance during and after 
infection. Decreased functionality of neutrophils can lead to infectious complications and 
even sepsis (1). On the other hand, hyperactivation can lead to severe pro-inflammatory 
conditions such as acute respiratory distress syndrome (ARDS). Neutrophils balance 
hyper/hypo-activation of the immune system by release of pro-inflammatory and toxic 
mediators (2, 3), and suppression of immune responses (4).  

Acute inflammation induces recruitment of neutrophil phenotypes that are not 
present in either circulation or marginated pool (5) during homeostasis. Several studies have 
identified such inflammatory phenotypes using different characteristics (6-10), such as 
differential 3-fucosyl-N-acetyl-lactosamine (CD15) and Fc-gamma receptor-III (CD16) 
expression (6), IL-4Rα (CD124) expression (8), low buoyant density (9), arginase expression 
(10) or immunomodulatory functionality (7). Based on the differential expression of (CD16) 
and L-selectin (CD62L) (11), we have discriminated at least three different subsets of 
inflammatory neutrophils: 1. Neutrophils resembling prototypical mature blood neutrophils 
characterized by a CD16bright/CD62Lbright (mature); 2. CD16dim/CD62Lbright cells with a banded 
nuclear morphology (banded) and 3. CD16bright/CD62Ldim cells with a hypersegmented nucleus 
that are capable of suppressing T-cell proliferation (11) (hypersegmented). Nothing is known 
regarding the origin of these different subsets. Based on their nuclear morphology, the 
banded and hypersegmented have been hypothesized to be young and aged neutrophils 
respectively, which are both residing in or returned to the bone marrow (4, 12) during 
homeostasis. However, to date, this hypothesis remains to be tested. 

The human endotoxemia model is a valuable model to study acute systemic 
inflammation (13) and induces changes in blood immune cells reminiscent of those found in 
septic (14, 15) or severely injured patients (16). These latter conditions also induce the 
recruitment of banded and hypersegmented neutrophils. Transcriptome analyses of 
neutrophils (subsets) in the human endotoxemia model (17, 18) revealed large differences 
between banded and hypersegmented neutrophils, but this study did not include the mature 
neutrophil subset. Moreover, subset characterization of neutrophils by transcriptome 
analysis is hampered by the fact that these cells have a low transcriptional capacity (19) and 
many changes are taking place at the protein level. Proteins are being produced and stored 
during maturation in the bone marrow (3, 20) and can for example be lost by degranulation. 
These changes will be missed by mRNA analysis.  

Our study was designed to gain more insight into the properties and origins of the 
three neutrophil subsets found in acute inflammation. We performed high-end proteomics 
analysis on highly purified blood neutrophil subsets to assess differences between the three 
subsets observed during acute inflammation. In vivo pulse chase deuterium (2H) labelling was 
performed to determine the maturation times of the different subsets.  
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Materials and Methods 
Subjects 
Samples were obtained from 20 healthy human volunteers who participated in a human 
endotoxemia trial (Clinicaltrials.gov identifier NCT01766414), in which 10 volunteers were 
treated with a C1-esterase inhibitor and 10 volunteers were treated with a placebo. All data 
presented here are from the placebo group unless stated otherwise. The study was approved 
by the ethics review board of the Radboud University Medical Center and in compliance with 
the declaration of Helsinki (adapted by WMA general assembly, Fortaleza, Brazil 2013), ICH 
Good Clinical Practice guidelines and in compliance with the rulings of the Dutch Medical 
Research Involving Human Subjects Act (WMO). Written informed consent was obtained from 
all study participants. Subjects were screened and found healthy by physical examination, 
electrocardiography and hematological laboratory values. All volunteers were negative for 
HIV and hepatitis B antibodies in serum. Subjects with febrile illness in the two weeks before 
the study were excluded, as were subjects taking prescription drugs. Subjects were asked to 
refrain from caffeine and alcohol use in the 24h prior to the experiment and refrain from food 
intake 12h prior to the experiment. 
 
In vivo 2H-labelling  
The relative age of neutrophil subsets was determined using in vivo 2H-labelling. In vivo 
labeling was performed as described previously (21, 22). In short, all twenty volunteers were 
asked to drink 12 half-hourly doses of 6.67 grams of metabolic grade 6,6-2H2-glucose (total 
80g, Cambridge Isotope Laboratories, Tewksbury, MA, USA) at three to eleven days before 
LPS administration (see below). The 6,6-2H2-glucose label is metabolized and incorporated 
into the DNA of all dividing cells via the de novo nucleotide synthesis pathway17,18. During the 
labelling procedure, blood was collected by finger prick to determine the availability of label 
in plasma, as described previously (22). 
 

Experimental endotoxemia model 
LPS challenge was performed according to a strict protocol as described previously (23). In 
short, after admission to the research medium care unit of the Radboud Medical Center, heart 
rate and blood pressure were monitored starting at t=-1h until discharge at t=8h. A cannula 
was placed in an antecubital vein to permit infusion of hydration fluid (1.5L 2.5% 
glucose/0.45% saline) from t=-1h until t=0h. Then a single dose of 2ng/kg bodyweight LPS (US 
Standard Reference Endotoxin Escherichia Coli O:113, obtained from the Pharmaceutical 
Development Section of the NIH, Bethesda, MD, USA) was injected (t=0h). LPS injection was 
followed by continuous infusion of hydration fluid (2.5% glucose/0.45% saline, 150ml/h) from 
t=0 to t=8. The course of LPS-induced symptoms (headache, shivering, nausea, vomiting, 
muscle pain, and back pain) was scored every 30 minutes on a 6-point Likert scale (0=no 
symptoms, 5=very severe symptoms; vomiting=3 points), adding up to a maximum of 28 
points (24). WBC counts were analyzed on a routine heamatocytometer at t=0, 1, 2, 6 and 8h. 

 
 

Neutrophil isolation  
Leukocytes were isolated from blood anticoagulated with sodium heparin. After erythrocytes 
lysis in ice-cold isotonic erythrocyte lysis buffer (150 mM NH4Cl, 10 mM KHCO3 and 0.1 mM 
NA2EDTA),leukocyte preparations were stained with antibodies in PBS supplemented with 
0.32% trisodium citrate and 10% human pasteurized plasma solution (Sanquin, Amsterdam, 
the Netherlands): CD14-ECD (clone RMO52, Beckman Coulter Pasadena, CA, USA), CD62L-PE 
(clone SK11) and CD16-Alexa647 (clone 3G8) (both from BD Biosciences, San Jose, CA, USA). 
Neutrophil subsets were sorted using an AriaIII FACS sorter (BD, Biosciences). Neutrophils 
were identified based on a FSC/SSC granulocyte gate, doublet exclusion based on SSC 
height/width, CD14neg and CD16pos. Subsequently, neutrophil subsets were sorted as 
CD16dim/CD62Lbright (banded), CD16bright/CD62Lbright (normal) and CD16bright/CD62Ldim 
(hypersegmented) (supplementary figure 1). Sorted populations were re-analysed (typically 
>99% pure), washed 3 times in ice-cold PBS, snap-frozen and stored in liquid nitrogen until 
further processing. 
 
Determination of 2H enrichment  
DNA was isolated from sorted cell populations using a NucleoSpin Blood kit (Macherey-Nagel, 
Düren, Germany), hydrolysed and derivatized to pentafluoro triacetate (PFTA) as described in 
detail previously (22). Relative quantities of unlabeled and 2H labeled PFTA were determined 
with an Agilent 7980A/5975C GC-MS in negative chemical ionization mode scanning for m/z 
435 (M+0, unlabeled) and m/z 437 (M+2, labelled). Resulting enrichments were corrected for 
natural background enrichment and availability of 6,6-2H2-glucose in plasma as described in 
chapter 3. 
 
Protein identification and quantification  
A detailed description of the proteomics approach can be found in the supplementary 
methods section. In short, 3*106 cells of the different neutrophil subsets were isolated from 
blood derived from three volunteers in the placebo group 3 h after LPS infusion. Cells of each 
subset were digested with trypsin, labeled with a different label for each subset and pooled 
in a 1:1:1 ratio for each individual subject before analysis by Mass Spectrometry.  

Samples were fractionated using strong cation exchange chromatography (SCX). 
Fractions were analyzed using a LTQ-Orbitrap LC-MS/MS (25). Peptides were identified by 
searching the resulting peak lists against the Uniprot database (Homo sapiens), with exclusion 
of common contaminants. Since glucose is not used for amino acid production and 
glycosylated peptides were not measured, in vivo 2H-labelling did not affect protein 
quantifications. All results have been deposited in the ProteomeXchange Consortium via the 
PRIDE partner repository (26) (dataset identifier PXD001674; DOI: 10.6019/PXD001674).  
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Hierarchical clustering  
Hierarchical clustering was employed to quantify the dissimilarities between the neutrophil 
subsets and the individual samples. Proteins with quantification in only one of three 
individuals in any of the subsets were excluded from analysis. Remaining missing values were 
mean imputed. Using the pvclust plugin (version 1.3-0) for R (version 3.1.1), a Euclidean 
dissimilarity matrix was calculated from protein abundances and clustered hierarchically 
using the averages method. Significance of the resulting clusters was tested with multiscale 
bootstrapping (10,000 repeats) and reported as approximate unbiased p-values +/- 95% CI of 
the p-value (27).  
 
Clustering of protein expression data 
Sums of protein quantifications from three individual samples were standardized to an 
average expression of 0, with a standard deviation of 1. Proteins with missing values for two 
or more individuals in any of the three subsets were excluded from analysis. Standardized 
expression profiles were subjected to Fuzzy C-means clustering using R with the Mfuzz plugin 
(2.3.1) (28). In addition to assigning each protein into a cluster, Fuzzy clustering indicates how 
well each protein fits in each cluster. By choosing a minimal required membership value, 
outliers are excluded from analysis, making Fuzzy clustering preferable over hard clustering 
methods such as the k-means method. 

The required number of clusters was determined by calculating the average centroid 
distance for clustering runs with two up to forty clusters (29). After seven clusters, addition 
of extra clusters did little to improve clustering results. Thus, the amount of clusters was set 
to seven. To prevent clustering of random data while retaining an as low as possible false-
negative rate, the optimal value for fuzzifier parameter m was calculated as described 
previously (29), resulting in a value of 3.69. 

 
Gene ontology (GO) enrichment analysis  
Proteins with cluster membership values of at least 0.33 were analyzed by gene ontology 
enrichment analysis. Gene names of identified proteins were obtained from the Uniprot 
database. Subsequently, GO-terms of biological processes, molecular functions and cellular 
components were obtained for each protein and analyzed using the Gene Ontology 
enrichment analysis and visualization tool (GOrilla) (accession date: January 20th 2015) (30, 
31). Enrichment was determined for proteins in each cluster compared to the background set 
of all identified proteins using an exact mHG p-value computation, corrected for multiplicity 
using Benjamini and Hochberg’s FDR correction (30, 32). As this resulted in a list of up to 120 
significantly enriched GO-terms in a cluster, results were summarized by removing highly 
similar GO-terms with REViGO and visualized in R using the ggplot2 plugin (version 0.9.3.1) 
(33). 
 
 
 

 
 

Statistics on clinical data    
Clinical data were tested for significant deviation from t=0 using one-way repeated measures 
ANOVAs with p-values corrected for multiplicity using Dunnett’s correction.  

Results 
Kinetics of clinical and inflammatory parameters after endotoxin challenge 
As shown previously (34), infusion of LPS in healthy volunteers induced clinical symptoms 
corresponding with a systemic inflammatory response syndrome (SIRS). Disease scores were 
increased 1.5 hours after LPS injection, followed by an increase in heart rate and body 
temperature at 2-5.5 hours post LPS (figure 1). The mean arterial pressure decreased from 2 
hours after LPS injection until the end of the experiment. 

 
 
Figure 1. Clinical parameters after LPS injection. Disease severity scores (A) are increased at 1.5 hours after LPS 
injection (t=0), followed by an increased heart rate (B), core temperature (C) and a decreased mean arterial 
pressure (D). Data are represented as median +/- 95%CI with n=10. * indicates p<0.05, ** indicates p<0.01, *** 
indicates p<0.001 and **** indicates p<0.0001 compared to t=0, as determined by repeated measures one-way 
ANOVA, corrected for multiplicity by Dunnett’s multiple comparisons test. 

 
Counts of all leukocytes were decreased one hour after injection (figure 2A-B). 

Circulating monocyte numbers normalized after 6h, whereas lymphocyte, eosinophil and 
basophil numbers remained low until 8h after LPS injection. After an initial decrease in 
neutrophil numbers at 1h after LPS, numbers increased 2.5-fold of the pre-LPS count. FACS 
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analysis revealed 3 neutrophil subsets based on CD16/CD62L expression (figure 2C), which 
appeared at 3h and 6h post-LPS (figure 2D). Microscopic examination of sorted subsets 
showed an increased average number of nuclear lobes (hypersegmentation) in the 
CD16bright/CD62Ldim population and a banded nuclear phenotype for the CD16dim/CD62Lbright 

population as published previously (figure 2E) (11). 
 

 
Figure 2. Kinetics of WBCs and neutrophil subsets after LPS injection. Neutrophils counts (A) are decreased 1h 
after LPS injection (t=0), followed by increased counts. Counts of other leukocytes (B) are also decreased at t=1h, 
but recovered at t=6 or t=8h. Different neutrophil subsets (C) were identified based on CD16 and CD62L 
expression. The appearance of the banded and hypersegmented subsets (D) was followed over time and started 
at t=3. After sorting, microscopic analysis (E) of the different subsets reveals an increasing nuclear lobularity 
from banded to mature to hypersegmented neutrophils. Symbols and bars (A,B,D) represent mean +/- 95%CI 
(n=10, placebo group). * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001 and **** indicates 
p<0.0001 compared to t=0, as determined by repeated measures one-way ANOVA with Dunnett’s correction for 
multiplicity. (E ) individual measurements with lines representing medians +/- IQR (n=7-8). * indicates p<0.05, 
** indicates p<0.01 as determined by one-way ANOVA with Holm-Sidak correction for multiplicity. 
 
In vivo 2H-labelling  
Since neutrophil progenitors do not proliferate after the myelocyte stage, in vivo 2H-labelling 
can be used to determine the time required for the different subsets to mature Under 
homeostasis, the first 2H was detected in peripheral blood neutrophil DNA at day 7 after 
intake of label (21), indicating that conventional neutrophils mature for more than 5 days in 
the bone marrow after the last division of their progenitors (myelocytes). Both the mature 
and hypersegmented populations isolated at three hours post-LPS injection show enrichment 
curves very similar to neutrophils isolated before LPS challenge (figure 3). Therefore, also 
these subsets took approximately 5 day to mature. In contrast, the enrichment curve of the 

 
 

banded neutrophil population is shifted to the left, with maximum enrichment as early as day 
five, indicating that the banded population is released two days earlier from the bone 
marrow, and thus more immature than the other two subsets. No significant differences in 
labelling kinetics were observed between placebo and C1-inhibitor treated groups 
(supplementary figure S2). Therefore, labelling data were combined from both treatment 
groups.  
 

Figure 3. Maturation kinetics of neutrophil subsets. Healthy volunteers were labelled with 6,62H2-glucose over 
the course of 6h. (A) Availability of label at the day of glucose intake, N=20 mean +/- SD. (B) DNA 2H2-enrichment 
of the different inflammatory neutrophil subsets 3 hours after LPS-injection at 3-11 days after 2H2-glucose intake 
revealed that banded exit the bone marrow two days before the other subsets. Fraction enrichment was 
corrected for availability of label. Symbols indicate mean +/- SD, N=4 volunteers at each timepoint at a total of 
20 volunteers. * indicates p<0.05 for banded vs mature, # indicates p<0.05 for banded vs pre-LPS and *** 
indicates p<0.001 for banded vs all other subsets as determined by a repeated measures 2-way ANOVA with 
Tukey’s correction for multiplicity. 
 
Hierarchical clustering of protein expression data 
Proteome analysis of the three neutrophil subsets obtained from 3 individuals infused with 
LPS, identified and quantified 2161 unique proteins (see supplementary table 1). The relation 
between the three neutrophil subsets and each replicate were assessed using hierarchical 
clustering on proteins with no more than one missing value in each of the subsets (figure 4, 
1755 out of 2161 proteins). For hierarchical clustering a Euclidean dissimilarity matrix was 
created to determine the differences between all samples. Subsequently, a dendrogram was 
created to visualize the relations between samples. Replicates of each subset clustered 
together in the dendrogram. Using multi-scale bootstrapping, we determined that the 
existence of these clusters is supported by our data with a probability of over 99.9% (27). The 
replicates of banded and mature neutrophils clustered together, and were significantly 
separate from the hypersegmented neutrophils. Use of normalized protein expressions or 
different distance matrix calculations did not result in formation of different clusters (data 
not shown). 
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indicates p<0.001 for banded vs all other subsets as determined by a repeated measures 2-way ANOVA with 
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Hierarchical clustering of protein expression data 
Proteome analysis of the three neutrophil subsets obtained from 3 individuals infused with 
LPS, identified and quantified 2161 unique proteins (see supplementary table 1). The relation 
between the three neutrophil subsets and each replicate were assessed using hierarchical 
clustering on proteins with no more than one missing value in each of the subsets (figure 4, 
1755 out of 2161 proteins). For hierarchical clustering a Euclidean dissimilarity matrix was 
created to determine the differences between all samples. Subsequently, a dendrogram was 
created to visualize the relations between samples. Replicates of each subset clustered 
together in the dendrogram. Using multi-scale bootstrapping, we determined that the 
existence of these clusters is supported by our data with a probability of over 99.9% (27). The 
replicates of banded and mature neutrophils clustered together, and were significantly 
separate from the hypersegmented neutrophils. Use of normalized protein expressions or 
different distance matrix calculations did not result in formation of different clusters (data 
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Figure 4. Hierarchical clustering of protein expression data. (A) Heatmap of normalized protein expression 
profiles. (B) Hierarchical clustering of non-normalized protein expression using averages clustering on an 
Euclidean distance matrix. Clusters were tested for statistical significance using multi-scale bootstrapping, which 
revealed four statistically significant clusters (indicated by red boxes): one for each neutrophil subset and one 
for the banded and mature neutrophils together. P-values are approximately unbiased (AU) p-values indicating 
the chance that a cluster exists. I.e. an AU p-value of >.95 indicates a <.05 chance that a cluster does not exist. 
Numbers between brackets indicate the standard error of the AU p-value estimation.  
 
Clustering of protein expression profiles    
To further examine the differences between the three neutrophil subsets, protein expression 
profiles were examined using functional enrichment analysis. For this, proteins were first 
clustered based on their relative expression in each subset. Prior to clustering, the optimal 
number of clusters was determined using the average centroid distance method, as described 
previously (29). The average centroid distance method determines how well all proteins are 
clustered for an increasing number of clusters. When addition of extra clusters does not lead 
to a better result (similar to a scree plot), the optimal number of clusters is reached. For our 
dataset, this number was determined to be seven (figure 5).  

The resulting seven protein clusters are clearly different in their relative expression 
between the three subsets. For example, there is a cluster of proteins which are highly 
upregulated in banded neutrophils (cluster 1), a cluster of neutrophils highly upregulated in 
hypersegmented neutrophils (cluster 3) and two clusters with expression increasing or 
decreasing from banded to mature to hypersegmented neutrophils (clusters 6 and 4). A total 
of 618 proteins had an expression pattern that differed too much from the seven clusters to 

 
 

be assigned to any of the clusters. These unclustered proteins were treated as a separate 
cluster.  
 

 
 
Figure 5. Clustering of protein expression profiles. Clustering analysis divides normalized protein expression 
patterns to into 7 distinct protein expression clusters. Three clusters have high expression in one subset 
compared to the others (clusters 1, 3 and 5 for hypersegmented, banded and mature, respectively), two clusters 
have decreased expression in one subset (clusters 2 and 7 for hypersegmented and banded) and two clusters 
have gradually increasing protein expression (cluster 6) or decreasing (cluster 4) protein expression from banded 
to mature and hypersegmented. Each line represents the expression pattern of one protein. Line colors indicate 
the cluster membership value, i.e. the higher the membership value, the more similar to the cluster average. A 
minimum cluster membership value of 0.33 was used for further analysis. Numbers between brackets indicate 
the number of proteins in each cluster with cluster membership values above 0.33.  
 
Gene ontology enrichment   
Gene ontology enrichment analysis was performed on the seven clusters of proteins and the 
cluster of non-classified proteins. GO-terms describe biological processes, molecular 
functions or cellular component and are annotated to genes/proteins based on evidence from 
literature. For gene ontology enrichment analysis protein clusters are tested for enrichment 
of GOterms in a cluster of proteins in comparison to the GOterms in the whole dataset (all 
2161 identified proteins). The unclustered proteins and cluster 5 did not show any 
enrichment. In addition, none of the enrichments in clusters 3 and 7 were statistically 
significant after correction for multi-testing. Clusters 1, 2, 4 and 6 on the other hand were 
significantly enriched for GO-terms. (See table 1 for the 10 most significantly enriched 
GOterm in each cluster and supplementary table 2 for the complete list of enrichments).  
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Gene ontology enrichment   
Gene ontology enrichment analysis was performed on the seven clusters of proteins and the 
cluster of non-classified proteins. GO-terms describe biological processes, molecular 
functions or cellular component and are annotated to genes/proteins based on evidence from 
literature. For gene ontology enrichment analysis protein clusters are tested for enrichment 
of GOterms in a cluster of proteins in comparison to the GOterms in the whole dataset (all 
2161 identified proteins). The unclustered proteins and cluster 5 did not show any 
enrichment. In addition, none of the enrichments in clusters 3 and 7 were statistically 
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 Using ReViGO (accession date 22-01-2015), highly similar GO-terms were removed. The 
remaining GO-terms for biological processes (figure 6) were clustered based on semantic 
similarity. Thereby, enrichments of proteins involved in biological processes can clearly be 
recognized. Cluster 1, which consists of proteins upregulated in hypersegmented neutrophils, 
contains genes involved in adhesion and activation, response to stimuli, regulation of these 
responses and regulation of the immune system in general. Cluster 2, consisting of proteins 
downregulated in hypersegmented neutrophils shows enrichment of proteins involved in 
protein shuttling, ribosomal proteins and proteins involved in RNA metabolism, splicing, 
translation etc. Similarly, cluster 4, which also contains proteins downregulated in 
hypersegments consists mostly of proteins involved in mRNA processing and biosynthesis. 
Lastly, cluster 6 shows a low expression in banded neutrophils, which increases in mature and 
hypersegmented neutrophils. This clusters shows enrichment in proteins involved in 
nucleotide metabolism, MHC class I antigen presentation, protein degradation and 
suppression of the Wnt-signaling pathway. Taken together, the functional enrichment 
analysis indicated banded cells as being younger cells still in the process of producing large 
amounts of proteins, whereas hypersegmented neutrophils show enrichment of proteins 
involved in immune regulation, which is in line with their T-cell suppressing capacity (11).  
 

Discussion  
In addition to their previously ascribed differences in morphology and function (11, 35) we 
here show that the three neutrophil subsets present in blood during acute inflammation 
display large differences in protein expression profiles. The immune suppressive capability of 
hypersegmented neutrophils is represented by their increased expression of proteins 
involved in immune regulation compared to the other two subsets.  

Although neutrophils were shown in vitro to retain some capability for de novo protein 
production (36, 37), they lose most of their ribosomes, their nucleolus and rough ER during 
maturation from banded to mature neutrophils in the bone marrow (19). Therefore, cytokine 
production by neutrophils is orders of magnitude lower compared to monocytes and it also 
takes longer, with the earliest protein production detected at 3-6h after stimulation (38). This 
is in agreement with our findings of reduced expression of ribosomal and RNA 
processing/synthesizing proteins in mature cells compared to the younger banded cells 
(figure 7). The hypersegmented neutrophil subset shows an even further decrease in 
expression of proteins involved in mRNA and protein production, suggesting a very low 
capacity for de novo protein synthesis. 
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 Using ReViGO (accession date 22-01-2015), highly similar GO-terms were removed. The 
remaining GO-terms for biological processes (figure 6) were clustered based on semantic 
similarity. Thereby, enrichments of proteins involved in biological processes can clearly be 
recognized. Cluster 1, which consists of proteins upregulated in hypersegmented neutrophils, 
contains genes involved in adhesion and activation, response to stimuli, regulation of these 
responses and regulation of the immune system in general. Cluster 2, consisting of proteins 
downregulated in hypersegmented neutrophils shows enrichment of proteins involved in 
protein shuttling, ribosomal proteins and proteins involved in RNA metabolism, splicing, 
translation etc. Similarly, cluster 4, which also contains proteins downregulated in 
hypersegments consists mostly of proteins involved in mRNA processing and biosynthesis. 
Lastly, cluster 6 shows a low expression in banded neutrophils, which increases in mature and 
hypersegmented neutrophils. This clusters shows enrichment in proteins involved in 
nucleotide metabolism, MHC class I antigen presentation, protein degradation and 
suppression of the Wnt-signaling pathway. Taken together, the functional enrichment 
analysis indicated banded cells as being younger cells still in the process of producing large 
amounts of proteins, whereas hypersegmented neutrophils show enrichment of proteins 
involved in immune regulation, which is in line with their T-cell suppressing capacity (11).  
 

Discussion  
In addition to their previously ascribed differences in morphology and function (11, 35) we 
here show that the three neutrophil subsets present in blood during acute inflammation 
display large differences in protein expression profiles. The immune suppressive capability of 
hypersegmented neutrophils is represented by their increased expression of proteins 
involved in immune regulation compared to the other two subsets.  

Although neutrophils were shown in vitro to retain some capability for de novo protein 
production (36, 37), they lose most of their ribosomes, their nucleolus and rough ER during 
maturation from banded to mature neutrophils in the bone marrow (19). Therefore, cytokine 
production by neutrophils is orders of magnitude lower compared to monocytes and it also 
takes longer, with the earliest protein production detected at 3-6h after stimulation (38). This 
is in agreement with our findings of reduced expression of ribosomal and RNA 
processing/synthesizing proteins in mature cells compared to the younger banded cells 
(figure 7). The hypersegmented neutrophil subset shows an even further decrease in 
expression of proteins involved in mRNA and protein production, suggesting a very low 
capacity for de novo protein synthesis. 
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Figure 6. Gene ontology enrichment analysis for protein involvement in cellular processes. The seven clusters 
from figure 5 were subjected to gene ontology enrichment analysis. After correction for multi-testing, four 
clusters revealed significant GO enrichments, which are plotted based on semantic similarities (i.e. similar terms 
group together). Colors indicate FDR p-values for each term and the size indicates how general a term is, with a 
smaller size for a more specific term. Highly similar terms were removed for clarity, but are available in 
supplementary table 2. 
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Figure 7. Expression pattern of ribosomal proteins. Gene ontology enrichment analysis in figure 6 and table 1 
show enrichment of GO-terms for the ribosome, mRNA processing and translation in clusters 3 and 4. To further 
illustrate this finding, we have plotted the expression patterns of all 65 detected ribosomal proteins of (A) the 
40S ribosomal subunit, (B) the 60S ribosomal subunit and (C) an additional 37 eukaryotic initiation/elongation 
factors (EIF/EEF) and 7 mRNA splicing factors. Each circle represents a single measurement, lines connect 
measurements within the same individual. The abundance of some proteins lay below the detection limit 
(approximately 2 ppm, depending on protein length and sequence). 
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Figure 6. Gene ontology enrichment analysis for protein involvement in cellular processes. The seven clusters 
from figure 5 were subjected to gene ontology enrichment analysis. After correction for multi-testing, four 
clusters revealed significant GO enrichments, which are plotted based on semantic similarities (i.e. similar terms 
group together). Colors indicate FDR p-values for each term and the size indicates how general a term is, with a 
smaller size for a more specific term. Highly similar terms were removed for clarity, but are available in 
supplementary table 2. 
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Protein expression profiles indicated many proteins to have a gradual increase or 
decrease in expression from banded to mature and to hypersegmented (clusters 4 and 6), 
which supports the hypothesis that hypersegmented neutrophils are a later neutrophil 
maturation stage (4, 12). However, pulse-chase labelling with 6,6-2H2-glucose clearly 
demonstrate that hypersegmented neutrophils have identical kinetics for maturation time 
and/or disappearance rate from blood. This shows that hypersegmented neutrophils need 
the same time to mature as conventional neutrophils and are, thus, not aged mature 
neutrophils.  

The highly similar maturation kinetics of mature and hypersegmented neutrophils was 
not reflected by comparable protein expression profiles, as hierarchical clustering of the 
samples revealed the mature subset to be more similar to the two days younger banded 
neutrophils than to hypersegmented neutrophils. The difference in protein expression 
profiles can be explained by either a rapid change in protein expression by neutrophils already 
in the blood during the 3 hours after LPS injection, or by hypersegmented neutrophils being 
a subset with a different protein expression recruited into the bloodstream. Over 300 proteins 
were upregulated in hypersegmented neutrophils compared to the other two subsets (cluster 
1). Considering the low ribosomal content of neutrophils (19) and the further decreased 
expression of proteins involved in translation, transcription and protein transport (clusters 2 
and 4) in hypersegmented neutrophils, it seems unlikely that hypersegmented neutrophils 
rapidly synthesize proteins in response to LPS. In addition, cluster 1 contains transmembrane 
proteins which are normally produced in the rough ER, an organelle that is lacking in mature 
neutrophils (19). Furthermore, the hypothesis that hypersegmented cells originate from a 
rapid differentiation from normally segmented neutrophils during lps challenge poses the 
question why an even larger number of neutrophils with a similar age did not respond in a 
similar manner and retained a normal nuclear phenotype (Figure 2D).  

The hypothesis of hypersegmented neutrophils as a separate subset is supported by 
the fact that the majority of neutrophils under homeostasis does not reside in the peripheral 
blood. Large numbers of neutrophils have been found in lungs, spleen, liver, bone marrow 
and the marginated pool (6, 39, 40). Important experiments performed in the 1960’s 
demonstrated that the increase in neutrophil numbers after LPS was due to cells entering the 
bloodstream that were different compared to homeostatic cells. This was different compared 
to neutrophilia in response to exercise, adrenalin or prednisone, which caused recruitment of 
neutrophils from the marginated pool that consisted of cells similar to those in the circulation 
before challenge (5, 40, 41). Banded neutrophils most likely originate from the bone marrow, 
considering the large number of banded neutrophils found in this organ (42) under 
homeostatic conditions. Hypersegmented neutrophils can also be found in the BM, albeit at 
lower numbers than banded and mature neutrophils (43). Therefore, the bone marrow is also 
a potential source of hypersegmented neutrophils. Alternatively, neutrophil reserves have 
been described in the liver and spleen and are therefore also potential organs where 
hypersegmented neutrophils reside in homeostasis (6, 39, 40). 

 
   

Taken together, the proteome expression profiles of the three neutrophil subsets 
indicate that these subsets with specialized functions evolve with different functional 
proteomes. Our study provides evidence that hypersegmented neutrophils follow a separate 
differentiation pathway compared to normally segmented neutrophils with a similar 
maturation time. These immune suppressive cells are only recruited to the blood stream 
during acute inflammatory conditions. 
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Protein expression profiles indicated many proteins to have a gradual increase or 
decrease in expression from banded to mature and to hypersegmented (clusters 4 and 6), 
which supports the hypothesis that hypersegmented neutrophils are a later neutrophil 
maturation stage (4, 12). However, pulse-chase labelling with 6,6-2H2-glucose clearly 
demonstrate that hypersegmented neutrophils have identical kinetics for maturation time 
and/or disappearance rate from blood. This shows that hypersegmented neutrophils need 
the same time to mature as conventional neutrophils and are, thus, not aged mature 
neutrophils.  

The highly similar maturation kinetics of mature and hypersegmented neutrophils was 
not reflected by comparable protein expression profiles, as hierarchical clustering of the 
samples revealed the mature subset to be more similar to the two days younger banded 
neutrophils than to hypersegmented neutrophils. The difference in protein expression 
profiles can be explained by either a rapid change in protein expression by neutrophils already 
in the blood during the 3 hours after LPS injection, or by hypersegmented neutrophils being 
a subset with a different protein expression recruited into the bloodstream. Over 300 proteins 
were upregulated in hypersegmented neutrophils compared to the other two subsets (cluster 
1). Considering the low ribosomal content of neutrophils (19) and the further decreased 
expression of proteins involved in translation, transcription and protein transport (clusters 2 
and 4) in hypersegmented neutrophils, it seems unlikely that hypersegmented neutrophils 
rapidly synthesize proteins in response to LPS. In addition, cluster 1 contains transmembrane 
proteins which are normally produced in the rough ER, an organelle that is lacking in mature 
neutrophils (19). Furthermore, the hypothesis that hypersegmented cells originate from a 
rapid differentiation from normally segmented neutrophils during lps challenge poses the 
question why an even larger number of neutrophils with a similar age did not respond in a 
similar manner and retained a normal nuclear phenotype (Figure 2D).  

The hypothesis of hypersegmented neutrophils as a separate subset is supported by 
the fact that the majority of neutrophils under homeostasis does not reside in the peripheral 
blood. Large numbers of neutrophils have been found in lungs, spleen, liver, bone marrow 
and the marginated pool (6, 39, 40). Important experiments performed in the 1960’s 
demonstrated that the increase in neutrophil numbers after LPS was due to cells entering the 
bloodstream that were different compared to homeostatic cells. This was different compared 
to neutrophilia in response to exercise, adrenalin or prednisone, which caused recruitment of 
neutrophils from the marginated pool that consisted of cells similar to those in the circulation 
before challenge (5, 40, 41). Banded neutrophils most likely originate from the bone marrow, 
considering the large number of banded neutrophils found in this organ (42) under 
homeostatic conditions. Hypersegmented neutrophils can also be found in the BM, albeit at 
lower numbers than banded and mature neutrophils (43). Therefore, the bone marrow is also 
a potential source of hypersegmented neutrophils. Alternatively, neutrophil reserves have 
been described in the liver and spleen and are therefore also potential organs where 
hypersegmented neutrophils reside in homeostasis (6, 39, 40). 

 
   

Taken together, the proteome expression profiles of the three neutrophil subsets 
indicate that these subsets with specialized functions evolve with different functional 
proteomes. Our study provides evidence that hypersegmented neutrophils follow a separate 
differentiation pathway compared to normally segmented neutrophils with a similar 
maturation time. These immune suppressive cells are only recruited to the blood stream 
during acute inflammatory conditions. 
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Supplementary Information 
 
Supplementary Tables will be made available online with the publication of this paper.  

 

Supplementary Methods 
 
Protein isolation and labelling 
Cell pellets were reconstituted in a pH 8.0 buffer containing 100mM Tris, , 10mM DTT, 2% 
SDS, and protease inhibitor cocktails (Complete Mini and PhosSTOP, roche diagnostics). 
Samples were sonicated for a total of 4 minutes and subsequently centrifuged at 14000g to 
remove cellular debris. Using the Filter Aided Sample Preparation (FASP) method1, the SDS 
buffer was replaced by a 8M urea buffer pH 8.0, alkylated with 50mM iodoacetamide and 
digested by 4h incubation with Lys-c (Wako, Richmond, VA), followed by an overnight Trypsin 
incubation (Promega, Madison, WI) and subsequent acidification to 5% formic acid. After 
desalting with Sep-Pak C18 cartridges (Waters Corporation, Milford, MA), resulting peptides 
were labelled by stable isotope dimethyl labelling as described previously2 (1H2-
formaldehyde, 2H2-formaldehyde and 13C-2H2-formaldehyde for light, medium and heavy 
label, respectively). Peptides of the three neutrophil subsets were mixed in a 1:1:1 ratio, as 
determined by LC-MS.  
 
Fractionation 
Samples were dried in vacuo and resuspended in 10% formic acid and fractionated using 
Strong Cation Exchange (SCX) chromatography on an Agilent 1100 HPLC system equipped 
with a 0.8x50mm (3.5µm resin) Zorbax BioSCX-series II analytical column (both from Agilent 
Technologies, Waldbronn, Germany) and a 2.1x15mm (40μm i.d., 10Å Resin) Opti Lynx C18 
trapping column (Optimize Technologies, Oregon, OR). Peptides were loaded on the trapping 
column in a 0.05% formic acid, pH 2.9 buffer and eluted using 0.05% formic acid, 80% 
acetonitrile, pH 2.9 supplemented with non-linearly increasing concentrations of up to 
500mM NaCl for SCX fractionation. A total number of 50 SCX fractions were collected and 
dried in a vacuum centrifuge. Fractions containing 2+, 3+ and 4+ peptides were reconstituted 
in 10% formic acid for further analysis. 
 
Liquid chromatography and tandem mass spectrometry (LC-MS/MS) 
Samples were analyzed with Proxeon EASY-nLC 1000 coupled to a LTQ-Orbitrap Q-Exactive 
(Thermo Fisher Scientific, Bremen, Germany) equipped with a 20mm*100µm i.d. ReproSil-Pur 
C18-AQ (Dr. Maisch GmbH, Ammerbuch, Germany) trapping column and a 450mm*50µm i.d. 
Poroshell 120 EC-C18 (Agilent Technologies, Little Fall, DE, USA) analytical column (packed in 
house with 3 and 2.7μm resin, respectively). Fractions were submitted to 45-180 minute 
elutions (based on peptide content measured by 220nm UV-intensity) with 0.1% formic acid 
containing an increasing concentration of 7 to 30% acetonitrile. Between fractions Columns 
were washed with 100% acetonitrile and equilibrated down to 7%. Nanospray was achieved 
using a distally coated fused silica emitter (inner and outer diameters 375μm and 20μm, 
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desalting with Sep-Pak C18 cartridges (Waters Corporation, Milford, MA), resulting peptides 
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label, respectively). Peptides of the three neutrophil subsets were mixed in a 1:1:1 ratio, as 
determined by LC-MS.  
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Samples were analyzed with Proxeon EASY-nLC 1000 coupled to a LTQ-Orbitrap Q-Exactive 
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respectively; made in-house) biased to 1.7 kV. High resolution full survey scans (35,0000 
FHMW) were acquired on the orbitrap from m/z 350 to 1500, whereas the MS2 scan is 
acquired at a resolution of 17.500. The ten most intense precursors were isolated with an 
isolation width of 1.5 m/z and fragmented using High Energy Collision Dissociation (HCD). The 
target ion setting was 3*106 for MS and 5*104 for MS/MS, with a maximum fill-time of 250 ms 
and 120 ms. 
 
Data analysis: Identification and Quantitation 
Peptide identification was performed by searching the peak lists against a concatenated 
target-decoy database of human protein sequences in the Uniprot database (release 
2013_12) using Proteome Discoverer version 1.4.0.288 (Thermo Scientific, Bremen, 
Germany), supplemented with a common contaminants database using the Mascot search 
engine version 2.3 (Matrix Science, London, United Kingdom). Search parameters allowed up 
to two missed trypsin cleavage sites per peptide, carbamidomethylation was assumed for all 
cysteine residues, allowed methionine oxidation as a result of sample handling and assumed 
labelling on both lysine residues and N-termini. Mass tolerances were set at 50ppm for 
precursor peptides, while fragment mass tolerance was set at 0.05Da using HCD 
fragmentation. Use of the percolator algorithm3 resulted in a false-discovery rate of less than 
one percent. Identified peptides were filtered for an ion score of 20, and a peptide rank of 1 
so only the best matching peptide is used. Resulting proteins with evidence only on cDNA 
level were manually re-analysed for matching proteins with evidence on protein levels. 

All results have been deposited in the ProteomeXchange Consortium via the PRIDE 
partner repository4 with dataset identifier PXD001674 and DOI: 10.6019/PXD001674).  
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Supplementary Figures 
 

 
Supplementary figure S1. Sort logic and sort results of neutrophil subsets. Granulocytes were gated on FSC/SSC 
(A), with exclusion of doublets (B) and CD14pos monocytes (C). Subsequently, neutrophil subsets (D) were gated 
as CD16dim/CD62Lbright, CD16high/CD62Lbright and CD16high/CD62Ldim. (E) Re-analysis of the sorted cell populations 
shows a clear separation between the subsets and microscopic analysis of MGG stained cytospin preparations 
shows the expected banded (F), mature (G) and hypersegmented (H) nuclear morphology. 
 
 
 

Supplementary Figure S2. 
Deuterium enrichment for 
placebo and C1-esterase 
inhibitor treated groups. 
No differences were 
observed between kinetics 
of placebo and treated 
volunteers in the 
neutrophils before LPS 
injection and the three 
subsets after LPS injection. 
Each symbol represents a 
single measurement in one 
volunteer, with 2 
volunteers per condition 
per timepoint, to a total of 
20 volunteers. 
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respectively; made in-house) biased to 1.7 kV. High resolution full survey scans (35,0000 
FHMW) were acquired on the orbitrap from m/z 350 to 1500, whereas the MS2 scan is 
acquired at a resolution of 17.500. The ten most intense precursors were isolated with an 
isolation width of 1.5 m/z and fragmented using High Energy Collision Dissociation (HCD). The 
target ion setting was 3*106 for MS and 5*104 for MS/MS, with a maximum fill-time of 250 ms 
and 120 ms. 
 
Data analysis: Identification and Quantitation 
Peptide identification was performed by searching the peak lists against a concatenated 
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Supplementary Figures 
 

 
Supplementary figure S1. Sort logic and sort results of neutrophil subsets. Granulocytes were gated on FSC/SSC 
(A), with exclusion of doublets (B) and CD14pos monocytes (C). Subsequently, neutrophil subsets (D) were gated 
as CD16dim/CD62Lbright, CD16high/CD62Lbright and CD16high/CD62Ldim. (E) Re-analysis of the sorted cell populations 
shows a clear separation between the subsets and microscopic analysis of MGG stained cytospin preparations 
shows the expected banded (F), mature (G) and hypersegmented (H) nuclear morphology. 
 
 
 

Supplementary Figure S2. 
Deuterium enrichment for 
placebo and C1-esterase 
inhibitor treated groups. 
No differences were 
observed between kinetics 
of placebo and treated 
volunteers in the 
neutrophils before LPS 
injection and the three 
subsets after LPS injection. 
Each symbol represents a 
single measurement in one 
volunteer, with 2 
volunteers per condition 
per timepoint, to a total of 
20 volunteers. 
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Abstract 
Influenza virus infections can lead to life-threatening pathology through immune-mediated 
tissue damage. In various experimental models, this damage is dependent on T-cells. In 
humans, we have recently identified hypersegemented neutrophils capable of suppressing T-
cells, which requires neutrophil CD11b/CD18. Therefore, we tested the hypothesis that 
immune suppression by neutrophils can ameliorate pathology after influenza infection.  

WT and CD11b-/- mice were infected with A/HK/2/68 (H3N2) influenza virus. 
 Different conditions to rescue from pathology were studied: T-cell depletion and adaptive 
transfer of wt-neutrophils in CD11b-/- mice. Disease was monitored by weight loss, leukocyte 
infiltration and immunohistochemistry. 

We demonstrated that CD11b-/- mice suffered increased weight-loss compared to 
wild-type animals, accompanied with increased lung damage, leukocyte infiltration and 
presence of hypersegmented neutrophils in the lungs. The increased pathology in CD11b-/- 
mice was T-cell dependent as determined by T-cell depletion. In addition, disease in CD11b-/- 
mice was accompanied by higher numbers of T-cell in the lungs early during infection 
compared to WT mice. These differences in pathology were not associated with an increased 
viral load, confirming that pathology is immune-mediated rather than caused by virus-
induced damage. A single adoptive transfer of wild-type neutrophils partly restored 
protection against influenza-induced pathology, demonstrating the importance of neutrophil 
CD11b.  

Our data indicate that neutrophil CD11b is involved in preventing pathology in 
influenza induced T-cell mediated disease.  

 
   

Introduction 
Influenza viruses cause seasonal epidemics each year. Infection leads to an immune response 
aimed at viral clearance. However, activation of the immune system may lead to lung damage 
(1, 2) and in rare cases, a potentially fatal cytokine-storm (3). Thus, the antiviral response 
needs to be tightly regulated. 

Large numbers of neutrophils are recruited to the lungs during influenza infection. 
These cells are viewed as beneficial in bacterial and fungal infections due to their capacity to 
phagocytose and kill these pathogens. Their role in anti-viral responses, however, is 
controversial (4). In influenza infection, the role of neutrophils is largely considered to be 
detrimental, as they can cause tissue damage by exaggerated production of reactive oxygen 
species (ROS) and other cytotoxic compounds (5). Supporting this latter view is the finding 
that low doses of neutrophil-depleting antibodies lead to a protective effect in experimental 
influenza infection (2). This has led to the prevailing idea that neutrophils must be inhibited 
in influenza infection in order to limit pathology. On the other hand, neutrophil depletion with 
high doses of anti-neutrophil antibodies leads to increased pathology and death (2, 6). This 
indicates that neutrophils are not only detrimental in influenza infection and suggests a 
protective role for neutrophils in influenza infection.  

A possible mechanism by which neutrophils protect from influenza-induced pathology 
is by their recently described ability to suppress immune responses (7). One of the 
mechanisms by which neutrophils can inhibit immune responses is by suppressing T-cell 
proliferation in a CD11b/CD18 and H2O2-dependent manner (8). To our knowledge 
neutrophils are not required for anti-viral responses (2) and influenza-induced pathology is T-
cell dependent (9). This allowed us to test our hypothesis that CD11b dependent neutrophil-
induced T-cell suppression prevents influenza-induced pathology in mice.  

To investigate the hypothesis that CD11b dependent T-cell suppression by neutrophils 
limits influenza-induced pathology, we infected wild-type (WT) and CD11b-/- mice with a sub-
lethal dose of influenza and followed disease progression over time. To assess the role of 
CD11b on neutrophils specifically, CD11b-/- mice were reconstituted with WT neutrophils by 
adoptive transfer.  
 

Materials and Methods 
Mice and infections 
Wild type C57BL/6J mice were obtained from Charles River Laboratories (Erkrath, Germany). 
CD11b-/- mice on C57BL/6J background were kindly provided by Dr. J. Leusen and bred at the 
specific pathogen-free unit of the Utrecht University Central Animal Laboratory (GDL). 
Experiments were approved by the local Ethical Committee for Animal Experiments (DEC) in 
accordance with current Dutch and European legislation. 

Influenza A/HK/2/68 (H3N2) virus was grown in fertilized hen’s eggs as published 
previously (9). Infection was performed by intranasal administration of 0.03 
heamagluttination units (HAU) in 50 μl PBS under mild ether anaesthesia unless stated 
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otherwise. Mice were weighed once every 24h to monitor disease progression. A loss of 20% 
weight from day 0 was considered the humane endpoint in accordance with Dutch 
regulations. When any of the mice reached the humane endpoint (usually at day 8), all 
animals were sacrificed by i.p. injection of 12mg Sodium Pentobarbital (Veterinary Medicine 
Pharmacy, Utrecht, the Netherlands) for sample collection. For depletion of T-cells, 20μg anti-
CD4 (clone GK1.5) and 50μg anti-CD8 (clone YTS169, both from Bioceros, Utrecht, the 
Netherlands) was injected at days -1 and 1 relative to infection.  
 
Neutrophil isolations 
Mature neutrophils were isolated from bone marrow using discontinuous Percoll gradients 
as published previously (10). In short, bone marrow cavities of the femur and tibia of donor 
mice were flushed with HBSS and lysed for RBCs using isotonic ammoniumchloride solution 
(150 mM NH4Cl, 10 mM KHCO3 and 0.1 mM NA2EDTA). Subsequently, cells were centrifuged 
over a discontinuous 45, 50, 55 and 81% (vol/vol) isotonic percoll gradient. Neutrophils 
obtained from the 55/81% interface were typically >90% pure as determined by May-
Grünwald-Giemsa staining. 107 neutrophils were injected into the tail vein 2-3 hours before 
influenza infection.  
 
Sample collection 
Cells were obtained by bronchoalveolar lavage (BAL), and from spleen and lungs. For BAL, the 
thorax was opened and the trachea exposed. A small aperture was made in the trachea and 
a 1.3mm cannula from a BD Insyte Cathether (BD, San Jose, CA, USA) was inserted into the 
trachea. Subsequently, BAL was obtained by attaching a syringe to the cannula and washing 
the lungs twice with 500 μl PBS.  

Lungs were perfused to remove blood from by cutting the vena cava and injecting 4ml 
of PBS into the right ventricle of the heart. Right lungs were cut into small pieces and digested 
for 30 minutes at 37°C with 0.6 mg/ml DNAse I and 1.6 mg/ml collagenase (both from Roche, 
Basel, Switzerland) in PBS. Single cell suspensions were obtained from lungs by passing 
samples through a 100 μm cell strainer. Left lungs were placed in metal air-tight containers 
and snap-frozen in liquid nitrogen for qPCR analysis (see below).  
 Spleen single cell suspensions were obtained by mechanically passing spleens through 
a 100 μm cell-strainer, followed by RBC lysis with isotonic ammoniumchloride solution as 
described above. 
 
Analysis of BAL samples 
Cell counts in BAL samples were determined using a Z1 Coulter counter (Beckman Coulter, 
Brea, CA, USA). BAL protein quantification was performed on the supernatant of centrifuged 
BAL fluid with a Pierce BCA kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the 
manufacturer’s instruction. 570nm absorbance was measured in a FLUOstar OPTIMA plate 
reader (BMG LABTECH, Offenburg, Germany). Protein concentrations were determined using 
a standard curve of known concentrations BSA.  

 
   

Cytospins of 1x105 cells were stained with May-Grünwald Giemsa and differential 
counts were performed in a blinded manner by a trained pathologist. Neutrophils were 
subdivided into banded, normally segmented and hypersegmented on their nuclear 
morphology as described previously (11). Banded cells were recognised by their doughnut-
shaped nucleus without any visible segmentation, whereas hypersegmented neutrophils 
were identified with a high degree of segmentation in which at least two connections 
between segments were narrow wire-like structures (width <5% of the segment and >3μm 
long) and segments arranged as the leaves of a clover instead of circular. Everything in 
between banded and hypersegmented nuclear morphology was considered a normally 
segmented neutrophil (see also figure 5b). Cytospins with <50 neutrophils were excluded 
from analysis. 
 
Histological preparations 
Lung histology sections were prepared as published previously (12). In short, mice were 
exsanguinated by cutting the caudal vena cava. The trachea was cannulated and the lungs 
were fixed in situ by intratracheal instillation of 4% formaldehyde in PBS at a constant 25cm 
fluid pressure for 5 min. After fixation, lungs were collected and stored in 4% formaldehyde 
for at least 24h until further processing. Lungs were paraffin embedded by placing tissue in 
increasing concentrations of ethanol, followed by xylene and lastly by paraffin. After 
embedding, 3μm slides were cut in the dorsal ventral plane and transferred to glass slides. 
Samples were deparaffinised by xylene, rehydrated using descending concentrations of 
ethanol and stained with hematoxylin and eosin (H&E). After another dehydration in 
ascending ethanol concentrations and xylene, cover slides were mounted with Cytoseal 
(Thermo Fisher Scientific). Microscopic images were obtained using a Leica DMRXE 
microscope equipped with a 5x objective (Leica Microsystems, Wetzlar, Germany). The 
percentage open lung area was determined on the lower tips of each lung using ImageJ 1.47T 
(see supplementary figure 1). A region of interest was made to include only lung tissue and 
exclude blood vessels, broncheoli and cutting artefacts. Subsequently, images were 
converted to 32-bit greyscale, a threshold was placed (identical for each image) and the 
percentage of open lung area was calculated as percentage of pixels with values below the 
threshold. Means of the two lungs were used for analysis. 
 
Flow Cytometry 
Single cell preparations were processed for flow cytometry in FACS buffer (PBS supplemented 
with 0.1% BSA and 10μg/ml DNAse I (Roche). Cells were stained on ice with antibodies (see 
supplementary table 1) for 30 minutes. Cells were washed twice, fixed for 2min with 1% 
formaldehyde, washed and resuspended in FACS buffer. Samples were analysed on a Gallios 
flow cytometer (Beckman Coulter). A known number of TrueCount beads (Life technologies) 
was added to each sample, thereby allowing determination of absolute cell numbers. T-cells 
were identified as SSClow, CD3+, and either CD4 or CD8 single positive. Neutrophils were 
identified as SSCintermediate, Ly6Ghigh and autofluorescencenegative (see supplementary figure S2). 
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Antibodies used were CD3ε-FITC clone eBio500A2, CD11b-PB clone M1/70 (both 
eBiosciences, San Diego, CA, USA), CD8a-PO clone 5H10 (Thermo Fisher Scientific, ), CD4-PB 
clone RM4-5, CD62L-PC7 clone MEL-14 and Ly6G clone 1A8 (BD Pharmingen, San Jose, CA, 
USA). 
 
Quantitative PCR 
Relative viral loads were determined on snap-frozen left lungs as published previously (13). 
In short, RNA was isolated using a Roche MagNALyser (Roche, Basel, Switzerland). 
Subsequently, cDNA was created from isolated DNA and analysed in duplo on a Bio-Rad MyiQ 
PCR machine (Bio-rad, Hercules, CA, USA). Viral RNA content was corrected with GAPDH RNA 
using the delta-delta CT method (14). The following primers were used: Influenza forward 
AAG ACC AAT CCT GTC ACC TCT GA, reverse CAA AGC GTC TAC GCT GCA GTC C, GAPDH 
forward GCA CAG TCA AGG CCG AGA AT and reverse GCC TTC TCC ATG GTG GTG AA (15, 16). 
 
Statistical analysis 
Calculations of statistical analysis were performed using Prism 6.07 (GraphPad Software, La 
Jolla, CA, USA). Timecourse experiments were compared by 2-way ANOVA, whereas 
measurements were tested by Mann-Whitney U test or Kruskall-Wallis analysis of variance 
where applicable. All p-values were corrected for multiplicity where applicable. Flow 
cytometric data was analysed with FCS Express V4.07 (De Novo Software, Los Angeles, CA, 
USA). 
 

Results 
CD11b-/- mice display increased pathology after influenza infection 
To investigate the role of CD11b in influenza infection, WT and CD11b-/- mice were infected 
intranasally with various doses of influenza A/HK/2/68 (H3N2) virus. Low doses of influenza 
virus (0.015 and 0.022 HAU) (Figure 1A-B) did not induce pathology in either WT and CD11b-

/- as determined by monitoring the bodyweight of the animals. At a dose of 0.03 HAU (Figure 
1C), CD11b-/- mice showed a marked loss of bodyweight starting at day 5-6 post-infection, 
whereas in WT animals, only a small decrease in weight was observed. At the highest dose of 
0.15 HAU (Figure 1D) a more severe weight loss was observed in both WT and CD11b-/- groups. 
At day 8, the weight loss was so severe that two CD11b-/- mice lost more than 20% weight and 
had to be euthanized according to local regulations. In all groups, mice that were not 
euthanized recovered spontaneously from infection at day 9. These data indicate that CD11b-

/- mice have more severe disease after influenza infection.  
 
 
 
 
 
 
 

 
   

 
Figure 1. Weight loss after infection with different doses of influenza virus. CD11b-/- mice display increased 
weight loss after influenza infection at a dose of 0.15 HAU. At a dose of 0.03 HAU, only the CD11b-/- mice lose 
weight and at lower doses neither the WT or CD11b-/- show signs of disease. N=8 per group, pooled data from 
two separate experiments. Error bars indicate SEM, * indicates a difference between WT and CD11b-/- with 
p<0.05 as determined by two-way ANOVA after correction with Sidak’s multiple comparisons test. 
 
Increased weight loss in CD11b-/- mice is accompanied by lung damage, leukocyte 
infiltration, but not by viral load 
At day 8 post-infection, mice were sacrificed and bronchoalveolar lavage (BAL) or whole lungs 
were harvested for analysis. Microscopic analysis of in situ fixed lungs revealed an increased 
leukocyte infiltration in CD11b-/- mice compared to WT (Figure 2A) accompanied with a 
decrease in the percentage lung lumen area on lung histology sections (Figure 2B). Increased 
leukocyte infiltration was confirmed by FACS analysis as increased neutrophil infiltration into 
the lungs (Figure 2C) and an increased cell count in the BAL fluid (Figure 2D). Differential 
counts (Figure 2E) revealed this increase to be mainly due to neutrophil and lymphocyte 
infiltration, without changes in the absolute number of alveolar macrophages. To quantify the 
extent of lung damage, we determined the protein content in the BAL fluid as lung damage 
leads to protein leakage from the bloodstream into the lungs. The extent of lung damage to 
was greater in CD11b-/- mice than in WT mice (Figure 2F). Despite the large differences in 
pathology, no differences were detected in viral load, indicating that CD11b does not seem 
to play a role in the anti-viral response and that differences in pathology are not due to direct 
damage evoked by the virus. 
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forward GCA CAG TCA AGG CCG AGA AT and reverse GCC TTC TCC ATG GTG GTG AA (15, 16). 
 
Statistical analysis 
Calculations of statistical analysis were performed using Prism 6.07 (GraphPad Software, La 
Jolla, CA, USA). Timecourse experiments were compared by 2-way ANOVA, whereas 
measurements were tested by Mann-Whitney U test or Kruskall-Wallis analysis of variance 
where applicable. All p-values were corrected for multiplicity where applicable. Flow 
cytometric data was analysed with FCS Express V4.07 (De Novo Software, Los Angeles, CA, 
USA). 
 

Results 
CD11b-/- mice display increased pathology after influenza infection 
To investigate the role of CD11b in influenza infection, WT and CD11b-/- mice were infected 
intranasally with various doses of influenza A/HK/2/68 (H3N2) virus. Low doses of influenza 
virus (0.015 and 0.022 HAU) (Figure 1A-B) did not induce pathology in either WT and CD11b-

/- as determined by monitoring the bodyweight of the animals. At a dose of 0.03 HAU (Figure 
1C), CD11b-/- mice showed a marked loss of bodyweight starting at day 5-6 post-infection, 
whereas in WT animals, only a small decrease in weight was observed. At the highest dose of 
0.15 HAU (Figure 1D) a more severe weight loss was observed in both WT and CD11b-/- groups. 
At day 8, the weight loss was so severe that two CD11b-/- mice lost more than 20% weight and 
had to be euthanized according to local regulations. In all groups, mice that were not 
euthanized recovered spontaneously from infection at day 9. These data indicate that CD11b-

/- mice have more severe disease after influenza infection.  
 
 
 
 
 
 
 

 
   

 
Figure 1. Weight loss after infection with different doses of influenza virus. CD11b-/- mice display increased 
weight loss after influenza infection at a dose of 0.15 HAU. At a dose of 0.03 HAU, only the CD11b-/- mice lose 
weight and at lower doses neither the WT or CD11b-/- show signs of disease. N=8 per group, pooled data from 
two separate experiments. Error bars indicate SEM, * indicates a difference between WT and CD11b-/- with 
p<0.05 as determined by two-way ANOVA after correction with Sidak’s multiple comparisons test. 
 
Increased weight loss in CD11b-/- mice is accompanied by lung damage, leukocyte 
infiltration, but not by viral load 
At day 8 post-infection, mice were sacrificed and bronchoalveolar lavage (BAL) or whole lungs 
were harvested for analysis. Microscopic analysis of in situ fixed lungs revealed an increased 
leukocyte infiltration in CD11b-/- mice compared to WT (Figure 2A) accompanied with a 
decrease in the percentage lung lumen area on lung histology sections (Figure 2B). Increased 
leukocyte infiltration was confirmed by FACS analysis as increased neutrophil infiltration into 
the lungs (Figure 2C) and an increased cell count in the BAL fluid (Figure 2D). Differential 
counts (Figure 2E) revealed this increase to be mainly due to neutrophil and lymphocyte 
infiltration, without changes in the absolute number of alveolar macrophages. To quantify the 
extent of lung damage, we determined the protein content in the BAL fluid as lung damage 
leads to protein leakage from the bloodstream into the lungs. The extent of lung damage to 
was greater in CD11b-/- mice than in WT mice (Figure 2F). Despite the large differences in 
pathology, no differences were detected in viral load, indicating that CD11b does not seem 
to play a role in the anti-viral response and that differences in pathology are not due to direct 
damage evoked by the virus. 
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Figure 2. Pathology after influenza infection. CD11b-/- mice show more pathology 8 days post-infection. (A) 
Representative H&E slides of the lower portion of the lungs show more leukocyte infiltration and inflammation. 
(B) quantitation of H&E slides shows a decreased lung lumen in the CD11b-/- mice. Median values of both lungs, 
N=4 per group, objective used: 5x. (C) Neutrophil infiltration in the lungs is increased at both day 3 and day 8 
post-infection N=4-8. (D) total leukocyte infiltration in the lungs was determined by counts of the BAL fluid, N=8. 
(E) differential counts of BAL leukocytes show the increased infiltration in the CD11b-/- mice to be neutrophils 
and lymphocytes, N=3 (WT) or N=8 (CD11b-/-). (F) Protein content was taken as a measure of lung damage 
(N=14). (G) Viral loads did not differ between the two groups, N=2/4 (day 3) & N=9/12 (Day8). Data are pooled 
from 1 (B), 2 (C-E) or 3 (F,G) separate experiments. *indicates p<0.05 and ** p<0.01 as determined by Mann-
Whitney U-test with Holm-Sidak correction for multiplicity where required (D).

 
   

A role for T-cells in influenza induced pathology 
Previous publications have shown influenza-induced pathology to be T-cell dependent (9). To 
determine whether this is also the case in CD11b-/- mice, both WT and CD11b-/- mice were 
treated with CD4 and CD8 T-cells depleting antibodies or PBS 1 day prior to Infection and at 1 
day post-infection. Differential counting of BAL samples (Figure 3A) revealed a decrease in 
lymphocyte numbers in the CD4/CD8 depleted CD11b-/- mice, whereas lymphocyte numbers 
were already low in untreated WT animals without a decrease after T-cell depletion. Flow 
cytometric analysis of digested lungs (Figure 3B) and spleens (Figure 3C) showed significant 
reductions of both CD4+ and CD8+ T-cell numbers in both genotypes treated with depleting 
antibodies (75 to 1200-fold reduction). T-cell depletion had no further effect on the already 
low weight loss in WT animals (Figure 3D), but CD11b-/- mice showed a partial recovery from 
disease after T-cell depletion (Figure 3F), indicating that the influenza-induced pathology in 
these mice is also T-cell dependent.  
 
 

 
 
Figure 3. Pathology is mediated by T-cells in both WT and CD11b-/-. Injection of depleting antibodies against 
CD4 and CD8 at 2 days before and one day after influenza infection reduces the number of lymphocytes in (A) 
the BAL and T-cell numbers in both lung (B) and spleen (C). (D) T-cell depletion has no effect on weight loss in 
WT animals, but limits weight loss in CD11b-/- animals (E). Cell numbers indicate means +/- SD with N=3-4 (A-C). 
Time courses represent mean +/- SEM with N=5-8 from two separate experiments. *, **, *** and **** indicate 
p<0.05, 0.01, 0.001 and 0.0001, respectively as determined by one-way ANOVA with Holm-Sidak’s multiple 
comparisons test (A-C) or two-way ANOVA with Sidak’s multiple comparisons test (E).  
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T-cell numbers during influenza infection 
As we have shown that T-cells play a role in influenza-induced pathology , we measured T-cell 
numbers during the course of influenza infection. At day 3 post-infection both CD4 and CD8 
T-cell counts were higher in the lungs of CD11b-/- mice compared to WT animals (Figure 4A). 
However, lung T-cell counts were similar later (day 8) during infection (Figure 4B), when the 
largest difference in pathology was observed. This difference was specific for the lungs, as T-
cell counts were similar in the spleen at both timepoints (Figure 4C-D) and might indicate that 
differences in T-cell numbers early during infection can lead to differences in pathology at 
later timepoints.  

 
Figure 4. T-cell numbers after infection. At day 3 post-infection, an in-creased amount of both CD4 and CD8 T-
cells was seen in the lungs (A), but not in the spleens (C) of CD11b-/- mice. At day 8 post-infection, no differences 
were observed in either the lungs (B) or spleens (D). N=3-4 (day 3) or 7-8 (day 8). * indicates p<0.05 as 
determined by Mann-Whitney U-test. 
 
Neutrophil phenotype  
Acute inflammation in humans is accompanied by the recruitment of immune 
hypersegmented neutrophils, which have been shown to be capable of suppressing T-cell 
proliferation in a CD11b dependent manner (8). So far, hypersegmented neutrophils have 
been described in the blood during acute inflammation (8), and are found in synovial fluid of 
inflamed joints in juvenile idiopathic arthritis (unpublished data). As T-cell numbers were 

 
   

increased in CD11b-/- animals, we determined neutrophil number in the lungs and spleen and 
determined the nuclear morphology of BAL neutrophils at the day at which the most weight 
loss was observed (day 8 post-infection). Neutrophil numbers were increased in the lungs of 
CD11b-/- mice both at day 3 and day 8 post-infection (Figure 2C) and at day 8 post-infection in 
the BAL (Figure 2D). Besides an increase in number, differential count of BAL neutrophils 
revealed a higher percentage of hypersegmented neutrophils in CD11b-/- mice (Figure 5A). 
 

Figure 5. Neutrophil nuclear morphology. 
(A) Cytospins of BAL cells stained with 
May-Grünwald-Giemsa were assessed for 
the presence of (left to right) banded, 
normally segmented or hypersegmented 
nuclear morphology. WT mice had a higher 
percentage banded neutrophils whereas 
CD11b-/- mice had more hypersegmented 
neutrophils. (B) Representative examples 
of banded, normally segmented and 
hypersegmented neutrophils. Objective 
used: 100x, error bars indicate 5μm. Data 
represent means +/- 95% CI, N=4-8 from 
two separate experiments. * and ** 
indicate p<0.05 and 0.01 as assessed by 
Mann-Whitney U test corrected for 
multiplicity with Holm’s sequential 
Bonferroni method. 
 

 
CD11b expressing neutrophils are responsible for protection against influenza-induced 
pathology 
As shown above, lack of CD11b expression lead to increased pathology after influenza 
infection, which we hypothesized to be due to neutrophil CD11b-mediated responses. 
However, CD11b is also expressed on other myeloid cells, such as eosinophils, monocytes, 
dendritic cells and macrophages. Therefore, we set out experiments to rescue CD11b-/- mice 
from disease by adoptive transfer of 107 WT neutrophils 2h prior to infection. To exclude the 
effect of just additional neutrophils being present, the control group received a similar 
amount of CD11b-/- neutrophils. Adoptive transfer of WT neutrophils decreased weight loss 
at day 8 post-infection compared to CD11b-/- mice either with or without receiving CD11b-/- 
neutrophils (p=0.03 and p=0.0002, respectively). The rescue from pathology does not seem 
to be complete, as WT mice have a slightly higher weight at day 8 post-infection compared to 
WT transferred CD11b-/- mice (97.8% compared to 94.5% of day 0), but this difference was 
not significant (p=0.33). 

The observed effect was present only in animals infected under ether anaesthesia. 
Animals anaesthetized with isoflurane no rescue by adoptive transfer of WT neutrophils, 
albeit differences between WT and CD11b-/- without transfer were also smaller.  
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Figure 6. Adoptive transfer of WT neutrophils rescues from disease, but is dependent on anaesthesia. WT and 
CD11b-/- mice were infected with influenza under sedation with either ether or isoflurane. The difference in 
weightless between WT and CD11b-/- is more pronounced in animals sedated with ether during infection (A) 
than the isoflurane anesthetised group (B), despite a 1.5x higher dose for the isoflurane anesthetised animals. 
IV injection of 106 WT neutrophils 3h before infection decreased the pathology in CD11b-/- mice (C), whereas 
adoptive transfer of CD11b-/- neutrophils did not have any effect. However, this effect was not observed in mice 
infected under isoflurane sedation (D). Data represent means +/- SEM, with pooled data of 5 experiments (N=17-
20) (A,C) or pooled data from 2 individual experiments (N=7-8) (B,D). *, **, *** and **** indicate p<0.05, 0.01, 
0.001 and 0.0001, respectively, as determined by 2-way ANOVA corrected for multiplicity by Sidak’s multiple 
comparison test.  
 

Discussion 
Infection by influenza virus causes pathology that is usually mild. However, in rare cases an 
exaggerated immune response is found that can lead to ARDS (3). This is associated with high 
morbidity and mortality (3). In addition, some influenza viruses are highly pathogenic, with 
the 1918 Spanish Flu (H1N1) being the most extreme case (17). Indeed, many studies have 
shown that a runaway immune response can cause the influenza-induced pathology (2).  

We demonstrate that a lack of CD11b leads to more severe pathology after influenza 
infection in mice and that adoptive transfer of WT neutrophils rescues CD11b-/- mice from 
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pathology. Previous studies examining the role of neutrophils in influenza infection have 
relied on the depletion of neutrophils (3,5) or both neutrophils and monocytes (18, 19) by 
application of depleting antibodies. These studies all show more influenza-induced pathology 
after high doses of neutrophil depleting antibodies. However, neutrophil depletion can have 
serious side-effects: neutrophil-targeting antibodies have been shown in humans to be 
capable of causing immune mediated pathology that potentially leads to fatal transfusion-
related lung injury (TRALI) (20, 21). In mice, neutrophil depletion in the context of TNF-α-
induced inflammation leads to death within 1 hour (22), which raises the question whether 
the observed effect of neutrophil depletion in influenza infection might be due to depletion-
induced inflammation Our study relied on the complete absence CD11b instead of neutrophil 
depletion and, therefore, provides more robust evidence of the involvement of neutrophils 
in suppression of influenza-induced pathology.  
 CD11b has been shown to be involved in neutrophil extravasation, but a lack of CD11b 
does not influence neutrophil extravasation into the lungs (23, 24). This was confirmed in our 
data, which showed increased neutrophil homing into the lungs and BAL of KO mice (figure 
2C and E). The increased neutrophil infiltration in CD11b-/- mice might be caused by the 
increased lung damage and inflammation. Alternatively, as a large number of infiltrating 
neutrophils is hypersegmented, the increased infiltration might reflect infiltration of immune-
suppressive cells which are unable to limit inflammation due to their lack of CD11b.  
 Neutrophils have been shown to phagocytose influenza particles in vitro (25, 26), CD11b 
is critical for phagocytosis of opsonized particles (27) and CD11b has a long list of other ligands 
(28). Therefore, it is possible that CD11b is required for viral clearance. However, we do not 
detect an increase in viral load for the CD11b-/- mice compared to controls, making a defect 
in viral killing unlikely to be causative of differences in pathology. This finding is agreement 
with a previous study in which neutrophil depletion did not affect viral loads (2). On the other 
hand, Tate et al found that control animals had cleared all virus at day 8 post-infection, 
whereas in neutrophil-depleted animals were deficient (6). Along similar lines, Wareing et al. 
showed neutrophil recruitment to the lungs is not required for viral clearance (29), making a 
direct interaction of neutrophil CD11b with viral particles an unlikely cause for the increased 
pathology in CD11b-/- mice. 

We propose that CD11b prevents influenza-induced pathology by suppressing T-cell 
proliferation for the increased pathology is accompanied with increased T-cell numbers in the 
lungs 3 days post-infection (figure 4). This likely concerns the bystander T-cell activation (30) 
instead of influenza-specific T-cells, because viral loads are not different between WT and 
CD11b-/- mice. Interestingly, the higher number and percentage of hypersegmented 
neutrophils in the BAL of CD11b-/- mice suggests that severe pathology is followed by more 
recruitment of hypersegmented neutrophils to control runaway immune activation.  

Differences in tissue T-cell numbers are observed at day 3 post infection, whereas 
differences in weight loss are seen only at day 8. In addition, adoptively transferred WT 
neutrophils were not found in the lungs or spleen of CD11b-/- mice at day 8 post-infection 
(data not shown), which further suggests that the difference in pathology originates from 
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pathology. Previous studies examining the role of neutrophils in influenza infection have 
relied on the depletion of neutrophils (3,5) or both neutrophils and monocytes (18, 19) by 
application of depleting antibodies. These studies all show more influenza-induced pathology 
after high doses of neutrophil depleting antibodies. However, neutrophil depletion can have 
serious side-effects: neutrophil-targeting antibodies have been shown in humans to be 
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related lung injury (TRALI) (20, 21). In mice, neutrophil depletion in the context of TNF-α-
induced inflammation leads to death within 1 hour (22), which raises the question whether 
the observed effect of neutrophil depletion in influenza infection might be due to depletion-
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early on in the infection. Repeated infusions of WT neutrophils might be able to reduce T-cell 
numbers at later time points and further limit pathology.  

Differences in pathology were observed between animals anesthetised with ether or 
isoflurane. To reach a similar extend of weight loss, a 1.5 times higher viral load was 
administered in isoflurane anesthetised mice (figure 6). Similar findings have been described 
previously in a different infection model (31) and might be accountable to either the immune-
suppressive effects of isoflurane (32, 33) or the lung damage induced by ether. In isoflurane 
anaesthetized CD11b-/- mice, adoptive transfer of WT neutrophils did not reduce pathology. 
Possibly, the damage induced by ether causes neutrophils to home to the lungs where they 
can affect the immune response early in infection. On the other hand, the difference in 
pathology between WT and CD11b-/- mice was also smaller in animals infected under 
isoflurane anaesthesia. The lack of an observed effect of adoptive transfer may also have been 
due to a smaller treatment window.  

In conclusion, we demonstrated neutrophil CD11b to be essential in preventing 
pathology during infection with non-lethal doses of influenza virus. This effect on pathology 
was not mediated by increased viral clearance as viral loads were not affected. CD11b-/- mice 
have increased T-cell numbers early in infection and hypersegmented neutrophils were found 
in the BAL during infection. Therefore, we propose CD11b-mediated suppression of T-cell 
responses as preventing pathology during influenza infection. In addition, activating CD11b 
likely prevents pathology, thereby offering an interesting therapeutic target. 
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Supplementary figure S1. Image analysis. (A) The percentage of lung lumen area was determined on H&E 
stained slides of in situ fixed lungs. (B) Colour images were converted to 8-bit greyscale. (C) An ROI was made to 
exclude large blood vessels, bronchi and possible cutting artefacts. (D) A threshold was set (same value for each 
image) and the percentage open area was determined using ImageJ’s “analyse particles” function without 
limitations on size and circularity. For each mouse, the lower tips of both lungs were analysed, the means of 
which were plotted in figure 2B. 

 
   

 
 
Supplementary figure S2. Gating strategy. Lungs digested with collagenase and DNAse I were homogenised and 
analysed by flow cytometry. (A) T-cells were identified as SSClow/CD3+ and further subdivided into CD4+ and CD8+ 
T-cells. (B) Neutrophils were identified as SSCintermediate/Ly6Ghigh/autofluorescencelow in both WT and CD11b-/- 
mice. A similar gating strategy was used for detection of T-cells and neutrophils in the spleen.  
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Abstract 
Background: Inflammatory phenotypes of asthma are associated with differences in 

disease characteristics. It is unknown whether these inflammatory phenotypes are reflected 
by the activation status of neutrophils in blood and sputum.  

Methods: We obtained peripheral blood and induced sputum from 21 asthma 
patients and stratified our samples based on sputum eosinophilia resulting in two groups 
(>3% eosinophils: n=13, <3%: n=8). Eosinophils and neutrophils from blood and sputum were 
analysed for expression of activation- and degranulation markers by flow cytometry. Data 
were analysed by both classical, non-parametric statistics and a multi-dimensional approach, 
using principal component analysis (PCA). 

Results: Patients with sputum eosinophilia were characterised by increased ACQ 
scores and blood eosinophil counts. Both sputum neutrophils and eosinophils displayed an 
activated and degranulated phenotype compared to cells obtained from blood. Specifically, 
degranulation of all granule types were detected in sputum cells, combined with an increased 
expression of the activation markers (activated) Mac-1 (CD11b), Programmed Death-Ligand 1 
(CD274) and a decreased expression of CD62L. CD69 expression was only increased on 
sputum eosinophils. Surface marker expression of neutrophils was similar in the presence or 
absence of eosinophilia, either by single or by multi-dimensional analysis. 

Conclusion: Sputum neutrophils were highly activated and degranulated irrespective 
of sputum eosinophilia. Therefore, we conclude that differences in granulocyte activation in 
sputum and/or blood are not associated with clinical differences in the two groups of asthma 
patients. The finding of PD-L1 expression on sputum granulocytes suggests an immuno-
modulatory role of these cells in the tissue.  
  

 
   

Background 
An estimated 300 million individuals worldwide are affected by asthma.(1) Asthma is 
characterized by airway inflammation, bronchial hyperresponsiveness and reversible airway 
obstruction. Several different inflammatory phenotypes have been identified in asthma, 
which are accompanied by different clinical characteristics. (2) Sputum eosinophilia is 
associated with bronchial hyperresponsiveness, high FeNO and (specific) IgE levels. In 
addition, the presence of either neutrophils or eosinophils in sputum is associated with a 
decreased FEV1 (3, 4). These inflammatory phenotypes are identified by microscopically 
evaluating the percentages of neutrophils and eosinophils in sputum or by transcriptomic 
profiling of whole sputum samples.(2, 5, 6) In addition to microscopic evaluation, cells 
obtained by sputum induction can be analysed by flow cytometry.(7-11) Sputum granulocytes 
analysed by this technique have been shown to display an activated phenotype, with 
upregulation of markers for activation and degranulation on either neutrophils,(11) 
eosinophils(12) or both.(13) However, up to date there are no reports on in depth analysis of 
activation markers comparing blood and sputum granulocytes using multi-dimensional 
analysis. In addition, no studies have been published that adequately compare sputum 
granulocyte expression profiles between patients with different asthma phenotypes. A single 
study did compare the expression levels of two classical activation markers between patients 
with moderate and severe asthma, but did not find a correlation between expression and 
disease severity.(13) Transcriptomic profiling of whole blood and sputum samples showed 
upregulation of neutrophil defensins and proteases in the blood of neutrophilic asthma 
patients, and significant differences between sputum samples of patients with different 
asthma phenotypes. (6, 14) It is unknown, however, whether these differences reflect 
differences in expression of the granulocytes themselves or differences in cell numbers. 
 Traditionally, granulocyte activation markers include adhesion receptors such as the 
integrin Mac-1 (CD11b/CD18) and L-selectin (CD62L). Other activation markers described to 
be upregulated on circulating or sputum granulocytes from asthma patients are the CD11b 
activation epitope CBRM1/5 (15) and the Intercellular Adhesion Molecule-1 (ICAM-1, CD54); 
the latter adhesion receptor was proposed as a therapeutic target for antigen-induced acute 
airway inflammation.(16) The activation marker CD69, which is well known as a T-cell 
activation marker(17), was only shown to be upregulated on eosinophils from 
broncheoalveolar lavage (BAL) when compared to blood cells.(15)  

Neutrophils and eosinophils possess different types of granules containing 
antimicrobial and pro-inflammatory proteins. For neutrophils, release of these proteins to the 
outside of the cell (degranulation) occurs sequentially in response to increasing strength of 
activation signals, with secretory vesicles degranulating by the most mild stimulus, followed 
by tertiary, specific and azurophilic granules.(18-20) The marker for neutrophil tertiary- and 
eosinophil secretory granules (CD11b) was shown to be upregulated on cells from both BAL 
and sputum, compared to blood granulocytes.(15) Markers for specific and 
azurophilic/crystalloid granules were shown to be upregulated on BAL and on sputum 
granulocytes in several diseases, but so far not on sputum cells from asthma patients.(15, 21, 
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integrin Mac-1 (CD11b/CD18) and L-selectin (CD62L). Other activation markers described to 
be upregulated on circulating or sputum granulocytes from asthma patients are the CD11b 
activation epitope CBRM1/5 (15) and the Intercellular Adhesion Molecule-1 (ICAM-1, CD54); 
the latter adhesion receptor was proposed as a therapeutic target for antigen-induced acute 
airway inflammation.(16) The activation marker CD69, which is well known as a T-cell 
activation marker(17), was only shown to be upregulated on eosinophils from 
broncheoalveolar lavage (BAL) when compared to blood cells.(15)  

Neutrophils and eosinophils possess different types of granules containing 
antimicrobial and pro-inflammatory proteins. For neutrophils, release of these proteins to the 
outside of the cell (degranulation) occurs sequentially in response to increasing strength of 
activation signals, with secretory vesicles degranulating by the most mild stimulus, followed 
by tertiary, specific and azurophilic granules.(18-20) The marker for neutrophil tertiary- and 
eosinophil secretory granules (CD11b) was shown to be upregulated on cells from both BAL 
and sputum, compared to blood granulocytes.(15) Markers for specific and 
azurophilic/crystalloid granules were shown to be upregulated on BAL and on sputum 
granulocytes in several diseases, but so far not on sputum cells from asthma patients.(15, 21, 
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22) Degranulation of neutrophil secretory vesicles was shown to occur already in the blood of 
asthma patients.(23, 24) 

Another activation marker of interest, Programmed Death-Ligand 1 (PD-L1, CD274), 
has been implicated in a murine model of airway hyperresponsiveness.(25) The 
immunomodulatory protein CD274 is not as well characterized in granulocytes as in 
lymphocytes, but was shown to responsible for suppression of T-cell responses by interferon-
γ stimulated neutrophils (26) and is highly expressed in granulomas in the lungs of sarcoidosis 
patients, although its expression on granulocytes was not tested by flow cytometry.(27)  

Up to now, all immunophenotyping of sputum cells has been performed by analysis of 
single-dimensional marker expression, which ignores the interaction between multiple 
markers. To overcome this issue, marker expressions and interactions can be studied using 
principal component analysis (PCA). PCA is a multivariate analysis method that detects 
systematic variability within multiple parameters and explores correlations between these 
parameters.(28) It transforms datasets with a large number of measured parameters into a 
smaller number of parameters, called principal components. As the resulting smaller number 
of components is more easily interpreted, it is a preferred technique for analysis of large 
datasets and forms the basis of cluster approaches used to identify asthma phenotypes.(29, 
30) 
 In this study we investigated differences in granulocyte activation and degranulation 
by flow cytometric evaluation of neutrophils and eosinophils isolated from blood and sputum 
of asthma patients with and without sputum eosinophilia, both by single and 
multidimensional analysis. 
 

Methods 
Study population and ethics 
This study was approved by the local medical ethics committee. Patients were recruited at 
the pulmonary outpatient clinic of the University Medical Centre Utrecht (table 1 patient 
baseline characteristics) and gave written informed consent in accordance to the Declaration 
of Helsinki (seventh revision, Fortaleza, 2013).  

Patients were included according to the following criteria: age 18-75 years, having 
adult asthma defined by the GINA guidelines on clinical features (episodic shortness of breath, 
particularly at night and often accompanied by cough and wheezing) and reversibility of FEV1 
(forced expiratory volume in 1s) upon inhalation of 400ug salbutamol (≥12% predicted or 
≥200ml) and/or airway hyperresponsiveness to histamine (PC20 <8mg/ml).(1) Patient 
numbers were calculated to be able to distinguish medium effect sizes with a power of 0.8 
and an α of 0.05 using G*Power 3.1.3. (31)  

Exclusion criteria for the study were smoking in the last twelve months, a smoking 
history ≥10 pack years, treatment with antibiotics <4 weeks ago or confirmed allergic 
bronchopulmonary aspergillosis.  

Blood and sputum samples were stratified on presence or absence of sputum 
eosinophilia based on a cut-off value of three percent sputum eosinophils, as determined by 

 
   

differential count (described below). All samples were collected between 9AM and 1PM to 
minimize effects of diurnal variation such as found in FeNO and haematological parameters. 
(32, 33) 

 
Lung function and clinical parameters 
After inclusion of patients, the Asthma Control Questionnaire (ACQ) and Medication 
Adherence Report Scale (MARS) were filled out. FEV1 measurements were performed by peak 
flow measurement using the PiKo-1 (nSpire Health, Longmont, Co, USA) and FeNO was 
determined using NIOX MINO® (Aerocrine, Solna, Sweden) with an expiration time of 10 
seconds. Absolute blood eosinophil counts were calculated from percentages obtained by 
FACS-analysis (see below) and WBC counts obtained froma Cell-Dyn haematology analyser 
(Abbot Diagnostics, North Chicago, Il, USA). 
 
Blood processing 
Erythrocytes were lysed from sodium heparin blood using lysis buffer consisting of 150 mM 
NH4Cl, 10 mM KHCO3 and 0.1 mM NA2EDTA dissolved in ddH2O. Resulting total leukocyte 
preparations were washed and resuspended in staining buffer consisting of PBS 
supplemented with trisodium citrate (0.32% w/v) (both prepared by the UMCU pharmacy) 
and human pasteurized plasma solution (10% w/v, Sanquin, Amsterdam, the Netherlands). 
 
Sputum induction and processing 
Sputum was induced by inhalation of 0.9-5% saline aerosols and processed as published 
previously using Sputolysin prepared from a 10x stock (Merck Millipore, Darmstadt, Germany) 
and supplemented with NaCl to reach an osmolarity of 280-290mOsm.(34, 35) Cytospin slides 
of sputum cells were stained with May-Grünwald-Giemsa for differential cell count. Samples 
containing >80% squamous epithelial cells were excluded from analysis. Percentages of cells 
in sputum were calculated after exclusion of squamous epithelial cells.(36) Remaining cells 
were resuspended in staining buffer for FACS staining procedure. 
 
Flow cytometry 
Samples were stained with antibodies for 30 minutes on ice at a maximum concentration of 
5 x 106 cells/ml and washed twice before analysis on a Gallios flow cytometer (Beckman 
Coulter, Pasadena, CA, USA).  

Granulocytes in blood were identified based on FSC/SSC and CD16 was used to 
differentiate into neutrophils (CD16+) and eosinophils (CD16-).For sputum samples a different 
sorting strategy was chosen due to the presence of epithelial cells and alveolar macrophages 
with a high SSC (Figure 1). Epithelial cells do not express CD11b and alveolar macrophages are 
highly autofluorescent at emission wavelengths of around 450nm when excited by a 405nm 
laser. Therefore, after exclusion of debris on FSC/SSC, granulocytes were identified as CD11b+ 
and 405/450nm-autofluorescencelow. Subsequently, they were differentiated into neutrophils 
and eosinophils based on CD16 expression and SSC. Analysis was performed on at least 250 
neutrophils/eosinophils. Degranulation of neutrophils was measured using CR1 (CD35), 
integrin αM (CD11b), CEACAM-8 (CD66b) and LAMP-3 (CD63) antibodies for secretory, 
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22) Degranulation of neutrophil secretory vesicles was shown to occur already in the blood of 
asthma patients.(23, 24) 

Another activation marker of interest, Programmed Death-Ligand 1 (PD-L1, CD274), 
has been implicated in a murine model of airway hyperresponsiveness.(25) The 
immunomodulatory protein CD274 is not as well characterized in granulocytes as in 
lymphocytes, but was shown to responsible for suppression of T-cell responses by interferon-
γ stimulated neutrophils (26) and is highly expressed in granulomas in the lungs of sarcoidosis 
patients, although its expression on granulocytes was not tested by flow cytometry.(27)  

Up to now, all immunophenotyping of sputum cells has been performed by analysis of 
single-dimensional marker expression, which ignores the interaction between multiple 
markers. To overcome this issue, marker expressions and interactions can be studied using 
principal component analysis (PCA). PCA is a multivariate analysis method that detects 
systematic variability within multiple parameters and explores correlations between these 
parameters.(28) It transforms datasets with a large number of measured parameters into a 
smaller number of parameters, called principal components. As the resulting smaller number 
of components is more easily interpreted, it is a preferred technique for analysis of large 
datasets and forms the basis of cluster approaches used to identify asthma phenotypes.(29, 
30) 
 In this study we investigated differences in granulocyte activation and degranulation 
by flow cytometric evaluation of neutrophils and eosinophils isolated from blood and sputum 
of asthma patients with and without sputum eosinophilia, both by single and 
multidimensional analysis. 
 

Methods 
Study population and ethics 
This study was approved by the local medical ethics committee. Patients were recruited at 
the pulmonary outpatient clinic of the University Medical Centre Utrecht (table 1 patient 
baseline characteristics) and gave written informed consent in accordance to the Declaration 
of Helsinki (seventh revision, Fortaleza, 2013).  

Patients were included according to the following criteria: age 18-75 years, having 
adult asthma defined by the GINA guidelines on clinical features (episodic shortness of breath, 
particularly at night and often accompanied by cough and wheezing) and reversibility of FEV1 
(forced expiratory volume in 1s) upon inhalation of 400ug salbutamol (≥12% predicted or 
≥200ml) and/or airway hyperresponsiveness to histamine (PC20 <8mg/ml).(1) Patient 
numbers were calculated to be able to distinguish medium effect sizes with a power of 0.8 
and an α of 0.05 using G*Power 3.1.3. (31)  

Exclusion criteria for the study were smoking in the last twelve months, a smoking 
history ≥10 pack years, treatment with antibiotics <4 weeks ago or confirmed allergic 
bronchopulmonary aspergillosis.  

Blood and sputum samples were stratified on presence or absence of sputum 
eosinophilia based on a cut-off value of three percent sputum eosinophils, as determined by 

 
   

differential count (described below). All samples were collected between 9AM and 1PM to 
minimize effects of diurnal variation such as found in FeNO and haematological parameters. 
(32, 33) 

 
Lung function and clinical parameters 
After inclusion of patients, the Asthma Control Questionnaire (ACQ) and Medication 
Adherence Report Scale (MARS) were filled out. FEV1 measurements were performed by peak 
flow measurement using the PiKo-1 (nSpire Health, Longmont, Co, USA) and FeNO was 
determined using NIOX MINO® (Aerocrine, Solna, Sweden) with an expiration time of 10 
seconds. Absolute blood eosinophil counts were calculated from percentages obtained by 
FACS-analysis (see below) and WBC counts obtained froma Cell-Dyn haematology analyser 
(Abbot Diagnostics, North Chicago, Il, USA). 
 
Blood processing 
Erythrocytes were lysed from sodium heparin blood using lysis buffer consisting of 150 mM 
NH4Cl, 10 mM KHCO3 and 0.1 mM NA2EDTA dissolved in ddH2O. Resulting total leukocyte 
preparations were washed and resuspended in staining buffer consisting of PBS 
supplemented with trisodium citrate (0.32% w/v) (both prepared by the UMCU pharmacy) 
and human pasteurized plasma solution (10% w/v, Sanquin, Amsterdam, the Netherlands). 
 
Sputum induction and processing 
Sputum was induced by inhalation of 0.9-5% saline aerosols and processed as published 
previously using Sputolysin prepared from a 10x stock (Merck Millipore, Darmstadt, Germany) 
and supplemented with NaCl to reach an osmolarity of 280-290mOsm.(34, 35) Cytospin slides 
of sputum cells were stained with May-Grünwald-Giemsa for differential cell count. Samples 
containing >80% squamous epithelial cells were excluded from analysis. Percentages of cells 
in sputum were calculated after exclusion of squamous epithelial cells.(36) Remaining cells 
were resuspended in staining buffer for FACS staining procedure. 
 
Flow cytometry 
Samples were stained with antibodies for 30 minutes on ice at a maximum concentration of 
5 x 106 cells/ml and washed twice before analysis on a Gallios flow cytometer (Beckman 
Coulter, Pasadena, CA, USA).  

Granulocytes in blood were identified based on FSC/SSC and CD16 was used to 
differentiate into neutrophils (CD16+) and eosinophils (CD16-).For sputum samples a different 
sorting strategy was chosen due to the presence of epithelial cells and alveolar macrophages 
with a high SSC (Figure 1). Epithelial cells do not express CD11b and alveolar macrophages are 
highly autofluorescent at emission wavelengths of around 450nm when excited by a 405nm 
laser. Therefore, after exclusion of debris on FSC/SSC, granulocytes were identified as CD11b+ 
and 405/450nm-autofluorescencelow. Subsequently, they were differentiated into neutrophils 
and eosinophils based on CD16 expression and SSC. Analysis was performed on at least 250 
neutrophils/eosinophils. Degranulation of neutrophils was measured using CR1 (CD35), 
integrin αM (CD11b), CEACAM-8 (CD66b) and LAMP-3 (CD63) antibodies for secretory, 
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tertiary, specific, and azurophilic, respectively.(19) For eosinophils, LAMP-3 was used as a 
marker for crystalloid (specific/secondary) granule degranulation (37) and CD11b as a marker 
for secretory (sombrero) vesicles (20). Since CD63 is also expressed on activated platelets, its 
expression was only determined on cells negative for platelet marker CD41.(38) 

Antibodies used were CD11b-APC-Alexa750 (clone Bear1), CD16-Krome Orange (3G8), 
CD274-PeCy7 (PDL1.3.1) and CD62L-ECD (DREG56) from Beckman Coulter (Pasadena, CA, 
USA), CD35-FITC (E11) from Biolegend (San Diego, CA, USA. CD63-PE (H5C6), CD69-PeCy7 
(FN50), IgG1 isotype control-PE (X40), IgG2a isotype control-FITC (X39) and the Annexin-V PE 
apoptosis kit I from BD (San Jose, CA, USA), active CD11b-Alexa700 (CBRM1/5) from 
eBiosciences (San Diego, CA, USA), CD54-PE (MEM-111) from EXBIO Praha (Vestec, Czech 
Republic) and CD41-FITC (VIPL3) from Life Technologies (Carlsbad, CA, USA).  
 

 Figure 1. Gating strategy to identify sputum granulocytes. (A) A FSC/SSC gate is used to exclude most debris 
and lymphocytes. (B) Subsequently, cells positive for CD11b and negative for ~450nm autofluorescence were 
gated to exclude residual lymphocytes and alveolar macrophages (which are highly autofluorescent). (C) The 
resulting granulocytes were subdivided in neutrophils and eosinophils based on SSC and expression of CD16. (D) 
The resulting neutrophil and eosinophil population show FSC/SSC patterns similar to those in blood, with a 
higher SSC for eosinophils and higher FSC for neutrophils.  
 
Data analysis and representation 
FCS express 4.0 (De Novo Software, Los Angeles, CA, USA) was used for evaluation of flow 
cytometric data and determination of median fluorescence intensities. Data were plotted as 
boxes representing median +/-IQR with error bars plotted according to Tukey’s method in 
Prism 6.04 (GraphPad Software, La Jolla, CA, USA). Statistical analysis was performed in SPSS 
Statistics 22 (IBM, Armonk, NY, USA). Samples were compared using multiple Wilcoxon-
Mann-Whitney tests or Related-samples Wilcoxon signed-rank tests where applicable. 
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Correction for multiple testing was performed using the Bonferroni Method. Correlations 
between parameters were determined using Spearman’s Correlation Coefficient.  

Principal Component Analysis (PCA), was performed as described extensively 
elsewhere.(28) In short, PCA was performed on the MFIs of all measured parameters (except 
isotype controls) using SPSS Statistics 22. MFIs were classified as numerical data, missing 
values were mode imputed and discretization was used. Scree plots (not shown) were used 
to determine the required amount of components. Data points with object scores of >3.5 or 
<-3.5 were considered as outliers and excluded from the analysis. Graphs of object scores and 
loading plots were made in Prism 6.04. 
 
Results 
Patient characteristics 
Sputum and blood samples were obtained from 21 patients (table 1 patient baseline 
characteristics). Thirteen patients (68%) had more than 3% eosinophils in their sputum 
samples. This sputum eosinophilia was accompanied with higher eosinophil counts in 
peripheral blood (p=0.007), less well controlled asthma (p=0.035) and trends toward higher 
FeNO, more medication use and lower absolute FEV1 (p=0.09, 0.09 and 0.053 respectively).  
 
Table 1. Patient baseline characteristics at time of sputum induction grouped for sputum eosinophilia 

 >3% sputum eo <3% sputum eo p-value * 
Number  13 8 NA 
Gender M/F  9/4 4/4 0.88 
Age (years) 45 (19-66) 47 (25-54) 0.45 
BMI (kg/m2) 27 (22-35) 27 (22-32) 0.885 
FeNO (ppb) 32 (16-215) 23 (12-42) 0.09 
ACQ score 2.3 (0.0-4.4) 1.3 (0.14-2.0) 0.035 
Blood Eosinophil Count (109/mL) 0.68 (0.1-1.2) 0.18 (0.0-0.5) 0.007 
Medica�on † 4 (3-5) 3.5 (0-4) 0.09 
FEV1 (L) 2.4 (1.5-3.9) 3.5 (2.3-4.0) 0.053 
FEV1 (% predicted) 76 (61-105)  89 (61-113) 0.16 
Reversibility FEV1 ‡ 0.47 (0.0-16.6) 0.43 (0.0-4.9) 0.46 
Sputum eosinophils (%) § 29 (3-82) 0 (0-1) NA 
Sputum neutrophils (%) § 39 (10-77) 49 (19-83) 0.41 

 Values are medians +/- range unless indicated otherwise. 
* Based on Wilcoxon-Mann-Whitney test or Fisher’s exact test where appropriate 
† 5-point ordinal scale based on guidelines of the British Thoracic Society , with 0) no medication, 1) inhaled 
SABA when required 2) low dose ICS + SABA 3) low/medium dose ICS + LABA, or medium dose ICS + LABA 4) High 
dose ICS +/- LABA and leukotrien receptor antagonist test and 5) High dose ICS + OCS +/- LABA  
‡ Percentage reversibility in FEV1 (corrected for age, gender, length and bodyweight) a�er inhala�on of 2x 
100μg salbutamol 
§ As determined by microscopic evaluation 
Abbreviations: BMI: body mass index, FeNO: forced exhaled nitric oxide, ACQ: Asthma Control Questionnaire, 
FEV1: Forced Expiratory Volume in 1 sec, NA: Not applicable. 
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Correction for multiple testing was performed using the Bonferroni Method. Correlations 
between parameters were determined using Spearman’s Correlation Coefficient.  

Principal Component Analysis (PCA), was performed as described extensively 
elsewhere.(28) In short, PCA was performed on the MFIs of all measured parameters (except 
isotype controls) using SPSS Statistics 22. MFIs were classified as numerical data, missing 
values were mode imputed and discretization was used. Scree plots (not shown) were used 
to determine the required amount of components. Data points with object scores of >3.5 or 
<-3.5 were considered as outliers and excluded from the analysis. Graphs of object scores and 
loading plots were made in Prism 6.04. 
 
Results 
Patient characteristics 
Sputum and blood samples were obtained from 21 patients (table 1 patient baseline 
characteristics). Thirteen patients (68%) had more than 3% eosinophils in their sputum 
samples. This sputum eosinophilia was accompanied with higher eosinophil counts in 
peripheral blood (p=0.007), less well controlled asthma (p=0.035) and trends toward higher 
FeNO, more medication use and lower absolute FEV1 (p=0.09, 0.09 and 0.053 respectively).  
 
Table 1. Patient baseline characteristics at time of sputum induction grouped for sputum eosinophilia 

 >3% sputum eo <3% sputum eo p-value * 
Number  13 8 NA 
Gender M/F  9/4 4/4 0.88 
Age (years) 45 (19-66) 47 (25-54) 0.45 
BMI (kg/m2) 27 (22-35) 27 (22-32) 0.885 
FeNO (ppb) 32 (16-215) 23 (12-42) 0.09 
ACQ score 2.3 (0.0-4.4) 1.3 (0.14-2.0) 0.035 
Blood Eosinophil Count (109/mL) 0.68 (0.1-1.2) 0.18 (0.0-0.5) 0.007 
Medica�on † 4 (3-5) 3.5 (0-4) 0.09 
FEV1 (L) 2.4 (1.5-3.9) 3.5 (2.3-4.0) 0.053 
FEV1 (% predicted) 76 (61-105)  89 (61-113) 0.16 
Reversibility FEV1 ‡ 0.47 (0.0-16.6) 0.43 (0.0-4.9) 0.46 
Sputum eosinophils (%) § 29 (3-82) 0 (0-1) NA 
Sputum neutrophils (%) § 39 (10-77) 49 (19-83) 0.41 

 Values are medians +/- range unless indicated otherwise. 
* Based on Wilcoxon-Mann-Whitney test or Fisher’s exact test where appropriate 
† 5-point ordinal scale based on guidelines of the British Thoracic Society , with 0) no medication, 1) inhaled 
SABA when required 2) low dose ICS + SABA 3) low/medium dose ICS + LABA, or medium dose ICS + LABA 4) High 
dose ICS +/- LABA and leukotrien receptor antagonist test and 5) High dose ICS + OCS +/- LABA  
‡ Percentage reversibility in FEV1 (corrected for age, gender, length and bodyweight) a�er inhala�on of 2x 
100μg salbutamol 
§ As determined by microscopic evaluation 
Abbreviations: BMI: body mass index, FeNO: forced exhaled nitric oxide, ACQ: Asthma Control Questionnaire, 
FEV1: Forced Expiratory Volume in 1 sec, NA: Not applicable. 
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Viability of sputum granulocytes 
After processing of sputum samples, the viability of the cells in the sample was determined 
by Annexin-V and 7-AAD staining.(39) Sputum neutrophils and eosinophils were typically 90-
95% alive (Figure 2) and 5-10% necrotic or late apoptotic. Less than 1% of sputum cells was 
Annexin-V single positive and, thus, early apoptotic.  
 

 
Figure 2. Viability of sputum 
granulocytes. Sputum cells are typically 
>90% viable, with <1% early apoptotic 
Annexin-V single positive cells and the 
remainder being necrotic or late 
apoptotic. Bars depict means with SD 
patients with (n=13) and without (n=8) 
sputum eosinophilia. 
 
 
 
 

 
Expression of activation markers in blood and sputum 
Both neutrophils and eosinophils showed an activated phenotype in sputum compared to 
blood (Figure 3 and Supplementary Figure 1). CD62L was shed from sputum neutrophils and 
eosinophils. An increased CD69 expression was found only on sputum eosinophils, whereas 
CD11b, CBRM1/5 and CD274 were upregulated on both cell types. Expression of CD54 was 
not detected, irrespective of cell or sampling location. Increased expression of markers for 
tertiary (CD11b), specific (CD66b) and azurophilic/crystalloid (CD63) granules indicated a 
highly degranulated state for sputum granulocytes.  

In contrast to the marked differences in expression patterns between blood and 
sputum granulocytes, no significant differences were detected when comparing expression 
levels of markers on blood and sputum cells isolated from individuals with high and low 
eosinophil counts in sputum (Figure 4). In addition, no significant correlations were found 
between ACQ score, FEV1 (percentage predicted and/or absolute value) and expression of 
any of the granulocyte markers (data not shown). Due to the absence or small numbers of 
eosinophils in patients with <3% sputum eosinophils surface marker expressions of these cells 
could not be sufficiently compared between patient groups. 
 

 
   

 
Figure 3. Expression profiles of blood granulocytes compared to sputum. Expression of activation markers on 
blood and sputum neutrophils (A-C, N=21) and eosinophils (E-F, N=13). Since CD11b is both a classical activation 
marker and a marker for degranulation of tertiary granules, it is displayed twice. Boxes represent medians +/- 
IQR with whiskers of 1.5 IQR as according to Tukey’s method. Light grey fills represent data points below the 
isotype control median measured on blood granulocytes. 
* indicates p<0.05, ** p<0.001 significant differences between blood and sputum as determined by multiple 
Wilcoxon signed-rank test corrected for multiplicity by Bonferroni correction. 
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Figure 4. Expression profiles of sputum granulocytes in patients with presence of absence of sputum 
eosinophilia. Expression profiles of (A) blood neutrophils, (B) blood eosinophils and (C) sputum neutrophils are 
similar in patients with presence or absence of sputum eosinophilia. Boxes represent medians +/- IQR with 
whiskers of 1.5 IQR, as according to Tukey’s method. Light grey fills indicate values below the median isotype 
control. No statistically significant differences were found as determined by multiple Wilcoxon-Mann-Whitney 
tests with Bonferroni correction (p<0.05 after multiplicity correction). 

 
   

Principal component analysis (PCA) 
PCA was performed on the neutrophil data and eosinophil data for the patients with adequate 
numbers of sputum eosinophils (Figure 5). Scree plots (not shown) indicated that all PCAs 
comparing blood and sputum samples required 2 components and the PCA comparing the 
two asthma phenotypes required 4 components. 

Principal component 1 accurately separates samples from blood and sputum for both 
neutrophils (Figure 5A) and eosinophils (Figure 5B), demonstrating that receptor expression 
profiles differ between sampling locations. The first principal component accounted for a 
total of 55% and 52% of the variation in receptor expression for neutrophils and eosinophils, 
respectively. Principal component 2 described a further 16% and 23% of the variation. 

In contrast, none of the four principal components distinguished between patients 
with or without eosinophils in their sputum after a PCA on the combined data of blood 
eosinophils, blood neutrophils and sputum neutrophils (Figure 5C). Separate PCA of surface 
marker data for blood eosinophils, blood neutrophils and sputum neutrophils did also not 
distinguish between patient groups (Supplementary Figure 2).  

 

Discussion 
In our study, asthma patients (n=21) were characterized by presence or absence of sputum 
eosinophilia (>3% eosinophils: n=13, <3%: n=8) at the time of inclusion. At inclusion, the two 
patient groups showed clear differences in clinical parameters. Patients with sputum 
eosinophilia had more uncontrolled asthma, blood eosinophilia and trends towards higher 
FeNO, increased medication use and lower FEV1.  

However, there were no differences in the expression of activation and degranulation 
markers between the two patient groups. No correlations were found between surface 
expression markers and markers of disease severity such as ACQ or FEV1. Post-hoc analysis of 
the effect size for each marker revealed a median effect sizes r of 0.146 (range 0.032-0.345), 
indicating that any effects missed due to the small sample size would have been small. 
Therefore, we conclude that activation or degranulation of granulocytes in both blood and 
sputum are not associated with clinical differences in eosinophilic and non-eosinophilic 
asthma, defined by sputum analysis. The absence of differences in marker expressions on 
sputum neutrophils is in line with the finding of an activated phenotype of neutrophils in the 
BAL of both healthy volunteers and COPD patients (40) and supports the hypothesis that the 
process of recruitment to the per se leads to granulocyte activation. Our results do confirm 
that sputum granulocytes have increased expression of the classical activation marker CD11b 
and decreased CD62L expression.(8, 10-13) Both neutrophils and eosinophils display a highly 
degranulated phenotype, with upregulation of markers for tertiary, specific and azurophilic 
granules on neutrophils and crystalloid and secretory granules on eosinophils. Interestingly, 
the expression of secretory granule marker CR1 (CD35) was already high on blood cells and 
did not increase further on sputum cells. This can be explained by the fact that secretory 
vesicles are the first to fuse with the membrane and that in the peripheral blood of asthma
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tests with Bonferroni correction (p<0.05 after multiplicity correction). 
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Figure 5. Multi-dimensional analysis of flow cytometric data. Object scores of each patient (left) and loading 
plots of each marker(right) of principal component analysis (PCA) of receptor expression levels on blood and 
sputum neutrophils (A) and eosinophils (B). Dashed lines originate from the mean object scores of a group. 
Component 1 showed a clear separation between blood and sputum cell types with some residual variation 
explained by component 2. Loading plots indicate the contribution of each marker in a component, with a large 
distance from 0 indicating a large influence. Markers which are not (differently) expressed remain close to zero 
on the x-axis, so play little role in the component 1. Markers upregulated in sputum have positive values for 
component 1 (e.g. CD11b), whereas downregulated markers (CD62L) have negative values. PCA analysis did not 
discriminate between patient groups (C) in any of the four components. Group sizes were 21 (A),13 (B) and 21 
(C). 

 
patients this process has already taken place.(23, 24) Alternatively, CR1 may have been shed 
from the cell surface, as described in other diseases.(41) 

CD54 has been described as an eosinophil activation marker,(42, 43) which is 
expressed on sputum eosinophils.(12) However, in line with another study,(8) we did not 
detect CD54 expression on sputum granulocytes, whilst using the same antibody clone (MEM-
111). The reason for this discrepancy remains to be elucidated. We show CD69 to be an 
activation marker expressed on sputum eosinophils, just as found on BAL eosinophils.(15) 

Another important finding is the high upregulation of immune-regulatory protein 
CD274 on sputum neutrophils, and to a lesser extent on eosinophils (see Figure 3). Immune 
suppressive blood neutrophils have been shown to upregulate mRNA for this marker during 
acute inflammation and employ it for suppression of T-cell proliferation.(26) In the lungs, 
these cells cannot be as easily identified, as cells have shed CD62L after leaving the 
bloodstream, but the expression of CD274 does support the view that sputum neutrophils 
might have a suppressive phenotype. Interestingly, high expression has also been found in 
sarcoid lung granulomas, even though the expression of CD274 on neutrophils was not 
studied specifically. In addition, blockade of PD-1 (the receptor for CD274) pathway restores 
T-cell functioning in vitro.(27) In conclusion, the expression of CD274 in the lungs of asthmatic 
patients favours the hypothesis that sputum cells can modulate inflammation in asthma 
rather than merely causing tissue damage and perpetuation of the inflammatory response. 

In conclusion, granulocytes in sputum display a highly activated and degranulated 
phenotype compared to granulocytes in peripheral blood. However, sputum granulocytes 
receptor profiles do not differ in presence or absence of sputum eosinophilia in patients with 
asthma. Furthermore, we found the immune-inhibitory protein CD274 to be specifically 
expressed on sputum cells, supporting the hypothesis that sputum granulocytes can have an 
immune-modulatory instead of a detrimental role in asthma. 
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Supplementary Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary figure S1. Representative histograms of all measured markers in blood (red) and sputum (blue). 
Filled, solid lines represent the relevant marker/antibody, dashed lines indicate isotype controls Histograms are 
binned and normalised for peak values.  
 
 

 
   

  
 
Supplementary figure S2. Object scores of PCA on marker expression for each cell type and location. PCA was 
performed on A) blood neutrophils, B) sputum neutrophils and C) sputum eosinophils separately. None of these 
analyses was able to discriminate between patient groups. Dashed lines originate from the median object score 
of the two patient groups. N=13 for >3% sputum eosinophils and N=8 for <3% sputum eosinophils. 
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Abstract  
Little is known about the kinetics of inflammatory cells in blood and sputum of patients with 
inflammatory lung disease. The kinetics of granulocytes in circulation and sputum were 
studied by labelling 11 healthy volunteers, 6 cystic fibrosis (CF) patients and 9 eosinophilic 
asthma (EA) patients with 6,6-2H2-glucose for 6 hours. Neutrophils, eosinophils and free DNA 
(only in CF sputum) were isolated from both blood and sputum at different time points, and 
DNA 2H-enrichment was determined by GC-MS. 

The neutrophil compartment in CF patients exhibited a ~1 day shorter maturation time 
in bone marrow compared to healthy controls, while the neutrophil compartment of EA 
patients was unaffected. In contrast, the eosinophil compartment in EA patients was 
characterized by a ~1 day longer maturation time in BM compared to healthy controls, while 
the dynamics of eosinophils of CF patients were marginally affected. In addition, eosinophil 
turnover in the circulation was significantly faster in EA patients than in healthy controls. 
While the kinetics of neutrophils in blood and sputum were highly comparable, eosinophils 
seemed to follow different labelling patterns in blood and sputum. These findings suggest 
that neutrophils survive only briefly in sputum, while eosinophils in sputum can survive much 
longer. The 2H-kinetics of free DNA in the sputum of CF patients was similar to that of 
neutrophils in blood and sputum, yet with a delay of around 1 day. 

These findings provide critical insight into the behaviour of both neutrophils and 
eosinophils in blood and lungs during inflammatory conditions. Our data support longevity of 
eosinophils in the sputum of EA and CF patients, but contrast the widely held view that 
neutrophils survive for relatively long periods of time in the sputum of lung patients with 
neutrophil inflammation.   

 
   

Introduction 
Accumulation of eosinophils in the bronchial airways and sputum is characteristic for 
eosinophilic asthma (EA) (1, 2), whereas in cystic fibrosis (CF) neutrophils are the predominant 
immune cell(3). In both diseases, both types of granulocytes are highly activated in the 
sputum and BAL when they are detected in these samples (4). Granulocytes obtained from 
the lung lumen express markers indicative for degranulation (5, 6). In addition, depositions of 
cytotoxic granule proteins (Eosinophil cationic protein and neutrophil elastase) are found in 
the sputum of both patient groups (7-9). Characteristic for CF is neutrophil-derived DNA in 
the sputum and BAL, which has been reported to contribute to disease severity (10). 

Eosinophils are a therapeutic target in EA patients as improper mobilization and 
activation of these cells are considered to be involved in the pathogenesis of asthma(1). At 
this moment only two therapeutic strategies interfere significantly with these processes in 
vivo: treatment with glucocorticosteroids (GCS) (11) and injection of monoclonal antibodies 
directed against interleukin (IL)-5 (12-15). Treatment with GCS is associated with lowering of 
eosinophil numbers in the sputum (16). This is thought to be mediated by eosinophil 
apoptosis, as treatment of eosinophils in vitro leads to apoptosis of these cells (17). However, 
clear data supporting this hypothesis in vivo are still lacking. Treatment with Mepolizumab 
reduces eosinophil production in the bone marrow by blocking the 
proliferation/differentiation factor IL-5 (12). Surprisingly, this treatment was shown to reduce 
the number of circulating eosinophils by more than 90% in 4 weeks, whereas only a 50% 
reduction was observed in eosinophil numbers in bronchial biopsies and sputum samples, 
even after 10 weeks of therapy (18, 19). This raises the question whether eosinophils in the 
lungs are long-lived, or whether the few eosinophils that are produced in the presence of 
Mepolizumab preferentially home towards the lungs of asthma patients.  
Neutrophils are a therapeutic target in lung diseases associated with neutrophilic 
inflammation such as COPD and CF. However, up to date, no medication is available that can 
reduce neutrophil production in the bone marrow other than cytostatic drugs such as 
azathioprine and methotrexate. These have been tested in severe asthma (20) and CF (21), 
but with limited success. 

GCS are commonly used for the treatment of asthma and CF (11) although their role 
in the treatment of CF is controversial (17). Some studies argue that GCS are increasing 
neutrophil survival and might actually prevent the resolution of inflammation. In asthma, GCS 
have been proven particularly successful in reducing symptoms in patients with eosinophilic 
asthma, but less in patients with non-eosinophilic asthma (22). The lack of effect of GCS in CF 
and other neutrophil-associated diseases might be attributed to the in vitro finding that GCS 
induce eosinophil apoptosis, but prevent neutrophil apoptosis(23, 24). Oral administration of 
GCS (OCS) was shown to increase neutrophil numbers in the bronchial mucosa of asthma 
patients, which might be in support of the hypothesis that GCS cause increased neutrophil 
survival. In the same study, however, inhaled GCS (ICS) did not have an effect on neutrophil 
numbers in sputum or mucosa, which might indicate that the increased neutrophil number 
with OCS are not caused by increased survival in the lungs (25). 
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Similar to the situation with eosinophils, little is known about neutrophil kinetics in 
the lung in health and disease. Estimates for the circulatory lifespan of neutrophils range from 
7h to 5 days (26, 27) and chapter 3). After leaving the bloodstream, neutrophils have been 
postulated to survive for several more days in tissues (28), although these results were 
obtained using toxic labelling strategies(29) in cats. In human lungs it has been suggested that 
neutrophils survive for at least two days, as reinjection of 111In-radiolabelled neutrophils in 
COPD patients resulted in detection of radioactivity 1 to 5 days after all radiolabelled 
neutrophils had left the circulation (30). Unfortunately, however, in the latter study sputum 
samples were not analysed for the presence of intact neutrophils and ex vivo manipulation 
may have affected neutrophil homing (29, 31).  

In vivo deuterium (2H) labelling allows labelling of untouched cells with a non-toxic 
and non-radioactive label (32). Here we report the deuterium labelling results of 11 healthy 
volunteers, 6 CF patients and 9 EA patients who have been labelled with 2H in the form of 6,6-
2H2-glucose (1 g/kg bodyweight) for 6 hours. Neutrophils and eosinophils were isolated from 
blood and sputum at several time points after intake of label. Based on the deuterium 
enrichment in the DNA of these cells, we aimed to determine the kinetics of these cells in 
both blood and lungs. In addition, we have estimated the turnover of free DNA in the sputum 
of CF patients.  
 

Materials and Methods 
Approval 
Patients were recruited from the outpatient clinic in the UMC Utrecht, healthy controls were 
recruited by advertisements in the UMC Utrecht and Utrecht University in Utrecht, the 
Netherlands. All participants gave written informed consent in accordance to the Declaration 
of Helsinki (seventh revision, Fortaleza, 2013). This study was approved by the local ethical 
review board (METC) in accordance to Dutch legislation.  
 
Study population 
Healthy volunteers, eosinophilic asthma patients and CF patients were all included with an 
age between 18-75 years. For patient characteristics, see table 1. Adult asthma was defined 
according to the GINA guidelines, based on clinical features (episodic shortness of breath, 
particularly at night and often accompanied by cough/wheezing) and reversibility of FEV1 
(forced expiratory volume in 1s) upon inhalation of 400µg salbutamol (≥12% predicted or 
≥200ml) and/or airway hyperresponsiveness to histamine (PC20 <8mg/ml) (11). 
Subsequently, eosinophilic asthma was defined by sputum eosinophilia (≥3%) on the most 
recent sputum induction.  

CF patients were identified by proven CF by sweat test (sweat Cl concentration > 
60mmol/l) or 2 disease-causing mutations in the CFTR gene. Most exclusion criteria were 
similar for all groups: smoking (previous 12 months or >10 pack years), chronic infections (e.g. 
STD’s, HIV), and drug or alcohol abuse. For healthy volunteers the use of any medication 
(except contraceptives and pain killers) was an additional exclusion criterion. Asthma patients 

 
   

with proven allergic bronchopulmonary aspergillosis were also excluded. Since CF-related 
diabetes might lead to aberrant incorporation of label (33), insulin-dependent CF patients 
were excluded from the study.  

 
Labelling and sampling procedure   
In vivo 2H-labelling was performed as published previously (32). In short, volunteers were 
asked to refrain from food intake for at least 4h prior to the start of the procedure. Volunteers 
drank 12 half-hourly doses of metabolic grade 6,6-2H2-glucose amounting to a total of 1g/kg 
bodyweight (Cambridge Isotope Laboratories, Tewksbury, MA, USA). 6,6-2H2-glucose was 
metabolized and incorporated into the DNA of dividing cells via the de novo nucleotide 
synthesis pathway17,18. To determine the availability of label (plasma glucose enrichment) 
during the labelling procedure, small blood samples were collected on filter paper by finger 
pricks (34). Blood glucose concentration was determined from frozen plasma samples using 
a Precision XceedPro analyser (Abbott Diabetes Care, Alameda, CA, USA). Cells were isolated 
from blood collected by venapuncture before start of the labelling procedure and at five later 
time points. Induced sputum was obtained at two time points after collection of blood. Time 
points varied between volunteers to maximize the information obtained about cellular 
kinetics.  

 
Figure 1. Flowchart of the study design 
 
Blood processing 
Blood was collected in sodium heparin tubes. Erythrocytes were lysed using lysis buffer 
consisting of 150 mM NH4Cl, 10 mM KHCO3 and 0.1 mM NA2EDTA dissolved in ddH2O. 
Resulting total leukocyte preparations were washed and resuspended in FACS staining buffer 
consisting of PBS supplemented with trisodium citrate (0.32% w/v) (both from UMCU 
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pharmacy) and human pasteurized plasma solution (10% w/v, Sanquin, Amsterdam, the 
Netherlands). 
 
Sputum induction and processing 
Sputum was induced by inhalation of 0.9-5% saline aerosols unless patients had a predicted 
FEV1 below 30% and patients were asked for spontaneous sputum. Single cell suspensions 
were obtained by 15 min 37°C incubation with 4:1 (w/vol) Sputolysin (Merck Millipore, 
Darmstadt, Germany) adjusted to 280-290mOsm with NaCl, whilst slowly dissociating using a 
wide-tip Pasteur pipette (35, 36). For CF sputa, bovine pancreas DNase I (Roche, Basel, 
Switzerland) was added during the last 10 min at a concentration of 1mg/ml. Resulting cell 
suspensions were filtered through a 48μm nylon filter and washed with PBS. Absolute cell 
counts in sputum were determined using a CELL-DYN Emerald haemocytometer (Abbott 
Diagnostics, Abbott Park, IL, USA). Differential counts were performed on cytospin slides of 
sputum cells stained with May-Grünwald-Giemsa. Percentages of cells in sputum for 
determination of asthma subtype were calculated after exclusion of squamous epithelial cells 
as published previously(37). For calculation of absolute neutrophil and eosinophil counts from 
total sputum counts, squamous epithelial cells were not excluded from analysis. Remaining 
cells were washed and resuspended in PBS for FACS staining procedure. Free DNA was 
collected from CF sputum supernatants before addition of DNAse I by spinning down small 
samples to remove cells. DNA was isolated using a NucleoSpin Blood kit according to 
producers' instructions (MACHEREY-NÄGEL, Düren, Germany). 

DNA concentrations from samples were determined using a NanoDrop 2000 (Thermo 
scientific, Waltham, MA, USA). The total amount of free DNA was calculated from the DNA 
concentration and the weight of the sputum sample. 

 
Granulocyte isolation  
Single cell suspensions from sputum were stained with LIVE/DEAD violet cell staining kit (Life 
technologies (Thermo Fisher Scientific, Waltham, MA, USA) in PBS. After washing, cells were 
stained in FACS staining buffer with the following antibodies: CD14-ECD (clone RMO52, 
Beckman Coulter Pasadena, CA, USA), CD62L-PE (clone SK11), CD16-FITC (clone 3G8) (both 
from BD Biosciences, San Jose, CA, USA), CD193-Alexa647, CD206-PerCP/Cy5.5 (both from 
Biolegend, San Diego, CA, USA) and CD9 (unlabelled clone S32, a kind gift from ing. D. 
Kanters). Anti-CD9 was counterstained after three washes with Goat-anti-mouse-IgM-PC7 
(SouthernBiotech, Birmingham, AL, USA). Blood samples were stained similarly, but without 
LIVE/DEAD violet and CD206.  

Cells were isolated using an AriaIII FACS sorter (BD, Biosciences). Blood granulocytes 
were identified based on a FSC/SSC granulocyte gate, doublet exclusion and CD14neg (see 
supplementary figure 1 for gating strategy). Subsequently, neutrophils were identified as 
CD16high and eosinophils as CD9high. Sputum cells were gated similarly, with addition of a 
Live/DEAD stain to exclude necrotic cells and highly auto-fluorescent cells. Sorted populations 
were re-analysed (typically >99% pure). Cellular DNA was isolated from fresh samples using a 

 
   

NucleoSpin Blood kit according to producers' instructions (MACHEREY-NAGEL, Düren, 
Germany). 

 
Determination of DNA 2H enrichment  
DNA was hydrolysed and derivatized to pentafluoro triacetate (PFTA) as described in detail 
previously (34). Relative quantities of unlabelled and 2H-labeled PFTA were determined with 
an Agilent 7980A/5975C GC-MS in negative chemical ionization mode scanning for m/z 435 
(M+0, unlabeled) and m/z 437 (M+2, labelled). Resulting enrichments were corrected for 
natural background enrichment, availability of 6,6-2H2-glucose in plasma and the ratio 
adenosine that is de novo synthesised/obtained by base salvage (0.65, see chapter 3) as 
published previously (34).  
 
Estimation of PMPtt and kinetics by mathematical modelling 
A mixed effect model (as described in chapter 3) was fitted to the deuterium enrichment data 
of all individuals. This model has the advantage of being able to estimate parameters for each 
individual, and aids the quantification of the PMPtt of neutrophils and eosinophils, but has 
difficulties distinguishing  whether the rate limiting step of the label kinetics takes place in the 
blood or the bone marrow (BM). The alternative estimate with the rate limiting step taking 
place in the BM produced similar results for PMPtt and turnover of the rate-limiting step. 
 
Data analysis 
Flow cytometry data was analysed using FCS express 5.01 (De Novo Software , Los Angeles, 
CA, USA), statistical analysis was performed using GraphPad Prism 6.07 (GraphPad Software, 
La Jolla, CA, USA), parameter estimations were performed using Monolix 4.3.3. (Lixoft, Orsay, 
France). 
 

Results 
Patient characteristics  
Eleven healthy controls, 6 CF patients and 9 EA patients were included in the study (see 
flowchart figure 1 and table 1). From all study participants 6 blood samples were collected 
and from all patients and 5 healthy controls two additional sputum samples were obtained. 
Compared to controls, CF patients had a higher percentage of neutrophils in sputum. All 9 
asthma patients had >3% eosinophils in their sputum during their most recent sputum 
induction; one patient also had >56% sputum neutrophils and was therefore considered as 
having a mixed asthma phenotype. Two patients with an eosinophilic asthma phenotype 
switched to a mixed phenotype, between the last clinical sputum induction and the first 
sputum induction in the study. One patient had changed form an eosinophilic to a 
neutrophilic asthma phenotype. Thus, the long-term reproducibility of the asthma phenotype 
in this study was 66% and the reproducibility regarding the presence of eosinophils was 89%. 
No differences were observed between the first and the second sputum induction in any of 

Chapter 10

196



 
   

pharmacy) and human pasteurized plasma solution (10% w/v, Sanquin, Amsterdam, the 
Netherlands). 
 
Sputum induction and processing 
Sputum was induced by inhalation of 0.9-5% saline aerosols unless patients had a predicted 
FEV1 below 30% and patients were asked for spontaneous sputum. Single cell suspensions 
were obtained by 15 min 37°C incubation with 4:1 (w/vol) Sputolysin (Merck Millipore, 
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the asthma patients, indicating that the short-term reproducibility of sputum inductions in 
our small cohort was high. 
 
Table 1. Patient Characteristics. 

Patient characteristics Controls CF EA 
N 11¶ 6 9 
Male (%) 4 (36%) 2 (33%) 5 (56%) 
Age (years) 24 (19-32) 26 (22-36) 56 (40-72) 
BMI 22.7 (19.2-24.7) 24.2 (18.4-35.3) 27.2 (23.2-32.2) 
FEV1 (L) N.D. 1.77 (1.23-2.72) 2.45 (1.47-3.1) 
FEV1 (% predicted) † N.D. 51.6 (29-93) 73.7 (52.2-96.6) 
Total WBC counts 6.6 (5.7-7.8) 8.9 (6.7-11.1) 7.8 (4.7-14.2) 
Blood neutrophil count (106/ml) 4.1 (2.6-8.6) 4.68 (3.47-5.56) 4.6 (2.6-9.4) 
Blood eosinophil count (106/ml) 0.21 (0.05-1.09) 0.23 (0.12-0.40) 0.54 (0.1-2.2)* 
Sputum neutrophils (%)§ 1.4 (0-12.4) 76.7 (51.8-96.8)** 38.3 (0-83.8)* 
Sputum eosinophils (%)§ 0 (0-0) 3.0 (0-12.9) 24.7 (0-72.6)* 
FeNO (ppb) 18 (11-35) 14 (5-48) 60 (11-198) 
ACQ N/A 2.31 (1.28-3.14) 1.53 (0.14-2.57) 
Medication score‡ N/A  4.11 (3-5) 

Data represent mean (range) unless indicated otherwise.  
¶ N=5 for sputum measurements  
† Percentage reversibility in FEV1 (corrected for age, gender, length and bodyweight) a�er inhala�on of 2x 
100μg salbutamol. 
§ As determined by microscopic evaluation, excluding epithelial cells.  
‡ 5-point ordinal scale based on guidelines of the British Thoracic Society , with 0) no medication, 1) inhaled 
SABA when required 2) low dose ICS + SABA 3) low/medium dose ICS + LABA, or medium dose ICS + LABA 4) High 
dose ICS +/- LABA and 5) High dose ICS + OCS +/- LABA. 
*,**: significantly different from control with p<0.05 and p<0.0001 as determined by Kruskall-Wallis test with 
Dunn’s correction for multiplicity.  
Abbreviations: BMI: body mass index, FeNO: forced exhaled nitric oxide, ACQ: Asthma Control Questionnaire, 
FEV1: Forced Expiratory Volume in 1 sec, N/A: Not applicable. 
 
Cell numbers in sputum 
Differential counts on leukocytes of all sputum samples (figure 2A) revealed that healthy 
control sputum samples contained mostly macrophages, CF sputum samples contained 
mostly neutrophils and EA sputum samples contained approximately 40% of both neutrophils 
and eosinophils. 

Absolute cell counts (figure 2B) were highest in CF patients, followed by EA and were 
lowest in healthy controls. For both patient groups all sputum samples contained enough 
neutrophils (figure 2C) for deuterium enrichment analysis, except for two EA patient samples. 
Eosinophils (figure 2D) were present in adequate numbers for detection of deuterium 
enrichment in 12 out of 18 EA sputum samples and in 7 out of 12 CF sputum samples. In 
addition to having the lowest absolute cell counts, sputum samples from healthy volunteers 
consisted of >90% epithelial cells (26 and 56% for CF and EA, respectively). Therefore, 

 
   

neutrophil numbers in sputum samples from controls were too low for reliable determination 
of DNA 2H-enrichment. No eosinophils were detected in healthy control sputum.  
  

Figure 2. Cell composition and numbers in sputum samples. Differential counts of sputum leukocytes (A) were 
determined by microscopic evaluation of May-Grünwald-Giemsa stained cytospin slides of induced sputum 
samples and show large differences in sputum cell composition. Absolute numbers of total sputum cells (B) 
(including epithelial cells), neutrophils (C) and eosinophils (D). For both patient groups, free DNA was extracted 
from sputum supernatants (E). Asthma patients were recruited as having EA based on their most recent clinical 
sputum differential count. At the time of the study, however, the phenotype of some patients had changed into 
a neutrophilic or mixed asthma phenotype (F). Each sputum sample was depicted separately for healthy controls 
(N=10 samples), CF patients (N=10-12) and EA patients (12-18). Data represent medians (A) or geometric means 
with 95%CI (B-E). * indicates p<0.05, ** p<0.01, *** p<0.001 and ****p<0.0001 as determined by Mann-
Whitney U test or Kruskall-Wallis test with Dunns multiple comparisons test.  
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SABA when required 2) low dose ICS + SABA 3) low/medium dose ICS + LABA, or medium dose ICS + LABA 4) High 
dose ICS +/- LABA and 5) High dose ICS + OCS +/- LABA. 
*,**: significantly different from control with p<0.05 and p<0.0001 as determined by Kruskall-Wallis test with 
Dunn’s correction for multiplicity.  
Abbreviations: BMI: body mass index, FeNO: forced exhaled nitric oxide, ACQ: Asthma Control Questionnaire, 
FEV1: Forced Expiratory Volume in 1 sec, N/A: Not applicable. 
 
Cell numbers in sputum 
Differential counts on leukocytes of all sputum samples (figure 2A) revealed that healthy 
control sputum samples contained mostly macrophages, CF sputum samples contained 
mostly neutrophils and EA sputum samples contained approximately 40% of both neutrophils 
and eosinophils. 

Absolute cell counts (figure 2B) were highest in CF patients, followed by EA and were 
lowest in healthy controls. For both patient groups all sputum samples contained enough 
neutrophils (figure 2C) for deuterium enrichment analysis, except for two EA patient samples. 
Eosinophils (figure 2D) were present in adequate numbers for detection of deuterium 
enrichment in 12 out of 18 EA sputum samples and in 7 out of 12 CF sputum samples. In 
addition to having the lowest absolute cell counts, sputum samples from healthy volunteers 
consisted of >90% epithelial cells (26 and 56% for CF and EA, respectively). Therefore, 

 
   

neutrophil numbers in sputum samples from controls were too low for reliable determination 
of DNA 2H-enrichment. No eosinophils were detected in healthy control sputum.  
  

Figure 2. Cell composition and numbers in sputum samples. Differential counts of sputum leukocytes (A) were 
determined by microscopic evaluation of May-Grünwald-Giemsa stained cytospin slides of induced sputum 
samples and show large differences in sputum cell composition. Absolute numbers of total sputum cells (B) 
(including epithelial cells), neutrophils (C) and eosinophils (D). For both patient groups, free DNA was extracted 
from sputum supernatants (E). Asthma patients were recruited as having EA based on their most recent clinical 
sputum differential count. At the time of the study, however, the phenotype of some patients had changed into 
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Plasma availability of 6,6-2H2-glucose label  
To correct for differences between individuals in 6,6-2H2-glucose uptake, DNA enrichments 
were corrected as if all newly synthesised DNA was 2H labelled. Theretofore, we obtained 
small blood samples by finger prick at 0.5h, 3h and 5.5h after intake of label and determined 
the relative plasma enrichment by GC-MS (figure 3A). At 30 min post-intake of label, plasma 
glucose enrichment was significantly lower in the CF group compared to healthy controls 
(p=0.0056). This difference does not appear to be caused by an altered glucose metabolism, 
since insulin-dependent diabetic patients were not included in our study and fasting plasma 
glucose concentrations were normal (figure 3B). The calculation used to determine the 
correction factor (see (34)) assumes that a slow increase in plasma glucose enrichment results 
in slow down labelling. Therefore, correction factors did not differ between our patient 
groups.  
 

Figure 3. Plasma glucose 
enrichment. Plasma glucose 2H-
enrichment (A) was determined 
before intake of label and 30 min, 3h 
and 5.5h after intake of label. CF 
patients show lower enrichment 30 
min after the first intake of label, 
whereas this difference was gone 3h 
after the first intake of label. Plasma 
glucose concentrations at t=0 (B) did 
not show significant differences 
between controls and CF and EA 
patients, although EA patients 
tended to have slightly higher 
plasma glucose concentrations. The 
effect on the calculated availability 
of label (C) was negligible, however, 
as the average correction factor 
used to correct DNA enrichments 
did not differ between groups. Data 
represent means +/- 95% CI, with 
Control N=11, CF N=6 and Asthma 
N=9 at each time point. Plasma 
glucose enrichment data (A) were 

nudged (-0.1h for controls, +0.1h for CF) to increase visibility of error bars. ** indicates p=0.006 for CF compared 
to control, as determined by two-way ANOVA with Holm-Sidak correction for multiplicity. 
 
Granulocyte kinetics in blood  
6,6-2H-glucose is incorporated into the DNA during the S-phase of the cell cycle. Since neither 
neutrophils nor eosinophils are capable of proliferation, DNA 2H-enrichment is only measured 
after cells have differentiated from progenitors in the bone marrow (neutrophilic and 
eosinophilic myelocytes) into mature granulocytes and are released into the bloodstream (32, 
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38). This delay is generally referred to as the post-mitotic pool transit time (PMPtt). Under 
homeostatic conditions, the neutrophil PMPtt was described as 6-7 days (32). We obtained 
similar results in our healthy controls, with low neutrophil DNA enrichment until day 6 post-
intake of label and a higher enrichment at day 7 (Figure 4A). As shown in chapter 4, for 
eosinophils, no DNA enrichment was detected in healthy control samples up to day 4, with a 
large increase at day 5.  

During neutrophil inflammation such as found in CF patients, a significantly higher 
neutrophil DNA enrichment was observed already at days 5 and 6 post intake of label (Figure 
4A), suggesting a shortened PMPtt. Estimation of the PMPtt for each volunteer (Figure 4C) 
with a mathematical model also showed a significantly shorter PMPtt for CF patients 
compared to controls. For asthma patients, neutrophil enrichment was significantly higher 
compared to controls at day 7, although estimates for each volunteer do not show a 
significant decrease in PMPtt.  

 

 
 
Figure 4. Blood DNA 2H enrichment kinetics. After intake of label, neutrophils (A) and eosinophils (B) were 
isolated and their DNA 2H enrichment was determined for 11 healthy controls, 6 CF patients and 9 asthma 
patients. Best estimates of PMPtt (C) and the turnover of the rate-limiting compartment (D) (either blood or 
BM). N indicates neutrophils, E indicates eosinophils. Data represent (A,B) median enrichments +/- SEM from a 
total of 66, 36 and 54 measurements for controls, CF and EA patients, respectively or estimates for each 
individual with lines indicating means and error bars indicating 95%CI. * indicates p<0.05, ** p<0.01 and *** 
p<0.001 as determined by (A,B) two-way ANOVA with Dunnett’s multiple comparisons test or (C,D) one-way 
ANOVA with Tukey’s multiple comparisons test. 
 
 
 

Chapter 10

200



 
   

Plasma availability of 6,6-2H2-glucose label  
To correct for differences between individuals in 6,6-2H2-glucose uptake, DNA enrichments 
were corrected as if all newly synthesised DNA was 2H labelled. Theretofore, we obtained 
small blood samples by finger prick at 0.5h, 3h and 5.5h after intake of label and determined 
the relative plasma enrichment by GC-MS (figure 3A). At 30 min post-intake of label, plasma 
glucose enrichment was significantly lower in the CF group compared to healthy controls 
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groups.  
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38). This delay is generally referred to as the post-mitotic pool transit time (PMPtt). Under 
homeostatic conditions, the neutrophil PMPtt was described as 6-7 days (32). We obtained 
similar results in our healthy controls, with low neutrophil DNA enrichment until day 6 post-
intake of label and a higher enrichment at day 7 (Figure 4A). As shown in chapter 4, for 
eosinophils, no DNA enrichment was detected in healthy control samples up to day 4, with a 
large increase at day 5.  

During neutrophil inflammation such as found in CF patients, a significantly higher 
neutrophil DNA enrichment was observed already at days 5 and 6 post intake of label (Figure 
4A), suggesting a shortened PMPtt. Estimation of the PMPtt for each volunteer (Figure 4C) 
with a mathematical model also showed a significantly shorter PMPtt for CF patients 
compared to controls. For asthma patients, neutrophil enrichment was significantly higher 
compared to controls at day 7, although estimates for each volunteer do not show a 
significant decrease in PMPtt.  

 

 
 
Figure 4. Blood DNA 2H enrichment kinetics. After intake of label, neutrophils (A) and eosinophils (B) were 
isolated and their DNA 2H enrichment was determined for 11 healthy controls, 6 CF patients and 9 asthma 
patients. Best estimates of PMPtt (C) and the turnover of the rate-limiting compartment (D) (either blood or 
BM). N indicates neutrophils, E indicates eosinophils. Data represent (A,B) median enrichments +/- SEM from a 
total of 66, 36 and 54 measurements for controls, CF and EA patients, respectively or estimates for each 
individual with lines indicating means and error bars indicating 95%CI. * indicates p<0.05, ** p<0.01 and *** 
p<0.001 as determined by (A,B) two-way ANOVA with Dunnett’s multiple comparisons test or (C,D) one-way 
ANOVA with Tukey’s multiple comparisons test. 
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Eosinophil DNA 2H-enrichment kinetics in blood (Figure 4B) was similar in CF patients 

compared to controls. In EA patients, however, clear differences were observed. The first 
detectable DNA enrichment in blood of EA patients was 1-2 days delayed and first seen at day 
6 with a low enrichment. This suggests that in EA patients, the eosinophil PMPtt is longer than 
in healthy controls and is confirmed by the estimated PMPtt for individuals (0.5d longer). The 
maximal eosinophil 2H DNA enrichment was observed at day 9, whereas in healthy controls 
the maximum enrichment was reached at day 7. In addition, estimates on the lifespan in the 
slowest pool showed that despite their longer maturation time, eosinophils have more rapid 
kinetics (figure 4D), whereas no differences were found in neutrophil lifespans.  
 
Granulocyte kinetics in sputum 
For five out of 11 healthy controls and all patients, two induced sputum samples were 
obtained (except for one volunteer, from whom spontaneous sputum was used). From these 
samples, granulocytes were isolated and their DNA 2H-enrichment was determined. As stated 
above, cell numbers were too low in control sputum samples to allow reliable DNA 2H 
quantification. Most sputum samples from CF and EA patients contained enough neutrophils 
for reliable quantification of 2H enrichment, while for eosinophils, 17 out of 30 samples 
contained enough cells. In addition to normal neutrophils, 11 sputum samples of CF patients 
also contained large numbers of CD16low neutrophils, which were sufficient for deuterium 
enrichment analysis.  
 

 
 
Figure 5. DNA 2H-enrichment of paired sputum and blood granulocytes. DNA 2H enrichment was plotted over 
time for sputum cells together with paired blood enrichments before sputum induction for neutrophils from CF 
(A) and EA (C) patients as well as for eosinophils (B,D). Arrows indicate two individuals where enrichment in 
eosinophils and neutrophils preceded the enrichment in blood taken at the same moment. 
 

 
   

DNA 2H enrichment kinetics of sputum neutrophils were remarkably similar to those of blood 
neutrophils in both CF and EA patients, while CD16low neutrophils from CF patients seemed 
to reach their peak of labelling with a minor delay of about 1 day compared to classical 
neutrophils in blood and sputum. Eosinophils, however, did show differences in sputum 
compared to blood. When the highest enrichment was reached in blood at day 7, the 
enrichment was lower in all four sputum eosinophil samples from the same time point. In 
contrast, after enrichments decreased in blood, they increased or remained high in two out 
of three EA sputum eosinophils samples and 3 out of 4 CF sputum samples. Interestingly, in 
some cases enrichment in sputum cells appears to precede enrichment in blood, such as at 
day 5 for eosinophils in one individual and at day 6 in the neutrophils of another individual 
(indicated with arrows).  

 
Effects of corticosteroid use on granulocyte kinetics 
As stated above, GCS have been described to induce eosinophil apoptosis, but to decrease 
neutrophil apoptosis in vitro (23, 24). To determine the effects of steroid use we grouped our 
patients into three different groups: No steroid use (3 CF patients), ICS use (3 CF, 7 EA) or ICS 
combined with OCS use (2 EA). No clear differences were observed in the 2H-enrichment 
kinetics of blood neutrophils and eosinophils and sputum neutrophils between these 
treatment groups (figure 6). For sputum eosinophils, however, there seemed to be a 
difference between the three treatment groups. Despite a low number of measurements, 
patients receiving OCS showed lower DNA enrichment in sputum eosinophils compared to 
the two other treatment groups. Patients that did not receive any GCS showed the highest 
enrichment in sputum eosinophil DNA. Since lower enrichments indicate a lower turnover, 
GCS use may be associated with eosinophils surviving longer in the lungs.  
  

Chapter 10

202
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enrichment analysis.  
 

 
 
Figure 5. DNA 2H-enrichment of paired sputum and blood granulocytes. DNA 2H enrichment was plotted over 
time for sputum cells together with paired blood enrichments before sputum induction for neutrophils from CF 
(A) and EA (C) patients as well as for eosinophils (B,D). Arrows indicate two individuals where enrichment in 
eosinophils and neutrophils preceded the enrichment in blood taken at the same moment. 
 

 
   

DNA 2H enrichment kinetics of sputum neutrophils were remarkably similar to those of blood 
neutrophils in both CF and EA patients, while CD16low neutrophils from CF patients seemed 
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enrichment was lower in all four sputum eosinophil samples from the same time point. In 
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day 5 for eosinophils in one individual and at day 6 in the neutrophils of another individual 
(indicated with arrows).  
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difference between the three treatment groups. Despite a low number of measurements, 
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the two other treatment groups. Patients that did not receive any GCS showed the highest 
enrichment in sputum eosinophil DNA. Since lower enrichments indicate a lower turnover, 
GCS use may be associated with eosinophils surviving longer in the lungs.  
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Figure 6. Effect of GCS on granulocyte kinetics. Enrichment data from both CF and asthma patients were 
compared between patients taking ICS, ICS and OCS, or no GCS. Data were plotted for blood neutrophils (A) 
blood eosinophils (B), sputum neutrophils (C), and sputum eosinophils (D). Data consist of a total of 18 blood 
and 6 sputum measurements from 3 CF patients not receiving GCS, 60 blood and 20 sputum samples from 10 
patients receiving ICS, and 12 blood and 4 sputum samples from 2 EA patients receiving ICS and OCS. Points 
indicate means from duplicate measurements.  
 
2H-enrichment kinetics of free DNA 
The sputum of CF patients contains large amounts of free DNA. From 6 CF patients a total of 
12 measurements could be obtained (figure 7). Free DNA 2H-enrichment kinetics showed 
similar uplabelling kinetics compared to neutrophils in sputum, which were the most likely 
source of free DNA in sputum. There appears to be, however, a 1 day delay in free DNA 2H-
enrichment compared to blood and sputum neutrophil enrichments and most sputum 
samples show a relatively high enrichment at later measurements.  
 To remove free DNA from the sputum and improve lung function, some CF patients 
inhale nebulized recombinant human deoxyribonuclease I (Dornase alpha) (39). In our study 
group, three out of six patients used Dornase alpha on a daily basis. The other three patients 
did not use Dornase alpha or any other DNA-degrading medication. We observed a trend 
towards a higher sputum DNA content, but when comparing the 2H-enrichment kinetics of 
free DNA between patients with and without the use of Dornase alpha, we did not observe 
any clear differences. This suggests that Dornase alpha does not influence the turnover of 
free DNA in the lungs of CF patients.  
 

 
   

 
 
Figure 7. 2H-enrichment of free DNA in sputum of CF patients. Sputum samples of CF patients contain large 
amounts of free DNA. This free DNA was isolated and its 2H-enrichment was determined and plotted together 
with 2H enrichment kinetics of blood and sputum neutrophils (A) and separately for patients with or without the 
use of Dornase alpha (B). Also the total amount of free DNA in sputum samples was compared between CF 
patients with and without the use of Dornase alpha (C). Data was obtained from (A) 12 sputum samples with 
matched blood samples or (B-C) 12 sputum samples from 6 volunteer, 3 of whom with and three without the 
use of Dornase alpha. 
 

Discussion 
Glucose kinetics in plasma 
The CF patients in our study showed delayed plasma 6,6-2H2-glucose enrichment, which might 
point to CF-associated diabetes (33). However, none of our patients used insulin or displayed 
elevated fasting plasma glucose levels (figure 2B). Therefore, a more likely cause might for 
the delayed label uptake might be due to the previously described delayed gastric emptying 
in CF patients (40) (REF). Delayed gastric emptying would lead to a slower uptake of 
deuterated glucose in the intestine and thereby a delayed uptake in the blood. However, 
gastric emptying was not assessed in our patient population. The delayed uptake of glucose 
did not have an overall effect on 2H labelling, however, since at later time points there was 
no difference between the three groups nor was there a difference between the correction 
factor for availability of label.  
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Neutrophil kinetics in blood 
The blood of CF patients contained a small percentage of both CD16low/CD62Lhigh and 
CD16high/CD62Llow neutrophils (figure 8), which is a clear indication of inflammation. 
Pulmonary inflammation has been shown to reduce the PMPtt in mice (41) and, indeed, DNA 
2H-enrichment kinetics revealed a shorter neutrophil PMPtt in CF patients compared to 
healthy controls. In agreement with these data we have shown in acute inflammation 
CD16low/CD62Lhigh banded neutrophils to appear 2 days earlier in the blood compared to 
normal neutrophils under normal conditions (see chapter 7). On average, however, only 5% 
of the neutrophils in the blood of CF patients were CD62Lhigh/CD16low. Five percent of the 
maximal measured enrichment (~0.10) would result in a fraction measured enrichment at day 
5 of only 0.005. As the measured enrichment at day 5 is far higher than 0.005, the reduced 
PMPtt in CF patients is unlikely to be caused solely by immature cells entering the circulation. 
Instead, it indicates that also the CD16high/CD62Lhigh neutrophils are released early from the 
BM and, thereby, causing an increase in neutrophil maturation times.  

Neutrophil progenitor turnover has been shown to increase in response to GM-CSF 
(42), a cytokine that has been shown to be elevated in some CF patients (43). We did not 
observe an increased turnover of the rate-limiting neutrophil compartment, however (figure 
4D). This indicates that either the BM turnover is not increased in CF patients, or that the BM 
is not the rate-limiting step in the kinetics of neutrophil 2H-DNA enrichment.  
 
Eosinophil kinetics in blood 
Eosinophils in EA patients have a delayed maturation rate, which is in contrast to the more 
rapid maturation of neutrophils in CF patients. Eosinophils with labelled DNA appear in the 
blood of EA patients one day later than in healthy controls and CF patients. In addition, 
estimations of the turnover of the slowest eosinophil pool turnover were higher in EA patients 
compared to controls and CF patients (figure 8D). Interestingly, eosinophil numbers were 
increased in the blood of EA patients. This could be caused by a delayed eosinophil clearance 
from the circulation, or an increased number of (dividing) eosinophilic progenitors in the BM. 
The first option appears not plausible, as there is no longer circulatory lifespan. The second 
option of an increased number of eosinophilic progenitors in the BM is more like as it has also 
been shown in eosinophilic inflammation (44) and would allow for an increased eosinophil 
count even despite a slower turnover of individual progenitors in the BM. To prove that the 
increased eosinophil numbers are due to only an increase in the number of dividing 
eosinophilic progenitors would require estimation of the kinetics of these cells with 2H in the 
bone marrow. The required multiple bone marrow biopsies are unlikely to be performed due 
to ethical constraints .  

As stated above, corticosteroids have been shown to shorten eosinophil lifespans in 
vitro (24) and are widely believed to reduce sputum eosinophilia, even though this latter 
notion has been questioned (45). When comparing patients taking no corticosteroids, only 
ICS or combined ICS and OCS, no clear differences were observed in blood eosinophil kinetics 
(Figure 6B). This indicates that the observed differences in eosinophil kinetics in EA patients 

 
   

compared to CF patients and healthy controls are unlikely to be caused by the use of 
corticosteroids.  
 

Figure 8. Percentages of neutrophil 
subsets. During cell sorts, the 
percentages of CD16low/CD62Lhigh (A) and 
CD16high/CD62Llow (B) neutrophils were 
determined. CF patients have a trend 
towards a higher percentage of immature 
CD16low/CD62Lhigh neutrophils and a 
significant increase in the percentage of 
CD16high/CD62Llow neutrophils, indicating 
an ongoing inflammation in CF patients. 
Data represent means of 4-6 
measurements for each volunteer, with 
N=5 for controls, N=6 for CF patients and 
N=9 for EA patients.  

 
Granulocyte kinetics in sputum 
One of our most remarkable findings was that neutrophil 2H-enrichment kinetics in sputum 
almost exactly followed blood neutrophil deuterium enrichments. This implies that 
neutrophils are continuously replaced by neutrophils from the bloodstream, and thus remain 
intact in the sputum only very shortly. It would also explain the lack of effect of treatment 
with GCS, as the turnover of sputum neutrophils may be too high to be able to detect 
differences in DNA-enrichment with 6,6-2H2-glucose. An alternative hypothesis is that 
neutrophils are recruited to the sputum only in response to sputum induction (46) and are 
not present under normal conditions in these patients. We deem this explanation unlikely 
because high neutrophil numbers are present in spontaneous samples in CF patients (one of 
which is presented in this study). Another argument is the finding that sputum neutrophils 
are often found in tightly packed sputum plugs that are unlikely to be formed during short 
term sputum induction.  
  CD62Llow/CD16low sputum neutrophils from CF patients seemed to have delayed 2H-
enrichment kinetics, although the number of samples with adequate cell numbers was low. 
The delay in uplabelling is approximately one day, indicating that at least some neutrophils 
survive in sputum for one day. In vitro, CD62Llow/CD16low have been shown to be pre-
apoptotic (47), which also fits with CD62Llow/CD16low sputum neutrophils in CF patients being 
older cells.  

Although the number of sputum eosinophil samples was relatively small, there is a 
good indication for differences in kinetics between blood and sputum cells of EA patients. At 
day 7, when most volunteers had a high DNA enrichment in their circulating eosinophils, the 
enrichment in sputum eosinophils was only half of that in blood. In addition, two out of three 
later time points show that enrichment remained high when blood eosinophil DNA 
enrichments were approaching their baseline levels. Together, these data suggest that 
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later time points show that enrichment remained high when blood eosinophil DNA 
enrichments were approaching their baseline levels. Together, these data suggest that 
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eosinophils in EA patients reside longer in sputum than in blood: when the first labelled 
eosinophils enter the sputum, the presence of long-lived unlabelled sputum eosinophils 
lowers the observed average 2H-DNA enrichment in sputum, and the longevity of the newly-
entered labelled eosinophils subsequently causes the average deuterium labelling in sputum 
to stay high for a relatively long period. The suggested long lifespan of eosinophils in sputum 
may explain why preventing eosinophil production with anti-IL-5 does not deplete lung or 
sputum eosinophils very well (18, 19). Although for CF patients, the differences between 
blood and sputum eosinophils were less pronounced, they also showed a trend towards a 
longer eosinophil survival in sputum, as in most patients eosinophil DNA enrichment 
remained high when enrichment in blood eosinophils was already declining.  

Interestingly, one EA patient and one CF patient showed a higher eosinophil 2H 
enrichment in sputum than in the circulation during the uplabelling phase of the experiment. 
Similarly, in one EA patient the same was observed for neutrophils. Even though these are 
only few data points, it suggests that labelled cells can appear in sputum before they appear 
in the circulation. This might be caused either by preferential homing of some eosinophils to 
the lungs or by production of eosinophils from progenitors in bronchial tissue, as previously 
reported (12).  

 
Lack of effect of dornase alpha on free DNA kinetics 
Free DNA is a major component of the sputum of CF patients (figure 2) and causes a high 
sputum viscosity (48), which can lead to pulmonary obstruction. We show that 2H-enrichment 
remains high in free DNA of CF patients for a longer period of time than sputum neutrophil 
DNA, indicating that free DNA is more slowly cleared from the lungs of CF patients. Dornase 
alpha did not appear to have an effect on the clearance of free DNA albeit the numbers of 
patient samples included were low. The methods used in our study allow for the isolation of 
DNA fragments as small as 200bp, larger than often observed in patients with or without 
Dornase alpha (49). Thus, Dornase alpha might not reduce the DNA length enough to affect 
enrichment kinetics as determined by our method.  
 

Conclusions 
In summary, marked differences in granulocyte kinetics were found in patients with 
neutrophil and eosinophil driven diseases: Neutrophilic inflammation in the airways of CF 
patients leads to an accelerated maturation of neutrophils in the bone marrow. Eosinophilic 
inflammation, on the other hand, results in a slower eosinophil maturation, but more rapid 
turnover in the total eosinophil compartment. The enrichment of neutrophils in sputum 
mimics that of blood neutrophils, indicating that these cells have a short residence time in 
sputum. Our data suggest, however, that eosinophils survive much longer in sputum than in 
blood. If anything, in patients taking OCS, eosinophils seem to survive even longer. Taken 
together, neutrophilic and eosinophilic inflammation have very different effects on 
granulocyte kinetics. 
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mimics that of blood neutrophils, indicating that these cells have a short residence time in 
sputum. Our data suggest, however, that eosinophils survive much longer in sputum than in 
blood. If anything, in patients taking OCS, eosinophils seem to survive even longer. Taken 
together, neutrophilic and eosinophilic inflammation have very different effects on 
granulocyte kinetics. 
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Supplementary Figures 

  
Supplementary figure S1. Sort logic. Blood granulocytes (A) were identified as SSChigh singlets and divided into 
neutrophils and eosinophils based on CD9 and CD19. For cells from CF (B) and EA (C) sputums, an additional 
CD14--/LiveDEAD- gate was used. Some CF sputums contained large numbers of CD16low neutrophils and were 
therefore also isolated. Eosinophils (D) and neutrophils from both CF (E) and EA (F) sputum samples were largely 
intact after sort as determined by microscopic evaluation of MGG stained cytospin slides. Objective used: 100x, 
scale bar indicates 10μm. 
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General discussion



 
   

  

 
   

The research presented in this thesis is focused on the maturation and kinetics of granulocytes 
and monocytes in healthy humans, during acute inflammation and during chronic pulmonary 
inflammation. The main method to assess cellular kinetics in this thesis was in vivo pulse-
chase labelling with 6,6-2H2-glucose. This non-toxic label was orally administered to 
volunteers and incorporated into the DNA of dividing cells during the S-phase of the cell cycle. 
The label could later be detected in the DNA of cell populations by GC-MS analysis. As the 
lifecycle of a cell depends on several factors, interpretation of these experiments was done 
by mathematical/computational modelling. In the first part of the thesis this method was 
applied to healthy humans to estimate the circulatory lifespans of neutrophils, eosinophils, 
basophils and monocytes and was used to assess the developmental relationship between 
the three different monocyte subsets. The second part of the thesis focused on the neutrophil 
subsets that are found in the circulation during severe inflammatory conditions. The 
developmental relation between these subsets was discussed as well as their role in a model 
of influenza infection. The third and last part of the thesis discussed the role of neutrophils 
and eosinophils in pulmonary inflammatory disease. In this chapter, the conclusions of these 
three different parts are discussed in a broader perspective.  
 
Pulse length of 6,6-2H2-glucose 
During the course of a 6,6-2H2-glucose labelling experiment the amount of label is not 
completely constant. In addition, the uptake of 6,6-2H2-glucose can differ between individuals 
or patient groups and, thereby, influence the incorporation of label into the DNA. To remove 
this source of intra-individual variation, measured DNA 2H-enrichments were corrected for 
differences in 6,6-2H2-glucose availability in plasma. This was done by determining the plasma 
glucose enrichment during the labelling procedure and estimating in each individual how 
much label was available for incorporation into the DNA. Subsequently, using the estimated 
fraction label available during the labelling procedure, measured DNA enrichments were 
corrected to the values they would have had if all newly incorporated nucleotides were 2H 
labelled (1). This correction for label availability was a vital part in the determination of 2H 
enrichment kinetics and, ultimately, the estimation of cell kinetics. Several important issues 
need to be addressed that are important for this estimation: 
 

1. The fraction of 6,6-2H2-glucose needs to be monitored in the circulation. This can easily 
be done by taking small amounts of blood and measuring the enrichment by GC-MS, 
as performed in all the labelling studies presented in this thesis and previous 
publications(1). 

2. It is necessary to know the fraction of de novo synthesised nucleotides compared to 
nucleotides originating from the salvage pathway; only de novo synthesised 
nucleotides can incorporate 6,6-2H2-glucose. As shown in chapter 3, this can be 
estimated by growing the cell of interest in medium containing a known amount of 
label for several divisions and measuring the DNA enrichment.  
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3. Some aspects of the behaviour of label (e.g. metabolism) inside the cell need to be 
known and, specifically, the effective pulse-length for the cell under investigation. We 
found that this effective pulse length may differ from the period the label was 
administered (see chapter 3). Firstly, it takes more than one hour until 6,6-2H2-glucose 
is metabolised into adenosine and incorporated into the DNA (see figure 1 of Chapter 
3, as the first label is detected at 2h after the start of the experiment. Secondly, after 
removal of label, we found that in vitro grown HL-60 cells keep incorporating 2H 
labelled adenosine for several hours until they reach a plateau of 2H-enrichment (at 
around 10h) that corresponds to a situation in which the maximal amount of 2H is 
incorporated into the DNA (estimated at 24h). By combining these two findings, the 
pulse-length of the labelling procedure can be estimated at approximately 8 h.  
 

The importance of correct estimations of the plasma glucose correction is illustrated in figure 
1. It shows an estimation of circulatory basophil kinetics by both the model based on ordinary 
differential equations (ODE model) and the agent based (AB) model (see chapter 3) with 
different assumed lengths of the effective pulse length. When assuming that 6,6-2H2-glucose 
is only incorporated during the 6h that label is administered, neither model predicts a high 
enough enrichment to produce a good fit (see figure 1A-B). The fit improves starting from a 
pulse-length of 8h. The quality of the fit increases up to a 10h pulse length, after which the 
quality decreases again. The resulting estimates of circulatory basophil lifespans and division 
times (tdiv) of their BM precursors are also significantly affected by the effective pulse length, 
especially when using the ODE model. Using this model, the estimated lifespan of basophils 
increases from 4 days when assuming a 8h pulse length, to more than 20 days assuming a 20h 
pulse-length. The best fits of the AB model also show longer basophil circulatory lifespans 
with increasing effective pulse-lengths, but the effect is not as strong as for the ODE model. 
Taken together, these results clearly show that correct estimates for pulse-length are 
paramount for an adequate estimation of cell kinetics using 6,62H2-glucose. Considering that 
none of the previously published studies using 6,6-2H2-glucose labelling have determined the 
effective pulse length (1), such estimates may have to be re-evaluated taking into account the 
importance of the pulse-length. 

In chapter 3 we have estimated the effective pulse-length for the pro-myelocytic HL-
60 cell line to be 8h when 6,6-2H2-glucose is administered for 6h. When assuming an 8h 
instead of a 6h effective pulse-length fits improve, both for the ODE and AB model. 
Performing this assay in vitro is not ideal, however, as one should take into account that the 
concentrations of nucleotides and glucose differ between human blood and cell culture 
media. Also, even though HL-60 cells originate from promyelocytes, they are not likely to 
behave exactly like neutrophil myelocytes in vivo. Unfortunately, it is very challenging to 
perform bone marrow studies with multiple sampling in healthy volunteers in vivo.  

 
   

 
Figure 1. Effect of 6,62H2-glucose effective pulse length on lifespan estimations. Basophil DNA 2H-enrichment 
data from an experiment were 6,62H2-glucose was administered for 6 hours were fitted to an ODE model 
assuming different effective 6,62H2-glucose pulse lengths. Best fits of the ODE (A) and the AB (B) model show 
differences when increasing the effective pulse-length. The resulting estimate of these fits (C,D) show that 
assuming longer effective pulse-lengths leads to longer lifespan estimates. Basophil 2H-enrichments represent 6 
measurements from 6 individuals; AB parameter estimates represent the mean of the 10 best fits.  
 
Re-evaluating granulocyte circulatory lifespans.  
As stated in chapters 2 and 3 of this thesis, a neutrophil lifespan of 10h as found in most text-
books is based on experiments (2-4) under conditions that have been proven to severely 
affect neutrophil kinetics (5, 6). The previous attempt using 63 day non-toxic 2H2O labelling 
on the other hand, suffered from a difficulty in distinguishing between blood and BM kinetics 
(7). In addition, the dynamics of body water may be too slow to reliably measure the kinetics 
of a cell subset as fast as granulocytes. The latter problem can be circumvented by the use of 
short-term pulse labelling with 6,6-2H2-glucose, since the turnover of glucose in the blood is 
very high (half-life of approximately 0.5 h) (8).  

A commonly used method to analyse experimental labelling data is by fitting a model 
described by ordinary differential equations (ODE) to the experimental measurements. 
Unfortunately, for neutrophils, such models turned out to have difficulties distinguishing 
between blood and bone marrow (BM) kinetics. This is illustrated in chapter 3, where the two 
ODE models used to estimate the circulatory neutrophil lifespan lead to either a very short 
lifespan in blood or a very short time between divisions in the BM (tdiv). For neutrophils, this 
would mean that on average they remain in the circulation for less than 4h, shorter than any 
previous report studying the neutrophil lifespan. Alternatively, the model suggests a much 
longer circulatory lifespan of several days, in line with Pillay et al (9), yet with an unlikely short 
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time between progenitor divisions in the BM (less than 1h). A similar situation is seen when 
estimating eosinophil circulatory lifespans from a deuterium labelling dataset (see chapter 4, 
figure 1). For both basophils and pDCs, the ODE model does not estimate short lifespans or 
tdiv. In contrast it estimates nearly equal values for both parameters (see table 1 for estimates 
of several different cell types). 

 Estimation of monocyte kinetics by ODE models proved to be more feasible. We 
studied whether monocyte labelling data were compatible with a linear differentiation 
pattern from classical (CM) to intermediate (IM) to non-classical monocytes (NCM). Since 
NCM have kinetics very different from IM, they must have a relatively long circulatory lifespan 
compared to IM. One might expect the kinetics of IM and NCM and, specifically, the longer 
NCM lifespan to place limits on what value the BM and CM can reach (e.g. their lifespan 
cannot be very short) However, when analysing CM as a single subset (the parallel model, as 
described below), results are only slightly different (see table 1). 

The ODE models presented in chapters 3 estimated circulatory lifespans of 
neutrophils, eosinophils and basophils that were either much shorter than those suggested 
by the AB model, or much longer, yet with extremely rapidly dividing progenitor cells (see 
table1). The estimates obtained in the early studies (3, 4, 10-12) are more likely to be 
underestimating circulatory lifespans due to ex vivo manipulation or label toxicity. Therefore, 
we sought an alternative strategy to analyse the results from our labelling studies. One of 
these alternatives is the agent-based model (AB model). In AB models, a large number of 
individual “agents“ can be modelled, each with their own behaviour. AB models are 
particularly well-suited to model the behaviour of swarming animals (13). In the case of the 
AB model in chapter 3 these “agents” are individual cells. This model might be better suited 
to describe the behaviour of bone marrow cells, as ODE models assume exponential kinetics 
of cells, e.g. they assume that there are always cells that divide within an hour after their last 
division, even if on average cells divide every few days. As stated before (chapter 3), 
neutrophil progenitors were shown to have very little variation in time between divisions (14), 
which can be mimicked in an AB model. AB models, on the other hand, have practical 
disadvantages. The behaviour of each agent needs to be tracked and updated separately and, 
therefore, AB models require much more computer processing time than ODE models. For 
example, the data in chapter 4 required more than one week of full-time calculations on a 
normal desktop PC.  

Another advantage of ODE models compared to AB models is that they can perform a 
parameter estimation, in which parameter values are changed in small steps. During each 
step, the quality of the fit is determined. If the quality of the fit has improved, the parameters 
are changed again in the same direction. If not, the parameter values are changed into a 
different direction, until changing the parameters does not significantly improve the fit 
anymore. Since this is difficult to perform with an AB model, the models in chapters 3 and 4 
were run with a large number of different parameter value combinations. The runs of the 
model that described the data best seemed biologically plausible. Interestingly, the AB model 

 
   

estimated a neutrophil circulatory lifespan somewhere between the two different estimates 
of the ODE model. 

 
Table 1. Estimated circulatory lifespans, time between divisions in the BM (tdiv) and PMPtt for different models 
in days.  

 
 
 

ODE fixed PMPtt ODE variable PMPtt Agent-based Literature* 

 
Optimum** / 
Parameter 

Optimum 1 
(Blood) 

Optimum 
2 (BM) 

Optimum 
1 (Blood) 

Optimum 2 
(BM) 

  

Neutrophils 
Lifespan 4.8 0.15 4.5 0.04 2.5-4 1 
tDiv 0.04 4.5 0.1 4.6 1-2 0.75-1 
PMPtt§ 6.5 6.3 6.2 6.2 5.7 2.8 

Eosinophils 
Lifespan 8.1 0.6 8.3 0.04 2.8-3.7 1.1 
tDiv 0.8 8.4 0.1 8.4 3-5 - 
PMPtt§ 4.4 4.7 3.7 3.8 5.1 4.3 

Basophils 
Lifespan 3.9 3.6 2.9 0.2 8-12 3.7 
tDiv 3.9 4.0 2.7 4.2 2-3.5 - 
PMPtt§ 6.6 6.7 2.2 2.8 5.7 4.3 

pDC 
Lifespan 4.1 4.2 4.8 1.9 6-10 - 
tDiv 3.9 4.0 0.6 5.7 1-3 - 
PMPtt§ 4.3 4.2 0.005.6 0.4 4-4.3 - 

 
 
 

ODE parallel 
differentiation 

ODE linear 
differentiation 

  

 
Optimum** / 
Parameter 

Blood BM Blood BM   

Classical 
Monocyte† 

Lifespan 2.3 0.7 2.0 0.7 1 4.3 
tDiv 0.7 2.3 1.1 2.3 2.5 3 
PMPtt§ 1.2 2.1 1.6 1.9 2 0.5-1.1 

* 3H-Tdr data from (10) and (15) 
** By choosing different initial parameter values for tdiv and lifespan, the ODE model will find optimal fits with 
a long circulatory lifespan and short tDiv (optimum 1), or a long tdiv and short cirulatory lifespan (optimum 2), 
which describe the data equally well. For basophils, and pDC’s, these results were very similar in case of the ODE 
model with a fixed PMPtt, indicating that there might be only one optimum. 
† For CM, models with either CM developing separately or linearly into IM and NCM are depicted.  
§ PMPtt’s represent the PMPtt of all cells, of the fastest cell or the average of all cells for the ODE model assuming 
that all cells have exactly the same PMPtt (fixed PMPtt), the ODE model allowing for a normally distributed 
variation in PMPtt (variable PMPtt) and AB models, respectively.  
 

When adapting the AB model to represent the three monocyte subsets and running 
this model with the estimates obtained from the ODE model, the model produced fairly good 
fits. When slightly increasing tdiv, the fits improved even further (see figure 2). Interestingly, 
fits with a good quality were only produced when assuming a relatively large variation around 
all parameters (a SD of approximately 40% of values for tdiv, PMPtt and the circulatory 
lifespans of each subset). This is in contrast to the best fits of the AB model to the neutrophil 
data, where the best fits were always with little variation around the parameters (SD of <20%) 
(see chapter 3, supplementary figure S2). This suggests that there is a difference between 
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time between progenitor divisions in the BM (less than 1h). A similar situation is seen when 
estimating eosinophil circulatory lifespans from a deuterium labelling dataset (see chapter 4, 
figure 1). For both basophils and pDCs, the ODE model does not estimate short lifespans or 
tdiv. In contrast it estimates nearly equal values for both parameters (see table 1 for estimates 
of several different cell types). 
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compared to IM. One might expect the kinetics of IM and NCM and, specifically, the longer 
NCM lifespan to place limits on what value the BM and CM can reach (e.g. their lifespan 
cannot be very short) However, when analysing CM as a single subset (the parallel model, as 
described below), results are only slightly different (see table 1). 

The ODE models presented in chapters 3 estimated circulatory lifespans of 
neutrophils, eosinophils and basophils that were either much shorter than those suggested 
by the AB model, or much longer, yet with extremely rapidly dividing progenitor cells (see 
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which can be mimicked in an AB model. AB models, on the other hand, have practical 
disadvantages. The behaviour of each agent needs to be tracked and updated separately and, 
therefore, AB models require much more computer processing time than ODE models. For 
example, the data in chapter 4 required more than one week of full-time calculations on a 
normal desktop PC.  

Another advantage of ODE models compared to AB models is that they can perform a 
parameter estimation, in which parameter values are changed in small steps. During each 
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anymore. Since this is difficult to perform with an AB model, the models in chapters 3 and 4 
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data, where the best fits were always with little variation around the parameters (SD of <20%) 
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neutrophils and monocytes, which makes the former more difficult to model with ODE 
models. The reason for this might lie in monocyte progenitors behaving differently, for 
instance by having a more random time between divisions as compared to neutrophil 
progenitors. Unfortunately, however, no kinetic data is available regarding monocyte or 
neutrophil progenitors in the BM.  

 

 
Figure 2. ODE and AB model fits of the monocyte DNA 2H–enrichment kinetics. The monocyte lifespans 
estimated by the ODE model described in chapter 4 (A) were used for a run with the AB model (B), which showed 
a similar fit to the data, although only when assuming a longer tdiv than predicted by the ODE model (60h instead 
of 48h), which might be attributable to the differences behaviour of the BM in both models. 

 
As the ODE and AB models produce different estimates for some cells (i.e. 

granulocytes), one may wonder what is the underlying difference between the AB and the 
ODE models? As stated above, one difference may lie in the timing of neutrophil progenitor 
divisions, while another difference may be related to the way cells enter and exit the PMP. In 
the AB model, progenitor cells can divide with very little variation between divisions, whereas 
ODE models assume exponential behaviour of cells. As a result, in ODE models, some cells can 
divide again very shortly after their previous division, regardless of the value of tdiv. This is 
illustrated in chapter 3 by the rapid decrease of label in the BM after cessation of label 
intake(figure 2A). In the AB model, on the other hand, progenitor cells cannot divide quickly 
after their previous division (chapter 3, figure 3), which results in a slower initial decrease in 
BM 2H enrichment.  

After a progenitor division, a cell can either enter the PMP or stay a progenitor and 
keep dividing. As the AB model assumes the PMP to be a conveyor-belt, a long tdiv combined 
with a very short circulatory lifespan leads to a rapid increase in label in the circulation when 
the first cells exit the PMP. If the circulatory lifespan is short, these cells will rapidly exit the 
circulation again and be replaced by unlabelled cells. When the progenitor cells in the BM 
divide again, new labelled cells will enter and leave the circulation again, albeit with only half 
the amount of label in each cell. The resulting enrichment will look like a series of peaks in 2H-
enrichment with low enrichment in between. An example of this can be seen in figure 3C of 
chapter 3. The ODE model makes a different assumption about the BM and PMP. It assumes 
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cells to divide and enter the PMP randomly. Thus, the fraction label entering the PMP is 
exactly the same as the fraction label in the BM at that time. After a delay in the PMP, the 
blood kinetics closely reflect the BM kinetics in the case of a short circulatory lifespan. Since 
the uplabelling in the BM is very rapid (8h), this assumption leads to a very rapid increase in 
label in the periphery (such as in chapter 3, figure 2).  

Taken together, chapters 2-5 demonstrate that one should be careful when using 
mathematical/computational models for estimation of circulatory kinetics for cells, which are 
predominantly produced in pools at locations other than the circulation. Chapter 3 and 4 and 
table 1 show this to be the case for the three granulocytes, as ODE models have difficulties in 
separating BM and blood kinetics of these cells. Also other important cell types, such as NK 
cells (16) are to a large extent derived from progenitor cells in the BM under homeostasis and 
their circulatory lifespans might, therefore, not easily be adequately assessed. It also asks for 
a re-appraisal of labelling studies performed on cells produced in the BM, which are modelled 
without taking the BM into account (17, 18). Direct measurements of 2H enrichment in bone 
marrow samples would help to strengthen the conclusions in chapters 3 and 4. However, 
these data are not only difficult to obtain, but may also turn out to be difficult to interpret. 
For example, not all neutrophil myelocytes are actively dividing in vitro, (19, 20) but the 
fraction of these non-dividing (“lazy”) cells in vivo is unknown. Furthermore, some myelocytes 
are derived from myelocyte divisions, but others are derived from differentiating pro-
myelocytes. If a large fraction of myelocytes were derived from promyelocytes (the myelocyte 
precursor), it would still be difficult to interpret the myelocyte data, similar to the 
interpretation of data from mature cells. Thus, detailed bone marrow 2H-enrichment data 
may be needed to aid the estimation of granulocyte circulatory lifespans. 

 

Linear or parallel monocyte differentiation 
In chapter 5, our in vivo labelling data support the hypothesis that monocytes differentiate in 
a linear fashion from classical monocytes (CM) via intermediate monocytes (IM) to non-
classical monocytes (NCM). On top of that, the calculations used in this chapter made 
important predictions on the monocyte maturation process.  

1. They predict that only 3% of the CM mature into IM, due to the large number of CM 
compared to NCM and their relative circulatory lifespans.  

2. For a good fit, the model required a delay between IM and NCM differentiation taking 
place outside the circulation. 

Data that support these predictions can be found in experiments showing CM to differentiate 
into tissue dendritic cells (DC’s) (21) or skin macrophages (22), and the finding that NCM in 
individuals with brain tumours contain tumour-specific peptides (unpublished data by Van 
Dongen et al. presented at the NVVI 2014). 

The monocyte 2H-labelling kinetics can also be explained with an alternative model, 
assuming that each monocyte subset has its own progenitor in the bone marrow, PMPtt and 
circulatory lifespan (figure 3). With this assumption, subset lifespans can be estimated for 
each subset separately. This results in a somewhat longer estimated IM circulatory lifespan 

Chapter 11

222



 
   

neutrophils and monocytes, which makes the former more difficult to model with ODE 
models. The reason for this might lie in monocyte progenitors behaving differently, for 
instance by having a more random time between divisions as compared to neutrophil 
progenitors. Unfortunately, however, no kinetic data is available regarding monocyte or 
neutrophil progenitors in the BM.  
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after their previous division (chapter 3, figure 3), which results in a slower initial decrease in 
BM 2H enrichment.  

After a progenitor division, a cell can either enter the PMP or stay a progenitor and 
keep dividing. As the AB model assumes the PMP to be a conveyor-belt, a long tdiv combined 
with a very short circulatory lifespan leads to a rapid increase in label in the circulation when 
the first cells exit the PMP. If the circulatory lifespan is short, these cells will rapidly exit the 
circulation again and be replaced by unlabelled cells. When the progenitor cells in the BM 
divide again, new labelled cells will enter and leave the circulation again, albeit with only half 
the amount of label in each cell. The resulting enrichment will look like a series of peaks in 2H-
enrichment with low enrichment in between. An example of this can be seen in figure 3C of 
chapter 3. The ODE model makes a different assumption about the BM and PMP. It assumes 
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cells to divide and enter the PMP randomly. Thus, the fraction label entering the PMP is 
exactly the same as the fraction label in the BM at that time. After a delay in the PMP, the 
blood kinetics closely reflect the BM kinetics in the case of a short circulatory lifespan. Since 
the uplabelling in the BM is very rapid (8h), this assumption leads to a very rapid increase in 
label in the periphery (such as in chapter 3, figure 2).  

Taken together, chapters 2-5 demonstrate that one should be careful when using 
mathematical/computational models for estimation of circulatory kinetics for cells, which are 
predominantly produced in pools at locations other than the circulation. Chapter 3 and 4 and 
table 1 show this to be the case for the three granulocytes, as ODE models have difficulties in 
separating BM and blood kinetics of these cells. Also other important cell types, such as NK 
cells (16) are to a large extent derived from progenitor cells in the BM under homeostasis and 
their circulatory lifespans might, therefore, not easily be adequately assessed. It also asks for 
a re-appraisal of labelling studies performed on cells produced in the BM, which are modelled 
without taking the BM into account (17, 18). Direct measurements of 2H enrichment in bone 
marrow samples would help to strengthen the conclusions in chapters 3 and 4. However, 
these data are not only difficult to obtain, but may also turn out to be difficult to interpret. 
For example, not all neutrophil myelocytes are actively dividing in vitro, (19, 20) but the 
fraction of these non-dividing (“lazy”) cells in vivo is unknown. Furthermore, some myelocytes 
are derived from myelocyte divisions, but others are derived from differentiating pro-
myelocytes. If a large fraction of myelocytes were derived from promyelocytes (the myelocyte 
precursor), it would still be difficult to interpret the myelocyte data, similar to the 
interpretation of data from mature cells. Thus, detailed bone marrow 2H-enrichment data 
may be needed to aid the estimation of granulocyte circulatory lifespans. 

 

Linear or parallel monocyte differentiation 
In chapter 5, our in vivo labelling data support the hypothesis that monocytes differentiate in 
a linear fashion from classical monocytes (CM) via intermediate monocytes (IM) to non-
classical monocytes (NCM). On top of that, the calculations used in this chapter made 
important predictions on the monocyte maturation process.  

1. They predict that only 3% of the CM mature into IM, due to the large number of CM 
compared to NCM and their relative circulatory lifespans.  

2. For a good fit, the model required a delay between IM and NCM differentiation taking 
place outside the circulation. 

Data that support these predictions can be found in experiments showing CM to differentiate 
into tissue dendritic cells (DC’s) (21) or skin macrophages (22), and the finding that NCM in 
individuals with brain tumours contain tumour-specific peptides (unpublished data by Van 
Dongen et al. presented at the NVVI 2014). 

The monocyte 2H-labelling kinetics can also be explained with an alternative model, 
assuming that each monocyte subset has its own progenitor in the bone marrow, PMPtt and 
circulatory lifespan (figure 3). With this assumption, subset lifespans can be estimated for 
each subset separately. This results in a somewhat longer estimated IM circulatory lifespan 
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compared to the results from the linear differentiation model (1.6 vs 1.0 d) and a somewhat 
shorter lifespan for both CM (0.5 vs 0.7 days) and NCM (2.8 vs 3.5d). Thus, although 
monocytes might differentiate from CM into IM and NCM, the alternative is not ruled out on 
the basis of the labelling data in chapter 5. In addition, several combinations of parallel and 
linear differentiation are possible, such as CM maturing into IM, whereas NCM develop 
separately. As long as these models do not violate the order of CM acquiring label first, 
followed by IM and later NCM, they will most likely be able to explain our labelling data. A 
developmental relation between CM, IM and NCM is supported by data obtained by gene 
arrays, which showed that the transcriptome of IM lies in between that of CM and NCM (23). 
Furthermore, surface marker expression data obtained by flow cytometry showed changes in 
expression to be gradual from CM to NCM, without discrete differences in any of the 
measured markers(24).  

 

Figure 3. Linear versus parallel differentiation of the monocyte subsets. Monocytes have been hypothesized 
to differentiate in a linear fashion from CM to IM to NCM (A). Alternatively, they could differentiate in parallel, 
with each subset originating from a different progenitor. Both assumptions were tested using MONOLIX, as 
described in chapter 5. Population fits of both models produce good fits (C-D), with small differences, such as in 
the predicted moment of label appearing in the DNA of non-classical monocytes. The parallel differentiation 
model predicts a somewhat shorter CM and NCM circulatory lifespan and a longer IM lifespan.  
 

 
   

To definitively answer the question whether the three monocyte subsets differentiate 
in a linear, parallel or mixed fashion, new experiments will have to be performed. Preferably, 
these experiments include lineage tracing experiments utilizing genetic barcoding (such as 
done in mice (25)) or by cell mutation analysis of somatic mutations in humans (26). These 
experiments should be performed on a single-cell basis, to determine whether differences in 
lineage are discrete or continuous. 
 

Hypersegmented neutrophils 
Under homeostatic conditions, the majority of circulating neutrophils appear to be one 
homogeneous population. During acute inflammation, however, at least three neutrophil 
subsets can be identified, each with a different nuclear morphology and functionality (27): 1. 
Banded, CD16low/CD62Lhigh neutrophils, which are shown to be better at containing bacteria 
than the other two subsets (unpublished results by P. Leliefeld). 2. CD16high/CD62Lhigh 

neutrophils with a functionality and nuclear phenotype similar to that of neutrophils under 
homeostasis and 3. Hypersegmented, CD16high/CD62Llow neutrophils which have been shown 
to be capable of suppressing T-cell proliferation in vitro (27). In chapter 7, we induced 
recruitment of these three neutrophil subsets to the circulation by injecting healthy 
volunteers with a single dose of 2ng LPS per kg bodyweight. Three hours after injection, large 
numbers of these three neutrophils subsets were present in the blood. In chapter 7, we 
propose that the hypersegmented neutrophil is a separately developing neutrophil subset, 
which is rapidly mobilized to the blood in response to inflammation. This is in contrast to our 
initial idea that hypersegmented neutrophils are a further differentiation stage of normal 
neutrophils induced by the injection LPS. This conclusion is based on several arguments: 

1. Age. Mature and hypersegmented neutrophils have similar 2H-enrichment kinetics. 
This suggests that if hypersegmented neutrophils have differentiated from mature 
neutrophils in response to LPS, this differentiation would have to occur in less than 3 
hours (the time between LPS injection and blood withdrawal).  

2. Protein expression levels. These indicate that mature neutrophils are more similar to 
the two day younger banded neutrophils than to the hypersegmented neutrophils, 
even though the latter have had a similar maturation time. Thus, if hypersegmented 
neutrophils were derived from normally segmented cells, the change in their 
proteome would be larger than that induced by 2 days of maturation. 

3.  The translational capacity. This is very poor in hypersegmented neutrophils (see 
chapter 7). In fact, when calculating the increase in abundance for each protein 
upregulated in hypersegmented neutrophils compared to normally segmented 
neutrophils and subsequently dividing this abundance by the total amount of detected 
protein in hypersegmented cells, one can calculate newly synthesized protein (mass) 
as follows: 
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To definitively answer the question whether the three monocyte subsets differentiate 
in a linear, parallel or mixed fashion, new experiments will have to be performed. Preferably, 
these experiments include lineage tracing experiments utilizing genetic barcoding (such as 
done in mice (25)) or by cell mutation analysis of somatic mutations in humans (26). These 
experiments should be performed on a single-cell basis, to determine whether differences in 
lineage are discrete or continuous. 
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neutrophils with a functionality and nuclear phenotype similar to that of neutrophils under 
homeostasis and 3. Hypersegmented, CD16high/CD62Llow neutrophils which have been shown 
to be capable of suppressing T-cell proliferation in vitro (27). In chapter 7, we induced 
recruitment of these three neutrophil subsets to the circulation by injecting healthy 
volunteers with a single dose of 2ng LPS per kg bodyweight. Three hours after injection, large 
numbers of these three neutrophils subsets were present in the blood. In chapter 7, we 
propose that the hypersegmented neutrophil is a separately developing neutrophil subset, 
which is rapidly mobilized to the blood in response to inflammation. This is in contrast to our 
initial idea that hypersegmented neutrophils are a further differentiation stage of normal 
neutrophils induced by the injection LPS. This conclusion is based on several arguments: 

1. Age. Mature and hypersegmented neutrophils have similar 2H-enrichment kinetics. 
This suggests that if hypersegmented neutrophils have differentiated from mature 
neutrophils in response to LPS, this differentiation would have to occur in less than 3 
hours (the time between LPS injection and blood withdrawal).  

2. Protein expression levels. These indicate that mature neutrophils are more similar to 
the two day younger banded neutrophils than to the hypersegmented neutrophils, 
even though the latter have had a similar maturation time. Thus, if hypersegmented 
neutrophils were derived from normally segmented cells, the change in their 
proteome would be larger than that induced by 2 days of maturation. 

3.  The translational capacity. This is very poor in hypersegmented neutrophils (see 
chapter 7). In fact, when calculating the increase in abundance for each protein 
upregulated in hypersegmented neutrophils compared to normally segmented 
neutrophils and subsequently dividing this abundance by the total amount of detected 
protein in hypersegmented cells, one can calculate newly synthesized protein (mass) 
as follows: 
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Now to determine the total percentage of newly synthesized proteins in hypersegmented 
neutrophils we calculate: 
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Based on our proteomics data, this calculation shows that 13% of the hypersegmented 
neutrophil proteome is newly synthesized compared to normally segmented neutrophils. 
When performing the same calculation for the amount of newly synthesized protein in the 
differentiation from banded neutrophil into mature neutrophil, this percentage is “only” 
7.6%. Taken together, this makes it unlikely that hypersegmented neutrophils differentiate 
from normally segmented neutrophils during the 3 hours after LPS challenge.  
 

Figure 4. CD62Llow neutrophils after administration 
of Plerixafor. Blood was obtained 24h after 
administration of Plerixafor and analysed for the 
presence of CD62Llow neutrophils. Flow cytometric 
data RBC lysed whole blood were gated as SSChigh 
granulocytes, with exclusion of eosinophils, 
monocytes and NK-cells by CD193, CD14 and CD56 
expression, respectively. 
 
 
 
 
 
 
 

 
Circumstantial evidence suggest that CD62Llow neutrophils are the result of inflammation as 
they are described in many severe inflammatory conditions, including trauma (28), the human 
endotoxemia model (27), burn injury (unpublished data by KM Groeneveld) and cancer (29). 
In addition, this phenotype was described in more mild cases of immune activation in 
otherwise healthy volunteers, such as after sleep deprivation (30) and after administration of 
G-CSF (31). In all these studies it is unclear whether the cells are formed by activation during 
the disease or whether they are mobilized from a pre-existing non-activated pool outside the 
blood. An important finding in this regard is that CD62Llow neutrophils have been observed in 
the blood after injection of plerixafor; a condition without inflammation. Plerixafor is a CXCR4 

 
   

antagonist which is used to mobilize hematopoietic progenitor cells from the BM into the 
blood (32). Signalling trough SDF1/CXCR4 axis has been described as a BM retention signal 
(33). Thus, blockade of CXCR4 does not lead to inflammation, but it leads to recruitment of 
CD62Llow neutrophils to the circulation (figure 4). This clearly indicates that CD62Llow cells can 
enter the bloodstream most likely from the bone marrow in the absence of inflammation.  

Many questions regarding the origin and function of hypersegmented neutrophils 
remain, however, which will be further discussed in the remainder of the discussion.  
 
The origin and function of neutrophil nuclear segmentation  
In chapters 6 and 7 of this thesis, the function and origin of hypersegmented neutrophils has 
been discussed. It is unknown why hypersegmented neutrophils show increased lobularity of 
their nuclei or why neutrophils have a segmented nucleus in the first place. Segmentation of 
the neutrophil (or neutrophil-homologues) nucleus is an evolutionary conserved trait, as it 
has been reported in animals ranging from invertebrates (30) to fish, birds and mammals (27-
29) This clearly shows the evolutionary pressure to retain this nuclear shape. The shape of a 
cell's nucleus is at least in part determined by the relative expression of Lamin-A/C versus 
Lamin-B (34), with neutrophils losing Lamin-A/C expression during differentiation. The 
importance of the Lamin-B receptor in nuclear segmentation comes from studies focussing 
on mutations in this gene (32). Individuals carrying these mutations are hallmarked by 
neutrophils with only two very round lobes when heterozygous and a completely round 
nucleus when homozygous (35). This condition is called the Pelger-Huët anomaly. 
Surprisingly, this condition is completely asymptomatic when heterozygous (36, 37). When 
homozygous, skeletal defects occur, but immunological defects are rarely found (37, 38). The 
only cases of Pelger-Huët anomaly in which immunological symptoms have been described 
were characterized by an aberrant chromosome 22 (39). This indicates the importance of 
additional genes for neutrophil nuclear segmentation, since none of the Lamins nor their 
receptors are located on this chromosome and not all family members with Pelger-Huët 
anomaly had this enlarged chromosome (39).  

Wolf et al provided some evidence that nuclear segmentation allows neutrophils to 
move through smaller gaps than cells with a round nucleus (40) and might, therefore, 
facilitate extravasation. However, this study compared neutrophils (segmented nucleus) with 
lymphocytes (round nucleus) and did not take into account that other differences between 
these cell types might underlie differences in cellular movement. Data describing migration 
and extravasation in Pelger-Huët are conflicting. One study showed impaired neutrophil 
migration through skin windows (41). Another study showing impaired neutrophil migration 
through a filter only in some patients (39), whereas in the same study no differences were 
observed in other patients with a similar nuclear phenotype (39). In addition, normal 
migration under an agar gel (42) or through filters (43) and the absence of clinical symptoms 
in nearly all cases (36, 39) are indicative that migration of neutrophils with round nuclei is not 
affected in Pelger-Huët anomaly. 
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antagonist which is used to mobilize hematopoietic progenitor cells from the BM into the 
blood (32). Signalling trough SDF1/CXCR4 axis has been described as a BM retention signal 
(33). Thus, blockade of CXCR4 does not lead to inflammation, but it leads to recruitment of 
CD62Llow neutrophils to the circulation (figure 4). This clearly indicates that CD62Llow cells can 
enter the bloodstream most likely from the bone marrow in the absence of inflammation.  

Many questions regarding the origin and function of hypersegmented neutrophils 
remain, however, which will be further discussed in the remainder of the discussion.  
 
The origin and function of neutrophil nuclear segmentation  
In chapters 6 and 7 of this thesis, the function and origin of hypersegmented neutrophils has 
been discussed. It is unknown why hypersegmented neutrophils show increased lobularity of 
their nuclei or why neutrophils have a segmented nucleus in the first place. Segmentation of 
the neutrophil (or neutrophil-homologues) nucleus is an evolutionary conserved trait, as it 
has been reported in animals ranging from invertebrates (30) to fish, birds and mammals (27-
29) This clearly shows the evolutionary pressure to retain this nuclear shape. The shape of a 
cell's nucleus is at least in part determined by the relative expression of Lamin-A/C versus 
Lamin-B (34), with neutrophils losing Lamin-A/C expression during differentiation. The 
importance of the Lamin-B receptor in nuclear segmentation comes from studies focussing 
on mutations in this gene (32). Individuals carrying these mutations are hallmarked by 
neutrophils with only two very round lobes when heterozygous and a completely round 
nucleus when homozygous (35). This condition is called the Pelger-Huët anomaly. 
Surprisingly, this condition is completely asymptomatic when heterozygous (36, 37). When 
homozygous, skeletal defects occur, but immunological defects are rarely found (37, 38). The 
only cases of Pelger-Huët anomaly in which immunological symptoms have been described 
were characterized by an aberrant chromosome 22 (39). This indicates the importance of 
additional genes for neutrophil nuclear segmentation, since none of the Lamins nor their 
receptors are located on this chromosome and not all family members with Pelger-Huët 
anomaly had this enlarged chromosome (39).  

Wolf et al provided some evidence that nuclear segmentation allows neutrophils to 
move through smaller gaps than cells with a round nucleus (40) and might, therefore, 
facilitate extravasation. However, this study compared neutrophils (segmented nucleus) with 
lymphocytes (round nucleus) and did not take into account that other differences between 
these cell types might underlie differences in cellular movement. Data describing migration 
and extravasation in Pelger-Huët are conflicting. One study showed impaired neutrophil 
migration through skin windows (41). Another study showing impaired neutrophil migration 
through a filter only in some patients (39), whereas in the same study no differences were 
observed in other patients with a similar nuclear phenotype (39). In addition, normal 
migration under an agar gel (42) or through filters (43) and the absence of clinical symptoms 
in nearly all cases (36, 39) are indicative that migration of neutrophils with round nuclei is not 
affected in Pelger-Huët anomaly. 
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Based on the above, it is unlikely that neutrophil hypersegmentation leads to increased 
migration. In fact, banded neutrophils migrate even better through a filter in a Boyden 
chamber assay (44) and migration through a restrictive collagen matrix also showed no 
differences in ability to squeeze through small pores between the three neutrophil subsets 
(figure5A). Also, migration does not induce hypersegmentation, since neutrophils obtained 
from the sputum of asthma patients show no increased lobularity (see fig 5C). 
 

 
Figure 5. Effect of neutrophil segmentation on migration speed (A) and neutrophil nuclear segmentation in 
samples obtained from (B) healthy volunteers 3h after injection of LPS or (C) from sputum samples from asthma 
and CF patients and the synovium of patients with juvenile idiopathic arthritis (JIA) patients.  

 
Alternatively, nuclear segmentation might reflect differences in chromosomal 

localisation. Chromosomes have been shown to have specific localisations within the nucleus 
for specific chromosomes, called chromosome territories (45). Chromosome territories have 
been linked to transcriptional activity, allowing gene enhancers and silencers to affect 
transcriptional activity on a different chromosome. In addition, the nuclear organisation 
affects accessibility of DNA and thereby transcription (46). Chromosome rearrangements 
have been shown to differ between cell types and during cell differentiation (46). For 
neutrophils, the existence of chromosome territories is suggested by the fact that 
chromosome localisation within the nucleus is not random (47). We did not asses 
chromosome localisation in the neutrophil subsets, but alterations in chromosome territories 
are likely due to the different shape of the nucleus and the large differences in expression of 
proteins involved in transcription and translation as shown in chapter 7. In addition, porcine 
neutrophils have been shown to change their chromosome arrangement after stimulation 
with LPS (48), although subsequent research reported these differences to be very small (49). 

Taken together, neutrophil hypersegmentation is unlikely to allow more rapid 
migration and extravasation and neutrophil segmentation may not be of any consequence for 
neutrophil function, as Pelger-Huët anomaly does not induce immunological defects. 
Alternatively, differences in segmentation might reflect differences in transcriptional and 
translational activity such as shown in chapter 7 and by de Kleijn et al(50).  
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Why do neutrophils get hypersegmented?  
As described above, neutrophils lose Lamin-A/C expression during differentiation and Lamin-
B-receptor mutations lead to reduced nuclear segmentation. The proteomics analysis 
performed on the three neutrophil subsets in chapter 7 does not show a difference in 
expression of Lamin-B receptor, but expression of Lamin-B1 increased in hypersegmented 
neutrophils (500 vs 430ppm, p<0.001) with a trend towards increased Lamin-B2 expression 
(p=0.07 after multi-testing correction).  

Determination of neutrophil hypersegmentation is hallmarked by the presence of 
large numbers of neutrophils with ≥6 nuclear lobes (51). Hypersegmentation of neutrophil 
nuclei has particularly been described in DNA-replication deficiencies, mostly caused by 
vitamin B12 deficiency or DNA-replication poisons, although neutrophils with six lobes have 
also been seen in about 10% of healthy children (52). CD62Llow neutrophils with an increased 
nuclear lobularity, such as seen in the human endotoxemia model and in trauma patients (27), 
usually have 4-5 nuclear lobes.  

It is often suggested that neutrophils characterized by increased lobularity of their 
nuclei represent older cells (53-55). However, in chapter 7 we provide evidence that these 
cells do not have an increased cellular age, which is in agreement with previous experiments 
with 3H-TdR in one individual (56). The latter study showed no difference in the PMPtt and 
labelling kinetics between neutrophils with two and neutrophils with more than 4 lobes.  

This does not mean, however, that neutrophils cannot become hypersegmented when 
aging. For example, when culturing neutrophils ex vivo with the supernatant of UV irradiated 
keratinocytes some neutrophils survived for at least 5 days (unpublished data by C. van Aalst). 
After 2 days of culture, all of these neutrophils obtained a hypersegmented phenotype with 
4-5 lobes arranged as a cloverleaf such as seen in murine neutrophils (chapter 8, figure 5). 
These neutrophils with a cloverleaf shaped nucleus have also been observed in the synovial 
fluid of juvenile idiopathic arthritis patients and in the sputum of some CF patients (figure 5C). 
Cells with a cloverleaf type of nuclear segmentation are typically not found in the peripheral 
blood under inflammatory conditions. Therefore, it is unknown whether this cloverleaf 
hypersegmentation is a different form of hypersegmentation or a later stage of neutrophil 
development.  

 
Where do hypersegmented neutrophils come from? 
In chapter 7, we propose that the hypersegmented neutrophil is a separately developing 
neutrophil subset, which is rapidly mobilized to the blood. It remains unclear, however, where 
these cells come from. This question is difficult to answer with the techniques we have been 
using up to now. We detected the hypersegmented neutrophil subset by flow cytometry 
based on CD16/CD62L expression (27) or, alternatively, by an increased expression of CD11c. 
Unfortunately, neither low CD62L expression nor high CD11c expression is a conclusive 
characteristic of a hypersegmented neutrophil. CD62L shedding is observed in neutrophil 
endothelial transmigration (57), so neutrophils in tissues are CD62Llow regardless of their 
nuclear phenotype. This is illustrated by the results shown in chapter 9, which show that 
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neutrophils (500 vs 430ppm, p<0.001) with a trend towards increased Lamin-B2 expression 
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It is often suggested that neutrophils characterized by increased lobularity of their 
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cells do not have an increased cellular age, which is in agreement with previous experiments 
with 3H-TdR in one individual (56). The latter study showed no difference in the PMPtt and 
labelling kinetics between neutrophils with two and neutrophils with more than 4 lobes.  

This does not mean, however, that neutrophils cannot become hypersegmented when 
aging. For example, when culturing neutrophils ex vivo with the supernatant of UV irradiated 
keratinocytes some neutrophils survived for at least 5 days (unpublished data by C. van Aalst). 
After 2 days of culture, all of these neutrophils obtained a hypersegmented phenotype with 
4-5 lobes arranged as a cloverleaf such as seen in murine neutrophils (chapter 8, figure 5). 
These neutrophils with a cloverleaf shaped nucleus have also been observed in the synovial 
fluid of juvenile idiopathic arthritis patients and in the sputum of some CF patients (figure 5C). 
Cells with a cloverleaf type of nuclear segmentation are typically not found in the peripheral 
blood under inflammatory conditions. Therefore, it is unknown whether this cloverleaf 
hypersegmentation is a different form of hypersegmentation or a later stage of neutrophil 
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Where do hypersegmented neutrophils come from? 
In chapter 7, we propose that the hypersegmented neutrophil is a separately developing 
neutrophil subset, which is rapidly mobilized to the blood. It remains unclear, however, where 
these cells come from. This question is difficult to answer with the techniques we have been 
using up to now. We detected the hypersegmented neutrophil subset by flow cytometry 
based on CD16/CD62L expression (27) or, alternatively, by an increased expression of CD11c. 
Unfortunately, neither low CD62L expression nor high CD11c expression is a conclusive 
characteristic of a hypersegmented neutrophil. CD62L shedding is observed in neutrophil 
endothelial transmigration (57), so neutrophils in tissues are CD62Llow regardless of their 
nuclear phenotype. This is illustrated by the results shown in chapter 9, which show that 
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sputum cells are low in CD62L , yet do not show increased nuclear segmentation (figure 5C). 
CD11c surface expression might not be ideal for detection of hypersegmented neutrophils 
either, because this is a protein stored in ficolin and gelatinase containing granules (58). The 
protein remains on the surface after degranulation of these vesicles. Thus, also activated 
neutrophils will show increased expression of this marker.  

Even though the markers used to identify hypersegmented neutrophils are 
ambiguous, it is tempting to speculate about the origin of hypersegmented neutrophils. 
Several non-circulating neutrophil populations have been described in literature. For 
example, reinfusion of radiolabelled neutrophils shows homing of these cells to the spleen, 
lungs, liver and bone marrow of healthy volunteers (59, 60), although retention in the lung 
was later described to be an artefact of ex vivo manipulation (6). In addition, in the spleen 
two neutrophil subsets have been described that are phenotypically different from blood 
neutrophils. One of these two subsets was described to be capable of suppressing T-cell 
proliferation and have decreased CD62L expression (61). This would make the spleen a 
potential site of origin for hypersegmented neutrophils. However, follow-up studies failed to 
detect neutrophil subsets in fresh human spleen samples (62), questioning this hypothesis. 
The detection of neutrophil homing to the liver under homeostasis is thought to be due to 
the clearing of neutrophils from the circulation by the liver (63). Neutrophil numbers are low 
in the liver under homeostasis (64), making the liver an unlikely location from which 
hypersegmented neutrophils can be released during homeostasis. The last organ discussed 
here to which large numbers of neutrophils have been shown to migrate under homeostasis 
is the BM (59). The bone marrow contains large numbers of neutrophils in all stages of 
differentiation and has also been implicated as a site of neutrophil clearance (65). In addition, 
we have observed the presence of hypersegmented neutrophils in the bone marrow 
(unpublished data) and blockade of the BM-homing receptor CXCR4 (66) recruits CD62Llow 
neutrophils to the circulation as described above. Therefore, the BM seems a likely site of 
origin for hypersegmented neutrophils.  

Besides demonstrating the accumulation of neutrophils in several organs, reinfusion 
of radiolabelled neutrophils into healthy humans has also indicated the existence of a 
marginated pool of neutrophils (67). During these experiments, the number of radiolabelled 
neutrophils that were recovered from the circulation after reinfusion was lower than 
expected. Subsequent injection of high doses of corticosteroids or adrenalin led to recovery 
of the expected number of radiolabelled neutrophils in the peripheral blood (68). Although 
reinfusion of ex vivo manipulated neutrophils is far from ideal when investigating neutrophil 
kinetics, exercise and injection of adrenalin or corticosteroids have been shown to rapidly 
increase neutrophil counts in healthy volunteers (68). Experiments from our lab in which the 
blood of rowers and cyclists was analysed before and after exercise indeed showed an 
increased neutrophil count, but no evidence of additional CD62Llow neutrophils entering the 
circulation (unpublished results from B. Hilvering and S. van Staveren). Therefore, it is unlikely 
that hypersegmented neutrophils originate from the marginated pool.  

 
   

A final possibility for the origin of hypersegmented neutrophils might be that cells 
return from the tissue into the blood. These cells have been identified in the circulation in 
healthy volunteers and in increased numbers during chronic inflammation (69). These reverse 
transmigrated neutrophils were identified by their expression of ICAM-1 (CD54). This remains 
a matter of debate as replicating studies have not been able to detect an appreciable 
expression of ICAM-1 (CD54) on blood neutrophils (see chapter 9). Nevertheless, the process 
of reverse transmigration has been shown extensively in vivo in mice and zebrafish (70, 71), 
albeit only under inflammatory conditions. This raises the question whether hypersegmented 
neutrophils are reverse transmigrated. Hypersegmented neutrophils do not express CD54 
(27), and have a totally different receptor expression pattern compared to reverse 
transmigrated neutrophils (27, 69). With respect to their function, reverse transmigrated 
neutrophils have been shown to have normal phagosome acidification in zebrafish (72) as 
opposed to hypersegmented human neutrophils, which do not have adequate phagosome 
acidification (unpublished results by Pieter Leliefeld). Furthermore, reverse transmigrated 
neutrophils are associated with causing lung damage in mice (70) instead of being 
immunomodulatory like human hypersegmented neutrophils.  

Taken together, we hypothesize that the BM may be the main source of CD62Llow 
hypersegmented neutrophils, because: 1. Small numbers of hypersegmented neutrophils can 
be observed in the BM and 2. Blockade of BM-homing receptor CXCR4 results in recruitment 
of hypersegmented neutrophils to the circulation.  

 

Sputum granulocytes 
Sputum induction is a technique by which cells can be obtained from the central airways (73). 
Both neutrophils and eosinophils can be observed in the sputum of asthma patients and are 
thought to contribute to pathology in this disease (74, 75). Sputum eosinophilia is usually 
defined as 2-3% eosinophils in sputum and the cut-off defining sputum neutrophilia ranges 
from 40% to 76% neutrophils (76-78). Based on the percentage of these cells in induced-
sputum samples, asthma can be subdivided into four different immunological subtypes: 1. 
eosinophilic asthma (EA) : patients with only sputum eosinophilia, 2. neutrophilic asthma 
(NA): patients with only sputum neutrophilia 3. mixed eosinophilic/neutrophilic asthma: 
patients with both cell types present in sputum and 4. paucigranulocytic asthma: patients 
with neither sputum eosinophilia nor sputum neutrophilia (76). Determining the 
immunological asthma subtype can be useful in the clinic as some types of medication are 
only effective in patients with eosinophilic asthma (79) The results of sputum inductions have 
also been used to adapt treatment regimens, leading to a lower number of exacerbations 
(80).  
 
Limitations of sputum inductions 
Even though the classification of asthma into 4 immunological subtypes has proven to be 
useful, it should be applied with caution. For example, as the cut-off for neutrophilic asthma 
differs between studies (76, 77), patients can be classified as having neutrophilic asthma in 

Chapter 11

230



 
   

sputum cells are low in CD62L , yet do not show increased nuclear segmentation (figure 5C). 
CD11c surface expression might not be ideal for detection of hypersegmented neutrophils 
either, because this is a protein stored in ficolin and gelatinase containing granules (58). The 
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was later described to be an artefact of ex vivo manipulation (6). In addition, in the spleen 
two neutrophil subsets have been described that are phenotypically different from blood 
neutrophils. One of these two subsets was described to be capable of suppressing T-cell 
proliferation and have decreased CD62L expression (61). This would make the spleen a 
potential site of origin for hypersegmented neutrophils. However, follow-up studies failed to 
detect neutrophil subsets in fresh human spleen samples (62), questioning this hypothesis. 
The detection of neutrophil homing to the liver under homeostasis is thought to be due to 
the clearing of neutrophils from the circulation by the liver (63). Neutrophil numbers are low 
in the liver under homeostasis (64), making the liver an unlikely location from which 
hypersegmented neutrophils can be released during homeostasis. The last organ discussed 
here to which large numbers of neutrophils have been shown to migrate under homeostasis 
is the BM (59). The bone marrow contains large numbers of neutrophils in all stages of 
differentiation and has also been implicated as a site of neutrophil clearance (65). In addition, 
we have observed the presence of hypersegmented neutrophils in the bone marrow 
(unpublished data) and blockade of the BM-homing receptor CXCR4 (66) recruits CD62Llow 
neutrophils to the circulation as described above. Therefore, the BM seems a likely site of 
origin for hypersegmented neutrophils.  

Besides demonstrating the accumulation of neutrophils in several organs, reinfusion 
of radiolabelled neutrophils into healthy humans has also indicated the existence of a 
marginated pool of neutrophils (67). During these experiments, the number of radiolabelled 
neutrophils that were recovered from the circulation after reinfusion was lower than 
expected. Subsequent injection of high doses of corticosteroids or adrenalin led to recovery 
of the expected number of radiolabelled neutrophils in the peripheral blood (68). Although 
reinfusion of ex vivo manipulated neutrophils is far from ideal when investigating neutrophil 
kinetics, exercise and injection of adrenalin or corticosteroids have been shown to rapidly 
increase neutrophil counts in healthy volunteers (68). Experiments from our lab in which the 
blood of rowers and cyclists was analysed before and after exercise indeed showed an 
increased neutrophil count, but no evidence of additional CD62Llow neutrophils entering the 
circulation (unpublished results from B. Hilvering and S. van Staveren). Therefore, it is unlikely 
that hypersegmented neutrophils originate from the marginated pool.  
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transmigrated neutrophils were identified by their expression of ICAM-1 (CD54). This remains 
a matter of debate as replicating studies have not been able to detect an appreciable 
expression of ICAM-1 (CD54) on blood neutrophils (see chapter 9). Nevertheless, the process 
of reverse transmigration has been shown extensively in vivo in mice and zebrafish (70, 71), 
albeit only under inflammatory conditions. This raises the question whether hypersegmented 
neutrophils are reverse transmigrated. Hypersegmented neutrophils do not express CD54 
(27), and have a totally different receptor expression pattern compared to reverse 
transmigrated neutrophils (27, 69). With respect to their function, reverse transmigrated 
neutrophils have been shown to have normal phagosome acidification in zebrafish (72) as 
opposed to hypersegmented human neutrophils, which do not have adequate phagosome 
acidification (unpublished results by Pieter Leliefeld). Furthermore, reverse transmigrated 
neutrophils are associated with causing lung damage in mice (70) instead of being 
immunomodulatory like human hypersegmented neutrophils.  

Taken together, we hypothesize that the BM may be the main source of CD62Llow 
hypersegmented neutrophils, because: 1. Small numbers of hypersegmented neutrophils can 
be observed in the BM and 2. Blockade of BM-homing receptor CXCR4 results in recruitment 
of hypersegmented neutrophils to the circulation.  

 

Sputum granulocytes 
Sputum induction is a technique by which cells can be obtained from the central airways (73). 
Both neutrophils and eosinophils can be observed in the sputum of asthma patients and are 
thought to contribute to pathology in this disease (74, 75). Sputum eosinophilia is usually 
defined as 2-3% eosinophils in sputum and the cut-off defining sputum neutrophilia ranges 
from 40% to 76% neutrophils (76-78). Based on the percentage of these cells in induced-
sputum samples, asthma can be subdivided into four different immunological subtypes: 1. 
eosinophilic asthma (EA) : patients with only sputum eosinophilia, 2. neutrophilic asthma 
(NA): patients with only sputum neutrophilia 3. mixed eosinophilic/neutrophilic asthma: 
patients with both cell types present in sputum and 4. paucigranulocytic asthma: patients 
with neither sputum eosinophilia nor sputum neutrophilia (76). Determining the 
immunological asthma subtype can be useful in the clinic as some types of medication are 
only effective in patients with eosinophilic asthma (79) The results of sputum inductions have 
also been used to adapt treatment regimens, leading to a lower number of exacerbations 
(80).  
 
Limitations of sputum inductions 
Even though the classification of asthma into 4 immunological subtypes has proven to be 
useful, it should be applied with caution. For example, as the cut-off for neutrophilic asthma 
differs between studies (76, 77), patients can be classified as having neutrophilic asthma in 
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one study, while being classified as paucigranulocytic asthma in the other. In addition, one 
may wonder what is the relevance of discrete cut-off points in terms of percentages of cells 
in sputum. It is unlikely that patients with 53% neutrophils in sputum show large differences 
with patients having 55% neutrophils in sputum, as percentages do not say much about 
absolute numbers of cells. As for patients with EA, the percentage of sputum eosinophils can 
differ greatly. For example, in chapter 10, eosinophil percentages ranged from 3.4% to 81%. 
In this study, we observed a correlation between the percentage of eosinophils in sputum and 
the results of the asthma control questionnaire (ACQ) and absolute FEV1 (figure 6). Therefore, 
we feel that classification of patients based on granulocyte percentages in sputum should be 
done with caution. In addition, when used in the clinic, not only the asthma phenotype should 
be taken into account, but also the percentage on which the phenotype classification has 
been based. Furthermore, if successful treatment reduces the percentage of sputum 
eosinophils (80), eosinophilic asthma patients on treatment may suddenly be classified as 
non-eosinophilic, which might explain the reported variability in sputum eosinophil 
percentages over time (78). However, even though it might be ideal for research purposes to 
perform sputum inductions in treatment-naïve individuals, it is undesirable to have 
moderate-to severe patients stop therapy to classify their asthma phenotype. Besides, it is 
likely that patients with persistent sputum eosinophilia despite treatment belong to an 
immunologically and clinically different asthma subtype than patients with sputum 
eosinophilia who respond to treatment.  
 
Sputum granulocytes in healthy volunteers 
In the studies presented in chapter 9 and 10, sputum samples were compared between two 
groups of patients without healthy controls. In previous reports comparisons were typically 
made between these patient groups and healthy controls (81). Unfortunately, in our studies 
we have been unable to obtain sufficient numbers of granulocytes from healthy controls (see 
figure 2, chapter 10), which may be related to the relatively young age of our healthy controls 
(19-32 years of age). Indeed, the percentage of neutrophils in the sputum has been shown to 
increase with age (82), and aging has been associated with increased low-grade inflammation 
in a process dubbed “inflammaging” (83). Such low-grade inflammation might lead to 
neutrophils homing towards the lungs. Taken together, inI absence of inflammation in a truly 
healthy individual, granulocytes are probably not present in the sputum. 
 
The role of sputum granulocytes in asthma 
As stated before, both neutrophils and eosinophils are implicated in causing pathology in 
asthma. Both sputum neutrophilia and eosinophilia have been shown to correlate with 
decreased a Forced expiratory volume in 1s (FEV1) and Asthma Control Questionnaire (ACQ) 
symptom scores (84-86). Airway hyperresponsiveness correlates positively with eosinophil 
numbers (86), but negatively with neutrophil numbers (87). In the patient group in chapter 9, 
however, ACQ score were decreasing as the percentage of neutrophils increased (figure 6). It 
should be noted, though, that the study population included only 3 patients with neutrophilic 

 
   

asthma and 2 patients with a mixed phenotype. The involvement of eosinophils in asthma is 
further strengthened by the effect of the IL-5 blocking antibody Mepolizumab, which reduces 
eosinophil production in the bone marrow, slightly increases FEV1 and reduces the amount 
of exacerbations in EA patients, compared to placebo treated patients (79, 88, 89). After 
cessation of therapy, the number of exacerbations increased again to a similar level as the 
placebo group (90). It should be noted that the latter trials were performed in specific patients 
with sputum eosinophilia despite treatment, while previous trials including all types of 
asthma failed to show clinical improvement (91). This indicated that the patient group with 
persistent sputum eosinophilia despite treatment might differ from the general asthma 
population (92). In addition, eosinophil numbers in the lung mucosa and sputum samples 
were only reduced by 50% after 20 weeks of Mepolizumab treatment and eosinophil major 
basic protein (MBP) deposition was not affected at all (93). The lack of effect on sputum 
eosinophils by Mepolizumab might be explained by a long eosinophil residence time in the 
lungs. Although we have not been able to estimate how long eosinophils survive in the lungs, 
our labelling data presented in chapter 10 do point towards a much longer eosinophil survival 
in the lungs than in blood.  

 

 
Figure 6. Correlation between sputum granulocyte percentages and disease characteristics. The percentage of 
sputum neutrophils (●) and eosinophils (o) were plotted against (A) ACQ scores and the absolute FEV1 (B). 
Correlations were determined by linear regression. N=21 for each cell type, patient characteristics can be found 
in chapter 9. Lines indicate best linear fits with filled areas representing the 95% CI of the linear regression.  
 
The role of granulocytes in CF 
As discussed in chapter 10, neutrophils are the most abundant cell type in the sputum of CF 
patients. In addition, we show in chapter 10 that the circulatory neutrophil kinetics are 
perturbed in CF patients compared to healthy controls. Neutrophils in CF patients were also 
found to have a shorter PMPtt. In rabbits, similar results have been seen in experimental 
streptococcal pneumonia(94). This indicates that there is constant systemic inflammation 
present in CF patients. Interestingly, only low percentages of immature CD16low neutrophils 
were present in the blood of these patients, suggesting that mature neutrophils of CF patients 
also exit the BM earlier than in healthy controls.  
 In the sputum of CF patients, neutrophils survive for only a very short time (< 1 day), 
as the 2H-enrichment curves for blood and sputum neutrophils are highly similar. This would 
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one study, while being classified as paucigranulocytic asthma in the other. In addition, one 
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done with caution. In addition, when used in the clinic, not only the asthma phenotype should 
be taken into account, but also the percentage on which the phenotype classification has 
been based. Furthermore, if successful treatment reduces the percentage of sputum 
eosinophils (80), eosinophilic asthma patients on treatment may suddenly be classified as 
non-eosinophilic, which might explain the reported variability in sputum eosinophil 
percentages over time (78). However, even though it might be ideal for research purposes to 
perform sputum inductions in treatment-naïve individuals, it is undesirable to have 
moderate-to severe patients stop therapy to classify their asthma phenotype. Besides, it is 
likely that patients with persistent sputum eosinophilia despite treatment belong to an 
immunologically and clinically different asthma subtype than patients with sputum 
eosinophilia who respond to treatment.  
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In the studies presented in chapter 9 and 10, sputum samples were compared between two 
groups of patients without healthy controls. In previous reports comparisons were typically 
made between these patient groups and healthy controls (81). Unfortunately, in our studies 
we have been unable to obtain sufficient numbers of granulocytes from healthy controls (see 
figure 2, chapter 10), which may be related to the relatively young age of our healthy controls 
(19-32 years of age). Indeed, the percentage of neutrophils in the sputum has been shown to 
increase with age (82), and aging has been associated with increased low-grade inflammation 
in a process dubbed “inflammaging” (83). Such low-grade inflammation might lead to 
neutrophils homing towards the lungs. Taken together, inI absence of inflammation in a truly 
healthy individual, granulocytes are probably not present in the sputum. 
 
The role of sputum granulocytes in asthma 
As stated before, both neutrophils and eosinophils are implicated in causing pathology in 
asthma. Both sputum neutrophilia and eosinophilia have been shown to correlate with 
decreased a Forced expiratory volume in 1s (FEV1) and Asthma Control Questionnaire (ACQ) 
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eosinophil production in the bone marrow, slightly increases FEV1 and reduces the amount 
of exacerbations in EA patients, compared to placebo treated patients (79, 88, 89). After 
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persistent sputum eosinophilia despite treatment might differ from the general asthma 
population (92). In addition, eosinophil numbers in the lung mucosa and sputum samples 
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basic protein (MBP) deposition was not affected at all (93). The lack of effect on sputum 
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indicate that preventing neutrophil infiltration into the lungs of CF patients may be a better 
therapeutic option than targeting neutrophils that are present in the lungs.  
 
Conclusions 
In conclusion, this thesis re-evaluates the circulatory kinetics of neutrophils, eosinophils and 
basophils. It shows that neutrophil kinetics are disturbed in patients with the neutrophil-
driven inflammatory disease CF, whereas EA patients with eosinophil driven inflammation 
have disturbed eosinophil kinetics. The combination of in vivo 6,62H2-glucose and proteomic 
analysis of the three neutrophil subsets present during acute inflammation suggests that 
hypersegmented neutrophils form a separately developing neutrophil subset recruited to the 
circulation when needed. In sputum, both neutrophils and eosinophils are in an activated 
state. Neutrophils do not survive long in sputum, while eosinophils appear to live much longer 
in sputum than in the circulation. Monocytes may indeed follow the linear differentiation path 
from CM via IM to NCM, but our data suggest that IM cells leave the circulation while maturing 
into NCM. 
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Appendix I. Nederlandse samenvatting 
 
De wereld om ons heen zit vol met bacteriën en andere micro-organismen. Het 
immuunsysteem beschermt ons lichaam tegen schadelijke micro-organismen. Witte 
bloedcellen vormen een belangrijk onderdeel van het immuunsysteem. Er zijn tientallen 
verschillende witte bloedcellen met verschillende functies. Sommige witte bloedcellen maken 
bacteriën direct dood door ze op te eten, andere witte bloedcellen maken antistoffen aan die 
bacteriën duidelijker zichtbaar maken voor de bacterie-etende cellen en weer andere witte 
bloedcellen onthouden welke bacteriën ze eerder hebben gezien, zodat je er immuun tegen 
wordt.  

 Er bestaan tientallen verschillende witte bloedcellen, maar dit proefschrift gaat voor 
het grootste deel over de witte bloedcellen die direct bacteriën en andere micro-organismen 
aanvallen (zie figuur 1), zoals de monocyten en de drie soorten granulocyten: De neutrofiele 
granulocyt, ook wel de neutrofiel, de eosinofiele granulocyt ofwel eosinofiel en de basofiele 
granulocyt, de basofiel. Deze cellen heten granulocyten omdat ze vol zitten met korrels 
(granulen). De naamgeving basofiel, eosinofiel en neutrofiel slaat dan weer op de soort 
kleurstoffen die deze granulen aankleuren (basisch, zuur/eosien of pH-neutraal). De andere 
witte bloedcellen die in dit proefschrift worden behandeld zijn de monocyten. De monocyten 
zijn dan ook weer onder te verdelen in drie verschillende types, de klassieke, de niet-klassieke 
en de intermediaire monocyten. Van de monocyt wordt verondersteld dat deze de voorloper 
is van twee andere soorten cellen: de dendritische cel en de macrofaag. Deze twee celtypen 
zitten over het algemeen niet in het bloed maar in de weefsels. 

Figuur 1. Witte bloedcellen. 
Foto’s van de verschillende 
witte bloedcellen die aan 
bod komen in dit 
proefschrift. De foto’s zijn 
gemaakt onder de 
microscoop met een 
vergroting van 10.000x. De 
lijn links onderin is 10μm op 
de foto (1μm is 1/1000ste 
mm). Normaal gesproken 
zijn witte bloedcellen 
doorzichtig of wit met een 
lichte groene zweem, maar 
door kleurstoffen toe te 
voegen kunnen de celkern 
(donkerpaars), de inhoud 
van de cel en de korrels van 
granulocyten (verschillende 
kleuren) mooi worden 
zichtbaar gemaakt.  
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Witte bloedcellen en ontstekingsziekten 

Zoals eerder gezegd hebben witte bloedcellen de taak om het lichaam te verdedigen tegen 
bacteriën en andere micro-organismen. Helaas kunnen witte bloedcellen zich soms verkeerd 
gedragen, wat tot ziekte kan leiden. De korrels van basofiele granulocyten bevatten 
bijvoorbeeld histamine. Als deze histamine vrij komt, kan een allergische reactie ontstaan. 
Voor neutrofielen en eosinofielen kan het resultaat nog erger zijn: de inhoud van hun korrels 
is namelijk bedoeld om bacteriën dood te maken en is zeer giftig. Als deze giftige stoffen vrij 
komen in het lichaam, kunnen ze grote schade aanrichten. Daarom moet het vrij laten komen 
van deze stoffen goed worden gereguleerd.  

 Slechte regulatie van witte bloedcellen lijkt te gebeuren in veel auto-immuun- en 
ontstekingsziekten. Astma is een voorbeeld van een ontstekingsziekte: In mensen met deze 
ziekte zijn granulocyten in de luchtwegen te vinden, terwijl deze bij gezonde mensen alleen 
dieper in de longen te vinden zijn, in de longblaasjes. Daarnaast lijken deze granulocyten ook 
nog eens heel erg geactiveerd en komen de giftige stoffen uit de korrels van granulocyten vrij 
in de long. Bij taaislijmziekte (Cystic Fibrosis, CF) zijn witte bloedcellen ook betrokken. Er zitten 
namelijk zeer grote aantallen witte bloedcellen in de longen van mensen met deze ziekte, nog 
veel meer dan bij astma. Bij CF gaan deze cellen naar de longen omdat mensen met CF 
bacteriën niet goed uit hun longen kunnen krijgen. Bij astma komen witte bloedcellen naar 
de longen omdat er een ontsteking gaande is, alhoewel dat niet hoeft te komen door een 
infectie met een bacterie of een virus. Bij beide ziekten kunnen de witte bloedcellen grote 
schade aanrichten aan de longen. De giftige stoffen die uit hun korrels komen maken 
longblaasjes kapot, waardoor de longen minder goed werken. Ook kan er littekenweefsel 
ontstaan waardoor de longen minder elastisch worden. Met minder elastische longen kan je 
minder goed ademhalen, zoals bijvoorbeeld vaak gebeurd bij rokers die COPD krijgen.  

 Astma en CF zijn chronische ziekten, deze gaan niet zo maar over en de ontsteking is 
eigenlijk altijd aanwezig. Acute ontstekingen zijn veroorzaakt door bijvoorbeeld een auto-
ongeluk of een bloedvergiftiging. Een ontstekingsreactie bestaat bijvoorbeeld uit koorts en 
een verhoogde hartslag. Er gebeuren echter ook allerlei dingen met de witte bloedcellen. Er 
komen bijvoorbeeld twee soorten neutrofielen het bloed in, die daar normaal niet zijn. 
Normale neutrofielen hebben een celkern die bestaat uit 3 delen (lobben of segmenten, zie 
figuur 1). De twee nieuwe soorten neutrofielen hebben een andere vorm van celkern (voor 
een voorbeeld, zie pagina 147). De staafkernige neutrofiel heeft helemaal geen aparte 
segmenten, maar een hoefijzervormige kern en is extra goed in het doden van bacteriën. De 
andere nieuwe neutrofiel heeft juist meer segmenten en wordt daarom een 
hypergesegementeerde neutrofiel genoemd (hypersegment). Deze cel is juist helemaal niet 
goed in het doodmaken van bacteriën, maar kan andere witte bloedcellen afremmen en 
daarmee mogelijk ontstekingen remmen.  

 

 

 
   

Hoe lang leven witte bloedcellen? 

Mijn onderzoek richt zich onder andere op de vraag hoe lang witte bloedcellen leven in het 
bloed en in de longen. In de jaren ’60 van de 20e eeuw is een aantal studies uitgevoerd om 
deze vraag te beantwoorden. Deze studies leidden tot de conclusie dat neutrofielen maar 10 
uur leven in het bloed, eosinofielen 24 uur en basofielen 4 dagen. Deze studies zijn echter 
uitgevoerd bij terminaal zieke kanker patiënten, met cellen die het lichaam uit zijn verwijderd, 
met gebruik making van zeer giftige stoffen om de cellen te volgen of een combinatie van 
deze factoren. Al deze factoren hebben grote invloed op de levensduur van cellen in het 
bloed. De giftige stof DFP, bijvoorbeeld, heeft tot gevolg dat 90% van de witte bloedcellen uit 
het bloed verdwijnt. Dit heeft uiteraard een grote invloed op de levensduur van deze cellen. 
Ook is bekend dat sommige ziekten effect kunnen hebben op de levensduur van witte 
bloedcellen alsook het uit het lichaam halen van deze cellen. Hoofdstuk 2 van dit proefschrift 
gaat hier dieper op in en leidt tot de conclusie dat we eigenlijk helemaal niet weten hoe lang 
deze cellen leven in het lichaam.  

 
Waarom wil je weten hoe lang witte bloedcellen leven? 
Maar waarom willen we dan weten hoe lang een witte bloedcel leeft? Waarom is dit 
belangrijk? De reden om dit uit te zoeken is om beter te begrijpen hoe witte bloedcellen 
werken. Dat kan helpen bepaalde ziekteprocessen en de effecten van medicijnen beter te 
begrijpen. Een voorbeeld hiervan is het medicijn Mepolizumab en de klinische onderzoeken 
die zijn uitgevoerd om te testen hoe goed het werkt. Mepolizumab is een medicijn dat de 
aanmaak van eosinofielen remt. Aangezien van eosinofielen wordt gedacht dat ze mede de 
oorzaak zijn van astma, leek Mepolizumab een geschikt medicijn om deze ziekte te 
behandelen. Na het inspuiten van Mepolizumab werd het aantal eosinofielen in het bloed van 
astma patiënten inderdaad veel lager, tot ongeveer 10-20% van de originele waarde 4 weken 
na behandeling. Deze lage waarden bleven behouden tot zeker het einde van de 20 weken 
durende studie. Echter, de patiënten in deze studie hadden niet minder last van hun astma: 
Hun longfunctie werd niet beter, hun symptomen werden niet minder en de kwaliteit van 
leven (bepaald met vragenlijsten) was ook niet hoger aan het einde van de studie. Naar 
aanleiding van deze studie werd in twijfel getrokken of eosinofielen wel betrokken zijn bij 
astma. Want als er geen eosinofielen zijn om ziekte te veroorzaken, waarom worden de 
patiënten dan niet beter? Het antwoord op deze vraag werd gevonden toen men ook in de 
longen van astma patiënten ging kijken naar de aantallen eosinofielen. Deze aantallen bleken 
namelijk maar te zijn gehalveerd na 12 weken. Deze resultaten wezen er op dat eosinofielen 
veel langer leven in de longen dan in het bloed van astma patiënten of dat in aanwezigheid 
van Mepolizumab de weinige eosinofielen die worden aangemaakt voor het grootste deel 
naar de longen toe gaan. Latere studies gaven nog een aanwijzing dat eosinofielen misschien 
langer leven in de longen: als Mepolizumab namelijk voor langere tijd wordt gegeven, bleek 
het aantal ernstige astma aanvallen wel flink te verminderen. Daarom wordt tegenwoordig, 
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Witte bloedcellen en ontstekingsziekten 

Zoals eerder gezegd hebben witte bloedcellen de taak om het lichaam te verdedigen tegen 
bacteriën en andere micro-organismen. Helaas kunnen witte bloedcellen zich soms verkeerd 
gedragen, wat tot ziekte kan leiden. De korrels van basofiele granulocyten bevatten 
bijvoorbeeld histamine. Als deze histamine vrij komt, kan een allergische reactie ontstaan. 
Voor neutrofielen en eosinofielen kan het resultaat nog erger zijn: de inhoud van hun korrels 
is namelijk bedoeld om bacteriën dood te maken en is zeer giftig. Als deze giftige stoffen vrij 
komen in het lichaam, kunnen ze grote schade aanrichten. Daarom moet het vrij laten komen 
van deze stoffen goed worden gereguleerd.  

 Slechte regulatie van witte bloedcellen lijkt te gebeuren in veel auto-immuun- en 
ontstekingsziekten. Astma is een voorbeeld van een ontstekingsziekte: In mensen met deze 
ziekte zijn granulocyten in de luchtwegen te vinden, terwijl deze bij gezonde mensen alleen 
dieper in de longen te vinden zijn, in de longblaasjes. Daarnaast lijken deze granulocyten ook 
nog eens heel erg geactiveerd en komen de giftige stoffen uit de korrels van granulocyten vrij 
in de long. Bij taaislijmziekte (Cystic Fibrosis, CF) zijn witte bloedcellen ook betrokken. Er zitten 
namelijk zeer grote aantallen witte bloedcellen in de longen van mensen met deze ziekte, nog 
veel meer dan bij astma. Bij CF gaan deze cellen naar de longen omdat mensen met CF 
bacteriën niet goed uit hun longen kunnen krijgen. Bij astma komen witte bloedcellen naar 
de longen omdat er een ontsteking gaande is, alhoewel dat niet hoeft te komen door een 
infectie met een bacterie of een virus. Bij beide ziekten kunnen de witte bloedcellen grote 
schade aanrichten aan de longen. De giftige stoffen die uit hun korrels komen maken 
longblaasjes kapot, waardoor de longen minder goed werken. Ook kan er littekenweefsel 
ontstaan waardoor de longen minder elastisch worden. Met minder elastische longen kan je 
minder goed ademhalen, zoals bijvoorbeeld vaak gebeurd bij rokers die COPD krijgen.  

 Astma en CF zijn chronische ziekten, deze gaan niet zo maar over en de ontsteking is 
eigenlijk altijd aanwezig. Acute ontstekingen zijn veroorzaakt door bijvoorbeeld een auto-
ongeluk of een bloedvergiftiging. Een ontstekingsreactie bestaat bijvoorbeeld uit koorts en 
een verhoogde hartslag. Er gebeuren echter ook allerlei dingen met de witte bloedcellen. Er 
komen bijvoorbeeld twee soorten neutrofielen het bloed in, die daar normaal niet zijn. 
Normale neutrofielen hebben een celkern die bestaat uit 3 delen (lobben of segmenten, zie 
figuur 1). De twee nieuwe soorten neutrofielen hebben een andere vorm van celkern (voor 
een voorbeeld, zie pagina 147). De staafkernige neutrofiel heeft helemaal geen aparte 
segmenten, maar een hoefijzervormige kern en is extra goed in het doden van bacteriën. De 
andere nieuwe neutrofiel heeft juist meer segmenten en wordt daarom een 
hypergesegementeerde neutrofiel genoemd (hypersegment). Deze cel is juist helemaal niet 
goed in het doodmaken van bacteriën, maar kan andere witte bloedcellen afremmen en 
daarmee mogelijk ontstekingen remmen.  

 

 

 
   

Hoe lang leven witte bloedcellen? 

Mijn onderzoek richt zich onder andere op de vraag hoe lang witte bloedcellen leven in het 
bloed en in de longen. In de jaren ’60 van de 20e eeuw is een aantal studies uitgevoerd om 
deze vraag te beantwoorden. Deze studies leidden tot de conclusie dat neutrofielen maar 10 
uur leven in het bloed, eosinofielen 24 uur en basofielen 4 dagen. Deze studies zijn echter 
uitgevoerd bij terminaal zieke kanker patiënten, met cellen die het lichaam uit zijn verwijderd, 
met gebruik making van zeer giftige stoffen om de cellen te volgen of een combinatie van 
deze factoren. Al deze factoren hebben grote invloed op de levensduur van cellen in het 
bloed. De giftige stof DFP, bijvoorbeeld, heeft tot gevolg dat 90% van de witte bloedcellen uit 
het bloed verdwijnt. Dit heeft uiteraard een grote invloed op de levensduur van deze cellen. 
Ook is bekend dat sommige ziekten effect kunnen hebben op de levensduur van witte 
bloedcellen alsook het uit het lichaam halen van deze cellen. Hoofdstuk 2 van dit proefschrift 
gaat hier dieper op in en leidt tot de conclusie dat we eigenlijk helemaal niet weten hoe lang 
deze cellen leven in het lichaam.  

 
Waarom wil je weten hoe lang witte bloedcellen leven? 
Maar waarom willen we dan weten hoe lang een witte bloedcel leeft? Waarom is dit 
belangrijk? De reden om dit uit te zoeken is om beter te begrijpen hoe witte bloedcellen 
werken. Dat kan helpen bepaalde ziekteprocessen en de effecten van medicijnen beter te 
begrijpen. Een voorbeeld hiervan is het medicijn Mepolizumab en de klinische onderzoeken 
die zijn uitgevoerd om te testen hoe goed het werkt. Mepolizumab is een medicijn dat de 
aanmaak van eosinofielen remt. Aangezien van eosinofielen wordt gedacht dat ze mede de 
oorzaak zijn van astma, leek Mepolizumab een geschikt medicijn om deze ziekte te 
behandelen. Na het inspuiten van Mepolizumab werd het aantal eosinofielen in het bloed van 
astma patiënten inderdaad veel lager, tot ongeveer 10-20% van de originele waarde 4 weken 
na behandeling. Deze lage waarden bleven behouden tot zeker het einde van de 20 weken 
durende studie. Echter, de patiënten in deze studie hadden niet minder last van hun astma: 
Hun longfunctie werd niet beter, hun symptomen werden niet minder en de kwaliteit van 
leven (bepaald met vragenlijsten) was ook niet hoger aan het einde van de studie. Naar 
aanleiding van deze studie werd in twijfel getrokken of eosinofielen wel betrokken zijn bij 
astma. Want als er geen eosinofielen zijn om ziekte te veroorzaken, waarom worden de 
patiënten dan niet beter? Het antwoord op deze vraag werd gevonden toen men ook in de 
longen van astma patiënten ging kijken naar de aantallen eosinofielen. Deze aantallen bleken 
namelijk maar te zijn gehalveerd na 12 weken. Deze resultaten wezen er op dat eosinofielen 
veel langer leven in de longen dan in het bloed van astma patiënten of dat in aanwezigheid 
van Mepolizumab de weinige eosinofielen die worden aangemaakt voor het grootste deel 
naar de longen toe gaan. Latere studies gaven nog een aanwijzing dat eosinofielen misschien 
langer leven in de longen: als Mepolizumab namelijk voor langere tijd wordt gegeven, bleek 
het aantal ernstige astma aanvallen wel flink te verminderen. Daarom wordt tegenwoordig, 
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zo’n 15 jaar na de eerste studies Mepolizumab voorgeschreven voor patiënten met ernstig 
astma.  

Als men van tevoren had geweten dat eosinofielen misschien veel langer zouden leven 
in de longen dan in het bloed, dan zouden de resultaten van de Mepolizumab studies niet zo 
verassend zijn geweest en had Mepolizumab veel eerder beschikbaar kunnen komen voor 
patiënten. Wat is gebeurd in de studies met Mepolizumab geldt voor alle studies met 
medicijnen die invloed hebben op witte bloedcellen: als we niet begrijpen hoe deze cellen 
zich gedragen, kunnen we de resultaten van deze studies maar moeilijk interpreteren of 
voorspellen. Maar wat is dan de beste manier om te bepalen hoe lang witte bloedcellen 
leven? Zoals beschreven in hoofdstuk 2 zijn de methodes die gebruikt zijn in het verleden niet 
ideaal. Deze waren niet ideaal omdat ze gebruik maakten van giftige (en soms ook 
radioactieve) stoffen of omdat de cellen uit het bloed moesten worden gehaald om ze te 
labelen. Daarom is voor dit proefschrift gebruik gemaakt van een heel nieuwe methode: in 
vivo deuterium labelen.  

 
De levensduur van cellen bepalen met deuterium 
Deuterium is een vorm van waterstof, wat weer bekend is als de H in H2O. Waterstof is het 
lichtste element waarvan een atoom bestaat uit één proton in de kern en één elektron er 
omheen. Deuterium is een variant van waterstof (een isotoop), maar dan met een extra 
neutron in zijn kern. Daarom wordt het ook wel zwaar waterstof genoemd. Deuterium komt 
in de natuur voor, maar slechts 0.015% van alle waterstof in de natuur is deuterium. De 
belangrijkste eigenschap voor ons onderzoek is, echter, dat deuterium zich ongeveer 
hetzelfde gedraagt als normaal waterstof en bovenal dat het niet giftig is. De levensduur van 
cellen kan bepaald worden met deuterium door vrijwilligers suiker te laten drinken waarvan 
twee waterstofatomen zijn vervangen voor deuterium atomen. Deze suiker wordt in het 
lichaam opgenomen en gebruikt om onder andere nieuwe witte bloedcellen aan te maken. 
Door na inname van deze glucose witte bloedcellen uit het lichaam te halen en te kijken of er 
deuterium aanwezig is, kan je er achter komen of er deuterium aanwezig was in het lichaam 
toen deze cel werd aangemaakt. En als je op genoeg momenten kijkt hoe veel deuterium er 
in de witte bloedcellen aanwezig is, kan je bepalen hoe lang deze cellen leven.  

Figuur 2. Deuterium. Waterstof is het 
lichtste element dat er is. Een normaal 
waterstof atoom bestaat uit een enkele 
proton, waar zich een elektron omheen 
beweegt. Deuterium is een zwaardere 
vorm van waterstof omdat het naast 
een proton ook een neutron in zijn 
celkern heeft. Verder gedragen de twee 
vormen van waterstof zich bijna 
helemaal hetzelfde en daarom is 
deuterium ook niet gevaarlijk.  

 
   

Dit proefschrift 
Dit proefschrift laat zien hoe witte bloedcellen zich gedragen in het lichaam van gezonde en 
zieke mensen. Het proefschrift begint met kijken naar hoe lang witte bloedcellen nou eigenlijk 
leven in het bloed van gezonde mensen.  

 

Deel 1. Bepalen van de levensloop van witte bloedcellen in gezonde mensen 

In hoofdstuk 2 wordt beschreven hoe men vroeger heeft geprobeerd te bepalen hoe lang 
witte bloedcellen leven in het bloed en waarom die methodes niet optimaal zijn geweest. In 
de jaren ’60 en ’70 van de vorige eeuw zijn namelijk veel van dit soort studies gedaan over 
neutrofielen. Deze werden echter uitgevoerd met heel erg giftige (radioactieve) stoffen of 
met andere methodes die het gedrag van witte bloedcellen beïnvloedden. De conclusie van 
dit hoofdstuk is dan ook dat we eigenlijk nog helemaal niet weten hoe lang neutrofielen leven 
in het bloed en hetzelfde geldt voor veel andere soorten witte bloedcellen. Korter en 
zakelijker en in een nieuwe alinea: In hoofdstuk 3 wordt daarom geprobeerd een schatting te 
maken van hoe lang neutrofielen leven in het bloed maar dan met gebruikmaking van het niet 
giftige deuterium-glucose. Hierbij liepen we echter tegen een probleem aan: deuterium 
wordt ingebouwd in het beenmerg tijdens de productie van witte bloedcellen. Er blijft echter 
ook nog deuterium achter in het beenmerg, waardoor het erg moeilijk is om te achterhalen 
of de levensduur die wij bepaald hebben nou de levensduur is van neutrofielen in het bloed, 
óf dat het eigenlijk laat zien hoe lang deuterium achterblijft in het beenmerg.  

 Normaal gesproken worden wiskundige modellen gebruikt om de metingen van 
deuterium experimenten te interpreteren, maar door het effect van deuterium in het 
beenmerg komen deze modellen op antwoorden die biologisch gezien onmogelijk zijn. Deze 
wiskundige modellen gaan er van uit dat witte bloedcellen zich gedragen op een manier die 
te vatten is in een wiskundige vergelijking. Er zijn echter aanwijzingen dat dit helemaal niet 
zo is en daarom is in hoofdstuk 3 een ander soort model beschreven dat de levensloop van 
een witte bloedcel realistischer volgt. Met dit model komen we tot de conclusie dat 
neutrofielen ongeveer 3 dagen in het bloed leven. Ditzelfde model is vervolgens in hoofdstuk 
4 gebruikt om de levensduur van eosinofielen en basofielen te schatten op ongeveer 3 dagen 
voor eosinofielen en op meer dan 8 dagen voor basofielen.  

 In de studie in hoofdstuk 5 wordt opnieuw deuterium gebruikt, maar nu om de 
levensduur van de drie soorten monocyten te bepalen en meteen ook meer inzicht te krijgen 
op wat voor manier de monocyten aan elkaar verwant zijn. De drie soorten monocyten lijken 
namelijk erg veel op elkaar. Ze kunnen verschillende stadia in het leven van één monocyt zijn. 
Het is ook mogelijk dat de drie soorten monocyten allemaal aparte celtypes zijn die los van 
elkaar in het beenmerg ontstaan. De eerste mogelijkheid is getest in hoofdstuk 5 en komt tot 
de conclusie dat het mogelijk is dat klassieke monocyten intermediaire monocyten worden 
en daarna niet-klassieke monocyten. Dit kan echter alleen onder 2 voorwaarden: 1. Minder 
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zo’n 15 jaar na de eerste studies Mepolizumab voorgeschreven voor patiënten met ernstig 
astma.  

Als men van tevoren had geweten dat eosinofielen misschien veel langer zouden leven 
in de longen dan in het bloed, dan zouden de resultaten van de Mepolizumab studies niet zo 
verassend zijn geweest en had Mepolizumab veel eerder beschikbaar kunnen komen voor 
patiënten. Wat is gebeurd in de studies met Mepolizumab geldt voor alle studies met 
medicijnen die invloed hebben op witte bloedcellen: als we niet begrijpen hoe deze cellen 
zich gedragen, kunnen we de resultaten van deze studies maar moeilijk interpreteren of 
voorspellen. Maar wat is dan de beste manier om te bepalen hoe lang witte bloedcellen 
leven? Zoals beschreven in hoofdstuk 2 zijn de methodes die gebruikt zijn in het verleden niet 
ideaal. Deze waren niet ideaal omdat ze gebruik maakten van giftige (en soms ook 
radioactieve) stoffen of omdat de cellen uit het bloed moesten worden gehaald om ze te 
labelen. Daarom is voor dit proefschrift gebruik gemaakt van een heel nieuwe methode: in 
vivo deuterium labelen.  

 
De levensduur van cellen bepalen met deuterium 
Deuterium is een vorm van waterstof, wat weer bekend is als de H in H2O. Waterstof is het 
lichtste element waarvan een atoom bestaat uit één proton in de kern en één elektron er 
omheen. Deuterium is een variant van waterstof (een isotoop), maar dan met een extra 
neutron in zijn kern. Daarom wordt het ook wel zwaar waterstof genoemd. Deuterium komt 
in de natuur voor, maar slechts 0.015% van alle waterstof in de natuur is deuterium. De 
belangrijkste eigenschap voor ons onderzoek is, echter, dat deuterium zich ongeveer 
hetzelfde gedraagt als normaal waterstof en bovenal dat het niet giftig is. De levensduur van 
cellen kan bepaald worden met deuterium door vrijwilligers suiker te laten drinken waarvan 
twee waterstofatomen zijn vervangen voor deuterium atomen. Deze suiker wordt in het 
lichaam opgenomen en gebruikt om onder andere nieuwe witte bloedcellen aan te maken. 
Door na inname van deze glucose witte bloedcellen uit het lichaam te halen en te kijken of er 
deuterium aanwezig is, kan je er achter komen of er deuterium aanwezig was in het lichaam 
toen deze cel werd aangemaakt. En als je op genoeg momenten kijkt hoe veel deuterium er 
in de witte bloedcellen aanwezig is, kan je bepalen hoe lang deze cellen leven.  

Figuur 2. Deuterium. Waterstof is het 
lichtste element dat er is. Een normaal 
waterstof atoom bestaat uit een enkele 
proton, waar zich een elektron omheen 
beweegt. Deuterium is een zwaardere 
vorm van waterstof omdat het naast 
een proton ook een neutron in zijn 
celkern heeft. Verder gedragen de twee 
vormen van waterstof zich bijna 
helemaal hetzelfde en daarom is 
deuterium ook niet gevaarlijk.  

 
   

Dit proefschrift 
Dit proefschrift laat zien hoe witte bloedcellen zich gedragen in het lichaam van gezonde en 
zieke mensen. Het proefschrift begint met kijken naar hoe lang witte bloedcellen nou eigenlijk 
leven in het bloed van gezonde mensen.  

 

Deel 1. Bepalen van de levensloop van witte bloedcellen in gezonde mensen 

In hoofdstuk 2 wordt beschreven hoe men vroeger heeft geprobeerd te bepalen hoe lang 
witte bloedcellen leven in het bloed en waarom die methodes niet optimaal zijn geweest. In 
de jaren ’60 en ’70 van de vorige eeuw zijn namelijk veel van dit soort studies gedaan over 
neutrofielen. Deze werden echter uitgevoerd met heel erg giftige (radioactieve) stoffen of 
met andere methodes die het gedrag van witte bloedcellen beïnvloedden. De conclusie van 
dit hoofdstuk is dan ook dat we eigenlijk nog helemaal niet weten hoe lang neutrofielen leven 
in het bloed en hetzelfde geldt voor veel andere soorten witte bloedcellen. Korter en 
zakelijker en in een nieuwe alinea: In hoofdstuk 3 wordt daarom geprobeerd een schatting te 
maken van hoe lang neutrofielen leven in het bloed maar dan met gebruikmaking van het niet 
giftige deuterium-glucose. Hierbij liepen we echter tegen een probleem aan: deuterium 
wordt ingebouwd in het beenmerg tijdens de productie van witte bloedcellen. Er blijft echter 
ook nog deuterium achter in het beenmerg, waardoor het erg moeilijk is om te achterhalen 
of de levensduur die wij bepaald hebben nou de levensduur is van neutrofielen in het bloed, 
óf dat het eigenlijk laat zien hoe lang deuterium achterblijft in het beenmerg.  

 Normaal gesproken worden wiskundige modellen gebruikt om de metingen van 
deuterium experimenten te interpreteren, maar door het effect van deuterium in het 
beenmerg komen deze modellen op antwoorden die biologisch gezien onmogelijk zijn. Deze 
wiskundige modellen gaan er van uit dat witte bloedcellen zich gedragen op een manier die 
te vatten is in een wiskundige vergelijking. Er zijn echter aanwijzingen dat dit helemaal niet 
zo is en daarom is in hoofdstuk 3 een ander soort model beschreven dat de levensloop van 
een witte bloedcel realistischer volgt. Met dit model komen we tot de conclusie dat 
neutrofielen ongeveer 3 dagen in het bloed leven. Ditzelfde model is vervolgens in hoofdstuk 
4 gebruikt om de levensduur van eosinofielen en basofielen te schatten op ongeveer 3 dagen 
voor eosinofielen en op meer dan 8 dagen voor basofielen.  

 In de studie in hoofdstuk 5 wordt opnieuw deuterium gebruikt, maar nu om de 
levensduur van de drie soorten monocyten te bepalen en meteen ook meer inzicht te krijgen 
op wat voor manier de monocyten aan elkaar verwant zijn. De drie soorten monocyten lijken 
namelijk erg veel op elkaar. Ze kunnen verschillende stadia in het leven van één monocyt zijn. 
Het is ook mogelijk dat de drie soorten monocyten allemaal aparte celtypes zijn die los van 
elkaar in het beenmerg ontstaan. De eerste mogelijkheid is getest in hoofdstuk 5 en komt tot 
de conclusie dat het mogelijk is dat klassieke monocyten intermediaire monocyten worden 
en daarna niet-klassieke monocyten. Dit kan echter alleen onder 2 voorwaarden: 1. Minder 
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dan 5% van de klassieke monocyt wordt een intermediaire en vervolgens niet-klassieke 
monocyt. Het grootste deel van de klassieke monocyten moet daarom ofwel dood gaan of 
naar het weefsel gaan en niet meer terug komen. En aanname 2 is dat in de periode dat een 
cel verandert van een intermediaire naar een niet-klassieke monocyt bevindt deze cel zich 
buiten de bloedbaan en komt pas weer in het bloed als een klassieke monocyt. Als we 
aannemen dat aan deze voorwaarden wordt voldaan, leven de drie monocyten gemiddeld 
0,74, 1,1 en 3,1 dagen in het bloed voor de klassieke, intermediaire en niet-klassieke monocyt. 
Deze resultaten sluiten mooi aan bij oude studies die hebben laten zien dat klassieke 
monocyten naar de weefsels kunnen gaan en daar een dendritische cel of een macrofaag 
kunnen worden. Daarnaast zijn er aanwijzingen dat veel niet-klassieke monocyten uit de 
bloedbaan zijn geweest.  

 

Deel 2. Witte bloedcellen in acute ontsteking 

Vanaf deel 2 gaat het proefschrift niet alleen meer over witte bloedcellen in gezonde mensen, 
maar ook over hoe deze cellen zich gedragen als er een ontsteking is. Dit hangt af van het 
soort ontsteking, acuut of chronisch. Hoofdstuk 6 is een review artikel over de 
ontstekingsremmende functie die neutrofielen kunnen aannemen in een acute ontsteking. In 
de studie die is beschreven in hoofdstuk 7 wordt weer deuterium gebruikt om te achterhalen 
hoe de twee extra soorten neutrofielen die we zien bij acute ontsteking zich verhouden tot 
de normale neutrofiel. De staafkernige neutrofiel lijkt twee dagen eerder uit het beenmerg te 
komen dan normale neutrofielen en lijkt daarom een voorloper te zijn van normale 
neutrofielen die eerder het beenmerg uit komen bij acute ontsteking. Van de hyper 
gesegmenteerde neutrofiel lijkt het dan logisch dat deze ouder zou zijn dan een normale 
neutrofiel: hoe ouder de cel, hoe meer segmenten. De hyper gesegmenteerde neutrofiel is 
echter precies even oud als de normale neutrofiel. Daardoor lijkt het alsof hyper 
gesegmenteerde neutrofielen heel snel ontstaan uit normale neutrofielen als er een 
ontsteking aan de gang is. Als we kijken naar de eiwitten waar de drie soorten neutrofielen 
van gemaakt zijn, met een techniek genaamd “proteomics”, dan lijkt er echter iets anders aan 
de hand te zijn: Van elk van de 2200 meest voorkomende eiwitten in deze cellen is de 
hoeveelheid bepaald en hieruit blijken de staafkernige neutrofielen en de normale 
neutrofielen meer op elkaar te lijken dan de normale en hyper gesegmenteerde neutrofielen. 
Het verschil tussen eiwitten in hyper gesegmenteerde en normale neutrofielen is dus groter 
dan het verschil dat je krijgt in 2 dagen groei van staafkernige neutrofiel naar normale 
neutrofiel. En dat terwijl de hypersegment even oud is. Het verschil tussen normale en 
staafkernige neutrofielen is zelfs zo groot dat het onwaarschijnlijk is dat hyper 
gesegmenteerde neutrofielen in korte tijd ontstaan uit normale neutrofielen. Dit betekent 
dat hyper gesegmenteerde neutrofielen apart ontwikkelen van de andere twee soorten 
neutrofielen en opgeslagen liggen buiten de bloedbaan om alleen gebruikt te worden 
wanneer ze nodig zijn. Als we er dan nog achter komen hoe deze cellen het bloed in te krijgen 
zijn zonder acute ontsteking, dan zouden we in de toekomst misschien ontstekingen kunnen 

 
   

remmen door alleen ontstekingsremmende neutrofielen naar het bloed of naar een plek met 
een ontsteking te leiden. 

 De werking van deze ontstekingsremmende neutrofielen is echter alleen nog maar 
aangetoond buiten het lichaam. Het is heel moeilijk om te bewijzen dat deze cellen ook in het 
lichaam ontstekingen remmen. Daarom is in hoofdstuk 8 geprobeerd om aan te tonen dat dit 
ook zo gebeurt in het lichaam. Omdat dit soort proeven niet mag worden gedaan in mensen, 
zijn in dit hoofdstuk twee soorten muizen gebruikt: normale muizen en muizen waarvan de 
neutrofielen geen ontstekingen kunnen remmen omdat ze een cruciaal eiwit (genaamd MAC-
1) niet aan kunnen maken. Onder gewone omstandigheden zijn muizen zonder MAC-1 
helemaal gezond, maar zodra er een ontsteking optreedt (in dit geval een infectie met het 
influenza virus) dan worden deze muizen erger ziek dan normale muizen. Geef je de muizen 
zonder MAC-1 neutrofielen van muizen mét MAC-1, dan worden ze minder ziek dan muizen 
die neutrofielen krijgen van andere muizen zonder MAC-1. Daarnaast is het niet zo dat muizen 
MAC-1 gebruiken om het virus op te ruimen, want er is geen verschil in de hoeveelheid virus 
tussen de verschillende soorten muizen. Deze resultaten tonen aan dat 
ontstekingsremmende neutrofielen ook ontstekingen remmen in het lichaam en dat het 
toedienen van ontstekingsremmende neutrofielen ontsteking kan remmen. Daarom is het in 
de toekomst misschien mogelijk om ontstekingsremmende neutrofielen toe te dienen aan 
mensen met een ontsteking.  

 

Deel 3. Witte bloedcellen in chronische longziekten. 

Het laatste deel van dit proefschrift gaat over witte bloedcellen bij chronische longziekten, 
zowel in de luchtwegen als in het bloed. Het plan bestond om deuterium te gebruiken om het 
gedrag van witte bloedcellen in de luchtwegen te bepalen, maar eigenlijk was er nog niet heel 
veel bekend over de cellen die zich daar bevinden. Daarom is in hoofdstuk 10 eerst een 
uitgebreide analyse gedaan op deze cellen. Cellen zijn uit de luchtwegen gehaald met behulp 
van een sputum-inductie. Hierbij ademen vrijwilligers (astma patiënten) een zoutoplossing in 
en moeten daarna op een speciale manier hoesten om kleine klompjes slijm uit de luchtwegen 
te krijgen. Dit slijm bevatte grote hoeveelheden witte bloedcellen, voornamelijk neutrofielen, 
eosinofielen en macrofagen. Daarnaast bleek dat deze cellen in goede staat waren: meer dan 
90% van de cellen was in leven. Daarnaast bleek dat deze cellen prima geschikt waren om te 
gebruiken in een deuterium studie. De cellen waren echter wel allemaal erg geactiveerd en 
er waren aanwijzingen dat ze de giftige inhoud van hun korrels vrij hadden laten komen. 
Wanneer we keken naar de correlatie tussen ziekteverschijnselen en de percentages witte 
bloedcellen in het sputum, dan blijkt dat hoe hoger het percentage eosinofielen in het 
sputum, hoe meer last de patiënt had van zijn/haar astma. Echter, bij een hoger percentage 
neutrofielen in astma hadden patiënten minder last van hun astma. Daardoor lijkt het er op 
dat neutrofielen niet zo schadelijk zijn in de longen van astmapatiënten als gedacht. 
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dan 5% van de klassieke monocyt wordt een intermediaire en vervolgens niet-klassieke 
monocyt. Het grootste deel van de klassieke monocyten moet daarom ofwel dood gaan of 
naar het weefsel gaan en niet meer terug komen. En aanname 2 is dat in de periode dat een 
cel verandert van een intermediaire naar een niet-klassieke monocyt bevindt deze cel zich 
buiten de bloedbaan en komt pas weer in het bloed als een klassieke monocyt. Als we 
aannemen dat aan deze voorwaarden wordt voldaan, leven de drie monocyten gemiddeld 
0,74, 1,1 en 3,1 dagen in het bloed voor de klassieke, intermediaire en niet-klassieke monocyt. 
Deze resultaten sluiten mooi aan bij oude studies die hebben laten zien dat klassieke 
monocyten naar de weefsels kunnen gaan en daar een dendritische cel of een macrofaag 
kunnen worden. Daarnaast zijn er aanwijzingen dat veel niet-klassieke monocyten uit de 
bloedbaan zijn geweest.  

 

Deel 2. Witte bloedcellen in acute ontsteking 

Vanaf deel 2 gaat het proefschrift niet alleen meer over witte bloedcellen in gezonde mensen, 
maar ook over hoe deze cellen zich gedragen als er een ontsteking is. Dit hangt af van het 
soort ontsteking, acuut of chronisch. Hoofdstuk 6 is een review artikel over de 
ontstekingsremmende functie die neutrofielen kunnen aannemen in een acute ontsteking. In 
de studie die is beschreven in hoofdstuk 7 wordt weer deuterium gebruikt om te achterhalen 
hoe de twee extra soorten neutrofielen die we zien bij acute ontsteking zich verhouden tot 
de normale neutrofiel. De staafkernige neutrofiel lijkt twee dagen eerder uit het beenmerg te 
komen dan normale neutrofielen en lijkt daarom een voorloper te zijn van normale 
neutrofielen die eerder het beenmerg uit komen bij acute ontsteking. Van de hyper 
gesegmenteerde neutrofiel lijkt het dan logisch dat deze ouder zou zijn dan een normale 
neutrofiel: hoe ouder de cel, hoe meer segmenten. De hyper gesegmenteerde neutrofiel is 
echter precies even oud als de normale neutrofiel. Daardoor lijkt het alsof hyper 
gesegmenteerde neutrofielen heel snel ontstaan uit normale neutrofielen als er een 
ontsteking aan de gang is. Als we kijken naar de eiwitten waar de drie soorten neutrofielen 
van gemaakt zijn, met een techniek genaamd “proteomics”, dan lijkt er echter iets anders aan 
de hand te zijn: Van elk van de 2200 meest voorkomende eiwitten in deze cellen is de 
hoeveelheid bepaald en hieruit blijken de staafkernige neutrofielen en de normale 
neutrofielen meer op elkaar te lijken dan de normale en hyper gesegmenteerde neutrofielen. 
Het verschil tussen eiwitten in hyper gesegmenteerde en normale neutrofielen is dus groter 
dan het verschil dat je krijgt in 2 dagen groei van staafkernige neutrofiel naar normale 
neutrofiel. En dat terwijl de hypersegment even oud is. Het verschil tussen normale en 
staafkernige neutrofielen is zelfs zo groot dat het onwaarschijnlijk is dat hyper 
gesegmenteerde neutrofielen in korte tijd ontstaan uit normale neutrofielen. Dit betekent 
dat hyper gesegmenteerde neutrofielen apart ontwikkelen van de andere twee soorten 
neutrofielen en opgeslagen liggen buiten de bloedbaan om alleen gebruikt te worden 
wanneer ze nodig zijn. Als we er dan nog achter komen hoe deze cellen het bloed in te krijgen 
zijn zonder acute ontsteking, dan zouden we in de toekomst misschien ontstekingen kunnen 

 
   

remmen door alleen ontstekingsremmende neutrofielen naar het bloed of naar een plek met 
een ontsteking te leiden. 

 De werking van deze ontstekingsremmende neutrofielen is echter alleen nog maar 
aangetoond buiten het lichaam. Het is heel moeilijk om te bewijzen dat deze cellen ook in het 
lichaam ontstekingen remmen. Daarom is in hoofdstuk 8 geprobeerd om aan te tonen dat dit 
ook zo gebeurt in het lichaam. Omdat dit soort proeven niet mag worden gedaan in mensen, 
zijn in dit hoofdstuk twee soorten muizen gebruikt: normale muizen en muizen waarvan de 
neutrofielen geen ontstekingen kunnen remmen omdat ze een cruciaal eiwit (genaamd MAC-
1) niet aan kunnen maken. Onder gewone omstandigheden zijn muizen zonder MAC-1 
helemaal gezond, maar zodra er een ontsteking optreedt (in dit geval een infectie met het 
influenza virus) dan worden deze muizen erger ziek dan normale muizen. Geef je de muizen 
zonder MAC-1 neutrofielen van muizen mét MAC-1, dan worden ze minder ziek dan muizen 
die neutrofielen krijgen van andere muizen zonder MAC-1. Daarnaast is het niet zo dat muizen 
MAC-1 gebruiken om het virus op te ruimen, want er is geen verschil in de hoeveelheid virus 
tussen de verschillende soorten muizen. Deze resultaten tonen aan dat 
ontstekingsremmende neutrofielen ook ontstekingen remmen in het lichaam en dat het 
toedienen van ontstekingsremmende neutrofielen ontsteking kan remmen. Daarom is het in 
de toekomst misschien mogelijk om ontstekingsremmende neutrofielen toe te dienen aan 
mensen met een ontsteking.  

 

Deel 3. Witte bloedcellen in chronische longziekten. 

Het laatste deel van dit proefschrift gaat over witte bloedcellen bij chronische longziekten, 
zowel in de luchtwegen als in het bloed. Het plan bestond om deuterium te gebruiken om het 
gedrag van witte bloedcellen in de luchtwegen te bepalen, maar eigenlijk was er nog niet heel 
veel bekend over de cellen die zich daar bevinden. Daarom is in hoofdstuk 10 eerst een 
uitgebreide analyse gedaan op deze cellen. Cellen zijn uit de luchtwegen gehaald met behulp 
van een sputum-inductie. Hierbij ademen vrijwilligers (astma patiënten) een zoutoplossing in 
en moeten daarna op een speciale manier hoesten om kleine klompjes slijm uit de luchtwegen 
te krijgen. Dit slijm bevatte grote hoeveelheden witte bloedcellen, voornamelijk neutrofielen, 
eosinofielen en macrofagen. Daarnaast bleek dat deze cellen in goede staat waren: meer dan 
90% van de cellen was in leven. Daarnaast bleek dat deze cellen prima geschikt waren om te 
gebruiken in een deuterium studie. De cellen waren echter wel allemaal erg geactiveerd en 
er waren aanwijzingen dat ze de giftige inhoud van hun korrels vrij hadden laten komen. 
Wanneer we keken naar de correlatie tussen ziekteverschijnselen en de percentages witte 
bloedcellen in het sputum, dan blijkt dat hoe hoger het percentage eosinofielen in het 
sputum, hoe meer last de patiënt had van zijn/haar astma. Echter, bij een hoger percentage 
neutrofielen in astma hadden patiënten minder last van hun astma. Daardoor lijkt het er op 
dat neutrofielen niet zo schadelijk zijn in de longen van astmapatiënten als gedacht. 
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 Daarnaast is ook nog gekeken naar verschillen tussen mensen met verschillende 
soorten astma. Afhankelijk van het percentage sputum eosinofielen (meer of minder dan 3%), 
kunnen astma patiënten worden onderverdeeld in eosinofiel of non-eosinofiel astma. De 
activatiestatus van de neutrofielen en eosinofielen verschilde echter helemaal niet tussen de 
twee soorten astma, in bloed noch in de luchtwegen. Dit wijst er dan weer op dat zodra een 
neutrofiel of eosinofiel naar de luchtwegen toe gaat, hij geactiveerd is.  

 Aangezien gebleken was dat de cellen in het sputum van astma patiënten in goede 
staat waren, was het mogelijk om ze te isoleren voor een deuterium-studie. Daarom werden 
9 patiënten met eosinofiel astma gevraagd om deuterium-glucose te drinken. Om een 
vergelijking te kunnen maken met een ziekte die niet eosinofiel gedreven is, maar juist meer 
neutrofiel gedreven lijkt, werden ook 6 CF patiënten gevraagd om deuterium-glucose in te 
nemen. Uit deze studie bleek dat neutrofielen in het bloed van CF patiënten minder tijd nodig 
hadden om volwassen te worden in het beenmerg. De eosinofielen van patiënten met 
eosinofiel astma, daarentegen, hadden meer tijd nodig om volwassen te worden. Daarnaast 
bleven ze ook veel korter in het bloed dan eosinofielen van gezonde mensen en CF patiënten. 
Dit geeft dus aan dat de levensloop van eosinofielen is verstoord in een eosinofiel gedreven 
ziekte (eosinofiel astma), terwijl de levensloop van neutrofielen aangetast is in een neutrofiel 
gedreven ziekte (CF). Over de levensduur van cellen in het sputum is het moeilijker om 
conclusies te trekken vanwege het lage aantal geslaagde metingen. Het leek er echter op dat 
neutrofielen snel dood gaan in het sputum, terwijl er aanwijzingen waren dat eosinofielen 
juist lang overleven in de luchtwegen. Dit zou dan in overeenkomst zijn met onze hypothese 
dat eosinofielen lang in de longen leven en dat het daardoor heel lang duurt voor het medicijn 
Mepolizumab werkzaam wordt. Hiervoor moeten echter meer metingen worden verricht, het 
liefst ook nog bij mensen die Mepolizumab gebruiken. 

 

Conclusie 

Dit proefschrift heeft veel waardevolle inzichten geleverd in het leven van neutrofielen, 
eosinofielen, basofielen en monocyten. De eerste drie celtypen lijken langer in het bloed te 
leven dan eerder was aangenomen. Daarnaast lijkt het er op dat er in ieder geval één extra 
soort neutrofiel bestaat, welke alleen wordt ingezet bij acute ontstekingen. Voor de drie 
soorten monocyt toont het proefschrift aan dat ze een verschillend ontwikkelingsstadium 
kunnen zijn van dezelfde cel, maar alleen als niet alle cellen het hele programma doorlopen. 
Ten slotte laat het proefschrift zien dat de levensloop van cellen verschilt bij mensen met 
chronische longziekten; niet alleen in de longen, maar ook in het bloed.  

 
   

Appendix II. Dankwoord 
In tegenstelling tot wat veel mensen denken, werken wetenschappers niet eenzaam en alleen 
in het lab. Integendeel, wetenschap doe je vooral door met veel mensen samen te werken, te 
praten en kennis te delen. En dat gaat gepaard met een hele hoop koffie drinken. Heel veel 
mensen hebben bijgedragen aan de totstandkoming van dit proefschrift en ik wil hen met dit 
dankwoord de lof geven die hen toekomt. 

Allereerst Leo: lang, lang geleden is mijn lab-leven begonnen bij jou met mijn bachelor-scriptie 
en een stage van twee weken. Deze stage is uitgelopen op een master stage en uiteindelijk 
dit proefschrift. Ik heb er geen seconde spijt van gehad dat ik zo veel tijd op je lab heb 
doorgebracht. Ik heb verschrikkelijk veel geleerd van onze discussies. Dan bedoel ik niet alleen 
onze discussies over de neutrofiel, maar ook over wetenschap en hoe je om moet gaan met 
wetenschappers. Wat ik hierna ook bereik, ik zal het voor een groot deel te danken hebben 
aan de jaren onder jouw leiding. En laten we ook niet vergeten dat we ook een hoop lol 
hebben gehad, net zo belangrijk! 

José, waar ik wat meer quick & dirty werk, ben jij heel erg precies en nauwkeurig, dus dat vult 
elkaar lekker aan. Het proefschrift en de papers zijn er in ieder geval veel en veel beter door 
geworden. Dus ik ga proberen daar wat van mee te nemen in de toekomst.  

Kiki, je bent heerlijk recht door zee, dat is erg verfrissend in het wetenschappelijk wereldje. 
En ik ben blij dat Leo en ik onze liefde voor de neutrofiel een beetje hebben weten over te 
dragen.  

Alle collega’s en oud-collega’s van het longenlab: Janesh, Vera, Sacha, Bart, Lennard, Deon, 
Leo/Lei, Corneli, Suus, Jeroen, Pieter, Jan, Okan, Adéle, Michel, Marjolein, Tjaakje, Erinke, Na, 
Laurien en Nienke. De gezelligheid in het lab en op congressen maakt dat ik het altijd erg naar 
m’n zin heb gehad.  

Sortoperators Gerrit, Pien, Koos en Jeroen, ontzettend bedankt voor alle hulp. Ik tel alleen al 
in dit proefschrift meer dan 250 sorts, ieder met een stuk of 6 populaties om het lekker 
moeilijk te maken. En dan waren er nog alle proefsorts en sorts, omdat ik weer eens iets 
nieuws had bedacht. Jullie hulp heeft er voor gezorgd dat deze studies überhaupt mogelijk 
waren. Jullie mooie gedicht hield me blij gedurende donkere nachtjes sorteren. En Corneli, 
zonder jouw hulp in het lab had ik het ook nooit gered. 

Alle gesorteerde samples moesten daarna nog eens geanalyseerd worden op de GC-MS en 
die had daar niet altijd even veel zin in. Daarom wil ik ook Liset, Sigrid en Vera bedanken voor 
de hulp om de GC-MS elke keer toch weer aan de praat te krijgen. Patrick, jouw werk op de 
nog hippere mass-spec hebben geresulteerd in de prachtige resultaten van hoofdstuk 7. 

Julia, wat heb je toch veel geholpen om wijs te geraken uit de deuterium databrij. Wiskundige 
vergelijkingen zijn nog steeds een mysterie voor me, dus voor je hulp daarmee verdien je 
zeker een aantal zinnen in mijn dankwoord. Daar. Zijn. Ze. Dan. Ook mijn andere collega’s uit 
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 Daarnaast is ook nog gekeken naar verschillen tussen mensen met verschillende 
soorten astma. Afhankelijk van het percentage sputum eosinofielen (meer of minder dan 3%), 
kunnen astma patiënten worden onderverdeeld in eosinofiel of non-eosinofiel astma. De 
activatiestatus van de neutrofielen en eosinofielen verschilde echter helemaal niet tussen de 
twee soorten astma, in bloed noch in de luchtwegen. Dit wijst er dan weer op dat zodra een 
neutrofiel of eosinofiel naar de luchtwegen toe gaat, hij geactiveerd is.  

 Aangezien gebleken was dat de cellen in het sputum van astma patiënten in goede 
staat waren, was het mogelijk om ze te isoleren voor een deuterium-studie. Daarom werden 
9 patiënten met eosinofiel astma gevraagd om deuterium-glucose te drinken. Om een 
vergelijking te kunnen maken met een ziekte die niet eosinofiel gedreven is, maar juist meer 
neutrofiel gedreven lijkt, werden ook 6 CF patiënten gevraagd om deuterium-glucose in te 
nemen. Uit deze studie bleek dat neutrofielen in het bloed van CF patiënten minder tijd nodig 
hadden om volwassen te worden in het beenmerg. De eosinofielen van patiënten met 
eosinofiel astma, daarentegen, hadden meer tijd nodig om volwassen te worden. Daarnaast 
bleven ze ook veel korter in het bloed dan eosinofielen van gezonde mensen en CF patiënten. 
Dit geeft dus aan dat de levensloop van eosinofielen is verstoord in een eosinofiel gedreven 
ziekte (eosinofiel astma), terwijl de levensloop van neutrofielen aangetast is in een neutrofiel 
gedreven ziekte (CF). Over de levensduur van cellen in het sputum is het moeilijker om 
conclusies te trekken vanwege het lage aantal geslaagde metingen. Het leek er echter op dat 
neutrofielen snel dood gaan in het sputum, terwijl er aanwijzingen waren dat eosinofielen 
juist lang overleven in de luchtwegen. Dit zou dan in overeenkomst zijn met onze hypothese 
dat eosinofielen lang in de longen leven en dat het daardoor heel lang duurt voor het medicijn 
Mepolizumab werkzaam wordt. Hiervoor moeten echter meer metingen worden verricht, het 
liefst ook nog bij mensen die Mepolizumab gebruiken. 

 

Conclusie 

Dit proefschrift heeft veel waardevolle inzichten geleverd in het leven van neutrofielen, 
eosinofielen, basofielen en monocyten. De eerste drie celtypen lijken langer in het bloed te 
leven dan eerder was aangenomen. Daarnaast lijkt het er op dat er in ieder geval één extra 
soort neutrofiel bestaat, welke alleen wordt ingezet bij acute ontstekingen. Voor de drie 
soorten monocyt toont het proefschrift aan dat ze een verschillend ontwikkelingsstadium 
kunnen zijn van dezelfde cel, maar alleen als niet alle cellen het hele programma doorlopen. 
Ten slotte laat het proefschrift zien dat de levensloop van cellen verschilt bij mensen met 
chronische longziekten; niet alleen in de longen, maar ook in het bloed.  

 
   

Appendix II. Dankwoord 
In tegenstelling tot wat veel mensen denken, werken wetenschappers niet eenzaam en alleen 
in het lab. Integendeel, wetenschap doe je vooral door met veel mensen samen te werken, te 
praten en kennis te delen. En dat gaat gepaard met een hele hoop koffie drinken. Heel veel 
mensen hebben bijgedragen aan de totstandkoming van dit proefschrift en ik wil hen met dit 
dankwoord de lof geven die hen toekomt. 

Allereerst Leo: lang, lang geleden is mijn lab-leven begonnen bij jou met mijn bachelor-scriptie 
en een stage van twee weken. Deze stage is uitgelopen op een master stage en uiteindelijk 
dit proefschrift. Ik heb er geen seconde spijt van gehad dat ik zo veel tijd op je lab heb 
doorgebracht. Ik heb verschrikkelijk veel geleerd van onze discussies. Dan bedoel ik niet alleen 
onze discussies over de neutrofiel, maar ook over wetenschap en hoe je om moet gaan met 
wetenschappers. Wat ik hierna ook bereik, ik zal het voor een groot deel te danken hebben 
aan de jaren onder jouw leiding. En laten we ook niet vergeten dat we ook een hoop lol 
hebben gehad, net zo belangrijk! 

José, waar ik wat meer quick & dirty werk, ben jij heel erg precies en nauwkeurig, dus dat vult 
elkaar lekker aan. Het proefschrift en de papers zijn er in ieder geval veel en veel beter door 
geworden. Dus ik ga proberen daar wat van mee te nemen in de toekomst.  

Kiki, je bent heerlijk recht door zee, dat is erg verfrissend in het wetenschappelijk wereldje. 
En ik ben blij dat Leo en ik onze liefde voor de neutrofiel een beetje hebben weten over te 
dragen.  

Alle collega’s en oud-collega’s van het longenlab: Janesh, Vera, Sacha, Bart, Lennard, Deon, 
Leo/Lei, Corneli, Suus, Jeroen, Pieter, Jan, Okan, Adéle, Michel, Marjolein, Tjaakje, Erinke, Na, 
Laurien en Nienke. De gezelligheid in het lab en op congressen maakt dat ik het altijd erg naar 
m’n zin heb gehad.  

Sortoperators Gerrit, Pien, Koos en Jeroen, ontzettend bedankt voor alle hulp. Ik tel alleen al 
in dit proefschrift meer dan 250 sorts, ieder met een stuk of 6 populaties om het lekker 
moeilijk te maken. En dan waren er nog alle proefsorts en sorts, omdat ik weer eens iets 
nieuws had bedacht. Jullie hulp heeft er voor gezorgd dat deze studies überhaupt mogelijk 
waren. Jullie mooie gedicht hield me blij gedurende donkere nachtjes sorteren. En Corneli, 
zonder jouw hulp in het lab had ik het ook nooit gered. 

Alle gesorteerde samples moesten daarna nog eens geanalyseerd worden op de GC-MS en 
die had daar niet altijd even veel zin in. Daarom wil ik ook Liset, Sigrid en Vera bedanken voor 
de hulp om de GC-MS elke keer toch weer aan de praat te krijgen. Patrick, jouw werk op de 
nog hippere mass-spec hebben geresulteerd in de prachtige resultaten van hoofdstuk 7. 

Julia, wat heb je toch veel geholpen om wijs te geraken uit de deuterium databrij. Wiskundige 
vergelijkingen zijn nog steeds een mysterie voor me, dus voor je hulp daarmee verdien je 
zeker een aantal zinnen in mijn dankwoord. Daar. Zijn. Ze. Dan. Ook mijn andere collega’s uit 
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de kamer wil ik bedanken. Mariona, Lodewijk, Esther en soms Hilde. Ondanks (of dankzij) wat 
jullie mijn Takkie hebben aangedaan hadden we erg veel lol. Zorg goed voor het beestje.  

En dan wil ik ook alle mensen van het LTI bedanken. Sinds ons lab is opgenomen in het LTI is 
het erg gezellig. En dat is mede dankzij de borrel-commissies, natuurlijk.  

Guru and Tomek, thanks for helping me with the fluffy ladies in the infection unit. Manuela, 
Sharmayne en Tamara, jullie bedankt dat jullie zo goed voor onze dames hebben gezorgd.  

Buiten het lab heb ik ook heel veel hulp gehad en in het bijzonder van Simone. Het papierwerk 
bijhouden van onze drie klinische trials, bloed prikken, rochels opvangen, alle vrijwilligers 
opvangen, ondervragen en vaak ook urenlang glucose geven, je deed het allemaal. Zonder 
jou had ik deze studies nooit uit kunnen voeren en je bent echt een fantastische aanwinst 
voor de afdeling. De longfunctieassistenten Mitzy, Simon en Monique en 
researchverpleegkundige Suzan, bedankt voor de hulp bij de sputuminducties. Verder ook 
heel veel dank voor drs. Renée Schweizer, dr. Ed van de Graaf en drs. Ferdinand Teding van 
Berkhout voor het helpen om de patiënten te rekruteren voor studie.  

Bart en Lennard, de wetenschap heeft artsen zoals jullie hard nodig. Want het blijkt dat een 
onderzoeker als ik wel veel af weet van het immuunsysteem, maar slechts heel weinig over 
de geneeskunst en wat het nou is om zo’n ziekte te hebben. Marga, Saskia, Sonja, Arief en 
Mathias van de apotheek, bedankt voor het regelen dat we de deuterium-glucose konden en 
mochten gebruiken en voor het bereiden van de drankjes voor de proefpersonen.  

Niet alleen in Utrecht heb ik veel mensen te danken voor hun hulp met patiënten, maar ook 
in Nijmegen. Het waren heftige studies, maar dankzij de hulp van iedereen bij de Medium 
Care unit ging het allemaal erg soepel. Zeker Marjolein en Roger bedankt voor alle uren die 
jullie met de proefpersonen doorbrachten. 

Uiteraard moet ik onze proefpersonen bedanken. Klinisch onderzoek is alleen mogelijk met 
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