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The neutrophil: defense against bacteria

The neutrophilic granulocyte, or neutrophil, is the primary defender against bacterial 

infections. This type of white blood cell is highly capable of engulfing bacteria and other 

foreign particles, a striking property that was already described in the late nineteenth 

century1. The neutrophil is one of the first immune cells ever described and is easily 

recognized due to its characteristically shaped nucleus. Instead of the round nucleus found 

in most human cells, the neutrophil has a segmented nucleus that consists of multiple lobes. 

For this reason, the neutrophilic granulocyte is also called polymorphonuclear granulocyte 

(PMN). The name granulocyte derives from the large number of granules present in each cell. 

The granules, membrane-lined vesicles, store and quickly dispense effector molecules when 

needed for neutrophil function. A decrease in neutrophil function (e.g. due to congenital 

defects) or in neutrophil number (neutropenia) predisposes patients to an increased risk 

of bacterial infections2, 3, confirming the neutrophil’s significance to antibacterial defense. 

In healthy humans, the majority of neutrophils resides in the circulation, constituting 

60-70% of circulating white blood cells. While neutrophils travel through the blood, they 

scout for signs of infection and/or inflammation. A local inflammation in the tissue sends 

signals to the adjacent blood vessel, triggering the endothelial cells in the vessel wall to 

express inflammatory signals on the cell surface. When neutrophils recognize those 

signals, they slow down and roll on the vessel wall, gathering further information from the 

endothelial cells4. If enough ligands are displayed to ensure firm adherence, neutrophils 

are halted and start transendothelial migration. During transmigration the neutrophils 

break tight junctions to move in between endothelial cells (the paracellular route), or they 

move through pores within endothelial cells (the transcellular route). Both routes are tightly 

coordinated to prevent disruption of the tight endothelial barrier.

After exiting the blood vessel (extravasation), the neutrophils will migrate towards 

the inflammatory site in the tissue, mainly through chemotaxis5. This type of directed 

migration is guided by a gradient of chemoattractants: soluble molecules secreted by 

bacteria and/or local cells and complement fragments6. When the neutrophils arrive at 

the site, they recognize their targets such as bacteria or damaged tissue via receptors that 

bind specific surface patterns. The targets also have been coated with host-derived factors 

such as antibodies and complement factors, a process known as opsonization. Often, the 

opsonizing factors or “opsonins” will stimulate the neutrophils to engulf the entire target 

through phagocytosis.

Upon phagocytosis, the phagosome encapsulating the ingested target fuses with 

granules to form a phagolysosome. In the phagolysosome the target will be attacked by the 

contents of the granules: a destructive arsenal of proteases, reactive oxygen species (ROS), 

antimicrobial peptides and other effectors that are involved in killing and/or degradation of 

the target7. The ROS are produced by the membrane bound NADPH (nicotinamide adenine 

dinucleotide phosphate) oxidase complex, consisting of the NADPH oxidase NOX2 and 
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five other subunits. Upon phagocytosis, the different subunits come together and cause a 

temporary surge of activity called the respiratory burst8, 9. The granule fusion and respiratory 

burst are thought to change the pH inside the phagolysosome, which could directly affect 

the fitness of pathogenic targets (Chapter 3).

Although other, extracellular mechanisms of pathogen killing have been described 

(degranulation, NETosis), in this introduction I will mainly focus on those mechanisms 

studied in this thesis.

Neutrophil production in homeostasis

Neutrophils are terminally differentiated cells that have lost the ability to proliferate. 

Therefore, the pool of circulating neutrophils needs to be constantly replenished by the 

release of new neutrophils from the bone marrow. Neutrophil production in the bone 

marrow, or granulopoiesis, consists of multiple stadia of cell division and differentiation (Fig. 

1). The first progenitor containing neutrophil-specific granules is the promyelocyte, which 

divides and differentiates into the myelocyte10. Promyelocytes and myelocytes together 

form the mitotic pool of granulopoiesis as they retain the ability of mitosis. In the myelocyte 

stage the last cell division occurs, during or after which the daughter cells differentiate 

into metamyelocytes. The three subsequent maturation stadia of metamyelocyte, banded 

neutrophil, and segmented neutrophil, together form the post-mitotic pool (Fig. 1). The cells 

spent 4-6 days in the post-mitotic pool, the post-mitotic transit time, before the mature, 

segmented neutrophils are ready to be released into the blood11-15. Part of the mature 

population is thought to remain in the bone marrow as a reserve that can be called upon in 

case of emergency16-19, although the experimental data supporting this concept is limited. 

The different progenitor stadia have historically been identified by their granule 

content and nuclear morphology. During differentiation the different types of granules are 

subsequently assembled, and the nucleus gradually changes shape20 (Fig. 1). Promyelocytes 

have a round nucleus, whereas in myelocytes and metamyelocytes the nucleus increasingly 

becomes kidney-shaped. The banded neutrophil derives its name from the band-form, 

horseshoe-shaped nucleus, which then transforms into the characteristic segmented 

nucleus of the mature neutrophil. Typically the mature segmented nucleus consists of 

3-4 lobes. Hypersegmentation to ≥ 6 nuclear lobes is a clinical observation in e.g. Vitamin 

B12 deficiency21, whereas mild hypersegmentation has been described to distinguish a 

subpopulation of neutrophils circulating in acute inflammation (Chapter 4).

More recently, the progenitor stadia have been classified based on their surface 

markers, which can be analyzed with multi-color flow cytometry22-24. For example, CD49d 

is downregulated during maturation23, whereas CD16 is gradually upregulated between the 

stadia of myelocyte and mature neutrophil (Chapter 7). This new method of classification 

is not so widely implemented yet, although it allows improved quantification as well as 

isolation of live progenitor cells for further analysis. In mouse studies, subsets of neutrophil 
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progenitors have been identified in flow and/or mass cytometry (preNeu, NeuP, NeP). 

Unfortunately, those studies failed to clarify how the three subsets overlap with one another 

and with the historically defined differentiation stadia in humans25-27.

Estimates of the number of new neutrophils released from the bone marrow on a daily 

basis vary widely13, 28, because the kinetics of neutrophil production in the bone marrow 

is poorly understood. In homeostasis only part of the progenitor population is thought 

to be actively engaged in mitosis, while the other part of the progenitor population is 

residing in a resting state17, 29-32. Data on the exact size of this resting pool is scarce; one in 

vitro study estimated it at 50% of the myelocytes, and non-existent in the promyelocytes33. 

Other studies have suggested a resting pool in both the myelocyte and promyelocyte 

populations30, 31. Obviously, acknowledging such a pool significantly affects any calculations 

on production kinetics. Other important parameters in these calculations, such as the length 

of the cell cycle, or the number of divisions in each stadium, are also scarcely supported by 

experimental data. 

Besides granulopoiesis in the bone marrow, extramedullary granulopoiesis exists in the 

spleen, but to which extent this contributes to the total production capacity is unknown34.

Neutrophil heterogeneity in acute inflammation

“Emergency granulopoiesis” is defined as a combination of an increased release of 

stored neutrophils from the bone marrow as well as increased de novo production35. This 

emergency response is seen in acute inflammation, when a pathogenic threat and/or tissue 

damage summons high numbers of neutrophils to the circulation. Mature as well as banded 

neutrophils are recruited from the bone marrow pool. In the clinic the increased fraction of 

Promyelocyte Myelocyte Meta- 
myelocyte 

Banded 
neutrophil Mature neutrophil 

Resting 
myelocyte 

Post-mitotic pool Neutrophil-committed 
mitotic pool 

Bone marrow 

GMP 

Multipotent 
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Blood Tissue 

Resting 
promyelocyte 

Resting pool 

Figure 1: Schematic representation of granulopoiesis
Adapted with permission from Tak 2016.
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immature neutrophils in the circulation is known as the “left shift”, because the population 

shifts towards younger cells (Fig. 1). The resulting neutrophilia (an increased neutrophil 

count in the blood) can be both beneficial and harmful. In most cases of mild inflammation, 

the augmented neutrophil population clears the pathogens or damaged tissue and then 

subsides again. However, in some cases activated neutrophils start to release their toxic 

contents in a non-specific fashion, killing innocent bystander cells and increasing tissue 

damage. This can lead to vicious cycles of increased inflammation and increased neutrophil 

recruitment, potentially culminating in life-threatening conditions such as acute respiratory 

distress syndrome (ARDS) or multi-organ disfunction syndrome (MODS)36, 37. The transition 

from beneficial neutrophil activation to detrimental hyperactivation is poorly understood, 

stressing the need for a better understanding of neutrophil heterogeneity in these 

conditions.

A human model of acute inflammation

Acute inflammation is usually unforeseen and multi-factorial, complicating fundamental 

research on patient material. To be able to sample the same donor before and after the 

onset of inflammation in a controlled setting, we use a model in which acute inflammation 

is induced in healthy human volunteers38. The human volunteers are challenged with an 

intravenous injection of bacterial lipopolysaccharide (LPS), a constituent of all Gram-

negative bacteria also known as endotoxin. The endotoxemia triggers a short-lived systemic 

immune response sharing characteristics with sepsis or trauma, for example neutrophilia 

and a pronounced left shift39.

Before the endotoxemia, in homeostasis, the circulating neutrophils form a homoge-

neous population of CD16highCD62Lhigh neutrophils with segmented nuclei. Three hours 

after the endotoxin administration, an extra population of immature, banded neutrophils 

can be detected in the circulation. In flow cytometry the banded neutrophils are 

characterized by decreased CD16 (FcγRIII) expression compared to segmented neutrophils. 

Experimental endotoxemia also recruits a third distinct neutrophil population to the 

circulation, a mature neutrophil population with decreased CD62L (L-selectin) expression. In 

this CD16highCD62Llow population the average segmentation of the nuclei is increased 

(Chapter 4), and therefore it has also been called “hypersegmented”39. 

The three subsets distinguished by their CD16 and CD62L expression levels also differ in 

the expression of other surface markers such as CD11b, CD11c and CD5439. Generally, protein 

expression levels substantially differ between the subsets, as shown by proteome analysis40. 

Neutrophils have been described to have low amounts of transcriptional and translational 

machinery40, 41. Since the differences in protein expression between CD16highCD62Lhigh and 

CD16highCD62Llow neutrophils are quite large, it is unlikely that CD16highCD62Lhigh simply 

transform into CD16highCD62Llow neutrophils after the endotoxin challenge. The subsets 

were isolated only 3 h after injection of endotoxin, leaving too little time for the CD62Lhigh 
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neutrophils to change their protein levels so markedly to assume the profile of the CD62Llow 

neutrophils. These results implied that the CD62Llow subset already existed in the body 

before the endotoxin challenge40.

Importantly, these phenotypically different subsets also exert different functions. 

Compared to CD16low neutrophils, the CD62Llow neutrophils adhere less to endothelial 

cells under conditions of flow in vitro and exhibit decreased migration towards fMLF 

in cellulose nitrate filters42. Secondly, the three CD16/CD62L subsets were convincingly 

shown to have different capacities to contain the pathogen Staphylococcus aureus43, using 

the comprehensive method described in Chapter 2 of this thesis. Surprisingly, CD16low 

banded neutrophils inhibit bacterial growth better than CD16high neutrophils, despite 

their immature appearance. CD62Llow neutrophils do phagocytose the bacteria, but 

subsequently fail to kill or contain and even allow the bacteria to proliferate intracellularly43. 

The containment capacity seems linked to the pH in the phagosomes containing S. aureus, 

since the phagosomes of the CD62Llow neutrophils acquire the highest pH, while the CD16low 

neutrophils acquire the lowest pH43. Although the exact pH of the phagosomes was not 

recorded in this study, the S. aureus-containing phagosomes demonstrate immediate 

acidification (pH < 7) upon formation. This is quite surprising, because previously the 

neutrophil phagosome has been described to temporarily become alkaline (pH > 7) after 

formation before returning to neutral or slightly acidic pH44-46. In Chapter 3 of this thesis we 

aim to elucidate the mechanism behind this apparent discrepancy.

Neutrophil heterogeneity in other settings

Endotoxemia and infection are not the only conditions that induce neutrophil heterogeneity. 

The circulatory CD16/CD62L subsets first described by our group for the experimental 

endotoxemia model were also reported for healthy volunteers after sleep deprivation47 

or intense physical exercise (van Staveren et al., unpublished results), for patients suffering 

from severe trauma (Leliefeld et al., submitted) or acute RSV bronchiolitis48 or in the early 

inflammatory stage of juvenile idiopathic arthritis49, and in healthy stem cell donors treated 

with G-CSF50. In patients suffering from the chronic inflammatory diseases COPD, asthma, 

or atopic dermatitis, the CD16/CD62L subsets have not been found in the circulation 

(unpublished results). So far the CD16low and CD62Llow subsets seem to be recruited to the 

circulation only upon an acute induction of inflammation. Upon most acute stimuli, all three 

neutrophil subsets are detected in the blood. Interestingly, in severe trauma patients the 

CD16low and CD62Llow subsets were recruited consecutively, since the CD16low subset peaked 

in the first hours after trauma, while the numbers of CD62Llow neutrophils were still low. 

Three days after trauma the percentage of CD62Llow neutrophils had increased. Interestingly, 

10 or 14 days after trauma a secondary neutrophilia is often observed with a clear induction 

of CD62Llow cells (Leliefeld et al., in preparation). The timing of the subsets probably relates 

to the cocktail of damage-associated, microbial, and therapy-associated signals in the 
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circulation after trauma. The experimental endotoxemia model induces only a short-lived 

systemic inflammatory response, due to the short half-life of the endotoxin molecule, 

and is therefore most suited as a model for the initial phase after trauma. Indeed in the 

endotoxemia model the CD16low subset also outnumbers the CD62Llow subset39.

Although the CD16/CD62L neutrophil subsets in the different acute inflammatory 

conditions have similar phenotypic properties such as surface marker expression and 

nuclear morphology, whether they have similar functional properties has not yet been 

confirmed. 

Neutrophil heterogeneity has also been recognized through other phenotypic markers 

or other methods. For example, a CD49d+VEGFR1highCXCR4high phenotype identifies a 

functional subset preferentially recruited to sites of hypoxia in mice to stimulate 

angiogenesis51. A method identifying both phenotypic and functional heterogeneity in 

neutrophils is density centrifugation, normally used to separate peripheral blood 

mononuclear cells (PBMC) from granulocytes and erythrocytes based on buoyant density. 

Notably, when this method has been applied to blood samples of patients in various pro-

inflammatory conditions (SLE, cancer, trauma, etc), part of the neutrophils relocates to the 

PBMC fraction52. This relocated population is referred to as low density neutrophils (LDN) or 

low density granulocytes (LDG), as compared to normal density neutrophils (NDN/NDG)52. It 

is questionable whether these two fractions of neutrophils really represent two distinct 

subsets of neutrophils, since, other than density, the characteristics attributed to LDN or 

LDG widely vary amongst different publications52. The function of LDN is often reported as 

altered compared to neutrophils from healthy controls, instead of being directly compared 

to the function of NDN/NDG of the same patient. Thus, the altered function could relate to 

the low density subset but also to a generally altered neutrophil function in patients with 

inflammatory disease. 

The LDN are thought to have pro-inflammatory functions in diseases such as systemic 

lupus erythematosus (SLE), psoriasis, and chronic granulomatous disease (CGD). However, 

they are thought to have immunosuppressive functions in a variety of cancers and e.g. in 

HIV infection, trauma, and pregnancy52. Immunosuppressive LDN are often referred to as 

granulocytic myeloid-derived suppressor cells (G-MDSC), especially in cancer. MDSC were 

originally described as immature cells of the myeloid lineage capable of T cell suppression, 

and are hypothesized to stem from myelopoiesis remodeled by inflammation53. Later studies 

classified MDSC of monocytic (M-MDSC) or granulocytic (G-MDSC) origin. The phenotypical 

and functional properties attributed to G-MDSCs vary between diseases, isolation methods 

(density centrifugation/FACS/MACS) and species (human/mouse), suggesting that the 

term does not describe one distinct neutrophil subset. Furthermore, multiple authors have 

described immunosuppressive LDN with a mature morphology52, and NDN also suppress 

T cells in certain conditions50, 54-56, questioning whether those neutrophils should also be 

classified as G-MDSC. 
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Recently, CD10 expression was found to be increased on mature, T cell-suppressive LDN 

compared to immature, T cell-stimulatory LDN of G-CSF-treated donors50. When a mixed 

LDN population contains at least 20% CD10+ neutrophils, the population’s net effect on T 

cells is suppressive50, potentially explaining why suppressive functions have been assigned 

to both immature and mature LDNs. CD10+ NDN from G-CSF-treated donors also suppressed 

T cell proliferation, in contrast to CD10- NDN50. Furthermore, another study described that 

lectin-type oxidized LDL-1 (LOX-1) receptor can distinguish G-MDSC from non-suppressive 

neutrophils in patients with several types of solid tumors57, 58. Whether CD10 and/or LOX-1 

can pinpoint a functionally distinct subset in the full spectrum of inflammatory diseases 

remains an interesting question for further research. 

Even in a neutrophil population displaying phenotypic homogeneity (as far as tested), 

functional heterogeneity can exist. For example, within healthy neutrophil populations 

“good” and “poor” phagocytosing neutrophils are recognized59.

The current nomenclature of heterogeneous neutrophil subtypes is confusing, and 

the variability in experimental conditions hampers universal conclusions on phenotype 

and function. Nevertheless, it can be clearly concluded that neutrophils do not form one 

homogeneous population and can fulfill heterogeneous functions in the immune response. 

When future research will more unequivocally correlate neutrophil phenotype to neutrophil 

function, the knowledge on neutrophil heterogeneity could be translated into clinical 

applications.

The significance of neutrophil heterogeneity

To render neutrophil heterogeneity meaningful in daily clinical practice, the phenotype of 

circulating neutrophils needs to be correlated to outcome of disease. Specific neutrophil 

subtypes could possibly represent biomarkers of disease, helping clinicians to diagnose 

disease earlier or to personalize treatment. Small-scale cohort studies have found candidate 

biomarkers in the circulating neutrophil population. For example, the percentage of CD10low 

and/or CD16low neutrophils was correlated to early deterioration and mortality in adult 

sepsis patients60, and the percentage of olfactomedin-4-positive neutrophils was correlated 

to mortality in pediatric septic shock patients61. Larger, longitudinal studies are needed to 

confirm the use of neutrophil phenotypes as biomarkers.

A neutrophil subtype could also be significant in clinical practice by representing 

a therapeutic target. Exogenously remodeling the neutrophil population could have 

considerable benefits, since a proper balance between pro-inflammatory and anti-inflam-

matory neutrophils could restore homeostasis. The ratio between the subtypes could 

be altered to fine-tune the inflammatory response, for example recruiting only the best 

bacterial killers to an infection site. We could recruit immunosuppressive neutrophils to sites 

of hyperinflammation and tissue damage, but inhibit them from migrating to tumor sites. 

The impact of neutrophil-targeted therapies would be high, because neutrophils constitute 
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a huge population of effector cells, but transient, since neutrophil lifespan is relatively short 

compared to other types of immune cells.

Neutrophil heterogeneity could also have clinical significance in other ways. Chapter 3 

describes how neutrophils specifically tailor their defense mechanisms to the pathogen 

they are facing. Knowledge of these pathogen-specific responses may aid in designing 

more effective antimicrobial therapies.

The sources of neutrophil heterogeneity

To be able to influence in vivo neutrophil heterogeneity, we need to understand what 

triggers and shapes the heterogeneity. As described above, neutrophil heterogeneity 

may arise from cellular age; younger neutrophils have a different nuclear morphology 

and surface expression pattern. In the human experimental endotoxemia model, CD16low 

banded neutrophils were confirmed to be younger than CD16high segmented neutrophils by 

in vivo pulse-chase labeling40. In mice, “aged” neutrophils that have spent more time in the 

circulation (tracked by BrdU labeling) exhibit a different phenotype and function than normal, 

mature neutrophils. The in vivo aged neutrophils displayed increased expression of CXCR4, 

TLR4, and various adhesion molecules, and increased phagocytosis under inflammatory 

conditions62. Because nuclear segmentation proceeds with age, the hypersegmented 

human neutrophil was expected to represent the next stage of maturation and thus be 

older than the normally segmented neutrophil. Supporting this hypothesis, decreased 

CD62L expression was also characteristic of aged murine neutrophils62. However, in vivo 

pulse-chase labeling demonstrated that the normally segmented and hypersegmented 

neutrophils were of the same age40. The two subsets apparently develop in parallel, possibly 

already diverging during granulopoiesis in the bone marrow.

During granulopoiesis, heterogeneity can be inherently encoded in the progenitor 

population, but is also triggered by external factors. The specific location of the progenitor 

cell in the bone marrow niche will determine which signals it receives from surrounding 

stromal cells63. The environmental signals will be completely different in extramedullary 

granulopoiesis. The spleen or the colon can form a site of extramedullary granulopoiesis 

during inflammatory conditions in mice64, 65. Wounds infected with bacteria can also harbor 

granulopoiesis when colonized by progenitors recruited from the bone marrow66. In 

humans extramedullary hematopoiesis has been described to occur in the spleen during 

hematopoietic stress34, 67, 68, but the production of functional neutrophils has not yet been 

confirmed. 

In contrast to being “born” differently, heterogeneity can also be induced later in 

the neutrophil lifecycle. Mature neutrophils leaving the bone marrow traffick to different 

compartments in the body, where they incorporate environmental signals through binding 

of soluble and matrix-bound ligands to their wide array of surface receptors. Hence, the 

activation status or “work experience” of a neutrophil can determine its current phenotype. 
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For example, neutrophils that reverse transmigrated in vitro express more ICAM-1 than 

neutrophils transmigrated once69, 70. Endothelial transmigration induces shedding of 

CD62L in monocytes71 and possibly also in neutrophils. In Chapter 4 of this thesis we 

tested the hypothesis that migration history may explain the phenotype of the CD62Llow, 

hypersegmented neutrophils in acute inflammation. Additionally, to investigate location-

induced heterogeneity, we characterized the neutrophil phenotype in different locations in 

the body in mouse models, as described in Chapter 6 of this thesis.

The idea that mature neutrophils integrate environmental signals to obtain a certain 

phenotype becomes even more significant with longer lifespan. Based on studies performed 

in the sixties and seventies, all textbooks pose that neutrophils in vivo have a very short 

circulatory half-life with typical values between 6 and 12 hours. However, our group was the 

first to study human neutrophil lifespan in vivo without toxic/radioactive labeling and/or ex 

vivo manipulation of the cells, and this approach resulted in an average circulatory half-life 

of 3.7 days72. Additionally, in recent years an increased ex vivo half-life of neutrophils has 

been reported under improved culturing conditions (Chapter 2). Thus, a short in vitro half-

life more likely reflects poor culturing conditions than an intrinsically defined short half-life. 

The recent results of our group have sparked a debate on neutrophil lifespan. To be 

able to interpret the in vivo labeling data, an appropriate mathematical model needs to 

be chosen and assumptions need to be made on progenitor kinetics and the size of the 

neutrophil compartments. When using exactly the same dataset, but a different modeling 

approach, Lahoz-Beneytez et al. derived a much shorter average half-life of 18 h73. To solve 

this discrepancy, we aimed to replace assumptions on the bone marrow compartment with 

experimental data. We used deuterium-glucose labeling and subsequent bone marrow 

aspiration to measure in vivo kinetics directly in the bone marrow compartment of healthy 

donors (Chapter 7).

Scope and outline of this thesis

This thesis aims to shed light on the significance and the sources of neutrophil heterogeneity, 

especially in acute inflammation. In recent years, heterogeneous neutrophil phenotypes or 

subsets have increasingly been described, but many questions remain on what advantages 

and disadvantages these subsets have in vivo, or what causes the subsets to diverge. 

To answer these questions, novel research tools that more closely resemble the 

natural environment of the human neutrophil are needed to supplement classic in vitro 

assays performed in two-dimensional or otherwise artificial environments. Chapter 2 

presents a new method to investigate the antibacterial capacity of neutrophil subsets in 

a physiologically relevant setting. Using this method the neutrophil subsets circulating 

in acute inflammation were demonstrated to possess different antibacterial capacities43. 

Because the antibacterial capacity was possibly connected to the phagosomal pH43, 

Chapter 3 investigates the intraphagosomal pH response of the neutrophil. The type of 
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pathogen (bacterium vs. yeast) was investigated as a potential source of heterogeneity in 

the intraphagosomal pH.

The in vivo significance of functional heterogeneity may become apparent at a site of 

bacterial infection. Preferential recruitment of one neutrophil subset over the other can 

determine the outcome of the antibacterial response. Therefore, Chapter 4 focuses on 

how the neutrophil subsets may differentially overcome hurdles on their way to a bacterial 

infection in the human body, using four-dimensional in vitro models. 

To study the potential sources of neutrophil heterogeneity, in vitro experiments with 

human neutrophils were complemented by in vivo mouse models. In vivo experiments 

in mice provide access to multiple neutrophil compartments that cannot be sampled in 

healthy humans, for example in organs such as the spleen. Chapter 5 provides protocols 

for intravital microscopy, because in vivo imaging enables the study of neutrophils in their 

natural environment over time, which is indispensable to understand highly dynamic 

processes such as neutrophil chemotaxis. Chapter 6 describes neutrophil heterogeneity 

and distribution throughout the body during acute inflammation in mice. 

Besides the spatial origin of neutrophils or neutrophil precursors, the differentiation 

pathway in the bone marrow could possibly also be a source of neutrophil heterogeneity. 

Yet, little is known on neutrophil differentiation in the human bone marrow, mostly 

because the relevant samples are difficult to obtain. Chapter 7 presents a study in which 

bone marrow samples from healthy humans were obtained before and after the induction 

of acute inflammation in an experimental setting, to elucidate the kinetics of neutrophil 

production.

Lastly, Chapter 8 provides a summary and general discussion of the preceding chapters.
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ABSTRACT

Neutrophil antibacterial capacity is measured in animal models and in vitro as an important 

indicator of neutrophil function. To be able to extrapolate their conclusions, in vitro 

experiments should mimic the in vivo situation. In vivo, antibacterial capacity depends on 

multiple steps of bacterial sensing, priming, chemotaxis, phagocytosis and intracellular 

killing. Therefore, we developed a simply executed assay that involves multiple steps in 

one assay. The neutrophils were incorporated into a three-dimensional matrix of fibrin 

fibers, in which they could freely migrate. The fibrin matrix provided a more physiological 

representation of tissue structure than a shaken suspension and extended ex vivo survival 

of neutrophils. Staphylococci endogenously producing GFP (Green Fluorescent Protein) 

provided a real-time quantification of the bacterial load without the need for lysing the fibrin 

matrix or counting of colony forming units on agar plates. The delay in bacterial outgrowth 

serves as a measure for the relative antibacterial capacity of the neutrophils. Additionally, 

neutrophil capacity could easily be measured high-throughput in a 96-wells format.

In this new assay we study neutrophil behavior in a physiologically relevant setting 

and explore many functions of the neutrophil in a single test. The functional capacity of 

neutrophils from different in vitro treatments or different donors can directly be compared.
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INTRODUCTION

The main function of neutrophils is to defend the host against bacterial threats. This defense 

process requires many steps to be successful, including priming, rolling along endothelial 

cells, extravasation, chemotaxis and finally recognition, phagocytosis and killing of the 

bacteria1. After phagocytosis, neutrophils can kill bacteria intracellularly by causing a marked 

bactericidal milieu inside the phagolysosome, with lysosomal enzymes released from the 

granules and reactive oxygen species (ROS) formed by the NADPH-oxidase2. Neutrophils 

can also kill extracellularly by releasing toxic compounds via degranulation, by releasing 

ROS or by releasing Neutrophil Extracellular Traps (NETs)3, 4. If the antibacterial capacity of 

neutrophils is impaired, severe clinical symptoms might develop, such as seen in Chronic 

Granulomatous Disease (CGD) or Leukocyte Adherence Deficiency (LAD)5, 6. Hence, the 

capacity of neutrophils to control and kill bacteria is an important research subject. 

When studying the antibacterial capacity of neutrophils, clear advantages of in vitro assays 

are (I) the possibility to manipulate cellular functions and (II) the possibility to discriminate 

and sort different subsets that can be assessed in parallel. Additionally, in vitro neutrophil 

function can be tested in high-throughput assays7-11.

However, these types of assays have several shortcomings as they typically test only one 

of the steps in the antibacterial cascade, most often the step of phagocytosis or intracellular 

killing. To this end, neutrophils and bacteria are brought together in a shaken suspension to 

enforce interaction. This method bypasses steps such as bacterial sensing and chemotaxis. 

Vice versa, assays focused on migration do not involve subsequent phagocytic capacity 

of neutrophils. But in case of neutrophil pathology, it is not always possible to predict 

which step of the antibacterial cascade is affected. When neutrophils are tested in vitro, the 

existing assays may be focusing on the wrong step. In summary, many in vitro approaches 

may overlook valuable information, which can lead to biased conclusions on neutrophil in 

vivo behavior.

Performing experiments with human neutrophils in vitro is challenging because they are 

extremely sensitive for in vitro manipulations and conditions. Neutrophil isolation and/

or culturing conditions can introduce a selection bias or artefacts. Many types of in vitro 

stimuli, not in the least the plastic or glass laboratory environment itself, can activate the 

neutrophils12-14, affecting the experimental results. Certainly, incubation of neutrophils in 

tissue culture plates and flasks does not resemble the complex environment found in the 

human body.

Mouse models have been used to complement in vitro human data with in vivo data. 

Even though murine studies have provided valuable data, they have also revealed that 

murine neutrophils share but also lack characteristics of human neutrophils15-19. Certain 
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surface markers and immunoglobulin receptors defining neutrophils in humans are not 

expressed on murine neutrophils20-22, and the kinetics of the neutrophil compartment is not 

the same23-25. In vitro experiments with human neutrophils, therefore, remain indispensable, 

but should approach the in vivo situation. 

Some three-dimensional biological models have been proposed as a more physiological 

environment to study neutrophils ex vivo. For example, neutrophils can be added on top of 

a monolayer of endothelial cells to study the process of extravasation. The endothelial cells 

can grow on a membrane in a Transwell system26, or on a matrix of collagen27. Collagen 

is the most abundant protein in the extracellular matrix and is also a main constituent of 

Matrigel. Neutrophils can directly be embedded in a matrix of collagen or Matrigel28, 29. 

Matrices can also be made from a mixture of collagen and fibrin30, or fibrin fibers alone31. 

Conveniently, the biological matrices can be formed in different scaffolds such as 96-well 

plates, chemotaxis slides or angiogenesis slides32, 33. 

Fibrin matrices form when the plasma protein fibrinogen is converted to fibrin by the 

enzyme thrombin, which in vivo occurs in blood clots and wound exudates. Since bacteria as 

well as neutrophils invade wounds in vivo, a fibrin matrix represents a natural environment 

for the migration of bacteria and neutrophils34. Li et al. adapted a fibrin matrix system and 

showed that neutrophils could efficiently kill Staphylococcus epidermidis (SE) in this three-

dimensional model35. After 90 minutes of co-incubation, the reduction in viable bacteria 

was measured. The matrices as well as the neutrophils were lysed to isolate the remaining 

bacteria. The bacterial numbers were quantified by plating dilution series on agar plates and 

counting colony forming units (CFU). Although counting CFUs might be considered the gold 

standard, this method is very laborious and prone to intra-assay and inter-assay variability. 

Furthermore, these agar plates represent single time points in a very dynamic process.

Surewaard et al. circumvented the need for CFU plating by using a genetically engineered 

Staphylococcus aureus (SA) strain that endogenously expresses green fluorescent protein 

(GFP)36. A suspension of living bacteria produced a fluorescence signal, which was decreased 

after phagocytosis by neutrophils36.

In our laboratory, these two ideas have been combined to create an assay that examines 

diverse steps important for effective bacterial clearance in vivo, all in one quickly executed in 

vitro assay. Relative bacterial numbers are provided by direct measurements of fluorescence 

intensity, without lysis of the fibrin matrix. Importantly, the three-dimensional fibrin matrix 

allows for chemotactic migration of neutrophils and is more similar to a site of infection 

in the tissue than a shaken suspension. Since many steps of the antibacterial cascade are 

implicated in the readout, this is a sensitive method to detect neutrophil defects.
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MATERIALS & METHODS

Reagents

The incubation buffer contained 20 mM HEPES, 132 mM NaCl, 6 mM KCl, 1 mM MgSO
4
, 1.2 

mM KH
2
PO

4
, 1.0 mM CaCl

2
, 5 mM glucose and 5 mg/ml human serum albumin (Albuman 

200 g/l, Sanquin, Amsterdam, The Netherlands). The pH was adjusted to 7.4. Cells, bacteria 

and all other reagents were suspended and diluted in the incubation buffer unless stated 

otherwise. 

Isolation of neutrophils from blood

Human blood samples were collected from anonymous, healthy volunteers between the 

age of 18–65 years, male and female, using sodium heparin as an anticoagulant. All donors 

gave informed consent under protocols approved by the Medical Ethical Committee of 

the University Medical Centre Utrecht. Granulocytes were isolated by density gradient 

centrifugation over a single layer of Ficoll-Paque Plus. The erythrocytes in the granulocyte 

layer were lysed using a lysis buffer that consisted of 150 mM NH4
Cl, 10 mM KHCO

3
 and 0.1 

mM Na
2 

ethylenediaminetetraacetic acid (EDTA) dissolved in ddH2O and adjusted to a pH 

of 7.4. Hereafter, the cells were washed twice and resuspended in incubation buffer. Even 

though the protocol was standardized, the time between blood collection and the start of 

the isolation procedure could differ by ca. 1 hour between experiments.

After FACS-sorting neutrophils based on CD16 expression, similar lag times as for Ficoll-

isolated neutrophils were observed (data not shown).

Bacterial strains

The methicillin-resistant S. aureus strain MW2 had been transformed with the pCM29 

plasmid37 containing the GFP gene and chloramphenicol resistance as described before36. 

The S. epidermidis strain 2600 was transformed with the pCM29 plasmid using a protocol 

described before38.

SA was grown in Todd Hewitt broth and SE in Brain Heart Infusion broth, both 

supplemented with 10 µg/ml chloramphenicol, until the optical density at 600nm was 0.5. 

The bacteria were centrifuged and resuspended in incubation buffer until OD
600nm

=0.5. The 

bacterial suspension was aliquoted and stored at -70°C until it was used in the (co)culture 

assays.

For counting of colony forming units (CFU), bacterial suspensions were diluted in PBS 

and plated on Todd Hewitt agar or Brain Heart agar plates, respectively, for overnight 

incubation.
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Fibrin matrices

Wells of 96-well imaging plates (black, clear bottom; Corning Life Sciences, Tewskbury, MA, 

USA) were first filled with neutrophil suspensions containing human fibrinogen (25 mg/

ml; FIB3 free of Plg, vWF & Fibronectin; Stago, Asnières sur seine, France). Then, neutrophil 

suspensions were mixed with bacterial suspensions containing human AB serum (H4522; 

Sigma-Aldrich, MO, USA) and human thrombin (10 U/ml; Sigma-Aldrich) by gently pipetting 

up and down 10 times. The total volume of the resulting gel was 100 µl and contained 

40% (vol/vol) human serum, 2 mg/ml fibrinogen and 1 U/ml thrombin. When the assay 

was performed in suspension instead of gel, the volume of fibrinogen and thrombin was 

replaced by the same volume of incubation buffer. Matrices were allowed to set for 10 min 

before plates were closed with adhesive film to prevent dehydration during incubation.

For detecting neutrophil survival propidium iodide (PI) was added to the matrix to a 

final concentration of 25 µg/ml.

In some assays, a solution of Cytochalasin D (20 nM, Santa Cruz Biotechnology, Dallas, 

TX, USA), Triton X-100 (final concentration 0.5% vol/vol) or DMSO in incubation buffer was 

put on top of the matrices.

Settings of fluorescence plate reader

Fluorescence intensity measurements of GFP or PI were obtained with the FLUOstar Optima 

and FLUOstar Omega (BMG Labtech, Ortenberg, Germany) with bottom optics. For GFP the 

excitation filter was 485/10 nm and the emission filter was 520/10 nm. For PI the excitation 

filter was 530/10 nm and the emission filter was 610/10 nm. The incubation temperature 

was 37°C. Eight positions per well were measured every 20 minutes and averaged. When 

the assay was performed in suspension, the plate was shaken at 150 rpm before every 

measurement cycle.

Live imaging

Fibrin matrices were transferred to 6-channel µ-slides (VI 0.4 iBiTreat; ibidi GmbH, Martinsried, 

Germany). Matrices with a final volume of 50 µl were formed after incubating them for 10 min 

at 37°C, after which they were overlayed with the incubation buffer to prevent dehydration 

during imaging. Images were obtained with the Deltavision RT fluorescence microscope (GE 

Healthcare, Little Chalfont, UK).

Calculation of lag time

From the raw data on the fluorescence intensity over time, the first derivative of all time 

points was calculated with Graphpad Prism, in arbitrary fluorescence units/20min. The 

growth curve without neutrophils was used to determine what derivative correlated with 

unrestricted outgrowth. When the derivative was above this threshold for three time points 

in a row, the first of the three time points was defined as the end of the lag time.
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Figure 1: GFP signal as a direct readout of bacterial proliferation
SA was grown in Todd Hewitt Broth and SE was grown in Brain Heart Infusion, shaking at 37°C. RFU = relative 
fluorescence units. A: At indicated time points samples were taken out and measured in the fluorescence 
plate reader. Background signal of BHI is shown, signal of THB was similar. B: Samples were plated on agar 
plates and bacterial colonies were counted the next day. C: Optical density (OD) of samples was measured in a 
spectrophotometer with a 600 nm filter. Data are a representative example of three experiments.

Fibrinolysis

A solution of human plasminogen (Biopur AG, Reinach, Switzerland) and streptokinase 

from B-hemolytic Streptococcus (Sigma-Aldrich) was added on top of the matrices to a final 

concentration of 25 µg/ml plasminogen and 10 U/ml streptokinase. After a short vortex, the 

plate was incubated on a shaker at 37°C for 30 minutes. Solutions were resuspended and 

incubated until all clots had dissolved. To maximize cell yield, wells were washed once with 

PBS.

Statistical analysis

Statistical tests as indicated in figure legends were performed in Graphpad Prism. Tests were 

performed on pooled data rather than on individual experiments. Results were regarded as 

significant when p < 0.05.

RESULTS & DISCUSSION

We used derivatives of the methicillin-resistant SA strain MW2 and the SE strain 2600 that 

endogenously and constitutively produce GFP from the pCM29 plasmid36. To confirm that 

the fluorescent signal could be used as a readout for bacterial numbers for both strains, 

outgrowth of the same bacterial culture was quantified by determining the fluorescence 

intensity and the optical density, as well as by plating and counting CFU (Fig. 1A-C). Figure 

1B demonstrates the linear correlation between GFP signal and CFU numbers, Figure 1C the 

linear correlation between GFP signal and optical density. Thus, the GFP fluorescence signal 

represented the bacterial growth curve in real-time.

Fibrin matrices or “gels” were formed upon mixing human fibrinogen with human 

thrombin, to obtain a tissue-like environment (see Methods). The mixing also dispersed the 

neutrophils and the staphylococci throughout the matrices. The occurrence of neutrophil 

migration and phagocytosis was confirmed by live imaging (Suppl. Video 1). 
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In the fluorescence plate reader the staphylococci proliferated well in the absence of 

neutrophils, as shown by a rapidly increasing GFP signal (Fig. 2A; “No PMN”). When the 

bacteria were co-cultured with neutrophils in the matrices, bacterial growth was inhibited. 

The GFP signal remained at background levels for long periods of time. The “lag time” served 

as a quantitative measure of relative antibacterial capacity of the neutrophils. This value 

defines the time period until the fluorescent signal starts to show an exponential increase, 

i.e. the time until bacterial outgrowth. 

The lag time depended on the concentration of neutrophils in the matrix (Fig. 2A). 

Since a fixed starting number of bacteria was used, this dependency can be explained by 

a varying multiplicity of infection (MOI) for the varying neutrophil concentrations. The MOI 

is the ratio between the number of bacteria and the number of neutrophils in the matrix. 

Indeed, changing the MOI by varying the bacterial number and using a fixed neutrophil 

concentration, similarly influenced the neutrophil antibacterial capacity (Fig. 2B,C). 

When an MOI of 0.5 was used, the lag time varied between 46 and 75 h for the different 

healthy donors (Fig. 2C). The donors delaying SA growth the most (highest lag time), often 

also delayed SE the most (Fig. 2C). However, the lag time was not a set value for each 

donor, since the same donors displayed different lag times on three different days (Fig. 

2D). Seemingly, the antibacterial capacity of neutrophils differs slightly day by day, possibly 

depending on the donor’s lifestyle or inflammatory status or depending on minor variations 

in the standardized neutrophil isolation procedure. Hence, to confirm the 46 hour lag time 

as a benchmark lag time for healthy donors, a higher number of donors should be included.

Notably, we observed that not only the lag time but also the final plateau of GFP signal 

changed with the number of neutrophils in the matrix (Fig. 2A). The cells did not generate a 

background signal in the GFP channel (data not shown). Probably, dying neutrophils serve 

as a source of nutrients for the bacteria, allowing the bacteria to reach higher numbers in 

the presence of higher numbers of neutrophils. To test this hypothesis, neutrophil death 

was induced by culturing in suspension for 24 h, before bacteria were added. Indeed, in 

all conditions the bacteria immediately started to grow out, and the GFP signal reached 

different plateaus with different concentrations of dying neutrophils (Suppl. Fig. 1).

Figure 2: Antibacterial capacity depends on neutrophil concentration and MOI
Bacteria were cultured in fibrin matrices with or without human neutrophils, in a 96-well plate. Every 20 min 
the GFP signal of every well was recorded by the fluorescence plate reader. A: 5x106 CFU/ml of SA or SE were 
cultured with or without different concentrations of neutrophils of three different healthy donors. A matrix 
without bacteria was measured as a background control. The vertical, dotted line represents the lag time 
calculated as explained in Materials & Methods. B: Different concentrations of SA or SE were cultured with 
or without 5x106 neutrophils/ml of three different healthy donors. C: For matrices from B the lag time was 
calculated. Three experiments, each with three healthy donors, were pooled. Every symbol represents another 
donor, when applicable the mean of duplo’s was used. *** = p < 0.001, Friedman test with Dunn’s post hoc test. 
D: For four donors the assay was repeated on three different days (in a five-week period) and the lag time was 
calculated. With a Friedman test SA lag times were found to significantly differ between days (p < 0.05), for SE 
the difference was not statistically significant (p = 0.1944).
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In our experiments lag times extending up to 75 h were observed (Fig. 2C), contradicting 

reports on short survival and low functionality of ex vivo neutrophils39-41. To assess neutrophil 

survival in the conditions of our assay, we measured propidium iodide (PI) signal over time. 

PI becomes fluorescent after binding to DNA. Only necrotic or late apoptotic cells are 

permeable to PI and will thus have a PI+ nucleus. By adding PI to the wells from the start, 

an increase in the number of dead cells could be detected over time (Fig. 3A). As a control, 

neutrophils in a duplo well were lysed with Triton X-100 to determine the maximum PI signal. 

The maximum PI signal was stable over time (Fig. 3A), demonstrating that DNA dispersing or 

degrading after neutrophil lysis does not reduce the total fluorescence signal. 

Figures 3B and 3C show that in fibrin matrices the neutrophils survive better than in 

shaken suspensions in the same plate, presumably by reducing the contact with artificial 

surfaces such as cell culture plastic. Without shaking the survival effect of fibrin matrices is less 

pronounced and did not prove statistically significant. However, non-shaken suspensions do 

not permit bacterial containment because neutrophils quickly sink to the bottom of the well 

while bacteria remain dispersed in the suspension (unpublished observations). Therefore, 

when studying antibacterial capacity the fibrin matrices are favorable not only because they 

are a more physiological model for the infection site but also because they allow improved 

neutrophil survival.   

In fibrin matrices, neutrophil death remains below 30% for 40 h and markedly increases 

only after >40 h (see Fig. 3B for a representative example). This time course roughly fits with 

the observed time lag in bacterial growth. In conclusion, the observed delay in bacterial 

outgrowth is effectuated by live neutrophils. 

Our results show that, with an MOI of 0.5 or 1, healthy neutrophils can contain bacterial 

growth for prolonged periods. Still 100% sterility was never reached. Nevertheless, we 

always observed a delay in SA outgrowth of >25 h. In most in vivo infections such a time 

period would be enough to recruit more neutrophils or other immune cells that can finish 

clearance of the last bacteria42. When at an infection site the first neutrophils to arrive have 

a decreased capacity to delay, it can be a turning point in the antibacterial defense. As the 

bacteria will start to divide exponentially, they will potentially overwhelm any new waves of 

immune cells entering the site of infection.

A reduced lag time until outgrowth of bacteria in our assay indicates reduced antibacterial 

capacity of the neutrophils. As a model, we compared the lag time between untreated 

control or fMLF-treated neutrophils, as fMLF is known to inhibit the antibacterial capacity of 

neutrophils in fibrin matrices35. Indeed, in the presence of fMLF the measured lag time was 

reduced (Fig. 4A,B). 

The neutrophil survival assay with PI can be run in the same plate as the bacterial 

inhibition assay, and this confirmed that the adverse effect of fMLF did not result from 

reduced neutrophil survival (Fig. 4C). When testing the antibacterial capacity of e.g. in 
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Figure 3: Increased neutrophil survival in fibrin matrices compared to shaken suspensions
Human neutrophils were cultured at 5x106/ml in the presence of PI in a 96-well plate. Every 20 min the PI 
signal was recorded by the fluorescence plate reader. A: Raw PI signal, with or without neutrophil lysis by 
Triton X-100 at time point 0 h. B: Neutrophils of the same donor were cultured either in suspensions or in fibrin 
matrices. Duplo plates were measured simultaneously in two plate readers, one shaking and one not shaking. 
At the end of the assay, the maximum PI signal was determined by lysing all neutrophils with Triton X-100. A 
representative experiment is shown. C: For curves as in B the time point at which the PI signal reached 50% of 
maximum was determined. Every symbol represents another donor (in duplo). * = p < 0.05, Friedman test with 
uncorrected Dunn’s post hoc test.
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vitro treated neutrophils or patient neutrophils, complementary data on neutrophil ex vivo 

survival can support data interpretation.

If the measured lag time is comparable to the untreated control, any effect on either 

migration, phagocytosis, intracellular containment or neutrophil survival is simultaneously 

deemed unlikely. A decreased lag time calls for further investigation of neutrophil function. 

Even though the strength of this assay lies in testing many functions of the neutrophil in 

a single assay, the assay also allowed us to zoom in on specific steps of the antibacterial 

cascade. For example, bacterial sensing is an important component of neutrophil antibac-

terial functionality. When we used complement-deficient serum in our fibrin matrices, the 

resulting lag times were significantly decreased compared to matrices with complement-

sufficient serum (Suppl. Fig. 2). This result implicated that the role of the complement system 

in bacterial sensing could be studied in our assay. 

To zoom in on the role of migration and phagocytosis in postponing bacterial 

outgrowth, we added Cytochalasin D, an inhibitor of actin remodeling and thus of migration 

and active phagocytosis. When Cytochalasin D was added after 10 minutes of coculturing 

the SA with the neutrophils, the SA almost immediately started growing out, indicating that 

the antibacterial capacity of the neutrophils was severely compromised by Cytochalasin D 
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Figure 4: Decreased antibacterial capacity after fMLF treatment
2.5x106 CFU/ml of SA were cultured in fibrin matrices with or without 5x106 human neutrophils/ml, in a 96-well 
plate. Every 20min the GFP signal of every well was recorded by the fluorescence plate reader. A: fMLF was 
added to the matrix in a final concentration of 10-6 M, or the same volume of solvent (DMSO) was added as 
a control. The vertical, dotted line represents the lag time. B: For experiments such as in A the lag time was 
calculated and pooled for six donors. * = p < 0.05, Wilcoxon matched-pairs signed rank test. C: 5x106 human 
neutrophils/ml were cultured in fibrin matrices in the presence of PI, in a 96-well plate. fMLF was added to the 
matrix in a final concentration of 10-6 M, or the same volume of solvent (DMSO) was added as a control. Every 
20 min the PI signal of every well was recorded by the fluorescence plate reader. At the end of the assay, the 
maximum PI signal was determined by lysing all neutrophils with Triton X-100. Representative graph of six 
donors.
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(Fig. 5A,B; compared to DMSO control). But when Cytochalasin D was added after 90 minutes 

of coculture instead of 10 minutes, the lag time was extensive (>60 h; Fig. 5A,B). Thus, adding 

Cytochalasin D after 90min did not significantly decrease antibacterial capacity (Fig. 5B; 

compared to DMSO control). 

Proficient antibacterial capacity while actin remodeling was inhibited, implied that 

virtually all bacteria had been internalized within 90 min. Only when bacteria had still been 

extracellular, immobilizing neutrophils with Cytochalasin D would have allowed bacterial 

growth and thus have shortened the lag time. Whether the Cytochalasin D was added after 

90, 120, 180, 240 or 360 min, the lag time was similar, supporting the idea that phagocytosis 

had already been completed at 90 min (Fig. 5A). Thus, in fibrin matrices SA are phagocytosed 

on a similar time scale as in shaken suspensions43.

Cytochalasin D could also inhibit processes other than migration and phagocytosis. For 

example, granule trafficking also relies on the activity of the actin skeleton44. The lag time 

for neutrophils treated with Cytochalasin D after >90min did seem somewhat decreased 

compared to DMSO-treated neutrophils, but this difference did not prove statistically 

significant (Fig. 5B).

In conclusion, Cytochalasin D can be exploited to estimate the duration of migration 

and phagocytosis, which can be used to distinguish migration-deficient neutrophils from 

healthy neutrophils. 

Similarly, we could also zoom in on the efficiency of intracellular killing of bacteria by 

using the membrane lysing agent Triton X-100. In our assay some bacteria survived the 
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phagolysosome, since viable SA could be recovered from inside neutrophils by adding 

Triton X-100 to the matrix. At all time points neutrophil lysis released SA that started to grow, 

even after the bacteria had remained intracellular for over 40 h (Fig. 5C). The increasing 

delay between neutrophil lysis (dashed line) and bacterial outgrowth (solid line) showed 

that the longer the intracellular stay, the slower the bacteria grew upon neutrophil lysis 

(Fig. 5C). This suggested that fitness and/or survival of intracellular bacteria did decrease, 

but as stated before 100% sterility was never reached. This could be due to intracellular SA 

activating immune escape mechanisms45.

Figure 5: Cytochalasin D and Triton X-100 treatment
2.5x106 CFU/ml of SA were cultured in fibrin matrices with or without 5x106 human neutrophils/ml, in a 96-well 
plate. Every 20min the GFP signal of every well was recorded by the fluorescence plate reader. A: At indicated 
time points incubation buffer, with Cytochalasin D (final concentration 10µM) or DMSO, was added on top of 
matrices. Representative graph of 3 healthy donors. B: Lag times for 3 healthy donors tested in conditions as 
shown in A. * = p < 0.05, Friedman test with uncorrected Dunn’s post hoc test. C: At time points indicated by 
dashed lines incubation buffer, with or without Triton X-100, was added on top of matrices. Representative 
graph of 3 healthy donors.

0 10 20 30 40 50 60 70 80
0

50000

100000

150000

200000

250000

Time (h)

G
FP

-R
FU 10 min

30 min
60 min
90 min
120 min
180 min
240 min
360 min

No PMN

Cytochalasin D added at
90 min DMSO

A

B

C

DMSO

Cyto
D

10
min

Cyto
D

90
min

0

20

40

60

80

100

la
g

tim
e

(h
)

*
ns

0 10 20 30 40 50 60 70 80
0

50000

100000

150000

200000

250000

Time (h)

G
FP

-R
FU

No PMN
No Triton

10 min
4 h
7 h
20 h
30 h
46 h

Triton added at

PSM 20180205 Proefschrift Erinke van Grinsven BW.indd   35 01-03-19   12:42



36

Chapter 2 | A 3D assay to assess antibacterial function

Apart from SA and SE we have also successfully measured the human neutrophil response 

to Streptococcus pneumoniae (Suppl. Fig. 3), and the assay could be extended to yet other 

pathogens. Our assay, however, cannot be used to compare the capacity of bacterial 

strains to escape neutrophil killing. Because not all bacterial species have the same growth 

characteristics, the basal lag time without neutrophils added already differs (Suppl. Fig. 4). 

Therefore, when we compare different bacterial species in the presence of neutrophils, we 

cannot reliably conclude that a difference in lag time between bacterial species directly 

corresponds to a difference in immune evasion. 

As an optional step, viable neutrophils can be extracted again from the fibrin matrices 

(Suppl. Fig. 5). To dissolve the fibrin matrices, human plasminogen and streptokinase were 

added on top of the matrices46. Streptokinase binds and activates plasminogen to produce 

plasmin, an endogenous fibrinolytic enzyme. After fibrinolysis the resulting single cell 

suspensions can be further analyzed, for example with flow cytometry.

CONCLUSIONS

In conclusion, this assay allows a direct comparison of the functional capacity of neutrophils 

under different in vitro treatments or from different sources. The assay explores not one 

but many functions of the neutrophil, resulting in high sensitivity for detecting neutrophil 

defects without biasing processes of neutrophils lysis or bacterial plating. It is quickly 

executed in a high-throughput format and can replace multiple smaller experiments. 

The assay offers a starting point as well as a tool for further investigation of a defect in 

antibacterial function. This assay can be extended to work with other pathogens as long as 

a strain can be engineered to endogenously express a fluorescent protein.
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Supplemental video 1: Migration and phagocytosis in fibrin matrices

Human neutrophils and GFP-expressing S. aureus (green) were cocultured in fibrin matrices 

and imaged with a fluorescence microscope.
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Supplemental figure 2: Neutrophil antibacterial capacity is decreased in complement-deficient serum
S. aureus was cultured in fibrin matrices with human neutrophils, in the presence of normal human serum (NHS) 
vs. heat-inactivated serum (HIS; n=5) or in the presence of C5-deficient serum vs. C5-deficient serum repleted 
with C5 (open circles; n=1). For each well the lag time of bacterial growth was calculated or, when applicable, 
set to maximum duration of measurement. Without PMN the lag times in the different sera were the same. * = 
p<0.05, Wilcoxon matched-pairs signed rank test.
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Supplemental figure 2: Neutrophil antibacterial capacity is
decreased in complement-deficient serum
S. aureus was cultured in fibrin matrices with human
neutrophils, in the presence of normal human serum  (NHS)
vs. heat-inactivated serum (HIS; n=5) or in the presence of
C5-deficient serum vs. C5-deficient serum repleted with C5
(open circles; n=1). For each well the lag time of bacterial
growth was calculated or, when applicable, set to maximum
duration of measurement. Without PMN the lag times in the
different sera were the same. * = p<0.05, Wilcoxon
matched-pairs signed rank test.

Supplemental figure 1: Bacterial growth increased in the presence of dying neutrophils
Different starting concentrations of neutrophils were cultured in suspension in a 96-well plate. After 24 
hours fibrinogen, bacteria and thrombin were added to the suspensions to create fibrin matrices containing 
neutrophils as well as bacteria. Every 20min the GFP signal of every well was recorded by the fluorescence plate 
reader. The line and area fill indicate mean and range of three donors. 
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Supplemental figure 3: The neutrophil response against S. pneumoniae
Streptococcus pneumoniae was cultured in fibrin matrices with or without
different concentrations of human neutrophils, in a 96-well plate. Every 20
min the GFP signal of every well was recorded by the fluorescence plate
reader.

Supplemental figure 3: The neutrophil response against S. pneumoniae
Streptococcus pneumoniae was cultured in fibrin matrices with or without different concentrations of human 
neutrophils, in a 96-well plate. Every 20 min the GFP signal of every well was recorded by the fluorescence 
plate reader.

Supplemental figure 4: Different bacterial species showed different growth characteristics
A: Different starting concentrations of SA or SE were cultured in fibrin matrices without neutrophils, in a
96-well plate. Every 20min the GFP signal of every well was recorded by the fluorescence plate reader.
B: For matrices from A the lag time was calculated and pooled for three experiments.

Supplemental figure 5: Viable neutrophils can be extracted from the fibrin matrices
After 1 hour of neutrophil culture in a fibrin matrix, the matrix was dissolved by incubation with plasminogen 
and streptokinase. The resulting single cell suspension was stained with anti-AnnexinV antibody and 7-AAD 
and measured with flow cytometry. Neutrophils were gated based on forward and side scatter properties 
(left panel). In the right panel the percentages of early apoptotic (Q3), late apoptotic (Q2) and necrotic (Q1) 
neutrophils are shown.
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Supplemental figure 4: Different bacterial species showed different growth characteristics
A: Different starting concentrations of SA or SE were cultured in fibrin matrices without neutrophils, in a
96-well plate. Every 20min the GFP signal of every well was recorded by the fluorescence plate reader.
B: For matrices from A the lag time was calculated and pooled for three experiments.

Supplemental figure 5: Viable neutrophils can be extracted from the fibrin matrices
After 1 hour of neutrophil culture in a fibrin matrix, the matrix was dissolved by incubation with 
plasminogen and streptokinase. The resulting single cell suspension was stained with anti-
AnnexinV antibody and 7-AAD and measured with flow cytometry. Neutrophils were gated 
based on forward and side scatter properties (left panel). In the right panel the percentages of 
early apoptotic (Q3), late apoptotic (Q2) and necrotic (Q1) neutrophils are shown.
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ABSTRACT

After phagocytosis of a microbe by professional phagocytes, the pH inside the phagolyso-

some can directly and indirectly contribute to an antimicrobial environment. A low or 

high pH creates suboptimal growth conditions for the ingested microbe and can activate 

proteases and other enzymes aiding in antimicrobial defense. However, the correlation 

between intraphagosomal pH and killing capacity of human neutrophils is insufficiently 

understood. Despite recent advances in experimental techniques, the pH value inside the 

neutrophil phagolysosome has not unequivocally been determined. Whereas the majority 

of literature reports intraphagosomal acidification, intraphagosomal alkalinization has also 

been reported. 

We hypothesized that this discrepancy results from the use of different targets for 

phagocytosis and/or from the use of different pH indicator dyes. Therefore, we compared 

the intraphagosomal pH response to either the heat-killed bacterium Staphylococcus aureus 

or the heat-killed yeast Candida albicans in neutrophils of the same donor. Both pathogens 

were fluorescently labeled with either pHrodo, an indicator most sensitive in the acid pH 

range, or with SNARF, an indicator most sensitive in the alkaline pH range. Phagocytosis 

by neutrophils was imaged with confocal fluorescence microscopy and pH values were 

determined with calibrated ratiometric imaging. 

After phagocytosis of S. aureus, neutrophil phagolysosomes showed rapid acidification 

to a mean pH value of 5.2 ± 0.4 using pHrodo or 5.3 ± 0.4 using SNARF (mean ± SD, n=5-6). 

In contrast, after phagocytosis of C. albicans, neutrophil phagolysosomes remained neutral 

at a mean pH value of 7.0 ± 0.3 using pHrodo or 6.7 ± 0.4 using SNARF. Interestingly, the 

intraphagosomal pH values displayed marked intradonor heterogeneity, and heterogeneity 

was even observed between different phagolysosomes within a single neutrophil.

In conclusion, the pH response measured inside the phagolysosome did not depend on 

the fluorescent pH indicator used and reproducibly differed for two different pathogenic 

species. Apparently, the neutrophil can fine-tune the intraphagosomal pH to achieve the 

most efficient killing response to heterogeneous pathogens.
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INTRODUCTION

The neutrophil is a professional phagocyte, poised for the clearance of immunogenic 

particles such as pathogens, tissue debris, or foreign particles through phagocytosis. 

Immediately upon phagocytosis the neutrophil directs its arsenal of destructive mediators 

towards the phagosome to kill and/or degrade the ingested particle. This arsenal consists 

of both soluble mediators such as proteases, antimicrobial peptides, and scavengers, and 

membrane-bound proteins such as pattern-recognition receptors and the NADPH oxidase 

complex1. In inactive neutrophils, many mediators are stored in four types of membrane-

bound granules: azurophilic (or primary) granules, specific (or secondary) granules, 

gelatinase (or tertiary) granules and secretory vesicles. The granule types are sequentially 

formed during neutrophil differentiation in the bone marrow and are each characterized by 

specific contents and by specific signals for mobilization to the phagolysosome2. 

The neutrophil granules fuse with the maturing phagosome to deliver their contents 

into the phagosomal lumen3, 4. This delivery mechanism differs from the mechanism 

observed in macrophages, in which the maturing phagosome fuses with compartments 

of the endocytic pathway5. Hence, a large number of studies consistently showed that 

phagosome maturation in macrophages is accompanied by significant intraphagosomal 

acidification towards a pH of 5, similar to the gradual acidification observed in the endocytic 

pathway5. To measure the intraphagosomal pH phagocytic targets such as latex beads, 

bacteria, or yeast cells have been labeled with pH-sensitive dyes. After phagocytosis, the pH 

around the labeled target is quantified by colorimetric analysis, fluorescence microscopy, or 

flow cytometry. 

The same methods have, however, not provided consistent data on intraphagosomal 

pH in neutrophils. Several studies have provided qualitative6-8 or quantitative9-17 evidence 

that neutrophil phagosomes in humans and other mammals also become acidic. Some of 

these studies show that the acidification is preceded by a short period of alkalinization11, 

12, 14-17. Immediately after phagocytosis is initiated, alkaline pH values (>7) are measured in 

the phagosome, presumably caused by H+ consumption during the respiratory burst. After 

2-5min, the pH starts to decline towards neutral or acidic pH values, presumably because 

the respiratory burst is subsiding and vacuolar H+-ATPases (V-ATPases) start to pump more 

H+ ions into the phagosome11, 12, 14-17. The other studies mentioned above did not report the 

alkaline phase, probably because they all determined intraphagosomal pH at later time 

points, e.g. 30 or 60 min after initiation of phagocytosis. One study reported acidification 

already after 3 min, during phagocytosis inside the peritoneal cavity in rats10.

The shift from alkaline to acidic pH values has been proposed to allow for sequential 

activation of antimicrobial mediators, since different mediators function optimally at 

different pH values10, 18. For example, myeloperoxidase (MPO) is most active at acidic pH18, 

whereas the proteases cathepsin G, proteinase 3, and elastase are most active at alkaline 

pH19. 
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The absolute values reported for the intraphagosomal pH in neutrophils vary, since 

several factors have hampered the interpretation of the pH indicators used for labeling. 

Colorimetric indicators do not allow very precise determination of pH6, 7, 9, 10. The fluorophore 

fluorescein or its derivatives like carboxyfluorescein or fluorescein isothiocyanate (FITC) 

have often been used because their spectral characteristics gradually change with pH11-

17. However, these fluorophores are prone to chemical modification by HOCl15, 20, 21, which 

is abundantly generated in the neutrophil phagosome by MPO22. In a few studies this 

modification was counteracted by adding the MPO inhibitor sodium azide15, 17, but azide 

was recently shown to change intraphagosomal pH independent of MPO inhibition18. 

Chemical modification of the fluorescent particle is just one of the factors that can affect 

intraphagosomal intensity measurements. Other factors are e.g. the number of particles per 

phagocyte, photobleaching, or changes in the focal plane. Such factors are not taken into 

account when single wavelength measurements of fluorescence intensity are interpreted as 

a direct readout of pH14. To more reliably determine the intraphagosomal pH, most studies 

with fluorescent particles use dual-wavelength ratiometric imaging. By measuring the pH-

dependent signal as a ratio over a pH-independent signal, ratiometric imaging corrects 

for factors other than pH affecting fluorescence intensity. To relate the ratio to pH value a 

calibration curve is constructed from ratio measurements at known pH values. The most 

reliable calibration curve is obtained when the environmental factors are the same as during 

the actual experiment, which has not always been the case11, 14, 17. Still, chemical modification 

of the fluorophore can reduce the dynamic range of the calibration curve23.

New, more stable pH indicator fluorophores, such as pHrodo and carboxysemina-

phthorhodafluor-1 (SNARF), have become available for labeling of phagocytic targets24, 

25. Whereas fluorescein and its derivatives are much less sensitive to pH > 7, SNARF is 

most sensitive in the pH range of 6-9. Yet, these fluorophores have not yet been widely 

implemented in the study of neutrophil phagocytosis, and despite improved methodologies 

the pH in the neutrophil phagosome has not equivocally been determined. Surprisingly, 

a recent report on ratiometric imaging of SNARF-labeled Candida albicans reported 

significant alkalinisation of the human neutrophil phagosome, up to a mean pH of 9.0, that 

lasted for at least 35 min18. However, recent experiments by us with ratiometric imaging 

of pHrodo/Alexa Fluor 647 dually labeled Staphylococcus aureus bioparticles revealed 

acidification of the neutrophil phagosome after 30-1000 min26, similarly to the publications 

mentioned above. In the current study we examined whether the discrepancy was caused 

by using different pH indicators (SNARF vs. pHrodo), or whether the different pathogens (C. 

albicans vs. S. aureus) evoked different pH responses. To our knowledge, no studies so far 

have studied whether neutrophils of the same donor adjust their intraphagosomal pH after 

phagocytosis of different pathogens. In addition, we analyzed vast numbers of individual 

phagosomes using time-lapse microscopy, revealing unprecedented heterogeneity in the 

intraphagosomal pH response.
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MATERIALS & METHODS

Buffers

The incubation buffer contained 20 mM HEPES, 132 mM NaCl, 6 mM KCl, 1 mM MgSO
4
, 

1.2 mM KH
2
PO

4
, 1.0 mM CaCl

2
, 5 mM glucose and 5 mg/ml human serum albumin (Albuman 

200 g/l, Sanquin, Amsterdam, The Netherlands). The pH was adjusted to 7.4.

All calibration buffers contained 0.1 M KCl. The different buffers contained 50 mM of 

glycine (pH 3.0 or 10.0), acetic acid-acetate (pH 4.0 or 5.0), MES (pH 6.0), HEPES (pH 7.0), or 

Tris (pH 8.0 or 9.0). Buffers were warmed till 37°C and HCl or NaOH in 0.1 M KCl was added 

until the correct pH was reached.

Neutrophil isolation

Blood samples were obtained from anonymous, healthy volunteers between the age of 18–

65 years, male and female, who gave informed consent under protocols approved by the 

Medical Ethical Committee of the University Medical Center Utrecht. Sodium heparin was 

used as an anticoagulant. Granulocytes were isolated by density gradient centrifugation 

over a layer of Ficoll-Paque Plus (GE Healthcare, Chicago, IL, USA). The erythrocytes in the 

granulocyte layer were lysed using a lysis buffer with 150 mM NH4
Cl, 10 mM KHCO

3
 and 

0.1 mM Na
2 

ethylenediaminetetraacetic acid (EDTA) dissolved in ddH
2
O and adjusted to a 

pH of 7.4. 

Fluorescent labeling of bioparticles & neutrophils

Nonfluorescent and pHrodo-labeled Staphylococcus aureus BioParticles™ (Wood strain, 

without protein A) were purchased from Molecular Probes (Eugene, OR, USA) and 

resuspended according to the manufacturer’s instructions. Candida albicans (ATCC strain 

10231) was cultured in LB broth, at 30°C to prevent hyphae formation, until OD
600nm

 reached 

1.0. C. albicans was then heat-killed by incubation at 60°C for 30 min. Absence of viability was 

confirmed by plating the suspension on LB agar plates. Concentrations were determined 

using a hemocytometer.

AF488 TFP ester (Molecular Probes), pHrodo red succinimidyl ester (Life Technologies, 

Waltham, MA, USA), and SNARF™-1 carboxylic acid acetate succinimidyl ester (Molecular 

Probes) were dissolved in DMSO at a concentration of 2.5 mg/ml, 5 mg/ml, and 0.5 mg/ml, 

respectively. The bioparticles to be labeled were suspended in a 0.1 M NaHCO
3
 buffer at 

room temperature. For AF488 labeling the pH of this buffer had been set at 9.0, for pHrodo 

or SNARF labeling the pH was 8.5. As described before18 or according to manufacturer’s 

instructions, C. albicans bioparticles were suspended at a concentration of 1x108 particles/

ml, S. aureus bioparticles at a concentration of 10 mg/ml (ca. 3x109 bioparticles/ml). 

According to manufacturer’s instructions or as described before18, 27, the labeling solutions 

in DMSO were added drop-wise while the bioparticle suspension was vortexed. The final 
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concentrations were 40 µg/ml AF488 for C. albicans, 250 µg/ml AF488 for S. aureus, 333 µg/

ml pHrodo, 25 µg/ml SNARF for C. albicans, or 50 µg/ml SNARF for S. aureus. After mixing 

at room temperature for 30 min (SNARF-C. albicans) or 60 min (pHrodo/AF488/SNARF-S. 

aureus), the bioparticles were washed 2-4 times until the supernatant appeared clear, and 

then resuspended in incubation buffer. Aliquots were frozen at -20°C.

Directly after neutrophil isolation, the cytoplasm of the neutrophils was labeled with 5 

µg/ml SNARF-1 succinimidyl ester28 in incubation buffer without albumin, gently shaking for 

5 min at room temperature. The cells were washed once with PBS and 25% human serum 

before further steps described below.

Ratiometric imaging

All imaging was performed in an LSM710 confocal microscope (Zeiss) using a 63x oil objective. 

AF488 and SNARF were excited with a 488 nm laser, pHrodo with a 561 nm laser. AF488 signal 

was detected as emission between 493-556 nm, and pHrodo signal was simultaneously 

detected between 565-629 nm. SNARF emission was detected simultaneously at two 

different bandwidths of 550-600 nm (“channel 1”) and 610-700 nm (“channel 2”). 

Z-drift during time-lapse imaging was automatically corrected with the Definite Focus 

system of the LSM710, based on reflection of 850 nm light on the cover glass. Nevertheless, 

in some experiments the focus was temporarily lost, depicted as gaps in the graphs in Figure 

2A-D and Supplemental Figure 1.

Calibration curves for intracellular bioparticles

Eight wells ibiTreat µ-slides (ibidi) were coated with 0.01% poly-L-lysin (PLL) for 60 min at 

room temperature. Directly after isolation and labeling, neutrophils were resuspended 

in incubation buffer without albumin and placed in the coated wells. The µ-slides were 

incubated at 37°C and 5% CO2
 for 15 min to allow neutrophil adherence. The supernatant was 

replaced with incubation buffer containing opsonized C. albicans or S. aureus bioparticles 

and the µ-slides were incubated at 37°C and 5% CO
2
 for 20 min to allow phagocytosis. 

The in situ calibration protocol was based on a protocol described before, using the K+/

H+ ionophore nigericin to equilibrate intracellular pH to the extracellular pH29. In short, 

neutrophils were washed twice with calibration buffer at 37°C. Then calibration buffer 

with 10 µg/ml nigericin (Cayman Chemical) was added, and images were acquired every 

minute until intraphagosomal pH had stabilized (5-10 min). Once equilibrated, images were 

acquired at 4-6 positions per well. These steps were repeated for each calibration buffer to 

obtain a pH calibration curve for intracellular bioparticles. During imaging the temperature 

was kept at 37°C. For SNARF-labeled S. aureus two different calibration curves were used for 

two sets of experiments with slightly different microscope settings.
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Opsonization & phagocytosis of bioparticles

For opsonization, C. albicans and S. aureus bioparticles were resuspended in PBS with 50% 

pooled normal human AB serum (Sigma), sonicated, and shaken at 180 rpm for 60 min at 

37°C.

Directly after neutrophil isolation and labeling, the neutrophils were resuspended in 

incubation buffer without albumin and placed in 2-4 wells of a µ-slide coated with PLL as 

described above. The µ-slide was incubated at 37°C and 5% CO
2
 for 15 min to allow neutrophil 

adherence. The supernatant was replaced with incubation buffer containing opsonized 

C. albicans or S. aureus bioparticles at MOI 2-4, after which time-lapse imaging of preset 

locations was immediately started and sustained for 60 min with continuous acquisition. 

Hence, the time-lapse interval varied between experiments depending on the number of 

positions imaged. During imaging the temperature was kept at 37°C.

Images were analyzed using custom macro scripts in FIJI30. Particle analysis yielded 

regions of interest (for C. albicans in the range 2-22 µm2, for S. aureus in the range 0.1-2 µm2) 

for which mean fluorescence intensity (MFI) in each channel was recorded. Extracellular 

bioparticles were manually excluded from the results, aided by the SNARF-labeling of the 

neutrophils. The MFI ratio of the intracellular bioparticles was converted to pH using cubic 

splines fitted to the calibration measurements in GraphPad Prism 7.

Statistical analysis

Statistical tests as indicated in figure legends were performed in GraphPad Prism 7. Results 

were regarded as significant when p < 0.05.

RESULTS

The indicators pHrodo and SNARF are each sensitive in a specific pH range

To measure both acidic and alkaline pH values in the neutrophil phagosome, two different 

pH indicators were needed. The fluorophore pHrodo was sensitive to pH changes in the 

acidic range of pH 3-7 (Fig. 1A,C,E), whereas the fluorophore SNARF was sensitive to pH 

changes in the alkaline range of pH 7-10 (Fig. 1B,D,F). Esters of pHrodo and SNARF were used 

to label both commercially available killed S. aureus bioparticles and heat-killed C. albicans 

bioparticles. Using confocal microscopy, ratiometric imaging of the fluorescent bioparticles 

was applied. Whereas for pHrodo the pH affects the intensity of emission, for SNARF the 

pH shifts the wavelength of emission allowing ratiometric imaging. SNARF acted as its 

own internal control since the same fluorophore molecule was measured in two emission 

channels (Fig. 1B) and the ratio between the channel intensities was directly correlated to 

the pH (Fig. 1D,F). For the imaging of pHrodo a second, pH-independent fluorophore was 

needed as a control, so the bioparticles were dually labeled with pHrodo and Alexa Fluor 
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488 (AF488; Fig. 1A). The ratio of pHrodo intensity over AF488 intensity directly correlated 

to the pH (Fig. 1C,E). 

Relevant in situ calibration curves were generated by measuring the bioparticles’ 

fluorescence inside the neutrophil phagosome. After phagocytosis, the pH inside the 

phagosome was modulated to known pH values with the high K+/nigericin technique29. 
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3
The resulting calibration curves (Fig. 1) allowed us to convert fluorescence ratios of 

intraphagosomal bioparticles to exact pH values.

Phagocytosis of S. aureus bioparticles results in lower intraphagosomal pH than 

C. albicans bioparticles

The intraphagosomal pH was tracked during continuous time-lapse imaging of the 

phagocytosis of the different types of S. aureus or C. albicans bioparticles. The neutrophils 

were also labeled with SNARF to mark the contours of the cell and therefore distinguish 

intracellular from extracellular bioparticles. Phagocytosis occurred very rapidly and within 

2 or 3 time frames the vast majority of bioparticles was located intracellularly (Suppl. Video 

1-4). Only few neutrophils did not move at all and slowly lost the cytoplasmic SNARF label 

over time, suggesting loss of viability ex vivo. A small number of viable neutrophils did not 

phagocytose despite a MOI > 1, consistent with the concept of competitive phagocytosis 

described before31.

Most neutrophils were quite motile despite adhering to the poly-L-lysin-coated 

surface. The neutrophils changed their position in the field of view, and the bioparticles 

often changed their position within the cell (Suppl. Video 1-4). Because of this motility and 

because neutrophils phagocytosed more than one bioparticle, we could not reliably track 

the same bioparticle over time. Instead, during 60 min the fluorescence ratio was recorded 

for all intracellular bioparticles, accumulating to thousands of measurements. Extracellular 

bioparticles in the medium or adhering to the neutrophil surface were excluded from 

analysis. The fluorescence ratios were converted to pH values with the calibration curves 

shown in Figure 1. Over time the pH fluctuated somewhat but showed a clear trend (Fig. 

2A-D). In phagosomes containing S. aureus bioparticles the pH quickly decreased and 

remained acidic (Fig. 2B,D). The mean pH was 5.2 ± 0.4 using pHrodo or 5.3 ± 0.4 using 

SNARF (mean ± SD, n=5-6). Whereas in phagosomes containing the C. albicans bioparticles 

the pH largely remained neutral (7.0 ± 0.3 with pHrodo; 6.7 ± 0.4 with SNARF), sometimes 

Figure 1: Calibration of intraphagosomal pH
Neutrophils were incubated with labeled, opsonized C. albicans or S. aureus bioparticles for 20 min to allow 
phagocytosis, before the medium was replaced by a buffer of known pH. Using the high K+/nigericin method 
the intracellular pH was equilibrated with extracellular pH. Confocal microscopy snapshots of 4-6 fields 
per condition were used to correlate fluorescence measurements to pH. A: Fluorescence measurements 
of intraphagosomal C. albicans bioparticles dually labeled with pHrodo and AF488. Mean fluorescence 
intensities (MFI) of all intraphagosomal bioparticles within each field of view (FOV) are depicted for each pH. B: 
Fluorescence measurements of intraphagosomal C. albicans bioparticles labeled with SNARF. SNARF emission 
was measured in two channels: Ch1 with a 550-600 nm bandwidth and Ch2 with a 610-700 nm bandwidth. 
Mean fluorescence intensities of all intraphagosomal bioparticles within each field of view are depicted 
for each pH. C-F: For each intraphagosomal bioparticle the ratio between the two fluorescent signals was 
determined, either the pHrodo/AF488 ratio (C,E) or the SNARF Ch2/Ch1 ratio (D,F). Cubic splines were fitted 
to the FOV median ratios, showing the correlation between ratio and pH for the intraphagosomal C. albicans 
(C,D) or S. aureus (E,F) bioparticles. F: Two different calibration curves (black, grey) were used for two sets of 
experiments with slightly different microscope settings.
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declining to acid levels at late time points (Fig. 2A,C). For both pathogens, the pH values 

derived from the pHrodo/AF488 ratio were highly similar to the pH values derived from 

the SNARF ratio (Fig. 2E). The clear difference between the pathogens was observed for all 

healthy donors (Fig. 2E).

Figure 2: Phagocytosis of S. aureus bioparticles results in lower intraphagosomal pH than C. albicans 
bioparticles
Labeled, opsonized C. albicans or S. aureus bioparticles were added to neutrophils and time-lapse imaging 
was immediately started and sustained for 60 min with continuous acquisition. For each intraphagosomal 
bioparticle the fluorescence ratio was converted to a pH value using the calibration curves from Figure 1. A-D: 
The median pH over time of intraphagosomal C. albicans (A,C) or S. aureus (B,D) bioparticles labeled with 
pHrodo/AF488 (A,B) or SNARF (C,D), n = 5-6 healthy donors. E: Median pH per donor of all intraphagosomal 
bioparticles imaged in a 60 min period. Colors are the same as in Fig. A-D, and data points obtained with the 
same donor and the same label are connected. ****p < 0.0001, ANOVA with Fisher’s LSD post hoc test.
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Neutrophil phagosomes featured considerable heterogeneity in pH

Although the overall trend clearly showed that phagosomes acidified after phagocytosis 

of S. aureus, imaging hundreds of phagosomes elucidated that the intraphagosomal 

response was not homogeneous (Fig. 3). A minority of the phagosomes containing S. aureus 

maintained a neutral or even slightly alkaline pH (Fig. 3B,D). Similarly, part of the phagosomes 

containing C. albicans acquired an acidic or alkaline pH (Fig. 3A,C). Upon phagocytosis of the 

pHrodo-labeled C. albicans the phagosomes seemed divided into two parallel populations: 

one larger population with neutral pH, and one smaller population with acid pH (Fig. 3A). 

The population with acid pH values was not so clearly detected with SNARF-labeled C. 

albicans (Fig. 3C), presumably due to the lack of sensitivity of SNARF in the acidic range 

(Fig. 1D). Indeed, many intraphagosomal SNARF-labeled C. albicans ended up below the 

range of the calibration curve (Fig. 3C). Despite the differences in median pH, the range of S. 

aureus pH values was of a similar width as the range of C. albicans pH values. In other words, 

the heterogeneity among S. aureus phagosomes was similar to the heterogeneity among C. 

albicans phagosomes. The heterogeneity in pH seemed to increase over time and was even 

observed for different phagosomes within the same cell (Fig. 3E). 

The bioparticles and therefore the enveloping phagosomes have different sizes. The C. 

albicans single yeast cells come in slightly different sizes and some of them were budding at 

the time of heat-killing (inset Fig. 4A). The S. aureus bioparticles were dispersed by sonication 

before being added to the neutrophils and hardly appeared in clusters, displaying a narrow 

range of sizes (Fig. 4B). The heterogeneity in size within each species did not correlate to the 

heterogeneity found in pH values (Fig. 4A,B).

DISCUSSION

The neutrophil phagosome acquired a significantly different pH upon phagocytosis of 

either C. albicans or S. aureus, suggesting that the neutrophil has evolved methods to tune 

the intraphagosomal pH to the pathogen. The intraphagosomal pH is influenced by several 

processes, including but not limited to: H+ influx accompanying electron transport by the 

NADPH oxidase complex32, H+ consumption by superoxide dismutation to form H
2
O

2
33, 34, 

and fusion of the phagosome with acidic granules35. In this study nonviable microbes were 

used as targets, so the intraphagosomal pH was not affected by microbial metabolism or 

immune evasion molecules secreted by the microbes. Instead, the pathogens may drive 

the intraphagosomal pH response through their specific pathogen-associated molecular 

patterns (PAMPs) that are recognized by pattern-recognition receptors (PRRs) on the 

neutrophil. PRRs reside in the intraphagosomal membrane and ligand binding leads to 

downstream signaling that affects e.g. ROS production or phagosome maturation36, 37. 

Multiple publications have shown that pathogens can affect the fusion of granules with 

PSM 20180205 Proefschrift Erinke van Grinsven BW.indd   53 01-03-19   12:42



54

Chapter 3 | Phagolysosomal pH is tuned to the pathogen

the phagosome38-41, also for non-viable pathogens42, 43. Thus, specific PAMPs may induce 

specific signaling pathways and effector mechanisms that influence intraphagosomal pH. 

Alternatively, a pathogen-specific mix of opsonins may drive neutrophil signaling through 

opsonin receptors. Future experiments with a variety of pathogen targets may uncover 

the identity and specificity of the signaling pathways involved in tuning the appropriate 

intraphagosomal response.  

Figure 3: Heterogeneity of intraphagosomal pH within healthy control neutrophils
Labeled, opsonized C. albicans or S. aureus bioparticles were added to neutrophils and time-lapse imaging was 
immediately started and sustained for 60 min with continuous acquisition. A-D: For each intraphagosomal 
bioparticle the fluorescence ratio was converted to a pH value using the calibration curves from Figure 1. On 
the left a single donor is shown; every dot is an intraphagosomal bioparticle, the orange line is the median. On 
the right the distribution of all phagosomes imaged in a 60 min period for each donor. Some ratios fell outside 
of the range of the calibration curves, in the dot plots these are depicted with the minimum/maximum pH 
values, in the bar graphs these are categorized as “below range” or “above range”. A-D: pH heterogeneity of C. 
albicans (A,C) or S. aureus (B,D) bioparticles labeled with pHrodo/AF488 (A,B) or SNARF (C,D). E: Representative 
images of heterogeneity of phagosomes in the same neutrophil.
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Figure 4: Size-dependency of phagosomal pH
For the results from Fig. 3A and B, the pH values as well as the areas of the intraphagosomal bioparticles 
are depicted. The orange line is the linear regression analysis, showing lack of correlation. A: pH and area of 
intraphagosomal C. albicans bioparticles labeled with pHrodo/AF488. The insets show examples of single C. 
albicans bioparticles with a small or large area; only AF488 signal is shown. B: pH and area of intraphagosomal 
S. aureus bioparticles labeled with pHrodo/AF488. 

Since the pH values derived from either pHrodo or SNARF fluorescence showed highly 

similar absolute values as well as variation, the observed heterogeneity in intraphagosomal 

pH values was probably not due to technical reasons. Instead, the heterogeneity may act 

as a fail-safe system for antimicrobial defense. If the intraphagosomal pH acquired by the 

majority of neutrophils fails to yield an effective response to a particular microbe, this may 

be compensated by a minority of neutrophils exhibiting different killing mechanisms. Even 

though the neutrophil with deviant pH values form a minority, they may tip the balance 

towards a favorable outcome, for example by dealing with microbes that escaped from 

other neutrophils.

Because the heterogeneity within each donor was considerable, large sample sizes 

(number of phagosomes) like in the current study are needed to draw reliable conclusions. 

Flow cytometry offers quantification of large numbers of cells with a relatively simple 

method. Yet, standard flow cytometry measurements return an average intensity per 

cell, and therefore information on heterogeneity within the cell (Fig. 3E) is lost. Imaging 

flow cytometry on platforms like the ImageStream® can resolve these issues, offering high 

throughput analysis combined with single cell images. However, establishing a calibration 

curve for any flow cytometer will be difficult, because a flow cytometer per definition uses 

sheath fluid for hydrodynamic focusing of cells into a “single file” stream. The sheath fluid is 

a pH-neutral buffer, so manipulation of the extracellular pH to known levels is not practically 
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possible inside a flow cytometer. Nevertheless, (imaging) flow cytometry still allows for 

qualitative conclusions on relative acidity/alkalinity, e.g. when comparing time points or 

donors. 

Despite the observed heterogeneity, throughout all experiments the majority of 

phagosomes displayed a neutral or acidic pH throughout the 60 min of real-time imaging 

(Fig. 2,3). Only some of the experiments seemed to show the initial, short alkaline phase 

reported before (Suppl. Fig. 1)11, 12, 14-17. Because the phagocytosis of bioparticles was very 

rapidly completed after adding the bioparticles suspension, the actual phagocytosis event 

was only rarely captured during the live imaging. The phagocytosis events may have 

occurred before the imaging could be started or outside of the focal plane of the confocal 

microscope. Consequently, for most phagosomes the time point zero of phagocytosis could 

not reliably be determined. Phagocytosis can be synchronized by adding the targets to the 

phagocytes at 4°C, after which incubation on a heated microscope stage at 37°C will initiate 

phagocytosis. We avoided this procedure because it may change neutrophil behavior 

through temperature-shock44-46. Altogether, in our time-lapse imaging the phagocytosis 

events were synchronized with a margin of a few minutes. Because the alkaline phase is 

described to be very short (2-5 min)11, 12, 14-17, it may have been masked in the median pH by 

simultaneous imaging of more mature, more acidic phagosomes. 

Nevertheless, if we would track only the small number of bioparticles for which time zero 

of phagocytosis is captured during live imaging, we would not have the statistical power to 

discern trends in the heterogeneous pH response. More importantly, if we track only these 

neutrophils we may be selecting only the “slow” phagocytosing neutrophils31 because most 

neutrophils had already completed phagocytosis before imaging was started. This could 

introduce a bias. The results of Levine et al., who show a sustained alkaline pH during 35 

min18, may represent a pH response specific to a small number of “slow” phagocytosing 

neutrophils. 

An alternative explanation for the discrepancy between our results and the results of 

Levine et al. may be that Levine et al. used saponin to permeabilize neutrophils for calibration 

measurements of intraphagosomal C. albicans18. Besides H+ equilibration, the saponin may 

also have caused other molecules to move in or out of the phagosome. Therefore, the 

calibration measurements may have been acquired in different intraphagosomal conditions 

than the subsequent phagocytosis experiments.

In conclusion, our results suggest that the neutrophil tunes the phagosomal pH response 

to the ingested pathogen, possibly to optimize killing. Lowering the intraphagosomal pH to 

acid levels could be a useful attack against S. aureus, since S. aureus growth decreases with 

an increasingly acidic pH26, 47, and neutrophil phagolysosomal contents kill S. aureus more 

efficiently at an acid pH48. In contrast, C. albicans is able to withstand a wide range of pH 

values, down to a pH of 249, 50. Therefore, acidification of the phagosome may be less useful 

upon phagocytosis of C. albicans.
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Besides the direct bactericidal effects of an acid pH, tuning the pH tunes the activity 

of the enzyme mix in the phagosome. Different antimicrobial mediators have different 

pH optima for exerting their function10, 18. An acidic or neutral pH decreases the activities 

of neutrophil elastase and cathepsin G and increases the activity of MPO compared to an 

alkaline pH18. To efficiently kill intraphagosomal C. albicans in vitro, elastase and cathepsin 

G were dispensable in human neutrophils51, 52, whereas MPO-deficiency severely impaired 

killing53, 54. Similarly, mice and patients with MPO-deficiency have been reported to be more 

susceptible to C. albicans infections in vivo55, 56. Therefore, a neutral or acidic pH seems more 

appropriate in the defense against C. albicans than an alkaline pH. The predominantly neutral 

intraphagosomal pH found in the current study would facilitate both MPO-mediated killing 

and protease-mediated killing18.

In response to S. aureus the pH became more acidic than in response to C. albicans, 

suggesting a significantly larger role for MPO and a significantly smaller role for neutrophil 

elastase and cathepsin G in the phagolysosome. Indeed, MPO activity was shown to be a 

major player in the killing of intraphagosomal S. aureus54, 57. Additionally, neutrophils from 

Papillon-Lefèvre syndrome patients that lacked serine protease activity demonstrated 

normal in vitro killing of S. aureus58, 59. 

In the end, the most efficient killing in the neutrophil phagolysosome is not achieved by 

a single mechanism but by a concerted attack by many antimicrobial defense mechanisms. 

For yet other pathogens than tested here the most effective mix inside the phagolysosome, 

and hence the most optimal pH value, may differ.

To the best of the authors’ knowledge, this is the first study to directly compare the 

intraphagosomal pH after phagocytosis of two different pathogens in the same experiment. 

Future phagocytosis experiments with additional pathogenic species will further elucidate 

the complex fine-tuning of the neutrophil intraphagosomal pH.
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SUPPLEMENTAL FIGURES

Supplemental Figure 1: pH values during initial 10 min of time-lapse imaging
For the curves from Figure 2 only the results from the initial 10 min of time-lapse imaging are shown to zoom 
in on the initial phase after phagocytosis.
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ABSTRACT

Acute inflammation recruits neutrophils with a band-shaped nucleus to the circulation. 

This neutrophil population was recently shown to have superior antibacterial capacity. 

Early recruitment of banded neutrophils to an infection site will likely improve the outcome 

of the immune response, yet it critically depends on efficient migration. However, the 

current dogma states that the segmentation of the mature neutrophil nucleus has evolved 

to favor migration through narrow pores as found between endothelial cells and in the 

interstitium. Therefore, we hypothesized that banded neutrophils migrate less efficiently 

than neutrophils with segmented nuclei, whereas recently described neutrophils with 

hypersegmented nuclei would in turn migrate more efficiently.

Acute inflammation was evoked in a human model of experimental endotoxemia to 

recruit neutrophil subsets with different nuclear segmentation to the circulation. To simulate 

migration towards an infection site, migration of the subsets was studied in in vitro models 

of transendothelial migration or interstitial chemokinesis and chemotaxis. In both models, 

nuclear segmentation did not increase migration speed. In dense collagen matrices, the 

speed of the hypersegmented neutrophils was even reduced compared with the banded 

neutrophils. Fluorescence microscopy suggested that the hypersegmented neutrophils 

displayed reduced rear release and deposited more membrane vesicles. Vice versa, 

migration through narrow pores did not induce nuclear segmentation in the neutrophils.

In conclusion, like neutrophils with a segmented nucleus, the banded subset exhibited 

efficient migration through narrow pores. These findings suggest that the nucleus does not 

preclude the banded subset from reaching an infection site.
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INTRODUCTION

Human neutrophils with a banded, horseshoe-shaped nucleus represent the last differen-

tiation stage preceding mature neutrophils. At this stage the segmentation of the 

characteristic polymorphonuclear nucleus of the neutrophils has not completed yet. In 

homeostasis, “band cells” or banded neutrophils reside in the bone marrow, but acute 

inflammation has long been known to increase the number of banded neutrophils in the 

circulation1. This so-called “left shift” is one of the characteristics of the process termed 

“emergency granulopoiesis”2. In this emergency response to severe systemic inflammation, 

more neutrophils are recruited to the circulation to respond to an increased burden of 

microbe-associated molecular patterns (MAMPs) or damage-associated molecular patterns 

(DAMPs)2. Both immature and mature neutrophils are released from the bone marrow, and 

granulopoiesis is enhanced to produce de novo neutrophils2. When the infection is cleared 

or the tissue damage has healed, neutrophil numbers will return to homeostatic numbers. 

The left shift has long been interpreted as a bystander effect of the call for more circulatory 

neutrophils, causing the bone marrow to release neutrophils prematurely.

However, circulatory banded neutrophils were recently shown to have superior 

antibacterial capacity in vitro, despite their immature morphology3. This surprising result 

makes for an attractive concept in which banded neutrophils are not released as bystanders 

but are deliberately released as cells highly adept at pathogen killing.

In the study by Leliefeld et al. and in the study here described, acute inflammation 

was experimentally induced in healthy subjects by intravenous administration of bacterial 

lipopolysaccharide (LPS), also known as endotoxin. Experimental endotoxemia is a well-

characterized model for inducing a systemic innate immune response and consequently 

a neutrophil left shift4. In homeostasis, the homogeneous population of circulatory 

neutrophils displays nuclear segmentation, high CD16 (FcγRIII) expression, and high CD62L 

(L-selectin) expression5. Upon LPS administration, three different neutrophil subsets can be 

distinguished in the circulation based on their CD16 and CD62L expression5, 6. When sorting 

these subsets by flow cytometry, the subset of CD16low neutrophils is enriched for banded 

neutrophils. The CD16high, CD62Lhigh neutrophils have segmented nuclei, equal to homeostatic 

neutrophils. The third subset of CD16high, CD62Llow neutrophils is characterized by increased 

segmentation, or lobulation, of the nucleus5, 6. The banded and hypersegmented subsets 

are not present in the circulation in healthy human controls5.

Although the sorted subsets do not represent 100% pure populations, proteomics 

analysis of the sorted subsets clearly distinguished three separate populations6. The 

differences in proteomic profile could not be explained by neutrophil activation, suggesting 

the CD62Llow neutrophils stem from a different lineage than the CD62Lhigh neutrophils6. 

Furthermore, the sorted subsets have repeatedly been demonstrated to differ not only in 

phenotype5-8 but also in function3, 5, 7, 9. Notably, the hypersegmented, CD62Llow neutrophil 
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subset has a lower antibacterial capacity than normally segmented CD16highCD62Lhigh 

neutrophils3. The hypersegmented neutrophils phagocytose bacteria but fail to kill them 

intracellularly, even allowing bacterial proliferation inside the phagosome3. 

Since their antibacterial capacity differs considerably, the ratio between the different 

neutrophil subsets might dictate the outcome of the neutrophil response to infection. 

At a local site of infection in the tissue, the number of recruited neutrophils correlates to 

the rates of extravasation from the circulation to the tissue and subsequent chemotactic 

migration. The timing of the recruitment is important; if the banded subset only arrives at 

the infection site after the hypersegmented subset has phagocytosed the pathogens, the 

hypersegmented neutrophils may act as a physical barrier, shielding off the bacteria from 

the superior killers. 

There is indeed reason to presume that banded neutrophils might migrate slower than 

their segmented counterparts, because of their relatively bulky nucleus. The diameter of 

the nucleus has been described as a rate-limiting factor in cell migration10. For T cells, the 

nucleus causes >99% of cells to be arrested at a pore cross section below 5-6 µm2, whereas 

for mature neutrophils this degree of arrest was only reached at a pore cross section of 

1-2 µm2. Unfolding of the neutrophil’s segmented nucleus was thought to be responsible 

for this lowered limit10. When migrating neutrophils were imaged in confined collagen 

matrices, the segments of the neutrophil nucleus were seen to rearrange into a “pearl-on-a-

string” configuration, effectively decreasing the diameter of their nucleus10. 

In vivo, neutrophils encounter narrow pores e.g. between or within endothelial cells, 

in the basement membrane and in the interstitium11-13. Over the years many authors have 

proposed that the unique nuclear segmentation of the neutrophil has evolved to enable 

efficient migration through these narrow pores14-16.

Based on the above information, we hypothesized that the nucleus of CD16low neutrophils, 

characterized by incomplete segmentation, would have a larger diameter than the nucleus 

of mature CD16highCD62Lhigh neutrophils, characterized by complete segmentation. 

Consequently, CD16low neutrophils would migrate less efficiently than CD16highCD62Lhigh 

neutrophils. Vice versa, CD62Llow neutrophils, characterized by hypersegmentation of the 

nucleus, would migrate more efficiently than segmented CD16highCD62Lhigh neutrophils. 

These hypotheses cannot be tested in vivo using animal models, since the nuclear 

morphology of neutrophils differs per species17, 18. Additionally, the increased antibacterial 

capacity of banded neutrophils has only been shown in humans3. Therefore, we induced 

acute inflammation in the human endotoxemia model and isolated the human CD16/CD62L 

subsets for in vitro 4D migration experiments.

To study migration patterns of neutrophils in vitro, we used a Transwell system with 

3-µm-diameter pores covered by a monolayer of endothelium, and dense collagen matrices 

similar to those used by Wolf et al.10. In vivo the space between collagen fibers is reported 

to range from 2-30 µm13, 19, 20. In vitro we adapted the collagen concentration of the matrices 
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to obtain pore sizes on the lower end of the physiological range, because rearrangement of 

the neutrophil nucleus would likely be necessary in such confined conditions.

Concurrently, these experiments allowed us to study the reverse hypothesis: can 

migration through narrow pores cause nuclear (hyper)segmentation? Since the hyperseg-

mented neutrophils recruited upon LPS challenge are thought to originate from a different 

lineage, they could represent a pool of tissue neutrophils that moves to the circulation by 

reverse transmigration. In our experiments we asked whether a history of migration can 

explain the difference in nuclear segmentation between the CD62Lhigh and CD62Llow subsets.

MATERIALS & METHODS

Subjects & experimental endotoxemia model

Blood samples were obtained from healthy male volunteers between the age of 18–35 years 

participating in human endotoxemia trials (NCT02629874, NCT02675868, NCT02922673, 

ABR NL61136.091.17). The studies were approved by the ethics review board of the Radboud 

University Medical Center in Nijmegen, the Netherlands, and written informed consent 

was obtained from all study participants. Subjects were healthy as determined by physical 

examination, electrocardiography and hematological laboratory values. Subjects with 

febrile illness in the 2 weeks before the study or taking prescription drugs were excluded 

from the study. 

For the transmigration experiments samples were obtained from the endotoxemia trial 

NCT02675868; “Effect of vasopressors on immune response”. The morphology or marker 

expression of the neutrophil subsets as tested in microscopy and flow cytometry was not 

affected by the vasopressors tested compared to the placebo group. Nonlinear regression 

modeling indicated that the vasopressors tested did also not affect transmigration kinetics 

compared to placebo. Therefore, the results of all subjects were pooled. 

The LPS challenge was performed as published previously21, 22. In short, subjects were 

admitted to the research medium care unit of the Radboud University Medical Center and 

were infused with 1.5L hydration fluid during 1 h (2.5% glucose/ 0.45% saline at a continuous 

rate). Subsequently, in the “bolus model” the subjects received at t = 0 a single dose of 2 

ng/kg bodyweight LPS (US standard reference Escherichia coli O:113, NIH Pharmaceutical 

Development Section, Bethesda, MD, USA) and were then infused with hydration fluid at 

a constant rate of 150 mL/h. In the “continuous model” the subjects received a single dose 

bolus of 1 ng/kg at t = 0, followed by 3 h of continuous LPS infusion at 1 ng/kg per hour. 

During the challenge heart rate, blood pressure and the course of LPS-induced symptoms 

such as fever, muscle aches and nausea were constantly monitored.
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Blood samples were also obtained from anonymous, healthy volunteers between the 

age of 18–65 years, male and female, who gave informed consent under protocols approved 

by the Medical Ethical Committee of the University Medical Center Utrecht.

Isolation of neutrophils from blood

Human blood samples were collected 3 h after the start of LPS administration, using sodium 

heparin as an anticoagulant. The erythrocytes were lysed using ice-cold lysis buffer (150 

mM NH
4
Cl, 10 mM KHCO

3
 and 0.1 mM Na

2
EDTA dissolved in double distilled H2O; pH of 7.4) 

and the remaining leukocytes were washed twice and resuspended in FACS staining buffer 

(4 mg/ml human albumin and 0.32% (w/v) sodium citrate in PBS). Leukocytes were stained 

with antibodies against CD14, CD16 and CD62L and neutrophils (SSChighCD14-) were sorted 

using a FACSAria (BD, Franklin Lakes, NJ, USA), into tubes containing FACS staining buffer 

supplemented with 20% FCS.

For healthy controls, neutrophils were isolated by density gradient centrifugation over 

a single layer of Ficoll-Paque Plus and the erythrocytes in the neutrophil layer were lysed 

using the lysis buffer described above.

Neutrophil nuclear morphology

Neutrophil nuclear morphology was determined by manual counting of May-Grünwald-

Giemsa–stained cytospins in a blinded manner. An Axioskop 40 microscope (Zeiss, Jena, 

Germany) was used with a 100x oil immersion objective. A separation between nuclear lobes 

was defined as the connection between lobes being less than one third of the width of the 

adjacent lobes. Rare progenitors, recognized by nuclear morphology and blue cytoplasm, 

were counted as having one nuclear lobe.

Transmigration experiments

Human umbilical vein endothelial cells (HUVEC) were a kind gift from Willem-Jan 

Pannekoek. FluoroBlok™ Transwell inserts for 24-well plates with 3 µm pores (Corning Life 

Sciences, Tewskbury, MA, USA) and flat-bottom 96-well plates were coated with fibronectin 

and seeded with 35,000 HUVEC cells per insert or well. HUVEC cells were always cultured 

in endothelial growth medium (EGM™-2, Lonza, Basel, Switzerland) supplemented with 

BulletKit™ (Lonza). After 24 h, formation of a confluent monolayer was confirmed by visual 

inspection under the microscope and by transendothelial electrical resistance testing with 

an Epithelial Volt/Ohmmeter23. One electrode of the Epithelial Volt/Ohmmeter was placed in 

the bottom compartment and the other electrode in the top compartment of the Transwell 

system. HUVECs were activated with 100 U/ml TNF-α for 4 to 7 h prior to adding neutrophils, 

as described before9.

After FACS sorting, neutrophils were stained with calcein AM (1 µM; Thermo Fisher, 

Waltham, MA, USA), washed, resuspended in EGM™-2 medium, and 2x105 neutrophils were 
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added per insert/well. To prevent differences in calcein staining biasing the comparison of 

subsets, the percentage of transmigration was always calculated based on a control well, 

for which the cells were placed directly into a bottom well of the same plate. To the lower 

compartments of the 24-well receiver plate, EGM™-2 medium containing 10-7 M fMLF was 

added, and the plate was immediately placed in the FLUOstar Omega plate reader (BMG 

Labtech, Ortenberg, Germany). Fluorescence intensity in the lower compartment was 

measured every 5 minutes at eight positions per well and averaged. The excitation filter was 

485/10 nm, the emission filter was 520/10 nm, and the incubation temperature was 37°C. 

Simultaneously, neutrophils in the 96-well control plate were incubated in EGM™-2 medium 

containing 10-7 M fMLF (37°C, 5% CO
2
,
 
humidified atmosphere). For selected experiments, 

after 1 hour neutrophils from the inserts, lower compartment and control wells were washed 

and stained for flow cytometry analysis.

Fluorescence readings over time were analyzed by nonlinear regression modeling with 

GraphPad Prism 7 (GraphPad Software, Inc, San Diego, CA, USA). 

Flow cytometry

Antibodies used for cell staining were anti-CD16-AF647 (3G8, BD), anti-CD16 PE-Cy7 (3G8, 

BioLegend, San Diego, CA, USA), anti-CD16 V500 (3G8, BD), anti-CD62L-FITC (DREG-56, BD 

or BioLegend), anti-CD62L-PE (SK11, BD), anti-CD62L PE-Cy5 (DREG-56, BD), anti-CD62L PE-

Cy7 (DREG-56, BioLegend), anti-CD11b AF700 (ICRF44, BD), anti-CD35 unlabeled (rabbit 

polyclonal, Santa Cruz, Dallas, TX, USA) and/or anti-rabbit-IgG AF568 (goat polyclonal, 

Thermo Fisher). Samples were analyzed on an LSRFortessa flow cytometer (BD Biosciences).

Antibodies used for cell sorting were anti-CD16-AF647 (3G8, BD) or anti-CD16-BV785 (3G8, 

Sony Biotechnology Inc, San Jose, CA, USA), and anti-CD62L-PE (SK11, BD) or anti-CD62L-

FITC (DREG-56, BD) or anti-CD62L-PE-Cy7 (DREG-56, Biolegend), and anti-CD14-APC-H7 

(MφP9, BD). 

Generation and brightfield microscopy of collagen matrices & migration analysis

Migration chambers and fibrillar collagen matrices were made as described before10. In brief, 

the pH of rat tail collagen I, high concentration (Corning) was raised to 7.4 using NaOH and 

buffered by 25 µM HEPES and 10x DMEM (Biochrom, Cambourne, UK). Neutrophils were 

suspended in the neutralized collagen solution, resulting in a final collagen concentration 

of 3.3 or 8.0 mg/ml, and transferred into a self-constructed chamber that was immediately 

placed at 37°C for collagen polymerization. For chemokinesis, fMLF was added to the 

collagen gel to reach a final concentration of 10-7 M. After 30 min, DMEM with 10-7 M fMLF 

was added on one side and the chamber was closed. 

Neutrophil migration in matrices was recorded with a 5x air objective using a Leitz 

DM RXE microscope (Leica, Wetzlar, Germany) and a custom-made macro in the Qwin V3 

software (Leica). For each time lapse video, 100 images were taken at 30 s intervals. The 
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jittering generated by the microscope during image acquisition was removed as described 

previously24. Migration tracks were generated with custom-made scripts (https://github.

com/jtextor/tracking) and were analyzed using Motilitylab (http://motilitylab.net) to 

quantify speed and mean autocorrelation. Mean autocorrelation, a persistence parameter 

not biased by migration speed, was calculated as described in 25. In short, for each possible 

pair of displacement vectors in a track, the angles were compared over different time 

intervals Δt to obtain the angle difference θ. The autocorrelation coefficient is the cosine 

of the angle difference cos(θ). For all tracks in one matrix, the autocorrelation coefficients 

were averaged for all Δt to get a curve of the mean autocorrelation over time. To be able to 

compare donors, the persistence time was deduced with nonlinear regression modeling in 

Graphpad Prism 7, i.e. the time after which the mean autocorrelation was at 0.5. Cells that did 

not move during the entire time lapse were excluded from analysis, while the percentage of 

non-moving cells did not differ substantially between subsets (data not shown).

Widefield and confocal fluorescence microscopy of collagen matrices 

Collagen matrices were prepared as described above, but neutrophils were stained with 

Hoechst 33342 nuclear staining (20 µM; Life Technologies, Waltham, MA, USA) and calcein-

AM (0.5 µM) before embedding in collagen matrices. Matrices were imaged with an AF7000 

LX widefield fluorescence microscope (Leica) using a 40x air objective, at 37°C and 5% CO2. 

For each time lapse video, 11 to 60 images were taken at 30 s intervals. For cells and nuclei, 

the circularity was determined with FIJI26 and girth with custom-made scripts (available 

upon request). A higher circularity value is closer to a perfect circle, which has a circularity 

value of 1.

Alternatively, of the same collagen mix drops of ca. 60 µl were pipetted on coverglasses 

and were allowed to polymerize at 37°C for 40 min. Then the collagen matrices were 

submerged in DMEM with 10-7 M fMLF for 60 min, washed twice with PBS and fixed in 4% 

paraformaldehyde in 1x PBS for 30 min, all at 37°C. Matrices were imaged with a LSM 710 

confocal microscope (Zeiss), using a 20x air objective, in z-stacks at 1.5 µm slice interval 

and of 35-90 µm z-depth. The number of cells in the z-stack was determined as the number 

of Hoechst-stained nuclei, and the numbers of vesicles was determined as the number of 

calcein-stained particles of 0.2-10 µm2.

Collagen matrices without cells or fixatives were imaged by confocal reflection 

microscopy as described10. In short, z-stacks (1 µm slice interval, 30 µm total z-depth) 

starting at a distance of minimal 10 µm from the cover glass were generated using a 63x 

oil objective. After orthogonal reconstruction of xz images with a y-interval of 1 µm, pore 

cross-sections were measured as areas free of reflection signal from collagen fibers. In FIJI, 

classic watershedding was applied to the binarized images before particle analysis with 

thresholds 1 µm2-infinity was applied. Brightness and contrast were only adjusted for ease 

of viewing (Fig. 5), not for images to be analyzed.
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Statistical analysis

Statistical tests as indicated in figure legends were performed in GraphPad Prism 7. Wilcoxon 

matched-pairs test was used to compare lobularity before and after transmigration. When 

comparing donor medians, parametric tests were used; repeated measurements ANOVA for 

paired or ANOVA for unpaired data when applicable. When the N was not high enough to 

test for non-normality, non-parametric tests were used; Friedman test for paired or Kruskal-

Wallis test for unpaired data when applicable. Because the number of groups was low (n = 

3), the post-hoc tests were not corrected for multiple comparisons. Results were regarded 

as significant when p < 0.05.

RESULTS

Altered nuclear segmentation of neutrophils upon acute inflammation 

To isolate different neutrophil populations, blood samples were obtained from the study 

subjects 3 h after the start of intravenous administration of LPS. After lysis of red blood cells 

and neutrophil staining, flow cytometry distinguished three neutrophil subsets that could 

be sorted based on CD16 and CD62L staining (Fig. 1A). Subsequent counting of nuclear 

segments on cytospin slides showed that the sorted neutrophil subsets were enriched 

for banded, segmented or hypersegmented neutrophils (Fig. 1B,C), as has been described 

before5, 6. As expected, the CD16highCD62Lhigh neutrophils isolated from experimental 

endotoxemia subjects showed similar nuclear segmentation as neutrophils from untreated 

healthy donors (Suppl. Fig. 1, Fig. 2F). Although the subsets showed some overlap, for ease of 

reading sorted CD16lowCD62Lhigh neutrophils will be referred to as banded neutrophils in the 

text of this paper, CD16highCD62Lhigh as segmented and CD16highCD62Llow as hypersegmented 

neutrophils.

Similar transmigration rates of neutrophil subsets during transendothelial migration

To study how the nuclear segmentation of the neutrophil subsets affects extravasation, 

each subset was followed during in vitro transmigration through an endothelial cell layer 

and a membrane with 3-µm pores in a Transwell system. The neutrophils were fluorescently 

stained with calcein and placed in the top compartment of the Transwell system. As the 

used FluoroBlok Transwell inserts have a light-blocking membrane, only the neutrophils in 

the lower compartment were detected by a fluorescence plate reader. In this manner the 

kinetics of the transmigrating neutrophils were recorded in real-time.

All three subsets showed rapid migration towards the chemo-attractant fMLF within the 

first 15-25 minutes (Fig. 2A). The rate of transmigration was represented by the slope of each 

curve, derived from nonlinear regression models (R2 between 0.952-0.999), and did not differ 

between neutrophil subsets (Fig. 2B). After ca. 50 minutes, almost all transmigration curves 
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Figure 1: Nuclear segmentation of neutrophil subsets circulating in acute inflammation
Blood was drawn from healthy volunteers 180 min after start of i.v. administration of LPS. A: Representative 
FACS plot of SSChighCD14- neutrophils in blood, displaying the gates used for FACS sorting. B: Frequency 
distribution of the number of nuclear lobes in neutrophils, counted on stained cytospin slides generated after 
FACS-sorting. Prog = progenitor, undef = undefined. Median with range, n = 6, min. 100 neutrophils counted 
per slide. For each number of nuclear lobes a representative image is added below the x-axis. Neutrophils in 
micrographs were all from the same blood sample.
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Figure 2: Speed and phenotype of neutrophil subsets during transendothelial migration 
On the membrane of Fluoroblok™ Transwell inserts, a confluent monolayer of HUVEC endothelial cells was 
cultured and was activated with TNF-α. After FACS-sorting, neutrophil subsets stained with calcein were 
placed into inserts or control wells in the same plate. A: Transmigration kinetics of neutrophil subsets. The 
signal of calcein-labeled neutrophils in the lower compartment was acquired every 5 min. The percentage 
of total neutrophils was calculated based on the signal in the control well in which neutrophils were directly 
placed into the lower compartment. Median with range, n = 12. B: Hill slope of each linear regression model 
of transmigration kinetics, representing rate of transmigration in percentage of cells/min. Line is median of 
donors. C: Top value of each linear regression model of transmigration kinetics, representing the maximum 
percentage of transmigrated neutrophils. Line is median of donors. D: Bottom value of each linear regression 
model of transmigration kinetics, representing percentage of transmigrated neutrophils at t=0 min. Line is 
median of donors. E: Frequency distributions of number of nuclear lobes in neutrophils, counted on stained 
cytospin slides. Neutrophils were either obtained after sorting (“before transmigration”) or from the lower 
compartment of the Transwell system (“after transmigration”). Median with 95% CI range, n = 9-11, min. 100 
neutrophils counted per slide. F: Mean number of nuclear lobes in each subset, per donor. Data is from the same 
slides as in E, except for the data from healthy controls (HC; n = 9). Line is median of donors. G: Mean number 
of nuclear lobes in CD16lowCD62Lhigh subset, per donor. Neutrophils in control wells without Transwell insert 
were also incubated with fMLF for 60 min (“fMLF control”). Line is median of donors. H: Mean fluorescence 
intensity in FACS. Neutrophils were either obtained from the lower compartment of the Transwell system (after 
transmigration towards fMLF) or from control wells without Transwell insert but with fMLF (“fMLF control”). *p 
< 0.05, **p < 0.01, comparisons not shown tested non-significant.
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reached a plateau, represented by the top value of each curve in the regression models. The 

hypersegmented subset reached a higher plateau of percentage transmigrated neutrophils 

than the other subsets (Fig. 2C). The percentage of transmigrated neutrophils at the start of 

the measurement, i.e. the start of the curve, was also higher for the hypersegmented subset 

(Fig. 2D). Together, although neutrophil subsets transmigrated with the same rate, the net 

transmigration efficiency was not the same. 

Transendothelial migration did not induce nuclear segmentation but did alter 

expression of surface markers

To investigate the effect of transmigration on neutrophil phenotype, transmigrated 

neutrophils were retrieved from the lower compartments of the Transwell system after 
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one hour. Cytospin slides of the neutrophil subsets were generated to quantify nuclear 

segmentation under the microscope. For the segmented and hypersegmented subsets, 

transmigrated neutrophils showed similar nuclear segmentation as directly after sorting, 

indicating that transendothelial migration neither induced nor selected for neutrophils 

with a more segmented nucleus (Fig. 2E,F). Interestingly, for the banded subset the nuclear 

segmentation increased in the neutrophils from the lower compartments compared to after 

sorting (Fig. 2E,F). However, this increase was also seen for neutrophils from control wells 

(Fig. 2G), indicating that incubation with fMLF alone was sufficient to increase the nuclear 

segmentation of the banded neutrophils. Possibly, the banded neutrophils were maturing in 

vitro. In conclusion, for banded neutrophils too, transendothelial migration neither induced 

nor selected for a more segmented nucleus.

The transmigrated neutrophils displayed increased CD11b and CD35 expression and 

decreased CD62L expression compared to the control neutrophils (Fig. 2H), suggesting 

that transendothelial migration activated neutrophils more than fMLF incubation alone. 

The three subsets showed similar changes in CD11b and CD35 expression, but only banded 

neutrophils showed significant transmigration-induced CD62L downregulation, probably 

corresponding to a higher CD62L expression before transmigration.

Chemokinetic and chemotactic migration of neutrophil subsets in three-dimensional 

collagen matrices 

After extravasation, the next step in neutrophil recruitment is migration through the 

extracellular matrix, for which we used three-dimensional fibrillar collagen matrices as a 

model. Chemokinesis or chemotaxis was induced in the collagen matrices by fMLF, and 

migration speed was determined for a large number of neutrophils per matrix (Fig. 3A,B). 

Persistence of direction was evaluated using the autocorrelation within the direction of 

displacement25, quantifying the straightness of the migratory track unbiased by migration 

speed. For each segment of a migration track, the autocorrelation coefficient is determined 

(Fig. 4A). If a cell takes random turns during migration, the autocorrelation coefficient 

will quickly decrease to zero. For a population of cells the autocorrelation coefficients are 

pooled to obtain a mean autocorrelation curve (example in Fig. 4B). From such curves the 

persistence time was deduced; the time after which the mean autocorrelation reaches 0.5.

The three neutrophil subsets were each embedded in separate collagen matrices with a 

concentration of 3.3 mg/ml. The directed movement of chemotaxis displayed higher speed 

(Fig. 3D) and persistence (Fig. 4E) than the random movement of chemokinesis (Fig. 3C, 

4D). To our surprise, no significant speed or persistence differences were observed between 

the three neutrophil subsets in either chemokinetic or chemotactic migration in 3.3 mg/ml 

matrices (Table I). Neither were differences in speed and persistence observed between the 

circulatory neutrophils from experimental endotoxemia subjects and circulatory neutrophils 

from healthy, untreated donors (Table I).
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However, the calculated chemotaxis speeds close to 10 µm/min (Fig. 3D) were far higher 

than Wolf et al. had reported, indicating that we did not yet reach the physical limits of 

migration10. Additional imaging revealed the pores in our 3.3 mg/ml matrices had a cross-

section around 8 µm2 (Suppl. Fig. 2), in contrast to the expected 2-3 µm2 based on the work 

by Wolf et al.10. This was a result of using rat tail collagen from different manufacturers (K. 

Wolf, unpublished data). 
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Figure 3: Migrational speed of neutrophil subsets in dense or very dense collagen matrices
Sorted neutrophil subsets or healthy control (HC) neutrophils were embedded in matrices with a final 
concentration of 3.3 or 8.0 mg/ml rat tail collagen I. For chemokinesis, the matrices and medium contained 10-7 
M fMLF. For chemotaxis, medium with 10-7 M fMLF was added on one side of the matrix to establish a gradient. 
Migration was imaged for 50 min with brightfield microscopy at 50x magnification. A: For every condition, 
tracks of one representative donor are shown (25% of field of view). The tracks of the three different collagen 
matrices are overlaid. Green = CD16lowCD62Lhigh, grey = CD16highCD62Lhigh, red = CD16highCD62Llow. Scale bar is 
100 µm. B: Mean track speeds for one representative donor during chemotaxis in 3.3 mg/ml matrices. Each 
dot represents one track, line is median of subset. C-E: Medians of mean track speeds during chemokinesis in 
3.3 mg/ml matrices (C), chemotaxis in 3.3 mg/ml matrices (D), or chemotaxis in 8.0 mg/ml matrices (E). Each 
symbol represents one donor, line is mean. 
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Possibly, more stringent conditions could uncover an effect of nuclear segmentation 

on migration speed. Hence, we repeated the migration experiments in matrices of 

8.0 mg/ml collagen, resulting in a pore size around 5 µm2 (Suppl. Fig. 2). During fMLF-

induced chemotaxis in the 8.0 mg/ml matrices, migration tracks were shorter (Fig. 3A) and 

migrational speed (Fig. 3E) and persistence (Fig. 4F) were decreased compared to the 3.3 

mg/ml matrices. Interestingly, in the 8.0 mg/ml matrices the migration speed significantly 

differed between the banded and hypersegmented subsets (Fig. 3E, Table I), although there 

was no difference in persistence (Fig. 4F). In contrast to our hypothesis, hypersegmented 

neutrophils migrated significantly slower than banded neutrophils (Fig. 3E).

Reduced rear release of hypersegmented neutrophils

To find an explanation for the speed difference observed during chemotaxis in 8.0 mg/

ml matrices, for some donors the migration of the subsets was also imaged with 

fluorescence microscopy at a higher magnification (Fig. 5A, Suppl. Video 1-3). Notably, 

the hypersegmented neutrophils more often assumed an elongated shape when trying 

Table I: Migrational speed and persistence of neutrophil subsets compared
HC = healthy control. For comparing mean speed of the sorted subsets repeated measures ANOVA was used, 
for comparing HC to the subsets ordinary ANOVA was used, with Fisher’s LSD post hoc tests. For comparing 
mean persistence time of the sorted subsets the Friedman test was used, for comparing HC to the subsets the 
Kruskal-Wallis test was used, with uncorrected Dunn’s post hoc tests. * = p < 0.05.

CD16low CD16highCD62Lhigh CD62Llow HC
Chemokinesis in 3.3 mg/ml matrices 

Mean track speed (μm/min) 5.397 5.643 5.196 -

CD16low vs. - p = 0.3773 p = 0.5998 -

CD62Llow vs. p = 0.5998 p = 0.1377 - -

Mean persistence time (s) 2.085 5.581 9.543 -

CD16low vs. - p = 0.2888 p = 0.2888 -

CD62Llow vs. p = 0.2888 p > 0.9999 - -

Chemotaxis in 3.3 mg/ml matrices

Mean track speed (μm/min) 9.794 9.69 9.281 10.14
CD16low vs. - p = 0.9186 p = 0.6944 p = 0.8512

CD62Llow vs. p = 0.6944 p = 0.6350 - p = 0.6405

Mean persistence time (s) 17.07 17.85 23.44 23.15
CD16low vs. - p = 0.5271 p = 0.5271 p = 0.6941

CD62Llow vs. p = 0.5271 p = 0.2059 - p = 0.9455

Chemotaxis in 8.0 mg/ml matrices

Mean track speed (μm/min) 5.289 4.76 4.303 5.149
CD16low vs. - p = 0.2123 *, p = 0.0134 p = 0.8348

CD62Llow vs. *, p = 0.0134 p = 0.3270 - p = 0.2191

Mean persistence time (s) 5.784 6.648 6.87 15.68
CD16low vs. - p = 0.5637 p = 0.7728 p = 0.0806

CD62Llow vs. p = 0.7728 p = 0.7728 - p = 0.1194
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to squeeze through narrow holes between the collagen fibers (Fig. 5A, Suppl. Video 3). In 

parallel, the nuclei of those hypersegmented neutrophils assumed an elongated, “pearls-

on-a-string” configuration (Fig. 5A, Suppl. Video 3). In contrast, the nuclei observed in the 

banded and segmented subsets unfolded less, retaining a more compact shape (Suppl. 

Video 1,2).

Figure 4: Migrational persistence of neutrophil subsets in dense or very dense collagen matrices
For the tracks analyzed in Figure 3 the persistence of direction was determined. A: The method of persistence 
calculation (25). For each pair of displacement vectors (d) in a track, the angles were compared over different 
time intervals Δt to obtain the angle difference θ. The autocorrelation coefficient is the cosine of the angle 
difference cos(θ). For all tracks in one matrix, the autocorrelation coefficients were averaged to obtain a curve 
of the mean autocorrelation over time, exemplified in B. C: Mean autocorrelation for every subset of one 
representative donor during chemotaxis in 3.3 mg/ml matrices. Persistence time was defined as the time after 
which the mean autocorrelation was at 0.5. D-F: Persistence time during chemokinesis in 3.3 mg/ml matrices 
(D), chemotaxis in 3.3 mg/ml matrices (E), or chemotaxis in 8.0 mg/ml matrices (F). Each symbol represents one 
donor, line is mean. *p < 0.05.
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Figure 5: Hypersegmented neutrophils show increased elongation & vesicle formation during 
migration
Sorted neutrophil subsets were stained with Hoechst (nuclear stain) and calcein (cytoplasm stain) and 
embedded in matrices with a final concentration of 8.0 mg/ml of rat tail collagen I. On one side of the 
matrix, medium with 10-7 M fMLF was added to establish a chemotactic gradient. Migration was imaged 
with fluorescence microscopy at 400x magnification. A: Stills from Supplemental Video’s. Green = calcein, 
magenta = Hoechst. Scalebar is 5 µm. Lower row illustrates girth measurements. Black line outlines nucleus 
as determined by automatic particle analysis. The girth is defined as the diameter of the largest circle that 
fits inside the nucleus (red circle). When a nucleus consists of ≥2 lobes, only the largest circle is considered. G 
= girth in µm, C = circularity value. B: Circularity of the nucleus based on Hoechst signal. A higher circularity 
value is closer to a perfect circle, which has a circularity value of 1. In B-E each symbol represents one donor. 
C: Girth of the nucleus based on Hoechst signal. D: Circularity of the cell based on calcein signal. E: Girth of the 
cell based on calcein signal. F: The number of vesicles in collagen matrices after migration of subsets, corrected 
for cell concentration. Collagen matrices were submerged in fMLF-containing medium for 60 min, washed, and 
fixed. Hoechst and calcein signals were imaged with confocal microscopy at 200x magnification. The number 
of cells in the z-stack was determined as the number of Hoechst-stained nuclei, and the numbers of vesicles 
was determined as the number of calcein-stained particles of 0.2-10 µm2. Subsets from the same donor are 
connected by lines. *p < 0.05, **p < 0.01
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This behavior was quantified by analyzing the circularity and girth of the nucleus, based 

on the Hoechst signal. The girth is defined by us as the diameter of the largest circle that fits 

inside the nucleus (Fig. 5A), and therefore corresponds to the minimal pore diameter this 

nucleus would be able to traverse at that time. In accordance with our visual observations, 

the circularity and girth of the hypersegmented nuclei were decreased compared to the 

banded nuclei (Fig. 5B,C). The circularity and girth of the cell body were determined based 

on the calcein signal and followed the same trend as the nuclei. Although the difference in 

cellular circularity between banded and hypersegmented neutrophils was not statistically 

significant (Fig. 5D,E), the difference between banded and segmented neutrophils was, 

confirming that banded neutrophils elongated less than (hyper)segmented neutrophils.  

So why did the reduced girth of the hypersegmented neutrophils not correlate to 

higher migration speeds, as expected beforehand? The migration videos suggested that 

the hypersegmented subset suffered from a reduced rear release. In some instances, the 

front of the cell kept moving forward over multiple frames while the uropod was not yet 

released, until both parts were only connected by a very thin stretch of membrane (Suppl. 

Video 4). Sometimes one nuclear segment was present in the uropod, suggesting the nuclear 

membrane was also very stretched out (Suppl. Video 4). Occasionally we observed how the 

hampered rear release even led to pieces of membrane breaking off from the migrating 

cell body27, 28. To quantify this phenomenon, collagen matrices in which calcein-stained 

neutrophils had been migrating for one hour were fixed and analyzed for the presence 

of calcein-positive vesicles. Interestingly, the matrices with hypersegmented neutrophils 

contained more vesicles than the other matrices (Fig. 5F). Although this approach did 

not distinguish between active and passive release of vesicles, the link between reduced 

rear release and increased vesicle release would be interesting to investigate in follow-up 

studies.

DISCUSSION

The human experimental endotoxemia model provided us with a unique opportunity to 

isolate human neutrophils with banded, segmented as well as hypersegmented nuclei from 

a single blood sample. The transendothelial migration assay and the three-dimensional 

collagen matrices simulated common barriers during neutrophil recruitment13, 19, 20. The 

presented results suggest that a general increase in nuclear segmentation (Fig. 1B) did not 

increase migration of activated neutrophil populations through narrow pores between 

endothelial cells or collagen fibers. In both the transmigration and three-dimensional 

migration experiments, the migration efficiency of banded neutrophils did not differ 

from the migration efficiency of normally segmented neutrophils. The hypothesis that 

incomplete nuclear segmentation would preclude a lowering of the nuclear diameter in 
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restrictive conditions was contradicted by the results of the girth analysis (Fig. 5C). Banded 

and normally segmented neutrophils had similar nuclear diameters during migration in 

restrictive collagen matrices. Restrictive pore sizes may induce similar deformation of the 

nucleus in both subsets, since the circularity of banded and normally segmented nuclei 

did not prove significantly different (Fig. 5B). Similar nuclear diameter and deformation can 

explain the similar migration efficiencies of banded and normally segmented neutrophils 

observed in all experiments (Fig. 2-4). 

Alternatively, nuclear segmentation does affect neutrophil migration, but this effect was 

masked in our experimental setup. Firstly, the three subsets isolated from the experimental 

endotoxemia model do not differ only in nuclear segmentation. Other differences between 

the subsets may have affected neutrophil migration, counterbalancing the effect of nuclear 

segmentation. Secondly, the effect may only show in even more restrictive collagen 

matrices than were used in this study. Thirdly, the CD16low and CD62Llow populations did not 

correspond to 100% pure populations of neutrophils with a banded or hypersegmented 

nucleus. We cannot exclude the possibility that more restrictive conditions and/or 100% 

pure populations would have yielded different results. However, we believe the sorted 

CD16low and CD62Llow populations do correspond to functional subsets. As both the 

endotoxemia model and the gating strategy for sorting the CD16/CD62L subsets were the 

same as in previous studies3, 5-7, the results of our migration analyses can be correlated to the 

functional subsets previously described. Hence, we conclude that the neutrophils with the 

highest antibacterial capacity, the CD16low neutrophils3, were not hampered by inefficient 

migration in vitro. Whether the in vitro migrational behavior of the neutrophil subsets 

isolated during experimental endotoxemia can be extrapolated to in vivo recruitment and 

to other conditions of acute inflammation remains to be confirmed.

Although the suggestion that neutrophils with a band-shaped nucleus pass narrow pores 

as easily as neutrophils with a segmented nucleus may be counterintuitive, it does agree 

with the clinical phenotype of patients with the Pelger-Huët anomaly (PHA). In these 

patients, segmentation of the neutrophil nucleus does not occur during differentiation due 

to mutations in the Lamin B receptor. The neutrophils of homozygous individuals have a 

completely round nucleus, whereas the neutrophils of heterozygous individuals mostly 

have bilobed nuclei29. Despite all their neutrophils being hyposegmented, PHA patients do 

not present with an increased rate of infections30, 31. Although early studies found reduced 

chemotaxis of PHA neutrophils in skin windows in vivo and through filter papers with 3- or 

5-µm diameter pores in vitro15, 32, later studies did not reproduce this defect. Chemotaxis 

in under agarose assays, through filters with 2- or 3-µm pores, and in skin windows has 

been described as normal for human and canine PHA neutrophils33-35. More recently, the 

hyposegmented morphology was reproduced in the HL-60 neutrophil-like cell line by 

targeted mutation of the Lamin B receptor. The mutated HL-60 cells showed normal 

PSM 20180205 Proefschrift Erinke van Grinsven BW.indd   80 01-03-19   12:42



81

 

 

 

 

 

 

 

Immature neutrophils exhibit efficient migration | Chapter 4

4

migration through 5-µm diameter pores in a microfluidic device and through 3- or 8-µm 

diameter pores in a Transwell system36. Together with the absence of clinical symptoms in 

PHA patients, this supports the idea that nuclear segmentation is not required for efficient 

neutrophil migration.

Our results are also supported by a recent paper by Barzilai et al., showing that 

neutrophils and T cells from peripheral blood take the same time to completely cross an 

endothelial monolayer37. While migrating through endothelial gaps but also while migrating 

on flat surfaces, both cell types surprisingly protrude nuclear lobes into the leading 

pseudopod. Whereas neutrophils used the existing nuclear lobes, T cells quickly generated 

them de novo37. In addition, the pores generated in the endothelial layer during either T cell 

or neutrophil transmigration were of equal size. These results suggest that independent of 

the shape, the leukocyte nucleus will always be compressed to obtain a certain diameter 

compatible with transendothelial migration.

This degree of compression may, however, not be sufficient when pore size decreases 

further, e.g. in dense extracellular matrix, because at the physical limits of migration differences 

between neutrophils and T cells were reported10. Neutrophils could migrate through smaller 

pores than T cells, and this difference was attributed to nuclear diameter10. However, as the 

authors also suggested, nuclear diameter may not only be dictated by shape but also by size 

and rigidity of the nucleus10. These factors probably differ between T cells and neutrophils. 

Since the current paper shows that the role of nuclear shape in migration through very narrow 

pores seems negligible, size and rigidity of the nucleus may be more important factors in 

determining nuclear diameter during migration. Since neutrophils do not express Lamin A/C 

proteins10, the factors determining nuclear rigidity are currently unknown.

In contrast to our initial hypothesis, the hypersegmented neutrophils migrated slower than 

banded neutrophils in 8.0 mg/ml collagen matrices. Clearly, nuclear shape is not the sole 

determinant of migrational behavior, and other mechanisms also differed between the 

neutrophil subsets. The decreased migration speed of the hypersegmented neutrophils 

coincided with a decreased circularity of the cell (Fig. 5D). Extreme uropod elongation 

was observed in part of the hypersegmented population (Suppl. Video 4). These results 

suggested the reduced migration speed may result from a delayed release of the rear of 

the cell. Significant elongation of murine leukocytes has been correlated with delayed 

extravasation in vivo38. Notably, uropod elongation during extravasation also coincided 

with the release of microparticles, vesicles originating from the plasma membrane38. Data 

from our collagen matrices suggested that the increased elongation of the hypersegmented 

neutrophils may be correlated to a higher release of such membrane vesicles (Fig. 5F). 

Notably, a cluster of proteins that showed increasing expression levels going from banded 

to segmented to hypersegmented neutrophils was significantly enriched for proteins 

annotated to membrane vesicle, extracellular vesicle and exosome components6. Vesicles 
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released by human or murine neutrophils can act as messengers to other neutrophils or 

other cells39, 40. Therefore, it would be interesting to examine the content of the observed 

vesicles in follow-up studies. 

In the Transwell experiments the transmigration speed of the three subsets did not differ, 

but the hypersegmented neutrophils reached a higher total percentage of transmigration. 

This observation could not be explained by the timing of pipetting, since the banded subset 

was always added to the Transwell insert first and the hypersegmented subset always last. 

As the transmigration speed was very high (Fig. 2A,B), the neutrophils had possibly already 

started transmigrating in the short time period between placing the cells into the plate 

and starting the plate reader measurement. The hillslope of the hypersegmented subset 

(Fig. 2B) might have been underestimated if the initial curve segment missing from the 

analysis was relatively steep. This may explain why the hillslope does not show a significant 

difference between the neutrophils subsets, whereas the starting and plateau percentages 

of transmigration do.

Even if the Transwell experiments suggested that hypersegmented neutrophils have 

a slight migratory advantage, the migration experiments in very dense collagen matrices 

suggested that hypersegmented neutrophils have a slight migratory disadvantage. This 

discrepancy may result from the way migration is classified in the two types of experiments. 

In the transmigration experiments, a neutrophil is considered to be transmigrated when 

the fluorescent cell staining is located below the FluoroBlok insert membrane. However, 

the suggested delay in rear release could also play a role in the transmigration experiments. 

When a hypersegmented neutrophil would linger at the underside of the insert membrane 

with its rear still trapped in the narrow pore, the majority of its cell body, and thus the 

fluorescence, would be classified as “transmigrated”. However, in our collagen matrices, 

this same neutrophil would be slow in pursuing its further migration path. The idea 

that hypersegmented neutrophils got trapped during crossing of the insert membrane 

was supported by the fact that removal of the Transwell insert also removed part of the 

fluorescent signal from the well (Suppl. Fig. 3). The decrease in fluorescence was much 

larger for the hypersegmented neutrophils than for the other subsets, suggesting that 

more neutrophils were trapped in the insert after 60 min of transmigration. Thus, a higher 

transmigration rate of hypersegmented neutrophils may not translate to a migratory 

advantage for hypersegmented neutrophils during neutrophil recruitment, similar to 

elongated leukocytes in vivo38.

Interestingly, transendothelial migration specifically induced upregulation of CD11b 

and CD35 expression and downregulation of CD62L expression (Fig. 2H). Directly after 

isolation from the blood, those same markers had clearly different expression levels 

on hypersegmented versus normally segmented neutrophils5. Since the phenotype of 
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hypersegmented neutrophils resembles the phenotype of transmigrated segmented 

neutrophils, in vivo the phenotype of hypersegmented neutrophils possibly diverges during 

or after (reverse) transendothelial migration. On the other hand, the hypersegmentation 

of the nucleus found in CD62Llow neutrophils does not seem to result from a migration 

history. Nuclear segmentation was not induced by neutrophil migration through narrow 

pores, since it was not altered after transendothelial migration (Fig. 2E) or after two hours of 

migration in collagen matrices (data not shown). 

In conclusion, the functional neutrophil subset recognized by low CD16 expression did not 

show decreased migration efficiency in in vitro models of transendothelial and interstitial 

migration. The migration speed, but not persistence, of the CD62Llow neutrophil subset 

was only slightly reduced in very dense collagen matrices, but not in less dense matrices 

or during transendothelial migration. It seems that nuclear segmentation or lack thereof 

does not significantly contribute to neutrophil migrational efficiency, although it could 

not be excluded that other differences between the subsets counterbalanced an effect. 

Interestingly, CD16low neutrophils, considered as an immature form, seem just as capable 

of fast migration through narrow pores as CD16high, mature neutrophils. Together with 

their superior antibacterial capacity3, this argues against considering CD16low cells as 

functionally immature cells. At the banded stage, neutrophils already contain all three types 

of granules41, and can produce reactive oxygen species7. It is tempting to speculate that 

CD16low neutrophils are a functional subset that is only to be released in certain emergency 

conditions, and we aim to pursue this hypothesis in future research.
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Supplemental Videos legends

Supplemental Video 1: Migration of CD16low neutrophils

The CD16lowCD62Lhigh neutrophil subset was stained with Hoechst and calcein and embedded 

in an 8.0 mg/ml collagen matrix. Cellular and nuclear shape during migration towards fMLF 

was imaged at 400x magnification. Video represents 15 min of imaging with 30s intervals. 

Grey = brightfield, green = calcein, magenta = Hoechst.

Supplemental Video 2: Migration of CD16highCD62Lhigh neutrophils

The CD16highCD62Lhigh neutrophil subset was stained with Hoechst and calcein and embed-

ded in an 8.0 mg/ml collagen matrix. Cellular and nuclear shape during migration towards 

fMLF was imaged at 400x magnification. Video represents 15 min of imaging with 30s 

intervals. Grey = brightfield, green = calcein, magenta = Hoechst.

Supplemental Video 3: Migration of CD62Llow neutrophils

The CD16highCD62Llow neutrophil subset was stained with Hoechst and calcein and embedded 

in an 8.0 mg/ml collagen matrix. Cellular and nuclear shape during migration towards fMLF 

was imaged at 400x magnification. Video represents 15 min of imaging with 30s intervals. 

Grey = brightfield, green = calcein, magenta = Hoechst.

Supplemental Video 4: Z-stack of elongated CD62Llow neutrophil

The CD16highCD62Llow neutrophil subset was stained with Hoechst and calcein and embedded 

in an 8.0 mg/ml collagen matrix. During migration towards fMLF, a z-stack was made at 400x 

magnification. Grey = brightfield, magenta = Hoechst.
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SUPPLEMENTAL FIGURES

Supplemental Figure 1: Nuclear segmentation of circulatory neutrophils from untreated healthy 
controls
Frequency distribution of the number of nuclear lobes in neutrophils, counted on stained cytospin slides. The 
CD16highCD62Lhigh dataset (n=6) is the same as in Figure 1B. The healthy control dataset has n=9. Median with 
range.
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Supplemental Figure 1: Nuclear segmentation of circulatory neutrophils from untreated
healthy controls
Frequency distribution of the number of nuclear lobes in neutrophils, counted on stained
cytospin slides. The CD16highCD62Lhigh dataset (n=6) is the same as in Figure 1B. The healthy
control dataset has n=9. Median with range.

PSM 20180205 Proefschrift Erinke van Grinsven BW.indd   87 01-03-19   12:42



88

Chapter 4 | Immature neutrophils exhibit efficient migration

Supplemental Figure 2: Median pore sizes in matrices of two collagen concentrations
Non-fixed matrices without cells were imaged with confocal reflection microscopy and pore cross-section was
determined. A: Top: representative xy reflection scans. Middle: xz projections of matrices used for analysis. 
Bottom: pores, recognized as areas free of reflection signal from collagen fibers, are outlined in yellow. 
B: Quantification of pore cross-sections in multiple z-stacks. Dots represent median of z-stack.
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Supplemental Figure 2: Median pore sizes in matrices of two collagen concentrations
Non-fixed matrices without cells were imaged with confocal reflection microscopy and pore cross-section was 
determined. A: Top: representative xy reflection scans. Middle: xz projections of matrices used for analysis. 
Bottom: pores, recognized as areas free of reflection signal from collagen fibers, are outlined in yellow. 
B: Quantification of pore cross-sections in multiple z-stacks. Dots represent median of z-stack.
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4Supplemental Figure 3: Calcein signal associated with transwell insert was largest for
hypersegmented subset
After the last time point (60min) of transmigration, transwell inserts were lifted out of the plate andwells 
without inserts were measured again in the fluorescence plate reader. The difference in mean fluorescence 
intensity (MFI) between subsequent measurements is shown per well. 
*p<0.05, ****p<0.00001
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Supplemental Figure 3: Calcein signal associated with transwell insert was largest for
hypersegmented subset
After the last time point (60min) of transmigration, transwell inserts were lifted out of the plate and
wells without inserts were measured again in the fluorescence plate reader. The difference in mean
fluorescence intensity (MFI) between subsequent measurements is shown per well.
*p<0.05, ****p<0.00001
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ABSTRACT

Two-photon intravital microscopy (2P-IVM) is an advanced imaging platform that allows the 

visualization of dynamic processes at subcellular resolution in vivo. Dynamic processes like 

cell migration, cell proliferation, cell-cell interactions and cell signaling have an interactive 

character and occur in complex environments. Hence, it is of pivotal importance to study 

these processes in living animals, using for example 2P-IVM. 2P-IVM can be performed on 

a variety of tissues, from the skin of the animal to internal organs, and a variety of methods 

can be utilized to perform 2P-IVM on these tissues. Here, we discuss the protocols and 

considerations for four of those 2P-IVM methods, namely tissue explant imaging, skin 

imaging, surgical exposure imaging and multi-day window imaging. We carefully compare 

and explain in depth how to set up each method. Lastly, in the notes section we mention 

some alternative solutions for the 2P-IVM methods described. In conclusion, this protocol 

can be used as a guide towards deciding which 2P-IVM method to use and to enable the 

setup of this method.
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INTRODUCTION

Opportunities for two-photon intravital microscopy

The body is a complex system of dynamic interconnected biological processes like cell 

migration, cell proliferation, cell-cell interactions and cell signaling. Due to the interactive 

character of these processes in complex environments it is of pivotal importance to study 

these in living animals. Some research questions can be addressed by ex vivo analysis using 

for instance immunohistochemistry, FACS assays, protein analysis, or mRNA characterization. 

However, even when performing these analyses at multiple time points, they nevertheless 

represent snap shots of dynamic processes. Intravital microscopy (IVM), microscopy inside a 

living animal, is an exciting method to capture truly dynamic processes in real time. A variety 

of IVM platforms exists, offering whole body to macroscopic to microscopic resolution. 

In this chapter two-photon IVM (2P-IVM) will be discussed. Two-photon IVM allows for 

fluorescence imaging at microscopic resolution, deep into living tissues [1]. In conventional 

fluorescence microscopy, single photons continuously excite fluorophores above and below 

the focal plane [2]. With 2P-IVM two photons need to simultaneously hit the fluorophore for 

excitation, which will only occur at the focal plane [2, 3]. Therefore, two-photon microscopy 

results in less phototoxicity and less photobleaching than regular single-photon microscopy. 

In addition, the use of longer wavelengths, characteristic for two-photon microscopy, has 

the advantage of deeper tissue penetration [2]. Another benefit of two-photon excitation 

is Second Harmonic Generation (SHG). Due to their specific structure certain biological 

components, like type I collagen or microtubules, are subjective to this optical phenomenon, 

generating a signal at half the wavelength used for excitation [4, 5]. Without the need for 

labeling, this signal can provide structural detail of the imaged site. Hence, 2P-IVM is an 

extremely useful tool to image cellular dynamics deep into living tissues for prolonged 

periods of time. A few of those dynamic processes will be discussed below. 

Migration 

It goes without saying that the dynamic migratory behavior of cells has been a major focus 

of 2P-IVM studies. The migration of many different cell types can be and have been studied 

using this technique (Fig. 1a). Two well-known examples are tumor cells and leukocytes, as 

reviewed by [6, 7], respectively. The time interval and duration of a 2P-IVM experiment clearly 

depends on the research question and the speed of the cell of interest. When studying slow 

cell migration over a couple of days, photoconvertible proteins such as Kaede or Dendra2 

offer a great tool [8, 9]. In the first imaging session, cells at a specific location are marked 

by changing their color. In subsequent imaging sessions these differently colored cells can 

be traced. This tool is also used to study the redistribution of cells to other parts of the 

body [10]. Speed, displacement and directionality of migrating cells are parameters which 

are regularly determined using 2P-IVM. Additionally, the localization of migrating cells can 
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be of interest. Finally, the different modes of migration, namely mesenchymal, amoeboid, 

collective migration and migration in streams can be defined using 2P-IVM.

Proliferation

Proliferation, or cell division, is one of the hallmarks of cancer [11]. Moreover, it also plays a 

major role during development and tissue homeostasis. Due to its dynamic nature, 2P-IVM 

is the ideal tool for studying proliferation. Using this technique, cell division has been 

studied by real-time visualization and by lineage tracing. The Fucci cell cycle reporter or 

Histone 2B tagged with a fluorophore are effective methods for real-time visualization of 

proliferation (Fig. 1b) [12–15]. The second method to study tumor cell proliferation, lineage 

tracing, measures proliferation indirectly. During lineage tracing, genetic expression of 

Figure 1: Intravital microscopy examples
(a) OTI-GFP CD8+ T cell (green) migration in a murine spleen, imaged through an abdominal imaging window. 
Seven days earlier, the mouse was challenged with the ovalbumin peptide SIINFEKL in the presence of 
incomplete Freud’s adjuvant and CpG. SHG signal is displayed in magenta. Migration tracks are indicated in blue 
and white. (Data of L. Ritsma) (b) Proliferation of C26 tumor cells in a murine liver metastasis, imaged through 
an abdominal imaging window. The tumor cells express Histone 2B-Dendra (green), and SHG signal is displayed 
in magenta. Maximum intensity projection of z-stack. (Data of L. Ritsma) (c) Interaction between neutrophils 
(green) and C26 (red) tumor cells in murine liver, imaged through an abdominal imaging window. DsRed-
expressing tumor cells were injected in the mesenteric vein of LysM-GFP mice. One interacting cell is tracked, 
others are pointed out by arrows. Maximum intensity projection of z-stack. (Data of N. Chen & N. Vrisekoop) 
(d) Schematic illustration of a FRET-probe used to detect induction of apoptosis in vivo. The biosensor consists 
of caspase-3 with a donor fluorophore (CFP) and acceptor fluorophore (eYFP) attached. When apoptosis is 
induced, caspase-3 will be cleaved at the DEVD motif, leading to separation between the fluorophores and loss 
of FRET signal. Simultaneously, the lifetime of the CFP signal will increase. Figure adapted with permission from 
[30]. (e) FRET-FLIM images of a C26 tumor, imaged through an abdominal imaging window. The tumor cells, 
expressing the FRET-probe explained in (d), are shown before (upper panel) and 20 hours after (lower panel) 
docetaxel (DTX) treatment. The colors indicate the relative donor fluorescence lifetime and therefore the 
extent of apoptosis, as illustrated in the bar on the left. Figure adapted with permission from [30]. Scalebars, 
10 µm. Time, in minutes.
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a fluorophore is inherited by the daughter cell upon cell division. Thus, by counting the 

number of cells that express the inherited fluorophore, one can make inferences about cell 

division. This method has been used effectively to study stem cell homeostasis in the small 

intestine [16]. Lineage tracing has also been applied to study proliferation of cancer cells [17] 

and cancer stem cells [18], among others. 

Cell-cell interactions

Visualizing interactions between cells in vivo is another important application of 2P-IVM. For 

instance, in immunological research where T cell activation by interactions with dendritic 

cells in secondary lymphoid organs has been extensively studied [19–21]. Other examples 

include interactions between B and T cells, T cells interacting with the stromal lymph node 

network and effector T cells killing target cells [22, 23]. In tumor biology the interactions 

between expanding or migrating tumor cells as well as between tumor cells and different 

cells of the tumor micro-environment (Fig. 1c), including immune cells, have been subjects 

of particular interest, as reviewed by [24–26].

Signaling molecules

2P-IVM can be used to perform high-resolution microscopy at subcellular resolution. This 

makes it possible to visualize signaling molecules and protein activities inside a living 

animal. Molecular biosensors, often developed to report intracellular signaling events 

in vitro, can also be used in 2P-IVM studies [27–31]. Many of these biosensors are Förster 

resonance energy transfer (FRET) sensors that contain two fluorophores that transfer energy 

when placed in the right orientation and when in close proximity to one another [32, 33]. 

The efficiency of FRET is calculated from the intensity of the fluorescence emitted by the 

acceptor fluorophore, quantifying for example proximity or binding of two molecules [33]. 

However, intensity-based measurements can be obscured by photobleaching, scattering, 

etc. These problems can be overcome by combining FRET with Fluorescence Lifetime 

Imaging (FLIM) in 2P-FLIM-FRET (Fig. 1d,e) [31]. FLIM is based on the fluorescence lifetime 

of the donor fluorophore, i.e. the time that the donor fluorophore will reside in the excited 

state. If FRET occurs, the fluorescence lifetime of the donor fluorophore will be shortened. 

FLIM systems detect this and calculate FRET efficiency based on the lifetime of the unbound 

donor [34]. Hence, FLIM-FRET is especially advantageous when imaging deep into tissues.

Non-FRET-based sensors often use activation of a fluorescent biomolecule, like the 

calcium sensor Fluo-3. Calcium sensors have been used to study calcium dynamics in renal 

podocytes during injury and disease [35], and during B cell response to dendritic antigen 

presentation in the lymph node [36], among others. With more sensors being developed 

and fluorescence intensities of current sensors being improved, we anticipate an increase in 

their use in 2P-IVM studies. 
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Pharmacology

2P-IVM has mainly been used to study dynamic biological processes as described above. 

In addition, it is now emerging as a powerful tool to evaluate drug distribution and action 

at the single cell level [37]. For example, IVM can be used to study the effect of antimitotic 

drugs on spindle assembly, subsequent mitotic arrest, slippage, multinucleation and 

apoptosis in individual cancer cells [13]. Moreover, this technique allows studying the impact 

of drugs on cell migration and invasion in vivo [81]. Finally, with the development of a new 

generation of fluorescent probes, it is now possible to follow drugs across several cellular 

compartments and to assess their pharmacokinetics using IVM (Fig. 1e) [38, 39]. These 

approaches will be advantageous to understand the real impact of drugs in vivo but also to 

develop new therapeutic strategies to adapt patient treatment to avoid the development 

of drug resistance [40, 41].

Comparison of various intravital microscopy techniques

A variety of IVM techniques have been developed to study the mechanisms mentioned 

above. Of them, 1) the ex vivo intravital imaging of explants, and the in vivo intravital imaging 

of an organ through: 2) the skin, 3) a surgical exposure and 4) a window are presented here 

(Table 1). 

For 2P-IVM of explants, the organ of interest will be removed from the animal, 

submerged in oxygenated media resembling physiological conditions, and then imaged 

(Fig. 2). The animal itself is sacrificed upon organ harvesting. Whole organs, part of organs, 

but also tissue slices can be explanted and imaged [42, 43]. Explants can be imaged for up 

to 4 – 8 hours. 

In vivo imaging of the skin is relatively easy because it does not require surgery to 

expose the tissue. After hair removal, the animal can immediately be prepared for 2P-IVM 

[44]. This is in contrast to the surgical exposure and imaging window techniques. For the 

first technique, a surgical procedure exposes the tissue/organ of interest [45–49], either by 

making an incision in the skin/muscles above the organ of interest, or by creating a skinflap 

with the tissue of interest attached. For the latter technique, a surgical procedure is required 

to implant an imaging window in front of the organ of interest [50–55]. After implantation 

of the imaging window the animal can be awake in between imaging sessions, enabling 

multi-day 2P-IVM.

In conclusion, IVM is a powerful tool to study dynamic processes in vivo. There is 

not a single right way to perform IVM and the best technique depends on the research 

question. Each technique has its own characteristics and Table 1 recites the advantages 

and disadvantages regarding the method, the IVM settings and the animal ethics issues. In 

the protocols below, we describe in detail how to set up intravital microscopy for the four 

imaging preparation techniques.
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Table 1: Characteristics, advantages and disadvantages of the different 2P-IVM methods
Summary of the different characteristics, advantages and disadvantages of the ex vivo intravital imaging of 
explants and the in vivo intravital imaging of an organ through the skin, a surgical exposure and a window. na 
= not applicaple.

Explant Skin
Surgical 

exposure Window

Generic Surgery No No Yes Complex

Hydration 
necessary

Animal : No
Tissue : Yes

Animal : Yes
Tissue : No

Animal : Yes
Tissue : Yes

Animal : Yes
Tissue : No

Temperature 
control necessary

Animal : No
Tissue : Yes

Animal : Yes
Tissue : No

Animal : Yes
Tissue : Yes

Animal : Yes
Tissue : No

Procedure Blood circulation 
intact

No Yes Yes Yes

Wound repair 
reaction

No No Yes, open 
wound

Yes, after surgery

Fluorescence Genetic,
Injected

Tattooing,
Genetic,
Injected

Genetic,
Injected

Genetic,
Injected

Anesthesia during 
imaging

No Yes Yes Yes

Ex vivo processing Yes No No No

Imaging Multiple organ Yes Limited to skin Yes Yes

Accessibility Whole organ na Large part of 
organ

Limited part of 
organ

Breathing artifacts No No Some Yes

Time Hours Weeks Hours Weeks

Time points Single Multiple Single Multiple

Animal 
ethics

Anesthesia 1 x Repeated 1 x Repeated

Solitary housing No No No Yes

Examples of applications Motor axon 
dynamics;

Immune cell 
dynamics in 
lymph node,

lung and
thymus

Skin stem cell 
dynamics;

Skin resident T 
cells;

Neutrophil 
dynamics in 

the skin after 
damage or 
infection

Tumor cell 
migration;

Cell division;
Cell trafficking; 

Cell-cell 
interactions; 

Drug response

Tumor cell 
colonization;

Stem cell 
homeostasis;

Chemotherapies 
mechanism of 

action

References [42, 43, 56, 
67–69]

[57, 59, 70] [71–75] [16, 18, 40, 41, 
76–80, 30]
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MATERIALS

General

1. Multi-photon imaging system 

2. Anesthetics machine 

3. Induction cage 

4. Ventilator 

5. Face mask 

6. Medical air (O
2
 21.5% vol/vol, N

2
 78.5% vol/vol)

7. Microdissection scissors

8. Scissors 

9. Graefe forceps curved serrated 

10. Buprenorphine hydrochloride (0.3 mg/ml)

11. Autoclave or glass bead sterilizer

12. Heating pad

13. 3M Vetbond, super glue, tissue tape or play dough for mouse/organ fixation

14. Mouse monitoring system (optional)

15. Surgical tape

Explant

1. Appropiate perfusion chamber + peristaltic pump system 

2. Imaging platform to ensure oxygenation underneath tissue

3. Mice

4. Phenol-free medium

5. Airstone (aquarium bubbler)

Figure 2: Explant setup for 2P-IVM
A cartoon depicting the setup for explant imaging. First, the system is calibrated and set up. Oxygenized 
medium at 37°C is continuously provided to the dish by a peristaltic pump. Once the setup is done, the organ 
is harvested and then positioned and fixed in the glass bottom petridish. Lastly, the petridish is placed in the 
heated perfusion chamber and filled with oxygenized medium.  

Glass-bottom 
Petri dish with

platform

Organ is placed on platform 
and weighed down using 

gauze and weights

Imaging of organ explant on 
heated stage in petridish with 

oxygenized buffer

Objective

Continuous supply of 
oxygenized buffer

Heated stage

Vacuum

Heated 
oxygenized 

buffer

Heated 
water bath with bubbler in 

erlenmeyer

Pump

Gas tank
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6. Tubing

7. Thermometer

8. Tank of 95% O
2
, 5% CO

2
 mixed gas

9. 37°C water bath

10. When imaging tissue slices generated by a vibratome, ice cold PBS and low melting 

agarose are additionally needed

Skin

1. Appropiate stage insert or imaging box with coverslip

2. Mice, preferably albino

3. Rectal temperature probe

4. 25 gauge needle + syringe

5. Subcutaneous catheter + syringe infusion pump 

6. Saline solution

7. Tail vein catheter (optional)

8. Eye ointment

9. Clipper

10. Depilation cream

Surgical exposure

1. Appropriate stage insert or imaging box with coverslip

2. Mice

3. Rectal temperature probe

4. 25 gauge needle + syringe

5. Subcutaneous catheter + syringe infusion pump 

6. Saline solution

7. Tail vein catheter (optional)

8. Eye ointment

9. Razor

10. Depilation cream

11. Betadine scrub

12. Sterile gauze

13. Parafilm

Window

1. Appropriate stage insert or imaging box that fits an imaging window 

2. Mice, preferable aged 10 weeks or older

3. Rectal temperature probe

4. 25 gauge needle + syringe
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5. Subcutaneous catheter + syringe infusion pump 

6. Saline solution

7. Tail vein catheter (optional)

8. Eye ointment

9. Razor

10. Depilation cream

11. Betadine scrub

METHODS

Explant

1. Oxygenize phenol-free medium (see Note 1) by submersing an airstone (aquarium 

bubbler) connected to concentrated O
2
 gas (95% O

2
, 5% CO

2
 mix) (Fig. 2). Pre-warm 

the phenol-free medium to 37°C in a water bath. Since the bubbling of gas tends 

to decrease the temperature of the buffer, the water bath generally needs to be set 

higher in order to reach 37°C.

2. Set up a peristaltic pump that continuously provides fresh oxygenized media to a 

heated perfusion chamber (see Note 2). The overflowing media can be discarded 

through another end of the peristaltic pump or via a vacuum system (Fig. 2). Check 

the temperature of the buffer in the dish. If lower than 37°C adjust the temperature 

of the water bath and heated perfusion chamber accordingly.

3. Anesthetize the mouse in an induction chamber using 2.5% (vol/vol) isoflurane 

(see Note 3).

4. Ensure the mouse is properly anesthetized by performing a toe pinch (see Note 4). 

5. Place the unconscious mouse with its nose in a face mask connected to the 

anesthetics machine and lower the isoflurane to 1.5% (vol/vol). Ensure the mouse 

is on a heating pad to maintain its body temperature (see Note 5).

6. Fix all four legs of the mouse using tape and excise the organ of interest. 

7. Sacrifice the mouse based on the institutional guidelines. Methods to be used 

include cervical dislocation, or a mixture of O2
 and CO

2
.

8. When imaging the complete organ, rinse the organ of interest once or twice in pre-

warmed oxygenized media before proceeding to step 9. When imaging a slice of 

an organ prepare 4% low melting agarose in PBS and cool down to 40°C in a water 

bath. Then place the organ in a 6 or 12 well plate and cool down the agarose further 

until 38-39°C and fill the well with agarose. Let cool in fridge until agarose is solid. 

Then cut out a square of the agarose containing the organ of interest and glue the 

square of agarose to the specimen disk of the vibratome using 3M Vetbond. For 

some organs it is necessary to support the agarose square containing the tissue 
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by gluing a large wall of agarose behind it. Make a thick slice of tissue using the 

vibratome. Ensure using ice cold PBS to surround the tissue as the vibrations of the 

vibratome can quickly heat up the buffer.

9. Fixation of the tissue is performed in an empty dish (Fig. 2). For an inverted 

microscope (see Note 6), place the tissue on an imaging platform to ensure 

oxygenation underneath the tissue [56] and fix the tissue (see Note 7). 

10. Fill the dish with oxygenized medium (Fig. 2).

11. Image the organ of interest (see Note 8). 

Skin

1. Preferably use albino mice, since melanin-containing cells in the skin are very 

light-sensitive and upon death these cells subsequently trigger immune cell 

recruitment. If albino mice cannot be used care should be taken with the laser 

power and phototoxicity and immune cell recruitment should be ruled out in 

control experiments.

2. Anesthetize the mouse in an induction chamber using 2.5% (vol/vol) isoflurane 

(see Note 3).

3. Ensure the mouse is properly anesthetized by performing a toe pinch (see Note 4). 

4. Place the unconscious mouse with its nose in a face mask connected to the 

anesthetics machine and lower the isoflurane to 1.5% (vol/vol) (Fig. 3a). Ensure the 

mouse is on a heating pad to maintain its body temperature (see Note 5).

5. Now, a tail vein catheter can be inserted in order to inject fluorescent probes to 

image e.g. the vasculature.

6. Lubricate both eyes with eye ointment (see Note 9).

7. Shave the total area you want to image (see Note 10). When imaging the ear, the 

area is not shaved but long hairs are cut with scissors instead.

8. Ensure proper hydration of the mouse by placing a catheter subcutaneously. Fix 

tubing from a syringe infusion pump to an over-the-needle catheter (22 gauge). Fill 

tubing and syringe with saline and inject the mouse subcutaneously by lifting the 

skin between two fingers while holding the needle parallel to the mouse and by 

subsequently sticking the needle in the space between your fingers. Next, remove 

the needle and leave the catheter inside the mouse. Fix the catheter by taping the 

outside of the needle to the skin of the mouse using surgical tape. Set the machine 

to provide a continuous flow of saline. For mice, set at 100 µl per hour (see Note 11).

9. Monitor respiration (see Note 12 and 13) by looking at the chest of the mouse for at 

least 10 seconds. A breath rate between 50 and 100 breaths per minute is advisable.

10. The mouse body temperature must be maintained to 37°C during imaging (see 

Note 5). To maintain the body temperature, you can use a heated chamber. Body 

temperature monitoring can be realized with a rectal probe (see Note 14).
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Figure 3: Illustrated procedure for skin, surgical exposure and imaging window techniques 
On the left, pictures illustrating the setup for the skin method: 
(a) the mouse is placed in the imaging box and continuous anesthesia is ensured through a face mask, (b) the 
skin area that will be imaged is immobilized on the cover glass at the bottom of the customized imaging box 
and gently covered with tape, (c) the exposed skin is lying on the cover glass and is ready to be imaged. 
In the middle, pictures illustrating the set-up for the surgical exposure method: 
(d) the mouse is placed under continuous anesthesia through a face mask, (e) the mouse is shaved and the 
organ of interest surgically exposed, (f) the organ is kept hydrated by placing wet sterile gauze around it, (g) 
the mouse is transferred to the imaging box and gently covered with parafilm, (h) the organ is lying on the 
cover glass at the bottom of the customized imaging box and is ready to be imaged. 
On the right, pictures illustrating the setup for the imaging window method: 
(i) the mouse is placed under continuous anesthesia through a face mask, (j) the organ of interest is surgically 
exposed and the window inserted, (k) the mouse is transferred to the imaging box, (l) the window is inserted 
in a circular hole at the bottom of the customized imaging box and the organ is ready to be imaged.
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11. Place the mouse onto the microscope stage (see Note 6 and 15). When using an 

inverted microscope, a variety of platforms have been described to immobilize the 

ear. Among them, the aluminum clamp that immobilizes the ear during imaging 

[57] and an association of spatulas that hold a coverslip placed onto the mouse’s 

ear [58]. Alternatively, the ventral side of the ear pinna can be spread out on a thin 

layer of PBS on a cover glass at the bottom of a custom stage insert or imaging box. 

To immobilize the ear it can be gently covered by a piece of Durapore 3M tape, 

but care should be taken to avoid pressure on the ear (Fig. 3b,c). The anterior half 

of the ear pinna is most suitable for imaging as the amount of hair follicles and 

melanin containing cells is sparse in this area [59]. A similar stage insert or imaging 

box can be used to image other parts of the skin. In that case, the mouse needs 

to be placed with the desired part of the skin on top of the coverslip and fixed to 

minimize movement [60].

12. Image for a few hours or over multiple days (see Note 8 and 16).

13. Once the imaging is done, the mouse needs to be housed properly. First, remove 

the anesthesia but keep the mouse heated to maintain its body temperature (see 

Note 17). If the mouse regains consciousness, place the mouse back into its cage 

and monitor the mouse until it is back to its normal behavior. Keep monitoring the 

mouse’s behavior at least once a week.

14. Sacrifice the mouse after imaging based on the institutional guidelines. Methods 

to be used include cervical dislocation, or a mixture of O2
 and CO

2
.

Surgical exposure

1. Pre-sterilize instruments using an autoclave or a glass bead sterilizer.

2. Provide the mouse with analgesics to reduce pain during surgery (see Note 18).

3. Anesthetize the mouse in an induction chamber using 2.5% (vol/vol) isoflurane 

(see Note 3).

4. Ensure the mouse is properly anesthetized by performing a toe pinch (note 4). 

5. Place the unconscious mouse with its nose in a face mask connected to the 

anesthetics machine and lower the isoflurane to 1.5% (vol/vol) (Fig. 3d). Ensure the 

mouse is on a heating pad to maintain its body temperature (see Note 5).

6.  Now, a tail vein catheter can be inserted in order to inject fluorescent probes to 

image e.g. the vasculature.

7. Shave and depilate the mouse (see Note 10) (Fig. 3e). 

8. Apply betadine scrub to avoid infections.

9. Lubricate both eyes with eye ointment (see Note 9).

10. Fix all four legs of the mouse using surgical tape and expose the organ of interest. 

11. Keep tissue hydrated (see Note 19 and 20) by placing wet sterile gauze around 

imaged tissue (Fig. 3f).

PSM 20180205 Proefschrift Erinke van Grinsven BW.indd   103 01-03-19   12:42



104

Chapter 5 | Intravital microscopy animal preparation protocol

12. Transfer the mouse to the stage insert/imaging box containing a cover glass at the 

bottom (see Note 7).

13. If necessary fix the skinflap or tissue by using 3M Vetbond, super glue, tissue tape 

or play dough. Make sure not to use glue on the area you want to image.

14. Fix the mouse to the stage insert/imaging box to minimize movement and cover 

with parafilm (Fig. 3g,h).

15. Ensure proper hydration of the mouse by placing a catheter subcutaneously. Fix 

tubing from a syringe infusion pump to an over-the-needle catheter (22 gauge). Fill 

tubing and syringe with saline and inject the mouse subcutaneously by lifting the 

skin between two fingers while holding the needle parallel to the mouse and by 

subsequently sticking the needle in the space between your fingers. Next, remove 

the needle and leave the catheter inside the mouse. Fix the catheter by taping the 

outside of the needle to the skin of the mouse using surgical tape. Set the machine 

to provide a continuous flow of saline. For mice, set at 100 µl per hour (see Note 11).

16. Mouse temperature during imaging should be maintained near 37°C (see Note 

5). To maintain the body temperature, you can use a heated chamber. Body 

temperature monitoring can be realized with a rectal probe (see Note 14).

17. Monitor respiration (see Note 12 and 13) by looking at the chest of the mouse for at 

least 10 seconds. A breath rate between 50 and 100 breaths per minute is advisable.

18. Image up to 40 hours (see Note 8).

19. Sacrifice the mouse after imaging based on the institutional guidelines. Methods 

to be used include cervical dislocation, or a mixture of O2
 and CO

2
.

Imaging windows

1. Pre-sterilize instruments using an autoclave or a glass bead sterilizer.

2. Provide the mouse with analgesics to reduce pain during surgery (see Note 18).

3. Anesthetize the mouse in an induction chamber using 2.5% (vol/vol) isoflurane 

(see Note 3).

4. Ensure the mouse is properly anesthetized by performing a toe pinch (see Note 4). 

5. Place the unconscious mouse with its nose in a face mask connected to the 

anesthetics machine and lower the isoflurane to 1.5% (vol/vol). Ensure the mouse 

is on a heating pad to maintain its body temperature (see Note 5).

6. Now, a tail vein catheter can be inserted in order to inject fluorescent probes to 

image e.g. the vasculature.

7. Shave and depilate the mouse (see Note 10). 

8. Apply betadine scrub to avoid infections.

9. Lubricate both eyes with eye ointment (see Note 9).

10. Fix all four legs of the mouse using surgical tape and implant the imaging window 

(see Note 21).
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11. Fix the window for imaging (see Note 6 and 22) (Fig. 3i,j). For an inverted microscope 

use a stage insert/imaging box mount that fits/fixes the window. For the AIW or 

certain cranial imaging windows, use an insert with a central hole that tightly fits 

the window (14.5 mm) (Fig. 3k,l). For the dorsal skinfold chamber, use an insert with 

a large central hole (> 12 mm) for imaging and 3 smaller holes for the bolts. 

12. Ensure the window is fixed in a similar position over multiple days to allow retracing 

based on microscope coordinates (see Note 23). 

13. Ensure proper hydration of the mouse by placing a catheter subcutaneously. Fix 

tubing from a syringe infusion pump to an over-the-needle catheter (22 gauge). Fill 

tubing and syringe with saline and inject the mouse subcutaneously by lifting the 

skin between two fingers while holding the needle parallel to the mouse and by 

subsequently sticking the needle in the space between your fingers. Next, remove 

the needle and leave the catheter inside the mouse. Fix the catheter by taping the 

outside of the needle to the skin of the mouse using surgical tape. Set the machine 

to provide a continuous flow of saline. For mice, set at 100 µl per hour (see Note 11).

14. Mouse temperature during imaging should be maintained near 37°C (see Note 

5). To maintain the body temperature, you can use a heated chamber. Body 

temperature monitoring can be realized with a rectal probe (see Note 14).

15. Monitor respiration (see Note 12 and 13) by looking at the chest of the mouse for at 

least 10 seconds. A breath rate between 50 and 100 breaths per minute is advisable.

16. Image for a few hours or over multiple days (see Note 8 and 16).

17. In between the imaging sessions, house the mouse individually as it requires 

recovery time after surgery. Moreover, other mice might bite the window which 

can cause it to dislodge. After the imaging session, remove the anesthesia but keep 

the mouse heated to maintain its body temperature (see Note 5). When the mouse 

regains consciousness, place the mouse back into its cage and monitor the mouse 

until it is back to its normal behavior. Keep monitoring the mouse’s behavior at 

least once a week. Lastly, water and food should be available ad libitum, and a food 

pellet should be provided on the cage bedding the first day after surgery.

18. Sacrifice the mouse after imaging based on the institutional guidelines. Methods 

to be used include cervical dislocation, or a mixture of O2
 and CO

2
.

NOTES

Note 1: The color of phenol can interfere with imaging.

Note 2: A variety of heated perfusion chambers are commercially available. 

Note 3: An alternative method of anesthesia is the use of injection anesthesia, of 

which the most commonly used is a combination of Ketamine and Xylazine. 
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The recommended dose for imaging window surgery is: 100 mg/Kg 

Ketamine and 10 mg/Kg Xylazine. It will induce a surgical plane for about half 

an hour. Injection anesthesia is an alternative to inhalation anesthesia, but 

is not preferred because it provides limited control over depth and length 

of anesthesia. Moreover, when additional anesthesia is required overdosing 

happens easily. For longer surgeries (>1.5h), the combination of Hypnorm 

(Fluanison (neuroleptic) + Fentanyl (opioid) (0.4 ml/Kg) + Midazolam 

(benzodiazepine sedative) (2mg/Kg)) at a dose of 1:1:2 in sterile water is 

advised. It will induce a surgical plane for about 4 hours. The combination 

of Hypnorm and Midazolam can be easily reverted by injecting 100 µg/Kg of 

buprenorphine.

Note 4: To ensure proper anesthesia, the mouse should have a breath rate between 

50 and 100 breaths per minute. The mouse should not be gasping for air 

(anesthesia too deep), nor should it still show toe twitches (anesthesia too 

superficial).

Note 5: A mouse is not able to maintain its body temperature during anesthesia 

which can lead to hypo- or hyperthermia. Hence, proper regulation and 

monitoring of the mouse body temperature is essential. Ensure not to 

overheat the mouse, as this enhances the depth of the anesthetic and might 

be lethal owing to respiratory failure. In the absence of a heated chamber, a 

heated circulating water blanket, chemical heat pad or an electrical blanket 

can be used. 

Note 6: It is possible to convert an upright microscope into an inverted microscope 

and vice versa using objective inverters.

Note 7: Fix the tissue by weighing it down with small weights, by using playdough, 

or by using 3M Vetbond to glue only the corners of the tissue with small 

amounts of glue. For an upright microscope, use a dipping lense for imaging.

Note 8: Care should be taken when performing 2P-IVM to prevent tissue destruction. 

A laser power that is too high can result in (two- or three-) photon absorption 

of endogenous molecules, which might lead to the creation of reactive 

oxygen species (ROS) or ionization of those molecules, ultimately leading to 

tissue destruction and recruitment of immune cells [61, 62]. 

Note 9: Dehydration of the eyes can cause permanent damage. 

Note 10: Hair is strongly autofluorescent; therefore, it is essential to remove as much 

hair as possible to prevent hampering imaging. 

Note 11: If no syringe infusion pump is available, an alternative option is to inject the 

mouse with a bolus of saline. Take the skin of the neck of the mouse between 

two fingers, and use a 25 gauge needle to inject 100 µl saline subcutaneously 

by sticking the needle in the space between your fingers. This will keep the 
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mouse hydrated for about 1 hour, and needs to be repeated when imaging 

for multiple hours.

Note 12: Breath rate is the easiest parameter to monitor because no equipment is 

necessary. See also Note 4.

Note 13: Monitoring of the heart rate and/or oxygen saturation is optional. Monitoring 

devices can be used to measure the heart rate of a mouse. Place the tail or 

foot clip at the right location. Wait until the monitor picks up the signal. 

Sometimes the clip needs to be adjusted a few times before a strong signal 

is picked up. Interference between the infrared signals of the device and 

2P-IVM lasers can be observed. It is therefore necessary to cover the device 

with a light-proof drape. A heart rate between 300 bpm and 400 bpm is 

advisable, and oxygen saturation should be above 95% [63].

Note 14: In some systems it is possible to have the mouse body temperature (as 

measured by the rectal probe) regulate the heating platform to maintain a 

constant body temperature.

Note 15: When using an upright microscope (see Note 6), an aluminum clamp [57], a 

brass stage that holds the ear of the mouse during imaging [44, 64] and an 

association of spatulas [58] can also be used to image the skin. For imaging 

other parts of the body such as nerves in the foot, a metal fixator constituted 

of two fixator wings associated to a metal ring can be used [65].

Note 16: Imaging can be performed for a few hours or over multiple days. When 

properly hydrated, mice can be imaged for up to 40 hours. However, when 

imaging multiple days in a row, do not image the mouse for more than 3 

hours per day. If possible, try to give the mouse as much time in between the 

imaging sessions as possible, preferably > 24 hours.

Note 17: The mouse wake-up time should take between 10 seconds and 1 minute. If it 

takes longer, the mouse can be provided with pure oxygen for approximately 

1 minute.

Note 18: For mice under inhalation anesthesia, subcutaneous or intramuscular 

administration of an opioid analgesic such as buprenorphine (100 µg/Kg), 

30 minutes prior to surgery is recommended. Post-operative administration 

of buprenorphine will provide additional pain relief for 12 hours. Ketamine/

Xylazine and hypnorm already contain an analgesic component that will 

exert its effect during surgery, so additional pain relief is not recommended.

Note 19: Given that the mouse is kept at 37°C, dehydration of the surgically exposed 

organ is a serious threat.

Note 20: An alternative method is to use a pump to generate a continuous flow of PBS 

over the tissue.
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Note 21: Various imaging windows are available such as the dorsal skinfold chamber, 

mammary imaging window, dorsal imaging and the cranial imaging. 

Detailed protocols for each can be found here [50–54].

Note 22: In case of an upright microscope, fix the window using holders that hover 

above the mouse and fix the window. For the cranial imaging window use a 

stereotactic frame to secure the head of the mouse.

Note 23: In case of an upright microscope, use a window design with extensions so 

that the clamps fix the mouse in a similar way over multiple time points 

[66]. In case a window is completely symmetrical and has no protrusions 

anywhere, use marks on the window and insert and align the marks before 

imaging (Fig. 3l)[50]. In case of a cranial imaging window, stereotactic 

coordinates may be used, or the rotation angle of the mouse head can 

serve as a guide. In case bolts protrude from the window (dorsal skinfold 

chamber), use an insert with holes for the bolts to place the window in the 

exact same position over multiple imaging sessions [51]. 
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Chapter 6 | Neutrophil heterogeneity in murine endotoxemia

ABSTRACT

In cases of acute inflammation, the neutrophil population in the circulation dramatically 

changes its composition. Besides a surge in circulatory neutrophil numbers, heterogeneous 

neutrophil “subsets” are observed. Since these neutrophil subsets have different 

functionalities compared to normal, homeostatic neutrophils, they could be important in 

shaping the inflammatory response. However, the origins of these subsets are unknown. We 

tested the hypothesis that acute inflammation mobilizes different neutrophil subsets that 

are recruited from different tissue sites towards the circulation. 

To test this hypothesis we used murine endotoxemia as an in vivo model of acute 

inflammation. At different time points after the induction of endotoxemia, the neutrophil 

numbers in the circulation and in different tissues (bone marrow, spleen, lungs, liver) were 

quantified. The neutrophil phenotype was determined by flow cytometry analysis and 

analysis of nuclear morphology.

Before endotoxemia was induced, heterogeneity in surface marker expression and 

nuclear morphology already existed between neutrophils from different sites in the body. 

However, upon endotoxemia neutrophils rapidly acquired a homogeneous phenotype of 

high CD11b (αM
 integrin) and low CD62L (L-selectin) expression at all tissue sites. According 

to their nuclear morphology, immature neutrophils were recruited to the circulation, but this 

subset could not be correlated to a specific surface marker. Hypersegmented neutrophils 

were not recruited in murine endotoxemia, contrary to observations in human endotoxemia.

The circulatory neutrophil numbers initially decreased, but after 90-120 min a short 

phase of neutrophilia was observed. Surprisingly, the neutrophilia coincided with an 

increase in tissue neutrophils. 

In conclusion, murine endotoxemia did not elicit a subset of CD62Llow, hypersegmented 

neutrophils similar to human endotoxemia. Furthermore our results suggested that during 

acute inflammation neutrophilia could be attained by accelerated maturation of neutrophil 

progenitors.

PSM 20180205 Proefschrift Erinke van Grinsven BW.indd   116 01-03-19   12:42



117

 

 

 

 

 

 

 

6

Neutrophil heterogeneity in murine endotoxemia | Chapter 6

INTRODUCTION

Acute inflammation, induced by e.g. trauma, infection, or burns, can change the phenotype 

and/or function of neutrophils (Chapter 1). Most patients suffering from acute systemic 

inflammation are characterized by neutrophilia and a so-called “left shift”, the appearance 

of more immature neutrophil forms in the circulation. The immature neutrophils are 

recognized by their banded nuclei and relatively low CD16 (FcγRIII) expression compared to 

mature, segmented neutrophils (Chapter 4). A third neutrophil subset is recognized in the 

circulation of patients by its hypersegmented nuclei, high CD16 expression, and relatively 

low CD62L (L-selectin) expression (Chapter 4). In most patients, the neutrophilia is transient 

and disappears again when the infection is cleared or the trauma heals. However, activated 

neutrophils can sometimes contribute to tissue damage, which may trigger a vicious cycle 

of increasing inflammation and increasing neutrophil recruitment1. The factors shaping 

either a pro-resolution or a pro-inflammatory neutrophil response are poorly understood.

The outcome of an acute inflammatory response may depend on which neutrophil 

subsets are involved. The CD16low, banded and CD62Llow, hypersegmented neutrophil subsets 

have functions distinct from homeostatic CD16highCD62Lhigh neutrophils (Chapter 1). Banded 

neutrophils demonstrate superior antibacterial capacity, whereas the hypersegmented 

neutrophils demonstrate poor antibacterial capacity compared to homeostatic neutrophils2. 

In addition, hypersegmented neutrophils release significantly more membrane vesicles 

during migration, which may have a function in cell-cell communication (Chapter 4). It is 

important to understand how the recruitment of neutrophil subsets correlates to the 

outcome of disease, because then neutrophil subsets could serve as biomarkers and/or 

therapeutic targets during acute inflammation.

Unfortunately, not much is known on the origins of neutrophil subsets. The banded 

neutrophils are thought to be recruited from the bone marrow to the circulation, in an 

emergency response initiated by an increased demand for circulatory neutrophils. The 

origin of hypersegmented neutrophils is unknown, but it has been suggested that they stem 

from a different lineage than normally segmented neutrophils. They show large differences 

in proteomic profile while they have the same cellular age as mature neutrophils3. This 

may indicate that hypersegmented neutrophils differentiate at another tissue site than 

normally segmented neutrophils, where they incorporate other environmental cues 

during differentiation. Although the major site for granulopoiesis is the bone marrow, 

extramedullary granulopoiesis has also been described to occur in the spleen and at 

inflammatory sites4-6. The different expression profiles of the hypersegmented and normally 

segmented neutrophil lineages could result from different environmental cues during 

granulopoiesis.

Alternatively, after granulopoiesis in the bone marrow is completed, mature neutrophils 

travel to extramedullary reservoirs in e.g. the spleen or the lungs. Although mature 
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neutrophils are terminally differentiated cells, they are still able to incorporate environmental 

cues. For example, upon ligand binding to surface receptors, granules can quickly fuse with 

the plasma membrane7. This degranulation releases granule contents in the environment 

but also changes the composition of the plasma membrane7, 8. Ligand binding may also 

signal changes in transcriptional or translational processes9. Through mechanisms like this, 

environmental cues can effectuate for example neutrophil “priming”. Primed neutrophils 

behave differently than unprimed neutrophils, as only primed neutrophils will be fully 

activated upon receiving a stimulus10. Hence, residing in another neutrophil reservoir may 

change neutrophil phenotype and/or function.

We hypothesized that banded and hypersegmented neutrophil subsets are present 

in a neutrophil reservoir in a distant tissue during homeostasis, and that acute systemic 

inflammation would induce the redistribution of neutrophil subsets throughout the body. 

In the current study we tested these hypotheses in a mouse model of acute inflammation, 

because it allowed us to investigate the neutrophil population in multiple organs before 

and after inflammation. We used an endotoxemia model because the human endotoxemia 

model was shown to reproducibly elicit neutrophil subsets in the circulation (Chapter 4, 
2, 3, 11). The endotoxemia model is highly controlled, as the stimulus is a single i.v. bolus of 

high-purity E. coli lipopolysaccharide (LPS). This LPS challenge elicits a severe, systemic 

inflammatory response characterized by an increase in pro-inflammatory cytokines in 

the circulation (IL-6, TNF-α, etc.)12, 13. On different time points after the LPS challenge the 

neutrophil phenotype and distribution in the mice was examined.

MATERIALS AND METHODS

Reagents and antibodies

Ultra pure LPS from E. coli 0111:B4 strain (Invivogen, San Diego, CA, USA) was dissolved in 

endotoxin-free PBS (Enzo Life Sciences, Inc., Farmingdale, NY, USA) until 50,000 EU/ml. FACS 

buffer consisted of PBS supplemented with 2% FCS and 5 mM EDTA. Lysis buffer consisted 

of 150 mM NH
4
Cl, 10 mM KHCO

3
 and 0.1 mM Na

2
EDTA dissolved in H

2
O and was adjusted 

to a pH of 7.4. Lung dissociation buffer consisted of RPMI supplemented with 0.13 Wünsch 

Units/ml Liberase™ (Roche, Basel, Switzerland), 100 µg/ml DNase I (Roche), 5 mM Ca2+, and 

5 mM Mg2+. Antibodies used for cell staining were anti-CD11b-APC (eBioscience, Inc., San 

Diego, CA, USA), anti-CD13-PE (Bio-Rad, Hercules, CA, USA), anti-CD44-AF700 (BioLegend, 

San Diego, CA, USA), anti-CD45-PE/Dazzle594 (BioLegend), anti-CD62L-V450 (BD, Franklin 

Lakes, NJ, USA), anti-c-kit-BV711 (BD), anti-CD182-PerCP-Cy5.5 (BioLegend), anti-Ly6C-APC-

eFluor®780 (eBioscience, Inc.), anti-Ly6G-BV785 (BioLegend), and anti-Ly6B-PE-Vio770™ 

(Miltenyi Biotec, Bergisch Gladbach, Germany).
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Murine endotoxemia

All mouse procedures were approved by the Animal Ethical Committee of Utrecht University. 

Male C57BL6/6JRj mice of 3-4 months old (Janvier Labs, Le Genest-Saint-Isle, France) were 

housed in groups of three with food and water ad libitum. At the start of the experiments 

each mouse was anaesthetized with isoflurane gas. Before injection the mice received 

analgesic eye drops in the right eye, consisting of a sterile 0.5% proxymetacaine HCl (LKT 

Laboratories, Inc., St. Paul, MN, USA) solution in PBS. Per mouse 100 µl of the LPS solution 

or of endotoxin-free PBS (PBS control group) was injected i.v. by retro-orbital injection. The 

mice in the sham control group did not receive any injection. The mice were allowed to 

wake up and were housed solitary for a maximum of 3 h, with food and water ad libitum. 

At given timepoints, mice were anaesthetized with isoflurane gas and blood samples were 

collected via cardiac puncture using EDTA as an anticoagulant. After cervical dislocation, 

the lungs were perfused from the right ventricle with PBS + 10mM EDTA at 37°C. The liver 

was perfused from the portal vein. After perfusion, the lungs, liver, spleen, and femurs were 

isolated and kept in RPMI on ice until further processing.

Leukocyte isolation

Total leukocytes in full blood were counted with a Cell-dyn Emerald automated cell counter 

(Abbott Laboratories, Abbott Park, IL, USA). The bone marrow suspension was obtained by 

flushing femurs with FACS buffer. The spleen and liver were passed through a cell strainer 

to obtain single cell suspensions in FACS buffer. The erythrocytes in the blood, the bone 

marrow suspensions, and the spleen suspensions were lysed with lysis buffer. The liver 

suspension was resuspended in 44% Percoll (MP Biomedicals, Santa Ana, CA, USA) in RPMI 

+ 5% FCS, and hepatocytes and leukocytes were separated by density centrifugation. Lungs 

were dissociated by using a gentleMACS™ dissociator (Miltenyi Biotec) and by incubating 

in lung dissociation buffer for 30 min at 37°C. All final leukocyte suspensions were counted 

with the Cell-dyn Emerald. 

For flow cytometry analysis, one million cells of each single cell suspension were first 

stained with Fixable Viability Stain 510 (BD) in PBS. The cells were then incubated with FcR 

blocking antibody (clone 2.4G2) for 5 min before incubation with fluorescent antibodies 

in FACS buffer. Samples were analyzed on an LSRFortessa flow cytometer (BD). The results 

were analyzed using FlowJo software (FlowJo, LLC, Ashland, OR, USA).

For flow cytometry sorting, the cells were suspended in PBS supplemented with 4 mg/

ml human albumin (Sanquin, Amsterdam, The Netherlands) and 0.32% (w/v) sodium citrate, 

stained with anti-Ly6G and anti-CD62L antibodies, and sorted using a FACSAria (BD). 

Neutrophil nuclear morphology

Neutrophil nuclear morphology was determined by manual counting of May-Grünwald-

Giemsa–stained cytospins. An Axioskop 40 microscope (Zeiss, Jena, Germany) was used 
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with a 100x oil immersion objective. An indentation was defined as a connection between 

nuclear lobes with less than one third of the width of the adjacent lobes. Neutrophils were 

classified as progenitors when the nucleus had no indentations, and the hole in the middle 

of the circular nucleus had a diameter of less than 50% of the total diameter of the nucleus 

(Fig. 1B).

Statistical analysis

Statistical tests as indicated in figure legends were performed in GraphPad Prism 7 

(GraphPad Software, Inc, San Diego, CA, USA). Except when indicated in the figures, all 

differences between groups tested non-significant in statistical testing, which can partly be 

ascribed to a lack of power in the current study.

RESULTS

In homeostasis neutrophil heterogeneity was already apparent between different 

tissues 

For mice undergoing the sham procedure (only anesthesia and solitary housing), the 

neutrophils were studied to determine the neutrophil phenotype at different tissue sites 

during homeostasis. Neutrophils were isolated from the blood, bone marrow, spleen, lungs, 

and liver. Based on literature, a panel of surface markers (partly displayed in Fig. 1A,B) was 

chosen for its potential discriminatory power between immature and mature neutrophils. 

The expression levels of these surface markers on the neutrophils were quantified (Fig. 

1A,B). The expression of Ly6C and the neutrophil-specific marker Ly6G was homogeneous 

between neutrophils from different sites, but other markers seemed to show site-dependent 

differences in expression levels (Fig. 1B). 

The relatively low CD11b (αM
 integrin) and CD182 (CXCR2) expression on bone marrow 

neutrophils could be due to a higher fraction of immature, CD11blowCD182low neutrophil 

Figure 1: Neutrophil heterogeneity between different tissues in homeostasis
A: Gating strategy for Ly6CintmLy6Ghigh neutrophils in flow cytometry. B: Surface marker expression of the 
neutrophils from different sites of the sham control mice. Median fluorescence intensities (MFI) of different 
sites are normalized to the MFI of the bone marrow neutrophils, therefore the bone marrow group was 
excluded from statistical testing. * p < 0.05, ANOVA with uncorrected Fisher’s LSD post hoc test. Comparisons 
that tested non-significant are not shown. C: Representative micrographs of neutrophils with an increasing 
number of indentations of the nucleus. Cytospin slides were stained with May-Grünwald-Giemsa staining. D: 
Frequency distribution of nuclear morphology in sorted neutrophils from the bone marrow and blood of sham 
control mice #1 and #13, counted on stained cytospin slides. E: Frequency distribution of nuclear morphology 
in sorted CD62Lhigh neutrophils of sham control mouse #13 (78.1% of spleen neutrophils; 84.7% of blood 
neutrophils). F: Frequency distribution of nuclear morphology in sorted CD62Lhigh or CD62Llow neutrophils from 
the blood of sham control mice. Mean with range, n = 1-2. G: Frequency distribution of nuclear morphology 
in sorted CD62Lhigh and CD62Llow neutrophils from the spleen of sham control mice. Mean with range, n = 1-2.

PSM 20180205 Proefschrift Erinke van Grinsven BW.indd   120 01-03-19   12:42



121

 

 

 

 

 

 

 

6

Neutrophil heterogeneity in murine endotoxemia | Chapter 6

CD62
L

Ly6
G

c-k
it

CD11
b

CD18
2

Ly6
C

CD44
CD45

CD13
Ly6

B
0

2

4

6

8
10
20

Surface marker expression in homeostasis

no
rm

al
iz

ed
M

FI Bone marrow
Blood
Spleen
Liver
Lung

*
*

*

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Spleen vs. blood

indentations

%
of

ne
ut

ro
ph

ils

Spleen CD62Lhigh

Blood CD62Lhigh

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Bone marrow vs. blood

indentations

%
of

ne
ut

ro
ph

ils

BM m1
BM m13

Blood m1
Blood m13

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Blood
CD62Lhigh vs. CD62Llow

indentations

%
of

ne
ut

ro
ph

ils

Blood CD62Lhigh

Blood CD62Llow

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Spleen
CD62Lhigh vs. CD62Llow

indentations

%
of

ne
ut

ro
ph

ils

Spleen CD62Lhigh

Spleen CD62Llow

Singlets
93.2

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

FS
C

-H

Live
81.3

0-10
3

10
3

10
4

10
5

Comp-Violet2-A :: FVS510

0

50K

100K

150K

200K

250K

S
S

C
-A

FSC SSC
84.1

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

S
S

C
-A

CD45+
97.3

0 50K 100K 150K 200K 250K

FSC-A

0

-10
3

10
3

10
4

10
5

C
om

p-
Y

eG
r2

-A
 ::

 C
D

45

CD62Lhigh
22.8

CD62Llow
77.2

0-10
3

10
3

10
4

10
5

Comp-red 1-A :: CD11b

0

-10
3

10
3

10
4

10
5

C
om

p-
V

io
le

t1
-A

 ::
 C

D
62

LLy6CintmLy6Ghi
48.7

0-10
3

10
3

10
4

10
5

Comp-red 2-A :: Ly6C

0

-10
3

10
3

10
4

10
5

C
om

p-
V

io
le

t6
-A

 ::
 L

y6
G

A

B

C

D E

F G

Figure 1

CD62
L

Ly6
G

c-k
it

CD11
b

CD18
2

Ly6
C

CD44
CD45

CD13
Ly6

B
0

2

4

6

8
10
20

Surface marker expression in homeostasis

no
rm

al
iz

ed
M

FI Bone marrow
Blood
Spleen
Liver
Lung

*
*

*

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Spleen vs. blood

indentations

%
of

ne
ut

ro
ph

ils

Spleen CD62Lhigh

Blood CD62Lhigh

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Bone marrow vs. blood

indentations

%
of

ne
ut

ro
ph

ils

BM m1
BM m13

Blood m1
Blood m13

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Blood
CD62Lhigh vs. CD62Llow

indentations

%
of

ne
ut

ro
ph

ils

Blood CD62Lhigh

Blood CD62Llow

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Spleen
CD62Lhigh vs. CD62Llow

indentations

%
of

ne
ut

ro
ph

ils

Spleen CD62Lhigh

Spleen CD62Llow

Singlets
93.2

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

FS
C

-H

Live
81.3

0-10
3

10
3

10
4

10
5

Comp-Violet2-A :: FVS510

0

50K

100K

150K

200K

250K

S
S

C
-A

FSC SSC
84.1

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

S
S

C
-A

CD45+
97.3

0 50K 100K 150K 200K 250K

FSC-A

0

-10
3

10
3

10
4

10
5

C
om

p-
Y

eG
r2

-A
 ::

 C
D

45

CD62Lhigh
22.8

CD62Llow
77.2

0-10
3

10
3

10
4

10
5

Comp-red 1-A :: CD11b

0

-10
3

10
3

10
4

10
5

C
om

p-
V

io
le

t1
-A

 ::
 C

D
62

LLy6CintmLy6Ghi
48.7

0-10
3

10
3

10
4

10
5

Comp-red 2-A :: Ly6C

0

-10
3

10
3

10
4

10
5

C
om

p-
V

io
le

t6
-A

 ::
 L

y6
G

A

B

C

D E

F G

Figure 1

CD62
L

Ly6
G

c-k
it

CD11
b

CD18
2

Ly6
C

CD44
CD45

CD13
Ly6

B
0

2

4

6

8
10
20

Surface marker expression in homeostasis

no
rm

al
iz

ed
M

FI Bone marrow
Blood
Spleen
Liver
Lung

*
*

*

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Spleen vs. blood

indentations

%
of

ne
ut

ro
ph

ils

Spleen CD62Lhigh

Blood CD62Lhigh

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Bone marrow vs. blood

indentations

%
of

ne
ut

ro
ph

ils

BM m1
BM m13

Blood m1
Blood m13

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Blood
CD62Lhigh vs. CD62Llow

indentations

%
of

ne
ut

ro
ph

ils

Blood CD62Lhigh

Blood CD62Llow

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Spleen
CD62Lhigh vs. CD62Llow

indentations

%
of

ne
ut

ro
ph

ils

Spleen CD62Lhigh

Spleen CD62Llow

Singlets
93.2

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

FS
C

-H

Live
81.3

0-10
3

10
3

10
4

10
5

Comp-Violet2-A :: FVS510

0

50K

100K

150K

200K

250K

S
S

C
-A

FSC SSC
84.1

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

S
S

C
-A

CD45+
97.3

0 50K 100K 150K 200K 250K

FSC-A

0

-10
3

10
3

10
4

10
5

C
om

p-
Y

eG
r2

-A
 ::

 C
D

45

CD62Lhigh
22.8

CD62Llow
77.2

0-10
3

10
3

10
4

10
5

Comp-red 1-A :: CD11b

0

-10
3

10
3

10
4

10
5

C
om

p-
V

io
le

t1
-A

 ::
 C

D
62

LLy6CintmLy6Ghi
48.7

0-10
3

10
3

10
4

10
5

Comp-red 2-A :: Ly6C

0

-10
3

10
3

10
4

10
5

C
om

p-
V

io
le

t6
-A

 ::
 L

y6
G

A

B

C

D E

F G

Figure 1

CD62
L

Ly6
G

c-k
it

CD11
b

CD18
2

Ly6
C

CD44
CD45

CD13
Ly6

B
0

2

4

6

8
10
20

Surface marker expression in homeostasis

no
rm

al
iz

ed
M

FI Bone marrow
Blood
Spleen
Liver
Lung

*
*

*

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Spleen vs. blood

indentations

%
of

ne
ut

ro
ph

ils

Spleen CD62Lhigh

Blood CD62Lhigh

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Bone marrow vs. blood

indentations

%
of

ne
ut

ro
ph

ils

BM m1
BM m13

Blood m1
Blood m13

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Blood
CD62Lhigh vs. CD62Llow

indentations

%
of

ne
ut

ro
ph

ils

Blood CD62Lhigh

Blood CD62Llow

pro
gen

ito
rs 0 1 2 3 4 5

undefi
ned

0

10

20

30

40

50

Spleen
CD62Lhigh vs. CD62Llow

indentations

%
of

ne
ut

ro
ph

ils

Spleen CD62Lhigh

Spleen CD62Llow

Singlets
93.2

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

FS
C

-H

Live
81.3

0-10
3

10
3

10
4

10
5

Comp-Violet2-A :: FVS510

0

50K

100K

150K

200K

250K

S
S

C
-A

FSC SSC
84.1

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

S
S

C
-A

CD45+
97.3

0 50K 100K 150K 200K 250K

FSC-A

0

-10
3

10
3

10
4

10
5

C
om

p-
Y

eG
r2

-A
 ::

 C
D

45

CD62Lhigh
22.8

CD62Llow
77.2

0-10
3

10
3

10
4

10
5

Comp-red 1-A :: CD11b

0

-10
3

10
3

10
4

10
5

C
om

p-
V

io
le

t1
-A

 ::
 C

D
62

LLy6CintmLy6Ghi
48.7

0-10
3

10
3

10
4

10
5

Comp-red 2-A :: Ly6C

0

-10
3

10
3

10
4

10
5

C
om

p-
V

io
le

t6
-A

 ::
 L

y6
G

A

B

C

D E

F G

Figure 1

PSM 20180205 Proefschrift Erinke van Grinsven BW.indd   121 01-03-19   12:42



122

Chapter 6 | Neutrophil heterogeneity in murine endotoxemia

progenitors in this population14, 15. Compared to bone marrow, neutrophils in all tissues 

showed a high upregulation of CD13, suggesting that CD13 is a maturation marker. On 

human neutrophils CD13 expression gradually increases between the myelocyte and mature 

neutrophil stadia16. The hematopoietic stem cell marker c-kit seemed to be expressed 

higher on liver neutrophils than on other extramedullary neutrophils, similar to what has 

been described before in wildtype mice17. Although only one lung sample was obtained 

from the sham group, the lungs seemed to show a neutrophil phenotype quite dissimilar to 

the other sites (Fig. 1B). The expression of CD44 was lower on the neutrophils from the lungs 

compared to the other sites, a trend that was still observed after the LPS challenge (data 

not shown). Furthermore, the relatively low CD62L and CD182 expression and high CD11b 

expression of the lung neutrophils could indicate a more activated phenotype.

The nuclear morphology of the neutrophils isolated from the different sites was also 

assessed (Fig. 1C-G). As expected, the bone marrow contained more neutrophils with 

immature nuclear morphology and neutrophil progenitors than the circulatory population 

(Fig. 1D). The circulatory population contained more mature neutrophils with 2, 3, or 4 

indentations in the nucleus (Fig. 1D). The neutrophil population from the spleen also 

seemed to contain more neutrophil progenitors than the circulatory population (Fig. 1E). 

In contrast to humans, the murine circulation already contained some CD62Llow 

neutrophils during homeostasis. In humans, the population of circulatory CD62Llow 

neutrophils is only found during acute inflammation and enriched for hypersegmented 

neutrophils (3, Chapter 4). To investigate whether this was also the case in mice, the 

neutrophils were sorted into two populations based on their CD62L expression (Fig. 1A). 

Interestingly, the CD62Llow neutrophils from the circulation (Fig. 1F) as well as from the spleen 

(Fig. 1G) revealed a slight trend towards more segmentation of the nucleus compared to 

their CD62Lhigh counterparts. Thus, two murine neutrophil subsets distinguished by their 

CD62L expression and nuclear segmentation might already be present during homeostasis.

Endotoxemia changed neutrophil phenotype in the circulation and in tissues

After the i.v. challenge with LPS, the neutrophil numbers in the circulation seemed to 

rapidly decrease and then increase again towards neutrophilia (Fig. 2A; p > 0.05). An initial 

dip in circulatory neutrophil numbers followed by neutrophilia is also observed in human 

endotoxemia18. 

The neutrophilia seemed to peak around 90-120 min after LPS injection but only 

transiently, because at 180 min after LPS challenge the circulatory neutrophils had 

surprisingly returned to homeostatic numbers (Fig. 2A). The initial decrease in circulatory 

neutrophil numbers mainly resulted from a decrease in mature neutrophils with 2 or 3 

indentations in the nucleus (Fig. 2B). Compared to the PBS control, the LPS challenge 

recruited more progenitors and banded neutrophils (0 indentations) to the circulation (Fig. 

2B), confirming that the left shift was also apparent in murine endotoxemia. The population 

of hypersegmented neutrophils (4 or 5 indentations) was very small and did not increase 
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Figure 2: Endotoxemia changes neutrophil phenotype in the circulation and in tissues
A: Absolute neutrophil number in the blood at different time points during endotoxemia. The blood was first 
counted on an automated cell counter to obtain total white blood cell count. Then red blood cells were lysed 
and white blood cells were stained for flow cytometry analysis. Neutrophil percentage within CD45+ cells was 
used to calculate absolute numbers in whole blood. Differences between groups tested non-significant in 
statistical testing. B: Distribution of nuclear morphology at different time points during endotoxemia, counted 
on stained cytospin slides of sorted neutrophils from the blood (n = 1-3). C: Percentage of neutrophils with 
low CD62L expression. Neutrophils from different sites and time points were analyzed with flow cytometry 
and gated as in Fig. 1A. Means of time points were compared in ANOVA with Tukey’s post hoc tests; * p < 
0.05. Comparisons that tested non-significant are not shown. D: Frequency distribution of nuclear morphology 
in sorted CD62Lhigh or CD62Llow neutrophils from the blood. The mice were sacrificed at 90 or 120 min after 
the LPS challenge. Mean with range, n = 2-3. The differences tested non-significant in statistical testing. E: 
Expression of CD11b on neutrophils from different sites analyzed with flow cytometry. The MFIs of different 
sites and time points are normalized to the MFIs of the bone marrow neutrophils of PBS control mice. For 
clarity statistical testing is not displayed in the figure. F: Representative biplot of CD11b and CD62L expression 
on blood neutrophils. G: Percentage of neutrophils with low CD182 expression. Neutrophils from different 
sites and time points were analyzed with flow cytometry. Means of time points were compared in ANOVA with 
Tukey’s post hoc tests; * p < 0.05. ** p < 0.01. Comparisons that tested non-significant are not shown.
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in the first 180 min after LPS challenge (Fig. 2B). Thus, in contrast to human endotoxemia, 

murine endotoxemia did not seem to elicit hypersegmented neutrophils in the circulation 

simultaneously with banded neutrophils.

Surprisingly, the LPS challenge elicited massive downregulation of CD62L expression on 

neutrophils from all studied sites (Fig. 2C). The downregulation occurred rapidly, with 51 to 

95% of neutrophils becoming CD62Llow only 15 min after LPS challenge (Fig. 2C). At 90 min 

after LPS challenge the large majority (76-96%) of blood neutrophils was CD62Llow (Fig. 2C), 

in contrast to the maximal 20% CD62Llow observed in human endotoxemia11. After the LPS 

challenge, nuclear segmentation seemed increased in CD62Llow neutrophils compared to 

CD62Lhigh neutrophils (Fig. 2D). However, the difference seemed to result from a left shift in 

the CD62Lhigh population rather than a right-shift in the CD62Llow population (compare Fig. 

2D to 1F). The segmentation in the CD62Llow population remained very mild. In conclusion, 

the appearance of a circulatory CD62Llow population in murine endotoxemia did not seem to 

correlate to a separate subset of hypersegmented neutrophils. 

Clearly, the LPS challenge caused a systemic inflammatory response, as the neutrophils 

changed their surface marker expression at all sites. CD11b, a known marker of neutrophil 

activation19, was upregulated on neutrophils from all sampled sites, but not to the same 

extent (Fig. 2E). On bone marrow neutrophils the upregulation was less pronounced than 

on neutrophils from the other organs (Fig. 2E), possibly because only mature neutrophils 

upregulated CD11b in response to inflammation. 

One of the three mice in the sham control group also had a high CD11b expression 

on all blood neutrophils and a high percentage of CD62Llow blood neutrophils (Fig. 1B, 2C). 

Why one mouse that only underwent the sham procedure (anesthesia and solitary housing) 

displayed this inflammatory profile remained unclear. For the mice in the PBS control 

group the neutrophils displayed varying degrees of activation. Possibly, the minor tissue 

damage associated with retro-orbital injection of the endotoxin-free PBS caused low-grade 

inflammation.

After LPS challenge, the clear CD11b upregulation coincided with CD62L and CD182 

(CXCR2) downregulation (Fig. 2E-G). The CD11b and CD62L expression levels per cell 

seemed to be inversely correlated (Fig. 2F). Possibly, both CD11b upregulation and CD62L 

downregulation were reflecting neutrophil activation. CD182 has also been described to be 

downregulated in response to neutrophil activation in vitro and in vivo20, 21. 

The percentage of CD182low neutrophils in the bone marrow was already considerably 

high in homeostasis (Fig. 2F), and the CD182 MFI of the neutrophils in homeostatic bone 

marrow was lower than at the other sites (Fig. 1C). These CD182low neutrophils in the bone 

marrow could represent immature neutrophils, as it was reported that low CD182 expression 

distinguishes immature neutrophils even while they express high Ly6G levels15. Hence, the 

increase in CD182low neutrophils in all tissues upon LPS could signify activation-induced 

shedding but may also have been (partly) caused by the influx of immature neutrophils 

from the circulation (Fig. 2B).
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Neutrophilia was not synchronized with a decrease in bone marrow neutrophils

Because the neutrophilia was dominated by progenitors and immature neutrophils, the 

increased neutrophil numbers were expected to result from the release of neutrophils 

from the bone marrow. However, at 120 min after the LPS challenge, at the time of the 

neutrophilia, the number of neutrophils in the bone marrow had also sharply increased 

(Fig. 3A). In fact, the kinetics of the bone marrow neutrophils resembled the kinetics of 

the circulatory neutrophils (compare Fig. 3A to 2A). Initially, the number of bone marrow 

neutrophils seemed to decrease, similar to the decrease in circulatory neutrophil number. 

If neutrophils left the bone marrow, they apparently did not remain in the circulation but 

rapidly relocated to the tissues.

The percentage of neutrophils in the spleen did not significantly change over time, 

except for one outlier in the sham control group (Fig. 3B). The neutrophil number in the liver 

seemed to peak only 90 min after challenge, but the neutrophil number in the lungs seemed 

to peak already at 45 min (Fig. 3C,D). Possibly, activated neutrophils were transiently retained 

in the lungs upon the induction of inflammation, explaining the decreasing numbers in the 

bone marrow and the circulation in the first 45-90 min. If the neutrophils were released 

from the lungs again around the 120 min time point they could have caused the sudden 

neutrophilia.

Surprisingly, during circulatory neutrophilia at 120-180 min, the number of neutrophils 

in the bone marrow seemed to exceed the number in homeostasis (Fig. 3A). At this time 

point, there was a relative decrease in progenitors and banded neutrophils in the bone 

marrow, whereas there was a relative increase in mature neutrophils with 3-4 indentations 

in the nucleus (Fig. 4A). Possibly, at the later time points there was an influx of mature 

neutrophils into the bone marrow compartment.

The increase in absolute numbers in the bone marrow could also have an alternative 

explanation, as the absolute numbers were calculated based on the percentage of cells 

recognized as a neutrophil by high Ly6G staining in flow cytometry (Fig. 1A). If a larger 

percentage of bone marrow cells would start expressing Ly6G, the perceived number of 

bone marrow neutrophils would increase. Indeed, the 120 min time point was characterized 

by a higher mean level of Ly6G expression on the mature neutrophils in the bone marrow 

than the 90 min time point (Fig. 4B). At 90 min the mean expression was low, possibly causing 

part of the neutrophils to be excluded from the Ly6G+ gate. The systemic inflammation may 

have stimulated neutrophil progenitors to generate more Ly6G+ offspring by dividing more 

often or by accelerating the maturation of post-mitotic cells22. The reduced mean expression 

at 90 min might have been due to dissociated maturation23 in which some characteristics of 

mature neutrophils (CD11b, CD62L, and granulation [SSC]) were already obtained but Ly6G 

not yet. At 180 min the mean level of Ly6G expression decreased again, in line with the 

apparent decrease in bone marrow neutrophils at 180 min (Fig. 3A).
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DISCUSSION

In homeostasis, heterogeneity existed between neutrophils from different tissue sites, 

supporting the hypothesis that heterogeneous neutrophil subsets observed in acute 

inflammation could be recruited from different tissue sites. However, in the current study 

specific subsets could not be directly linked to specific tissue sites or specific surface markers. 

The murine endotoxemia model reproduced the neutrophilia and the left shift observed 

in acute, systemic inflammation in humans. Interestingly, the extra neutrophils found in 

the circulation during acute inflammation were not necessarily recruited from the bone 

marrow. The kinetics suggested that the lungs possibly represented a transient reservoir of 

Figure 3: Neutrophil kinetics in several tissue locations
Absolute number of neutrophils at different time points during endotoxemia, in the bone marrow of one 
femur (A), liver (C), or lungs (D). For the spleen (B), absolute numbers were not available and the neutrophil 
percentage of all white blood cells from the spleen is shown. * p < 0.05.** p < 0.01, Kruskal-Wallis test with 
uncorrected Dunn’s post hoc tests. Comparisons that tested non-significant are not shown.
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activated neutrophils, a concept that has been described before in murine endotoxemia24 

and human lung disease25. The fact that the spleen also contained neutrophil progenitors 

in homeostasis (Fig. 1E) suggested that some degree of granulopoiesis was occurring in 

the spleen4, 26. The murine circulation contained banded neutrophils and a few neutrophil 

progenitors in homeostasis (Fig. 2B). Possibly, these cells were en route to a secondary site of 

granulopoiesis, such as the spleen, to further proliferate and differentiate there. Therefore, 

the spleen could also be a source of (immature) neutrophils upon inflammation.

At the later time points after the LPS challenge the total neutrophil number in the bone 

marrow exceeded the baseline number (Fig. 3A), suggesting there was neutrophil influx 

from another site. Since at these time points the mature neutrophils increased relative to 

the immature neutrophils (Fig. 4A), mature neutrophils might have migrated into the bone 

marrow because they were reaching the end of their lifespan. The bone marrow has been 

described to have an important role in the clearance of aged neutrophils27. Alternatively, the 

increase in mature neutrophils was caused by proliferation and maturation of neutrophil 

progenitors into mature neutrophils. In human endotoxemia bone marrow neutrophils also 

showed accelerated maturation upon LPS challenge (Chapter 7).

Figure 4: Neutrophil morphology in the bone marrow during endotoxemia
A: Distribution of nuclear morphology at different time points during endotoxemia, counted on stained 
cytospin slides of sorted neutrophils from the bone marrow (n = 2-3). B: Expression of Ly6G on mature 
neutrophils (CD11b+SSChighCD62Lhigh) from different sites analyzed with flow cytometry. The MFIs of different 
sites and time points are normalized to the MFIs of the bone marrow neutrophils of PBS control mice. * p < 
0.05, Kruskal-Wallis test with uncorrected Dunn’s post hoc test. Comparisons that tested non-significant are 
not shown.
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Since every time point in the graphs represents another experimental animal, yet 

another explanation for the rapidly changing kinetics of the neutrophils is differences 

between the animals or experimental procedures independent from the time point. This 

idea seems supported by the large variation within some experimental groups and needs 

to be tested by using larger group sizes. In addition, intravital imaging could increase 

our understanding of the dynamic processes of neutrophil distribution because it allows 

tracking of multiple time points within the same animal (Chapter 5). 

Besides changes in absolute numbers, the neutrophils also changed their phenotype 

after the LPS challenge. At all sites neutrophils rapidly acquired an activated phenotype of 

high CD11b and low CD62L expression. Two alternative mechanisms can explain a change in 

the neutrophil population within an organ as a whole, e.g. a decrease in mean expression of 

a surface marker. Either the existing neutrophils in this organ shift their phenotype e.g. by 

internalization or shedding of this surface marker, or the cells positive for this surface marker 

leave the tissue. In the current study the CD62L downregulation happened very rapidly, as 

the percentage of CD62Llow neutrophils went e.g. from 15 to 90% in 15 min. Shedding may 

be responsible for this process as CD62L shedding can happen very quickly28, in contrast 

to large scale redistribution of CD62Lhigh and CD62Llow neutrophils. The latter explanation 

would also prompt the question where all the CD62Lhigh neutrophils should have migrated 

to, because CD62Lhigh neutrophils were hardly detected in any of the investigated organs. 

Additionally, shedding of CD62L may have happened in parallel with shedding of CD182, 

which is also noticeably downregulated after the LPS challenge. The main mechanism 

for CD182 downregulation on murine neutrophils in response to non-specific neutrophil 

activation (not induced through CXCR2 binding) is cleavage by the sheddase ADAM1729. 

ADAM17 is also capable of cleaving CD62L30. Thus, the CD62L downregulation after LPS 

challenge may have (partly) resulted from activation-induced shedding. At later time 

points the increase in CD62Llow neutrophils could have been a combination of CD62L 

downregulation by neutrophils already present at that site plus the influx of CD62Llow 

neutrophils from other sites.

Murine endotoxemia does not seem to elicit a subset of CD62Llow, hypersegmented 

neutrophils similar to human endotoxemia. Unfortunately we cannot use this mouse model 

to learn more on the origin and distribution of this interesting subset. We can probably 

use the murine endotoxemia model to study the immature neutrophils recruited to the 

circulation upon acute inflammation, as our results resemble the left shift observed in 

humans. It would be interesting to confirm whether the murine banded neutrophils have 

superior antibacterial capacity, like their human counterparts. To test this, a reliable surface 

marker of immature neutrophils first needs to be identified to enable flow cytometry 

sorting. In the current study we were not able to directly correlate the left shift to one of 

the tested surface markers. Very recently, the surface marker CD101 (IGSF2) was described 

as a new surface marker that can distinguish immature and mature neutrophils15, hence this 

could be a valuable tool for follow-up experiments.
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ABSTRACT

In recent years, new methods to label circulatory neutrophils in vivo have become available 

and have sparked a fierce debate on the circulatory lifespan of the human neutrophil. 

Advantages of the new method of in vivo labeling with the stable isotope 2H (deuterium) are 

the lack of toxicity and ex vivo manipulation. However, a disadvantage is the delay between 

incorporation of the label in the DNA of dividing progenitors in the bone marrow and the 

measurement of label in the DNA of mature neutrophils in the peripheral blood. The gap in 

knowledge on neutrophil progenitor proliferation and differentiation in the bone marrow 

precluded adequate analysis of the kinetics of circulatory neutrophils. Therefore, there is 

no consensus on the circulatory lifespan, with estimates ranging from 6 h to 5.4 days. The 

current study is the first study to measure the kinetics of the different neutrophil progenitors 

during granulopoiesis in the human bone marrow, in healthy volunteers both before and 

after experimental endotoxemia.

6,6-2H-glucose pulse-chase labeling was applied in 12 healthy volunteers, and at 1 to 9 

days after the labeling, blood and bone marrow samples were simultaneously obtained. For 

8 of the volunteers the labeling procedure was repeated and at 3 to 6 days after the second 

labeling experimental endotoxemia was induced by i.v. injection of 2 ng/kg LPS. A second 

blood and bone marrow sampling was performed 4 h after the induction of experimental 

endotoxemia. With a new flow cytometry strategy the different progenitor stadia of the 

neutrophil were sorted and for each the DNA was isolated. The 2H-label enrichment in the 

DNA was determined by a combination of gas chromatography and mass spectrometry.

The kinetics of 2H-enrichment over time showed a delay of 2-3 days between label 

incorporation in the mitotic pool (promyelocytes and myelocytes) and the arrival of labeled 

cells into the post-mitotic pool (metamyelocytes and banded neutrophils). There was also a 

delay of 2-3 days between arrival of labeled cells into the banded neutrophil population and 

arrival of labeled cells in the mature neutrophil population, indicating that the cells spend 

2-3 days in the banded neutrophil stadium. During experimental endotoxemia neutrophil 

maturation was accelerated.

Because of the observed delays, a linear conveyor belt model seems to fit the data 

better than an exponential decay model. This model, together with the known differences 

in population sizes, implies that the circulatory neutrophil population has an average 

lifespan of at least 2 days.
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INTRODUCTION

The neutrophil is a highly abundant white blood cell, making up around 60% of all leukocytes 

in the circulation, and is indispensable in defending the body against pathogens. Recently, 

additional roles of the neutrophil have been identified in many other pathogenic processes, 

e.g. tumor growth and auto-immune diseases. Nonetheless, one of the most basic 

characteristics of the neutrophil is a still a matter of fierce debate: its lifespan. Most studies 

on neutrophil circulatory lifespan in vivo were performed in the 1950s to 1970s, reporting a 

circulatory half-life between 4 and 18 h (reviewed in 1). These estimates were based on the 

rate at which labeled neutrophils disappear from the circulation. The interpretation of these 

studies was not without problems. The labels used were radio-active and/or toxic, like the 

neurotoxin DF32P (diisopropyl fluorophosphates) or the radioactive nucleotide 3H-thymidin. 

The neutrophils were often labeled ex vivo and reinfused into the donor. The donors were 

often patients suffering from terminal disease because of the toxicity of the labels. These 

shortcomings had probably affected neutrophil viability and/or distribution, and the 

resulting lifespan estimates are unlikely to represent normal neutrophil turnover in healthy 

homeostasis. This is supported by in vitro experiments demonstrating that neutrophils are 

capable of living much longer. In suspension, the mean half-life of a healthy neutrophil 

population was 48 h, and in three-dimensional fibrin matrices this even increased to 59 h 

(Chapter 2). Furthermore, in mice it has been observed that photoconverted neutrophils 

can be retraced until at least 48 h after photoconversion2. It is important to understand the 

correct circulatory lifespan in vivo to understand disturbed neutrophil kinetics in disease 

and to correctly predict the effect of therapies.

Fortunately, new labeling methods have been developed that allow safe, non-toxic 

labeling of human cells in situ using deuterium (2H), a stable isotope of hydrogen (H), as a 

label. This isotope is naturally occurring in very low levels, but can be artificially enriched 

in the human body by administering deuterated water (2H
2
O) or deuterated glucose 

(6,6-2H-glucose) orally or intravenously. The rapid turnover of the body glucose pool 

allows for a pulse-chase design when using deuterated glucose. During administration of 

deuterated glucose (the “pulse”), the glucose will serve as a precursor for newly synthesized 

molecules in the body. Most importantly, the glucose can serve as a direct precursor of 

deoxyribose, and will thus be incorporated in the DNA of dividing cells. The label will stably 

remain detectable in the DNA of the cells and their progeny for the rest of the cell’s life. After 

the pulse has ended, the enrichment of the cell population of interest is followed over time 

(the “chase”). At different time points the DNA is isolated from the cell population to measure 

deuterium enrichment with GC-MS. From the loss of label over time (“downlabeling”) the 

death rate of the cell population is estimated, aided by mathematical modeling. 

Over the past 20 years, mathematical models based on deuterium label kinetics have 

been of great value to learn about proliferation rates and lifespan values of lymphocytes in 
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health and disease. Our group was the first to apply this method to estimate the lifespan of 

neutrophils3. In this study and a later study by Lahoz-Beneytez et al.4, deuterium enrichment 

has been measured in circulatory neutrophils because the circulation is easily accessible 

for repeated sampling. Nevertheless, the circulation is not the location of deuterium label 

incorporation in the neutrophilic lineage. The mature neutrophil is a terminally differentiated 

cell and no longer proliferates. The label is incorporated in the DNA during neutrophil 

production (granulopoiesis) in the bone marrow, and the bone marrow is the source for 

label in the circulatory neutrophil population. Therefore, when our group used a one-

compartment model to describe the label kinetics in the circulatory neutrophil population5, 

this model was criticized as incomplete because it did not account for the role of the bone 

marrow population6, 7. 

Neutrophil progenitors in the bone marrow proliferate and differentiate through 

different stadia to produce mature neutrophils (Fig. 1A). The promyelocyte has been 

described as the first stadium committed to the neutrophil-specific lineage. The preceding 

progenitors such as the granulocyte-monocyte progenitor (GMP) are multipotent8. 

Promyelocytes and myelocytes together form the mitotic pool, as these progenitors have 

the ability to go into mitosis. In the subsequent stadia the cells no longer proliferate and 

only differentiate. The metamyelocyte and banded neutrophil stadia together form the 

post-mitotic pool (PMP). The banded neutrophil matures into the mature neutrophil with 

a segmented nucleus, which can be released into the circulation. Thus, the label kinetics 

measured in the circulation result from both the supply of label from the bone marrow 

and the loss of label from the circulation. In conclusion, a two-compartment model is more 

fitting to describe the label kinetics of the circulatory neutrophil population.

Unfortunately the kinetics of the bone marrow compartment has been poorly studied. 

Basic parameters such as proliferation rate or length of each stadium have been poorly 

described, especially during homeostasis. This gap in knowledge on the bone marrow has 

been filled with assumptions to be able to interpret label kinetics in the circulation, resulting 

in ambiguous estimates of circulatory lifespan. Whereas Pillay et al. published an estimated 

half-life of 3.7 days, the group of Macallan has derived an estimated half-life of 19 h4. This 

discrepancy can be partly explained by the use of deuterated water vs. deuterated glucose. 

Deuterated water is not ideal to study cells with a relatively fast turnover such as neutrophils, 

because the turnover of water in the body is relatively slow. But also when applying their 

Figure 1: The stadia of granulopoiesis in the bone marrow were identified in flow cytometric analysis
A: Schematic overview of granulopoiesis in the bone marrow. The pool of mature neutrophils is distributed 
over bone marrow, blood and tissues. B: Flow cytometry strategy for distinguishing the different stadia of 
granulopoiesis from human bone marrow. The representative plots of one BM1 donor demonstrate the 
sequential gating steps. The representative micrographs of stained cytospin slides illustrate the morphology 
of the sorted populations. C: Frequency distribution of the number of nuclear segments in sorted neutrophil 
populations, counted on stained cytospin slides. Mean with SD. For homeostasis n = 6-12, for endotoxemia n = 
2-4, min. 100 cells counted per slide.
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model to the deuterated water dataset of Pillay et al., Lahoz-Beneytez et al. could find a 

reasonable fit for their model with an 18 h lifespan. The fact that two different mathematical 

models can read wildly different lifespan values from exactly the same dataset, is due to the 

underlying assumptions of the models. 

One of the main differences between the two published models is the assumption of 

which neutrophil compartment is rate-limiting, i.e. in which compartment the deuterium 

label would accumulate. Pillay et al. implicitly assumed that the blood was the rate 

limiting compartment in the neutrophil lifespan by assuming that the rate of deuterium 

disappearance from the blood was directly linked to the disappearance of mature 

neutrophils from the blood. As Li et al. have argued, the label kinetics in the blood can also 

be a sum of the disappearance of labeled neutrophils plus the appearance of new, labeled 

neutrophils from the bone marrow. Nonetheless, the latter explanation can only be true if 

the mitotic compartment in the bone marrow retained the label over a prolonged period, 

therefore enabling it to supply labeled mature neutrophils over a prolonged period. In this 

model, the bone marrow mitotic compartment would be the rate-limiting compartment 

driving the label kinetics in every subsequent stadium.

However, we hypothesized that the label is not retained very long in the bone marrow 

mitotic pool due to subsequent divisions quickly diluting the label in this pool. The two 

alternative models on long vs. short presence of label in the mitotic pool are reflected in the 

discussion on the value of the factor “R”. This factor was defined by Lahoz-Beneytez et al. as 

the ratio of the number of circulatory neutrophils over the number of neutrophil progenitors 

in the mitotic pool in the bone marrow. Since in a two-compartment model the difference 

in compartment size leads to dilution or concentration of the label, this ratio is important to 

interpret results. Lahoz-Beneytez et al. argued that the ratio should be around 0.26 based 

on mean literature values of 6.1x108 circulatory neutrophils and 2.35x109 cells phenotypically 

classified as promyelocyte or myelocyte per kg bodyweight. In using the number 2.35x109 

for the calculation of R, the mathematical model of Lahoz-Beneytez et al. assumes that all of 

the promyelocytes and myelocytes participate in granulopoiesis. They neglect the evidence 

for the mitotic pool being divided in a resting pool and a proliferating pool, even though 

only the latter would be involved in determining label kinetics. In homeostasis only part 

of the progenitor population is thought to be actively engaged in mitosis, while the other 

part of the progenitor population is residing in a resting state9-13. Data on the exact size of 

this resting pool is scarce; one in vitro study estimated it at 50% of the myelocytes, and non-

existent in the promyelocytes14. Other studies have suggested a resting pool in both the 

myelocyte and promyelocyte populations10, 11. Hence, during homeostasis a small fraction 

of the total mitotic pool may be constantly cycling to produce enough neutrophil progeny, 

and a maturing cell would only spend a short time in the promyelocyte stadium. In this 

case, the label that was incorporated during the deuterium pulse will quickly be lost from 

the mitotic pool because it moves to the post-mitotic pool together with the daughter cells. 
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It will then accumulate in the compartment with the longest lifespan, which would be the 

circulation in this model. With a lack of new label flowing into the circulatory neutrophil 

pool, the disappearance of the label over time is directly correlated to the disappearance 

rate of circulatory neutrophils. When taking a resting pool in account, the number of active 

progenitors is smaller than 2.35x109 and R would consequently be higher. Indeed Lahoz-

Beneytez et al. showed that their model fitted the data equally well with a larger R and a 

longer circulatory lifespan.

In conclusion, the data obtained so far from labeling studies that measure label 

enrichment in neutrophils from the blood during homeostasis can be explained equally 

well with two opposing models. In the first model the total progenitor pool is implicated 

in granulopoiesis, R is low, the label is retained in the progenitors for a long time, and the 

label kinetics in the circulatory neutrophils copies the label kinetics in the progenitors. 

In this case, the circulatory lifespan would be short. In the second model only part of the 

total progenitor pool is implicated in granulopoiesis, R is high, the label is retained in the 

progenitors for a short time, and the label kinetics in the circulatory neutrophils are dictated 

by the death rate of the circulatory neutrophils. In this case, the circulatory lifespan would 

be long.

To solve this discrepancy, we studied for the first time the kinetics of deuterium labeling 

in bone marrow samples. These samples were obtained from healthy volunteers before 

and after the induction of experimental endotoxemia, allowing us to study granulopoiesis 

both during homeostasis and during acute inflammation. In addition, we also measured 

deuterium enrichment in neutrophils isolated from the oral cavity. Oral neutrophils have 

been described as a good model for extravasated neutrophils populating the tissues15-17.

Previously, experimental endotoxemia, as well as other forms of acute inflammation, 

was shown to recruit two additional neutrophil subsets to the circulation. In homeostasis, 

neutrophils show homogeneous high expression of the surface markers CD16 (FcγRIII) 

and CD62L (L-selectin). During acute inflammation, CD16lowCD62Lhigh and CD16highCD62Llow 

neutrophil populations in the circulation represent subsets with a different morphology 

and function than CD16highCD62Lhigh neutrophils. For example, CD16low neutrophils are 

characterized by a banded nucleus, whereas CD62Llow neutrophils are characterized by a 

hypersegmented nucleus. A previous deuterium labeling study by our group showed that 

the CD16low neutrophil subset is on average two days younger than the CD16high neutrophil 

subsets, whereas CD16highCD62Lhigh and CD16highCD62Llow neutrophil populations show 

highly similar kinetics18. To learn more about the origin of these circulatory subsets, in the 

current study these subsets were also sorted from bone marrow, both during homeostasis 

and during experimental endotoxemia.
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MATERIAL & METHODS

Deuterium labeling & experimental endotoxemia model

Bone marrow, blood, and oral rinse samples were obtained from 12 healthy male volunteers 

between the age of 18–30 years participating in a human endotoxemia study (ABR 

NL61136.091.17). A group of 8 volunteers was subjected to an LPS challenge, and a group of 

4 volunteers was subjected to a Placebo challenge. The studies were approved by the ethics 

review board of the Radboud University Medical Center in Nijmegen, the Netherlands, 

and written informed consent was obtained from all study participants. Subjects were 

healthy as determined by medical history, physical examination, electrocardiography and 

hematological laboratory values. Subjects taking prescription drugs were excluded from 

the study. 

All subjects received 6,6-2H-glucose (Cambridge Isotope Laboratories Inc., Tewksbury, 

MA, USA) at 1 to 6 days before the first bone marrow aspiration, following a protocol 

described before19 with minor modifications. The subjects received 70 g 6,6-2H-glucose in 

twelve oral doses, administered every 30 min, accumulating to a total pulse time of 6 h. The 

subjects in the LPS group were submitted to the same procedure for a second time 7 days 

after the first labeling day. The subjects in the placebo group only received 6,6-2H-glucose 

once (at 1 or 2 days before the first bone marrow sampling).

The bone marrow sampling was performed by aspiration from the posterior iliac crest 

under local anesthesia. A total volume of 40 ml was collected per aspiration into syringes 

prefilled with sodium heparin. The first bone marrow aspirate (BM1) was obtained around 

8.00AM. The second bone marrow aspirate (BM2) was obtained 7 days later around 1.00PM 

and at the contralateral side of the first aspiration. The third bone marrow aspirate (BM3) 

was obtained again 7 days later around 8.00AM. Simultaneously with the bone marrow 

aspiration, blood samples (BL1-3) were drawn from an arterial catheter (radial artery), using 

sodium heparin as an anticoagulant. For sampling of oral neutrophils the subjects vigorously 

rinsed their mouth for 30 s with 25 ml of an isotonic saline solution, according to a protocol 

described before20.

At 3 to 6 days after the second labeling procedure, the LPS challenge was performed as 

published previously21. In short, the subjects were infused with 1.5L hydration fluid during 

1 h (2.5% glucose/ 0.45% saline at a continuous rate). Subsequently, the subjects received 

a single dose of 2 ng/kg bodyweight LPS (US standard reference Escherichia coli O:113, 

NIH Pharmaceutical Development Section, Bethesda, MD, USA) and were then infused 

with hydration fluid at a constant rate of 150 mL/h. During the challenge heart rate, blood 

pressure and the course of LPS-induced symptoms such as fever, muscle aches and nausea 

were constantly monitored. At 4 h after the LPS challenge the second bone marrow sampling 

was performed. For one donor the bone marrow was sampled 2 h after the LPS challenge, 

therefore this sample was excluded from further analysis. For the placebo challenge a 0.9% 

NaCl solution was administered in the same volume as LPS (0.1 ml/kg bodyweight).

PSM 20180205 Proefschrift Erinke van Grinsven BW.indd   140 01-03-19   12:42



141

 

 

 

 

 

 

 

7

Neutrophil progenitor kinetics in human bone marrow | Chapter 7

Cell isolation

The full blood and heparin-diluted bone marrow suspension samples were counted on a 

Sysmex XN-450 automated hematology analyzer (Sysmex Corporation, Kobe, Japan). Then 

the erythrocytes in the bone marrow and blood samples were lysed using ice-cold lysis 

buffer (150 mM NH
4
Cl, 10 mM KHCO

3
 and 0.1 mM Na

2
EDTA dissolved in H

2
O; pH of 7.4). The 

remaining leukocytes were washed twice and resuspended in FACS staining buffer (4 mg/

ml human albumin [Sanquin, Amsterdam, The Netherlands] and 0.32% (w/v) sodium citrate 

in PBS).

The oral rinse solutions were centrifuged for 10 min at room temperature and the cell 

pellet was filtered twice to remove debris and part of the contaminating epithelial cells. The 

resulting cell suspensions were counted using the Sysmex XN-450.

Flow cytometry

For flow cytometric sorting, the cells were first incubated with anti-CD66b, anti-CD11b, 

anti-HLA-DR, anti-CD62L, anti-CD16, anti-CD193, anti-CD15, anti-CD56, and anti-CD45 

fluorescent antibodies in FACS staining buffer on ice. Oral rinse cells were incubated only 

with anti-CD16 antibody. Bone marrow and blood cells were then stained with LIVE/DEAD 

dead cell stain (Molecular Probes, Eugene, OR, USA) in PBS on ice. Cell populations were 

sorted using a FACSAria (BD, Franklin Lakes, NJ, USA). A minimum of 100,000 cells was 

sorted per population for DNA isolation. When enough material was available, cells were 

also sorted for preparation of cytospins. No cell populations were sorted from the BM3 and 

BL3 samples.

For flow cytometric analysis, one million cells of each single cell suspension were 

first incubated with fluorescent antibodies against the same markers as listed for sorting, 

supplemented with anti-CD19, anti-CD49d, anti-LAIR1, anti-CXCR4, anti-CD10, anti-CD11c, 

anti-PDL-1, anti-CD35, anti-CD3, and anti-CD13 fluorescent antibodies in FACS staining 

buffer on ice. The cells were then stained with Fixable Viability Stain 510 (BD) in PBS on ice. 

Samples were analyzed on an LSRFortessa flow cytometer (BD). The results were analyzed 

using FlowJo software (FlowJo, LLC, Ashland, OR, USA).

For analysis of proliferation, immediately after aspiration and filtration a sample of bone 

marrow cells was treated with FACS™ Lysing Solution (BD) to lyse the erythrocytes and fix 

the leukocytes. Cells were washed, incubated with anti-CD66b, anti-CD11b, anti-CD16 and 

anti-Ki67 antibodies, and washed again. Shortly before analysis on an LSRFortessa flow 

cytometer (BD) propidium iodide was added to the cells to quantify DNA content.

Neutrophil morphology

Cytospin slides were prepared to confirm the identity of the sorted populations by 

morphological assessment. After May-Grünwald-Giemsa–staining neutrophil nuclear 

morphology was determined by manual counting. An Axioskop 40 microscope (Zeiss, Jena, 

PSM 20180205 Proefschrift Erinke van Grinsven BW.indd   141 01-03-19   12:42



142

Chapter 7 | Neutrophil progenitor kinetics in human bone marrow

Germany) was used with a 100x oil immersion objective. A separation between nuclear 

lobes was defined as the connection between lobes being less than one third of the width 

of the adjacent lobes. Progenitors, recognized by nuclear morphology and blue cytoplasm, 

were counted as having one nuclear lobe.

Measurement of deuterium enrichment by GC-MS

From the sorted cell populations the DNA was isolated with the NucleoSpin Blood kit 

(Macherey-Nagel, Oensingen, Switzerland) according to the manufacturer’s instructions. 

The DNA samples were stored at -20°C until GC-MS measurement. The deuterium enrichment 

in the DNA was measured according to a protocol described before19, 22. In short, the DNA 

was enzymatically hydrolyzed to deoxyribonucleotides, derivatized to PFTA derivatives, and 

analyzed with a combination of gas chromatography and mass spectrometry (GC-MS) with 

selective ion monitoring (SIM). The measurements were performed at m/z ratios 435 (M+0, 

unlabeled) and 437 (M+2, labeled). Because for purine nucleotides the contribution of the 

salvage pathway is much lower than for pyrimidine nucleotides only the deoxyadenosine 

derivatives were measured23. Deoxyadenosine is mostly synthesized de novo and is thus 

more likely to derive from 2H-glucose. 

The obtained m/z ratios were calibrated against a standard range of known enrichment 

to calculate the percentage enrichment. The results in this chapter were corrected for 

background levels of deuterium (0% enrichment) but were not yet corrected for recycling of 

label through the nucleotide salvage pathway or for interdonor variability in label availability.

RESULTS

Identification of the progenitor stadia of the neutrophil by flow cytometric analysis

From 12 healthy volunteers three consecutive bone marrow samples were obtained, each 

aspiration separated by one week. During granulopoiesis in the bone marrow, the maturing 

neutrophil obtains its characteristic granulation and nuclear segmentation (Fig. 1A), 

and the expression levels of multiple surface markers gradually change. Flow cytometric 

analysis of the surface markers distinguished the maturation stadia of promyelocyte, 

myelocyte, metamyelocyte, banded neutrophil, and mature neutrophil in the bone marrow 

(Fig. 1B). After flow cytometric sorting the identity of the populations was confirmed by 

morphological assessment under the microscope (Fig. 1B). 

The second bone marrow sample (BM2) was obtained 4 h after the induction of 

experimental endotoxemia. Blood samples obtained in parallel confirmed that the CD62Llow 

neutrophils in the circulation during experimental endotoxemia showed a hypersegmented 

morphology compared to CD62Lhigh neutrophils (Fig. 1C), as shown before (Chapter 4). The 

CD16highCD62Llow neutrophils from the bone marrow did not present with hypersegmentation 
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of the nucleus during homeostasis, but did acquire relative hypersegmentation during 

experimental endotoxemia (Fig. 1C).

Endotoxemia changed the composition of the neutrophil compartments in bone 

marrow and blood 

Using the gating strategy displayed in Fig. 1B, the relative numbers of the different 

neutrophil stadia were quantified (Fig. 2A,B). Promyelocytes were the least abundant cell 

type in the neutrophilic lineage, while the percentages of myelocytes and metamyelocytes 

were both about twice as high. In homeostasis (BM1) the most abundant neutrophilic cell 

in the bone marrow was the mature, CD16highCD62Lhigh neutrophil at 29.0 ± 6.0 % (mean ± 

SD) of the neutrophilic lineage. In the circulation mature neutrophils were predominant in 

homeostasis (BL1 in Fig. 2B).

During experimental endotoxemia banded and CD62Llow neutrophils were observed in 

the circulation (BL2 in Fig. 2B) as previously described (Chapter 4). Also in the bone marrow 

(BM2) the percentages of banded and CD62Llow neutrophils increased compared to the 

mature neutrophils (Fig. 2A). Probably part of the mature neutrophils downregulated CD62L 

in response to inflammatory signals. In addition, mature neutrophils may be preferentially 

recruited from the bone marrow to the blood upon inflammation. One week later (BM3 & 

BL3) the percentages had normalized to the baseline levels. In the BL3 samples there was a 

trend for higher percentages of CD62Llow neutrophils but the differences with BL1 did not 

test statistically significant.

The absolute leukocyte concentration in the bone marrow aspirates varied widely and 

was not regarded as a reliable readout of leukocyte concentration in the bone marrow in 

vivo (Fig. 2C). The concentration in the aspirate was not linked to the time point of aspiration 

or the experimental group. 

The kinetics of deuterium enrichment in homeostasis

The healthy volunteers received deuterated glucose at different time points relative to 

the first bone marrow aspiration to obtain the kinetics of the deuterium label over time 

(Fig. 3A). For every time point, ranging from 1 to 9 days after the labeling procedure, two 

volunteers were sampled. The samples of day 1 and day 8 after labeling were obtained from 

the same two donors by repeated bone marrow sampling, and the same accounted for the 

samples of day 2 and day 9 after labeling.

The different stadia of the neutrophilic lineage were sorted with the gating strategy 

shown in Fig. 1B and the DNA was isolated. Within each cell population the deuterium 

enrichment was determined as the fraction of deuterium-labeled DNA of the total amount 

of DNA. As expected, shortly after the labeling procedure the label was only detected in 

the DNA of the mitotic pool (promyelocytes and myelocytes). On day 3 after labeling, the 

metamyelocyte population also contained labeled cells. Clearly, labeled promyelocytes 
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and myelocytes had differentiated and had advanced into the post-mitotic pool. On day 

4 after labeling, labeled cells had also advanced into the banded stadium. On day 6, the 

mature population in the bone marrow contained a small percentage of labeled cells, as did 

the mature populations in the circulation and oral cavity. On day 8 the enrichment of the 

mature neutrophils had increased, to similar levels in all mature populations. The CD62Llow 

population showed an enrichment curve very similar to the CD62Lhigh mature population. As 

is also shown for these two populations in blood18, the downregulation of CD62L was not 

correlated to cellular age. Together, Figure 3A clearly shows that the label was forwarded 

while cells proceeded through the post-mitotic differentiation steps in the neutrophilic 

lineage. 

There did not appear to be a chronological advance of label from the promyelocytes 

to the myelocytes, even though these are described as sequential stadia. Nonetheless, the 

observed curves are simplified versions of the in vivo curves with a resolution of 1 day.

Figure 2: The relative abundance and the phenotype of neutrophil stadia in the bone marrow and blood
A: Relative abundance of neutrophil populations in the bone marrow aspirates, expressed as percentage of all 
cells in the neutrophil lineage (CD66b+CD15+; see Fig. 1B). The three bone marrow aspirations BM1/2/3 were 
acquired with 7 days apart. B: Relative abundance of neutrophil populations in the blood samples, expressed 
as percentage of all cells in the neutrophil lineage (CD66b+CD15+). “Progenitors” here represents the sum of 
the promyelocytes, myelocytes and metamyelocytes. The three blood samples were drawn simultaneously 
with the bone marrow aspirations. C: Total leukocyte concentration of the filtered bone marrow aspirates, as 
counted on an automated hematology analyzer. Line is median.
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Figure 3: Kinetics of deuterium enrichment during homeostasis
A: Deuterium enrichment in the DNA of the sorted cell populations, expressed as the percentage of labeled 
DNA over total DNA. Twelve healthy subjects received a 6,6-2H-glucose pulse over the course of 6 h, and 1, 2, 3, 
4, 5, 6, 8, or 9 days later bone marrow, blood and oral rinse were sampled. Neutrophilic populations were sorted 
from the BM1, BL1, and oral rinse samples of the 12 donors, as well as from the BM2, BL2, and oral rinse samples 
of the 4 donors in the Placebo challenge group. Thus, a maximum of n = 16 measurements was obtained 
per celltype. The enrichment was measured by GC-MS and corrected for background levels of deuterium (0% 
enrichment). Mean with range, per time point n = 1-2, so the tips of the error bars represent both data points. 
B: Deuterium enrichment multiplied by the abundance of the cell population, which should represent the 
“absolute amount” of deuterium label in each cell population. The enrichment of each sorted bone marrow 
population, as depicted in Figure 3A, was multiplied by the relative abundance of this population, as depicted 
in Figure 2A, in the corresponding bone marrow aspirate. C: The sum of deuterium label in all bone marrow 
populations. Per bone marrow aspirate the amount of deuterium label presented in Figure 3B was added up, 
which should represent the total amount of label present in the neutrophil lineage in the bone marrow. D: 
Percentage of actively proliferating cells in the bone marrow aspirates, measured in flow cytometry. Bone 
marrow cells were fixed immediately after aspiration. Promyelocytes, myelocytes and mature neutrophils were 
distinguished based on CD66b, CD11b and CD16 staining. Lymphoid cells were distinguished based on forward 
and side scatter characteristics. Proliferating cells were recognized as positive for Ki67 and having >2n DNA 
content based on propidium iodide fluorescence intensity. The results from BM1, BM2 and BM3 aspirates did 
not show differences and were therefore pooled. 
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Because the enrichment was measured as the fraction labeled DNA of the total DNA, it 

is important to take the population size (i.e. the total amount of DNA) into account to fully 

understand the enrichment kinetics. For example, when labeled cells transit from a smaller 

to a larger population, the label is diluted. While the absolute number of labeled cells does 

not change, the percentage enrichment decreases. The flow cytometry analysis suggested 

that the bone marrow populations were not equal in size (Fig. 2A). Therefore it was highly 

surprising that the different populations reached similar enrichment levels (Fig. 3A). To 

visualize this contradiction the percentage enrichment in each population was multiplied 
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by the relative abundance of this population in the respective sample (the percentages 

from Fig. 2A). In this way the “absolute amount” of label could be compared between the 

populations in the bone marrow (Fig. 3B).

Figure 3B clarifies that the amount of label entering the myelocyte population between 

day 1 and 2 was larger than the amount of label present in the promyelocyte population 

on day 1. The enrichment in the promyelocytes could have peaked in between day 1 and 2, 

which was missed in the measurements. Even if the efflux of label from the promyelocytes 

would be large enough to sustain such a large influx into the myelocytes, in the meantime 

the enrichment of the promyelocytes increased between day 1 and 2, which seems 

impossible after a pulse of only 6 h. Furthermore, Figure 3B clarifies that the amount of label 

in the mature population in the bone marrow was inexplicably high. The label entering 

the mature population from day 6 onwards must have passed the preceding stadia in the 

preceding days. In other words, the area under the curve (AUC) for each population should 

be equal. Instead the AUC of the mature population seemed to exceed the AUC of any of 

the preceding stadia, suggesting that the mature population received more label than the 

preceding stadia were transmitting. These surprising results are visualized more clearly by 

plotting the sum of label per bone marrow sample (Fig. 3C): the total amount of label in 

the total neutrophilic lineage seemed to increase between day 1 and 2, and between day 

4 and 9.

A possible explanation for the increase in label between day 1 and 2 is an unknown 

source that transfers label into the mitotic pool. Such a source may be found in a precursor 

of the promyelocyte. In this case the label measured on day 1 could be mostly the label 

that the promyelocytes incorporated during the pulse, whereas on day 2 this label was 

supplemented with new label coming from the precursor. These precursors like the common 

myeloid progenitor (CMP) and the granulocyte-monocyte progenitor (GMP) constitute very 

small populations in the bone marrow (0.28% and 0.05% of mononuclear cells8, 24). Hence, 

the population should be very highly enriched to hold enough label to increase enrichment 

in the much larger promyelocyte population. In contrast, our preliminary data suggested 

the maximal enrichment in the GMP population was 2%, no higher than the enrichment in 

the promyelocytes population (K. Tesselaar, unpublished results).

Alternatively, the unknown source of label was present in the promyelocytes, but not 

in those promyelocytes collected by bone marrow aspiration. The bone marrow is known 

to contain specific niche structures that accommodate specific cell types, and proliferating 

neutrophil progenitors have been described to cluster together22. Possibly, the aspiration 

did not dislodge the most actively proliferating, and therefore most highly labeled, 

subpopulation of the promyelocytes. If the aspiration and/or subsequent filtering step 

preferentially collected promyelocytes from the resting pool, the measured enrichment 

was an underestimation of the in vivo enrichment of the total promyelocyte pool. Indeed, 

the percentage of promyelocytes that was actively proliferating, as shown by positive Ki67 
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staining and >2n DNA content, was small in the bone marrow aspirates (Fig. 3D). Mainly 

collecting and measuring resting promyelocytes could explain the apparent increase in 

enrichment between day 1 and 2. On day 2 the cells that had been proliferating during 

the pulse (on day 0), i.e. labeled cells, were more likely to have finished proliferation and 

to have left the niche than on day 1. If these resting promyelocytes were nearing the end 

of the promyelocyte stadium and the beginning of the myelocyte stadium, it could also 

explain why the promyelocytes and myelocytes show similar label kinetics instead of a 

chronological advance of label. In conclusion, the actual promyelocyte enrichment in vivo is 

expected to peak at day 0, when label is incorporated into dividing promyelocytes.

Experimental endotoxemia may accelerate granulopoiesis

The deuterium enrichment in the neutrophilic lineage was also measured during acute 

inflammation induced by experimental endotoxemia. To this end, eight of the subjects were 

submitted to a second labeling procedure, an LPS challenge, and a second bone marrow 

aspiration (Fig. 4A). The two labeling procedures were 7 days apart, as well as the two bone 

marrow aspirations (BM1 & BM2). In the BM2 samples (Fig. 4B) the enrichment peaks were 

higher than in the BM1 samples (Fig. 3A), because the label of the two labeling procedures 

accumulated. The kinetics shown in Figure 3A suggested that residual label would still be 

present in the neutrophilic lineage at 10-13 days after the first labeling procedure. Indeed, 

the mature neutrophils isolated on day 3 and 4 after the second labeling procedure (Fig. 4B) 

were still enriched, by label from the first labeling procedure. The label incorporated during 

the second labeling procedure will not yet have reached the mature neutrophil population 

on day 3 after the second labeling.

The “new” label, incorporated during the second labeling procedure, again chrono-

logically progressed from the metamyelocyte to the banded neutrophil to the segmented 

neutrophil stadium (Fig. 4B). Nevertheless, during experimental endotoxemia the 

metamyelocytes showed a narrower peak than during homeostasis. The peak in the banded 

neutrophil population was found already at day 5, whereas during homeostasis the peak 

was found at day 6 (Fig. 3A). Consequently, on day 5 during experimental endotoxemia 

the banded neutrophil population was more highly enriched than the metamyelocyte 

population, whereas on day 5 during homeostasis this was reversed. This kinetics suggested 

that during acute inflammation the labeled cells needed one day less to advance from the 

metamyelocyte to the banded neutrophil stadium than during homeostasis. The advance 

of labeled cells into the mature neutrophil population was also accelerated, considering the 

high enrichment on day 5 and 6 after the second labeling (Fig. 4B), in contrast to the very 

low enrichment on day 6 after the first labeling (Fig. 3A).
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DISCUSSION

Compartmentalization of labeled neutrophils

This study was the first to investigate the kinetics of neutrophil progenitors in human bone 

marrow using 6,6-2H-glucose as a label. Notably, for the circulatory neutrophils our results 

were similar to the results obtained in previous studies with 6,6-2H-glucose labeling (4 & 

Fig. 5A). Figure 5A shows the data of a study previously performed by our group (Tak et 

al., in preparation). Since this study used a similar study population and protocol, the two 

datasets can be combined, describing both compartments of bone marrow and circulation. 

Additionally, we searched for the first time for the CD16/CD62L neutrophil subsets in 

bone marrow. A CD62Llow neutrophil population was present in the bone marrow during 

homeostasis, but did not show hypersegmentation like the CD62Llow subset observed 

during acute inflammation. Possibly, the neutrophils acquired the hypersegmentation in 

the 4 h between LPS challenge and sampling. Alternatively, the hypersegmented subset is 

recruited from a different source towards the circulation and the bone marrow, for example 

Figure 4: Kinetics of deuterium enrichment during experimental endotoxemia
A: Schematic overview of the experimental design of the entire study. B: Deuterium enrichment in the DNA of 
cell populations sorted from samples obtained during experimental endotoxemia. The deuterium enrichment 
is expressed as the percentage of labeled DNA over total DNA. Eight healthy subjects received a second 
6,6-2H-glucose pulse over the course of 6 h, and 3, 4, 5, or 6 days later received an i.v. injection of a single dose of 
E. coli LPS to induce experimental endotoxemia. Four hours after the induction of experimental endotoxemia, 
bone marrow, blood, and oral rinse were sampled. Neutrophilic populations were sorted from the BM2, BL2, 
and oral rinse samples of the 8 donors in the LPS challenge group. Thus, a maximum of n = 8 measurements 
was obtained per celltype. The enrichment was measured by GC-MS and corrected for background levels of 
deuterium (0% enrichment). Mean with range, per time point n = 1-2, so the tips of the error bars represent 
both data points.
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Figure 5: Long-term kinetics of deuterium enrichment in 
the circulation during homeostasis
A: Deuterium enrichment in the DNA of mature, circulatory 
neutrophils (adapted with permission from the PhD thesis 
of Tamar Tak). Twelve healthy subjects were sampled on 6 
different time points, and an additional group of 20 healthy 
subjects was sampled on a single time point. The enrichment is 
corrected for recycling of label through the nucleotide salvage 
pathway and for interdonor variability in label availability. B: 
Very simplified model of the behavior of labeled cells (yellow 
bricks) in a linear conveyor belt model, at 0-20 days after 
6,6-2H-glucose labeling. The width of the column represents 
the length of each stadium; here 3 days for the (sampled) 
mitotic pool, 1 day for the metamyelocytes stadium, and 2 days 
for the banded neutrophil stadium. The in vivo mitotic pool 
represents the unknown source of extra label as described in 
the text. Percentages depict percentage enrichment in the 
population. C: Percentages derived from the model in Figure 
3B plotted over time.
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through reverse transmigration from tissue populations. Analysis of the transcriptomic 

profile of all sorted subsets from bone marrow and blood is currently being performed and 

may increase our insight into this.

The neutrophils isolated from the oral cavity had spent little time in the circulation 

between leaving the bone marrow and entering the oral cavity, since the label kinetics 

did not show a delay between the circulatory mature population and the oral neutrophil 

population. Instead, the kinetics of the mature neutrophils in the bone marrow, the 

circulation, and the oral cavity seemed highly similar. The similarity in uplabeling suggests 

that the post-mitotic pool ends with the differentiation from banded to mature neutrophil. 

Directly after this final step the mature neutrophil either remains in the bone marrow, or 

is released into the blood, or immediately relocates to tissue populations such as found in 

the oral cavity. The similar labeling kinetics of these mature neutrophil pools implies that 

the banded neutrophils of the bone marrow feed in to all these populations. If we as an 

example  assume that the mature pool in the bone marrow is three times as large as the 

total blood pool (marginated + circulatory pool), and that the lifespan of mature neutrophils 

in the blood and bone marrow is similar. Then to maintain the respective population sizes, 

3 in 4 banded neutrophils should become a mature neutrophil in the bone marrow, and 1 

in 4 banded neutrophils should become a mature neutrophil in the blood. Importantly, the 

similar uplabeling demonstrates that the choice between these locations is not dictated by 

the cellular age. 

Later in the lifecycle of the cell, mature neutrophils may exchange between locations. 

The exchange between the blood and bone marrow also seems largely unrelated to cellular 

age, since preferentially exchanging either old or young cells would have caused the 

enrichment curves to shift between the blood and bone marrow mature populations. 

From the dissimilar population size but similar enrichment peak of the three mature 

neutrophil populations (bone marrow, circulatory and oral) follows that the average lifespan 

of the three populations is similar. If all three compartments have the same death rate, the 

same percentage of dead neutrophils needs to be replaced by newly produced neutrophils 

every day. Hence, while the label passes from the banded to the mature stadium, the 

dilution or concentration factor will be the same in all three compartments. Consequently, 

the enrichment peaks of the three neutrophil populations will be the same.

The effect of acute inflammation

During experimental endotoxemia the production of new neutrophils was temporarily 

accelerated, and mature neutrophils were released into the blood after 5 days of 

differentiation instead of 6. In the 4 h between the induction of experimental endotoxemia 

and bone marrow aspiration, the neutrophilic progenitors matured and differentiated 

faster than during homeostasis. For example, they accelerated the upregulation of CD16 

expression. This was supported by the fact that in experimental endotoxemia the mature 
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population in the bone marrow contained relatively more cells with one nuclear segment 

and less cells with 4 nuclear segments than in homeostasis (Fig. 1C; compare BM1 and BM2 

mature). Accelerated maturation of myelocytes to metamyelocytes was supported by a 

relative decrease in myelocytes (Fig. 2A). In our previous study comparing deuterium kinetics 

before and after experimental endotoxemia, the evidence of accelerated maturation could 

have been missed because the enrichment of the mature neutrophils was measured on day 

5 and 7 after labeling but not on day 618.

An additional source of label

It was highly surprising that the total amount of label in the neutrophilic lineage seemed to 

increase over time (Fig. 3C). As discussed in the Results section, the increase in label could 

be explained by an additional source of label flowing into the neutrophilic lineage or by 

unequal aspiration of the proliferating vs. the resting pool. An additional source of label 

could also explain the slow downlabeling of the bone marrow compartment. Whereas the 

steep uplabeling of the myelocyte population between day 1 and 2 suggested that the 

transit of labeled promyelocytes into the myelocyte population was rather fast, the label 

in the promyelocyte population was only slowly decreasing (Fig. 3B). The amount of label 

in the promyelocytes population could be a sum of the departure as well as the influx of 

labeled cells. 

A third explanation is possible. The curves in Figure 3B are not only based on the 

percentage enrichment measured by GC-MS but also on the relative abundance of each cell 

type in the bone marrow sample as depicted in Figure 2A. Since the composition of a bone 

marrow aspirate may not be similar to the composition of the bone marrow in vivo, also 

the relative abundances of the cell types may not be representative of the in vivo situation. 

In the Results section it was already discussed that proliferating promyelocytes may be 

stuck in their niche and underrepresented in the aspirate. This would not only cause the 

percentage enrichment in the aspirated promyelocyte population to decrease, but would 

additionally cause the percentage of promyelocytes within the total number of aspirated 

leukocytes to decrease.

A main reason why a bone marrow aspirate may not accurately reflect in vivo bone 

marrow is hemodilution. Since the bone marrow is highly vascularized, the cells aspirated 

from the bone marrow stroma are likely mixed with blood upon aspiration. Since the blood 

almost exclusively contains mature neutrophils, and hardly any other cells of the neutrophilic 

lineage, the abundance of mature neutrophils in the aspirate may be an overestimation of the 

abundance in the bone marrow (Fig. 6). Indeed, bone marrow aspirates consistently contain 

a larger percentage of mature neutrophils than bone marrow biopsies25. The percentage 

of mature neutrophils in aspirates has even been used as a criterion for hemodilution 

and quality of the aspirates for diagnostics25, 26. In bone marrow biopsies the percentage 

of mature neutrophils within the neutrophilic lineage is on average 17%25. In all of our 
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samples the percentage was >17% (Fig. 2A), suggesting hemodilution regularly occurred. 

If the percentage of mature neutrophils was systematically overestimated, the percentage 

of neutrophil progenitors was systematically underestimated. Then the AUC for the mature 

neutrophils in Figure 3B was overestimated, and the AUCs for the progenitor stadia were 

underestimated. In conclusion, hemodilution could explain the apparent discrepancy 

between AUCs and the apparent increase in total amount of label between day 6 and 9 

after labeling (Fig. 3C), when label is present in mature neutrophils. 

Most likely, hemodilution as well as preferential aspiration of resting instead of actively 

proliferating promyelocytes are occurring in parallel. The first phenomenon can explain 

the apparent increase in total label between day 6 and 9, and the second phenomenon 

can explain the apparent increase in total label between day 1 and 2 (Fig. 3C). Neither 

phenomenon can explain both increases.

0 

Syringe 
1:1 mix of bone marrow and blood 

Concentration: 18 million/ml 
Percentage mature: 33.3% 

In vivo blood 
Concentration: 6 million/ml 
Percentage mature: 100% 

In vivo bone marrow 
Concentration: 30 million/ml 
Percentage mature: 16.7% 

Figure 5 

Figure 6: Hemodilution leads to an overestimation of the abundance of mature neutrophils
A simplified overview of the effect of hemodilution on the relative abundances measured in the bone marrow 
aspirate (“syringe”). Filled circles represent mature neutrophils, open circles represent other cell types within 
the neutrophil lineage. For this example it was assumed that the hemodilution is 50%, so the aspirate contains 
a mix of bone marrow and blood in a 1:1 volume ratio.
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Modeling label kinetics

Mathematical models are indispensable to interpret complex deuterium labeling datasets 

and to derive lifespan values, but have to be based on knowledge of as well as assumptions 

on the population under study. The models previously used to interpret deuterium label 

kinetics4 describe the influx and efflux of cells into a cell population by a rate pt. At every 

time point t the number of cells in the population is multiplied with factor p to describe the 

rate at which a fraction of the cells (1-p) disappear from the population. To “disappear” could 

here mean either to progress to the next stadium in the neutrophil lineage (“departure 

rate”), or to die in case of the mature neutrophil (“death rate”). Because the influx of every 

cell population should equal the efflux, this factor p can also be used to describe the rate 

at which new cells arrive into the population (“influx rate”). In these models, the influx and 

departure rates are interpreted as inherent parameters of the cell population. The value 

of p does not change, it is the same at time point t, t+1, t+2, etc. In other words, the rate pt 

equally applies to the entire cell population. When the rate pt is equally applied to any cell 

in the population, the transit from one stadium to the next is random. For example, every 

metamyelocyte in the population would have an equal chance to transit to the banded 

stadium. Whether or not a cell is labeled will not affect the value of p. This assumption is 

critical because only then the disappearance rate of the deuterium label can be used to 

calculate the value of the rate pt. In short, it is assumed that the rate at which label disappears 

from a cell population, equals the rate at which cells disappear from this cell population4. 

We agree that the influx, departure and death rates of cell populations are given 

parameters that do not change over time. However, we do not agree that the same rate 

applies to the labeled subpopulation as to the unlabeled subpopulation. Because instead of 

viewing neutrophil maturation as a random process of chance, it may be more biologically 

meaningful to view neutrophil maturation as a linear conveyor belt, as first proposed by 

Cartwright et al.27. In this model, the oldest cells of a population are the first to complete 

differentiation and advance to the next stadium. According to a “first in, first out” principle, 

the oldest metamyelocytes in the population will be the first metamyelocytes to become 

banded neutrophils. The idea that the maturity of neutrophil progenitors depends on the 

cellular age fits well with the gradual acquisition of characteristics such as CD16 expression 

and nuclear segmentation (Fig. 1B). The consequence of using this model is that the labeled 

population does not necessarily have the same chance to proceed to the next stadium as 

does the unlabeled population. For example, on day 2 after the labeling pulse, any labeled 

cells in the myelocytes population will still be young myelocytes. The enrichment measured 

in the myelocyte population as a whole is high. But because only the old myelocytes, 

which were already produced before the pulse, are ready to advance to the metamyelocyte 

stadium, zero label is transmitted to the metamyelocyte stadium. On day 3 after labeling, 

the labeled myelocytes have become one day older and some are now ready to advance 

to the next stadium. Consequently, the amount of label in the myelocytes population is 
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decreasing, and the amount of label in the metamyelocyte population is increasing. In 

conclusion, even though the departure rate of the cells is equal at any given time point, the 

disappearance rate of the label is not.

In contrast, if a random selection of myelocytes would advance to the metamyelocytes 

stadium every day, label would appear in the metamyelocytes population already on day 

1 and 2 after labeling. And if a random selection of banded neutrophils would advance to 

the mature stadium every day, label would appear in the mature population already on 

day 4 and 5 after labeling. Since both are not the case, the exponential model with the 

assumptions made by Lahoz-Beneytez et al. cannot be correct.

Applying the linear conveyor belt model to the bone marrow kinetics

The small example above on the transit between myelocytes and metamyelocytes already 

exemplified that the delay between two stadia is important in describing label kinetics with 

a linear conveyor belt model. The delay is the time a cell spends in a certain stadium before 

proceeding into the next stadium.

As has been described before4, 28, 29, our data demonstrated that the time between the 

last division in the bone marrow and the completion of neutrophil maturation is 5-6 days. 

The first time point that label could have been incorporated into the last dividing progenitor, 

the myelocyte, is on day 0. From then on the cells need >5 but <6 days to mature, because 

only on day 6 after labeling labeled cells had arrived in the mature neutrophil population 

(Fig. 3A). During this delay of 5-6 days the labeled cells have passed the mitotic pool, the 

metamyelocyte stadium, and the banded stadium. Passing three stadia in 5-6 days means 

that in at least one of the stadia the cells should spend >1 day. 

Indeed, the delay in the mitotic pool was 2-3 days, because the cells labeled during cell 

division on day 0 had only arrived in the metamyelocytes stadium on day 3 after labeling. 

The delay in the metamyelocyte stadium seemed to be only 1-2 days. On day 3 the first 

labeled cells were present in the metamyelocyte population, and on day 4 labeled cells 

had already advanced to the banded stadium. The labeled cells could have arrived in 

the metamyelocytes population anywhere between day 2 and 3 measurements, and the 

labeled cells could have arrived in the banded population anywhere between day 3 and 4 

measurements. Hence, the exact size of the delay in the metamyelocyte stadium is unsure 

but is expected to be between 1 and 2 days. 

Between the banded and mature stadium we clearly observed a longer delay. Labeled 

cells had arrived in the banded population on day 4 but did not arrive in the mature 

population until day 6 after labeling. On day 4 the spread between the two samples 

of banded neutrophils, from two different donors, was large. Notably, the one banded 

neutrophil sample showing very low enrichment was relatively contaminated with 

mature neutrophils when we checked the morphology of the sorted population under 

the microscope. This means the enrichment could have been diluted by unlabeled mature 
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neutrophils. Unfortunately, for the other banded sample measured on day 4 not enough 

cells could be sorted to prepare a cytospin, so it remains unknown why the enrichment 

in the banded population was so high compared to the other populations sorted from 

the same donor. All together it seems reasonable to assume that the banded population 

contains labeled cells on day 4 after labeling, indicating the delay in the banded neutrophil 

stadium is 2-3 days.

The linear conveyor belt model can also explain why the label in the banded population 

accumulated over the course of 3 days (day 4-6) even if the cells remained in this stadium 

for <3 days. The increase between day 5 and 6 can only be explained if the arriving cells 

brought more label into the population than the departing cells withdrew. If the label influx 

and efflux rate would have been equal every day, the enrichment of the banded population 

would have peaked after 2 days (on day 5) and would then have declined again. Similarly, the 

enrichment in the metamyelocyte population increased over the course of 2 days whereas 

the stadium lasted <2 days.

Because the banded stadium takes about twice as long as the metamyelocyte stadium, 

the banded population should also be about twice as large as the metamyelocyte population. 

If cells reside in the banded stadium for 2 days, per day half of the banded population is 

replaced. While half of the banded population is advancing to the mature population, 

these cells are replaced by the same number of metamyelocytes advancing to the banded 

population. Since the metamyelocyte stadium only lasts one day, every day the entire 

population advances to the banded population. Hence, the metamyelocyte population 

should be twice as small as the banded population. Yet, the flow cytometry analysis 

suggested that the metamyelocyte population was larger than the banded population 

(Fig. 2A). Possibly, the gating strategy used for quantification did not correspond to the 

in vivo situation. When assessed with May-Grünwald-Giemsa staining the morphological 

differences between metamyelocytes and banded neutrophils are small. But indeed the 

populations sorted as metamyelocytes seemed to also contain some cells that could be 

classified as a banded neutrophil based on morphology (data not shown). The sorted banded 

populations seemed to have higher purity. If part of the cells in the metamyelocytes gate 

should actually have been classified as banded neutrophils, the relative abundance of the 

populations was not correct. In this case, the enrichment curves of the metamyelocytes and 

banded neutrophils could shift somewhat to the left on the x-axis. But since the resolution 

of the curves is only 1 day, this shift is not expected to dramatically change the current 

results. 

The difference in population size between the banded and metamyelocytes popula-

tions is supported by the fact that the enrichment levels in both populations were equal. 

If the banded stadium is twice as long as the metamyelocyte stadium, the label will 

accumulate in the banded population. If the banded stadium lasts for 2 days, the banded 

population will contain cells with an age of between 0 and 2 days. On day 6 after labeling, 
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the banded population constitutes of cells that were located in the metamyelocyte 

population either on day 4 or 5 after labeling. Since the metamyelocyte populations on 

both day 4 and 5 contained labeled cells (Fig. 3A), the banded population contains the sum 

of the two populations as well as the sum of the label in the two populations. Consequently, 

the percentage enrichment is the same in the banded and metamyelocyte populations. If 

the banded population would have been much larger or smaller than the metamyelocyte 

population, the label would have been diluted or concentrated during the maturation step 

from metamyelocyte to banded neutrophil.

No delay was observed in the appearance of label in the different populations of mature 

neutrophils (bone marrow, CD62Llow neutrophils, circulatory, oral). Thus, after the stadium 

of mature neutrophil the next stadium on the conveyor belt is cell death. The “delay” in 

the mature population cannot be derived in a similar manner as the delay in the other 

stadia was derived, because we cannot measure when labeled cells first appear in the 

dead population. Nonetheless, several other parameters of the label kinetics in the mature 

population can be derived from the current dataset. We know the size of the daily input 

into the mature neutrophil population: about half of the banded population is advancing 

to the mature stadium on a daily basis. We also know that it is highly likely that the total 

mature population is larger than the banded population. The banded population is only 

present in the bone marrow, whereas the mature population populates all compartments in 

the body (bone marrow, CD62Llow neutrophils, blood, oral, all other tissue pools). These two 

arguments combined indicate that the delay in the mature stadium must be longer than the 

delay in the banded. To maintain a stable number of cells in the mature population while the 

input of cells is relatively low, the cells must have time to accumulate. For example, if the size 

of the mature population would be 1.5x the size of the banded population, then only one 

third of the mature population is replaced every day by influx from the banded population. 

Replacing the entire mature pool every 3 days implies that the mature neutrophils live for 3 

days. Because during these 3 days the label also accumulates in the mature population, the 

maximal enrichment ends up being similar in the banded and mature populations. These 

values are only examples, but since the mature pool is not thought to be smaller than the 

banded pool, the lifespan of the mature neutrophils needs to be at least 2 days.

Based on the rough estimates substantiated above, a very simplified overview is drawn 

in Figure 5B to illustrate our model. We used a 3-day-delay for the mitotic pool, a 1-day-delay 

for the metamyelocytes stadium, and a 2-day-delay for the banded neutrophil stadium. So 

the total time from last division to arrival in the mature population is set at 6 days. The 

preceding, unknown depot was described by a linear decay. The percentages obtained 

from this very simplified model are plotted in Figure 5C, showing that the downlabeling 

curves of the different populations would be exactly the same, whereas the uplabeling 

curves do show differences related to the time spent in each stadium (the delay). The curves 

fit the real data reasonably well, supporting a lifespan of neutrophils of at least 2 days. Of 
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course, proper modeling in which the delays and pool sizes can take on any number, instead 

of the integers used here, is expected to result in far better fits. Also, the label efflux from 

the preceding depot may be better described by an exponential decay. We aim to apply 

modeling to our data in the near future, to derive more exact estimates of the lifespan of the 

mature neutrophil.
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SUMMARY

The research presented in this thesis investigated the sources and significance of neutrophil 

heterogeneity. 

In Chapter 2 we described a novel assay to assess heterogeneity in the antibacterial 

capacity of neutrophils. In this in vitro assay, neutrophils were co-cultured with Staphylococcus 

aureus bacteria in a three-dimensional fibrin network to better mimic the in vivo conditions 

of antibacterial defense. A defect in antibacterial defense was easily detected as a decreased 

capacity to contain bacterial growth.

In Chapter 3 I quantified heterogeneity in the pH reached inside the neutrophil 

phagolyso some after phagocytosis. The intraphagosomal pH level is known to directly 

influence microbial survival and to shape the activity of various antimicrobial molecules 

in the phagolysosome. In our experiments, the yeast Candida albicans elicited a neutral 

pH inside the phagolysosome, whereas the bacterium Staphylococcus aureus elicited a 

significantly lower, acid pH. Hence, the neutrophil seems able to tune the intraphagosomal 

defense mechanisms to match the heterogeneity amongst pathogens.

In Chapter 4 we investigated whether heterogeneous neutrophil subsets exhibited 

hetero geneous migration capacity. The three neutrophil subsets found in the circulation 

upon acute systemic inflammation display functional and phenotypical heterogeneity. 

The CD16low, banded subset is characterized by superior antibacterial capacity but also by 

an immature nucleus with incomplete segmentation. We hypothesized that this relatively 

bulky nucleus would hamper neutrophil migration. However, all three subsets migrated 

with similar efficiency in in vitro models of transendothelial or interstitial migration. Notably, 

the CD62Llow, hypersegmented subset displayed reduced rear release and deposited more 

membrane vesicles.

In Chapter 5 we summarized several methods to prepare laboratory mice for intravital 

microscopy. Intravital microscopy is an important tool to study dynamic cellular processes in 

their natural environment, for example the neutrophil response at a site of infection.

In Chapter 6 we considered whether the source of circulatory neutrophil heterogeneity 

during acute inflammation may be found in neutrophil recruitment from heterogeneous 

tissue environments. A murine endotoxemia model was used to study neutrophil hetero-

geneity throughout different tissue sites and neutrophil redistribution upon acute inflam-

mation. We confirmed that acute inflammation induced a banded neutrophil subset in 

the circulation, but we did not distinguish a CD62Llow neutrophil subset comparable to the 

CD62Llow, hypersegmented neutrophil subset described in the human endotoxemia model.

In Chapter 7 we studied the kinetics of neutrophil progenitor proliferation and 

maturation in human bone marrow by in vivo 6,6-2H-glucose pulse-chase labeling. We 

argued that a linear conveyor belt model should be the model of choice to interpret this 

data. In contrast to previously published estimates, the label kinetics implied a circulatory 

PSM 20180205 Proefschrift Erinke van Grinsven BW.indd   162 01-03-19   12:42



163

 

 

 

 

 

 

 

8

General discussion | Chapter 8

neutrophil lifespan of at least 2 days. We also demonstrated that experimental endotoxemia 

accelerated neutrophil maturation. 

GENERAL DISCUSSION

Evidence of neutrophil heterogeneity

The concept that neutrophils are a homogeneous population of microbe killers has already 

been disputed over three decades ago1. In recent years neutrophil heterogeneity or 

neutrophil “subsets” have become more widely recognized, in a rapidly expanding range of 

diseases but also in other deviations from homeostasis, such as during pregnancy or after 

intense physical exercise2. With the research described in this thesis we aimed to contribute 

to the elucidation of the sources and significance of neutrophil heterogeneity. We mainly 

focused on three neutrophil subsets first described by our research group, which are found 

in the circulation upon acute inflammation evoked by experimental endotoxemia3. These 

three subsets can be separated based on their relative CD16 (FcγRIII) and CD62L (L-selectin) 

expression, and they exhibit differences in functional capacities, proteomic profile, cellular 

age, nuclear morphology and more (also see Chapter 1 of this thesis).

Notably, CD16low, banded neutrophils and CD62Llow, hypersegmented neutrophils 

have also been observed in the circulation in another form of acute inflammation: in 

patients suffering from polytrauma (Leliefeld et al., in preparation). However, preliminary 

data suggests that these trauma- evoked subsets do not show the same heterogeneity in 

antibacterial capacity as the endotoxemia- evoked subsets (Leliefeld et al., in preparation). 

This discrepancy can possibly be explained by a different distribution of the CD16low and 

CD62Llow neutrophils throughout the human body. During experimental endotoxemia, 

both the main inflammatory stimulus (LPS) and the systemic inflammatory response 

(cytokine storm) are concentrated in the circulation. The combination of these circulatory 

signals probably recruits the CD16low and CD62Llow neutrophils towards the circulation and 

influences their phenotype and function. In contrast, in polytrauma patients the neutrophils 

are probably recruited towards the trauma site(s). Possibly, the circulatory CD16low and 

CD62Llow neutrophils in polytrauma patients are on their way to the trauma site(s) and will 

acquire their final phenotype and function only upon arrival. This scenario could explain why 

circulatory CD16low and CD62Llow neutrophils in polytrauma patients do not show the same 

functionality as circulatory CD16low and CD62Llow neutrophils in experimental endotoxemia 

subjects.

The different nuclear morphology of CD16lowCD62Lhigh neutrophils compared to 

CD16highCD62Lhigh neutrophils can be explained by their maturation stage. In vivo labeling 

confirmed that CD16highCD62Lhigh, segmented neutrophils are circa 2 days older than 

CD16lowCD62Lhigh, banded neutrophils4. This result suggested that the increased nuclear 
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segmentation of CD16highCD62Llow neutrophils compared to the CD16highCD62Lhigh neutrophils 

is also a sign of increased cellular age. However, the in vivo labeling demonstrated that both 

CD16high subsets are of the same age (4 and Chapter 7), and the mechanisms underlying the 

increased nuclear segmentation have not yet been elucidated. 

In the clinic, hypersegmentation of neutrophils is defined as having ≥6 nuclear lobes 

and can be indicative of vitamin B12 or folic acid deficiency5. The mechanism linking 

hypersegmentation to such deficiencies is unknown but could be different from the 

mechanism underlying the hypersegmentation in CD62Llow neutrophils, since the latter is 

rather mild (mostly 4 lobes). A known mechanism of nuclear segmentation in neutrophils is 

the interaction between Lamin proteins and their receptors in the nuclear lamina. Mutations 

in the Lamin B receptor result in Pelger-Huët anomaly, in which neutrophil nuclei are 

hyposegmented6. However, the expression levels of the Lamin proteins or their receptors 

did not differ between the three CD16/CD62L subsets (Tak et al., unpublished results).

Chapter 4 tested the hypothesis that squeezing the nucleus through narrow pores 

during neutrophil migration would induce hypersegmentation. Our experiments with 

in vitro transendothelial migration and in vitro migration in dense collagen networks did 

not support this hypothesis. However, it could not be excluded that squeezing of the 

nucleus only induces hypersegmentation of those nuclei that are inherently susceptible. 

For the experiments in Chapter 4, all neutrophils were obtained from the circulation of 

experimental endotoxemia subjects. Possibly, all “susceptible neutrophils” had already 

obtained hypersegmentation in vivo before they were isolated for the in vitro experiments. 

Recently, the unconventional class I myosin 1f (Myo1f) has been demonstrated to be 

indispensable for nuclear deformation during neutrophil migration in three-dimensional 

collagen networks7. Also in dendritic cells myosin II was involved in deformation of the nucleus 

to allow migration in three-dimensional environments8. Interestingly, when the relative 

protein expression levels of all detectable myosin subunits were compared for the three 

CD16/CD62L neutrophil subsets, a very clear trend emerged (Fig. 1). The myosin subunits were 

expressed at a higher level in CD62Llow neutrophils than in CD62Lhigh neutrophils. Possibly, 

a higher myosin activity in CD62Llow neutrophils mediates more extensive deformation of 

the nucleus, which will then become permanent. Inherent differences in protein expression 

profile may thus underlie the differences in nuclear morphology, although the cause-effect 

relationship remains to be established.

Besides the hypersegmentation, the initial publication by our group also reported that 

the CD62Llow neutrophil subset suppressed T cell proliferation3. The CD16low and CD62Llow 

subsets were isolated from experimental endotoxemia subjects and were co-cultured with 

PBMC in vitro. Only the CD62Llow subset significantly suppressed T cell proliferation, measured 

as a reduced incorporation of 3H-thymidine into the PBMC. However, my experiments with 

another commonly used technique, CFSE dilution, did not reproduce these results (Fig. 2). 

Notably, in the CFSE experiments T cell suppression was observed for all three subsets, if the 
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Figure 1: Relative protein expression levels of all detectable myosin subunits in the three CD16/CD62L 
neutrophil subsets
Extracted from the proteomics dataset published in 4. *p < 0.05, Friedman tests with uncorrected Dunn’s post 
hoc tests

Figure 2: T cell proliferation during 4-day co-culture with the three CD16/CD62L neutrophil subsets
The IMDM with glutamine culture medium was supplemented with either 5% HI-FCS or 5% NHS. After 4 days 
of co-culture of PBMC with sorted neutrophil subsets, proliferation of T cells was assessed by dilution of CFSE 
signal. ***p < 0.001, repeated measurements ANOVA tests with Fisher’s LSD post hoc tests
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co-culture medium was supplemented with 5% FCS (fetal calf serum; Fig. 2). If the co-culture 

medium was supplemented with 5% NHS (normal human serum) as in the Pillay et al. paper, 

none of the three subsets suppressed. Of note, the source of NHS differed (Cambrex vs. 

Sigma-Aldrich). Because culturing conditions so markedly affected T cell suppression, and 

because RPMI + FCS decreased neutrophil survival in vitro compared to RPMI + NHS (Chen et 

al., unpublished data), it is interesting to speculate that the T cell suppression observed by 

Pillay et al. can be explained, at least partly, by poor neutrophil survival in vitro. The CD62Llow 

neutrophil subset repeatedly showed decreased long-term survival in vitro relative to the 

other two subsets isolated from experimental endotoxemia subjects (average half-life in 

vitro of ca. 55 h vs 70 h; Chen et al., unpublished data). When neutrophils go into necrosis, 

they are expected to release their toxic contents into the co-culture medium and thereby 

affect T cell proliferation and/or survival. The3H-thymidin method does not distinguish 

between non-proliferating T cells or dead T cells, whereas the CFSE method excludes dead 

cells and can detect non-proliferating cells. 

Since 2012 our group has optimized the conditions for culturing neutrophils in vitro 

(Chen et al., in preparation), which may have resulted in increased survival in our CFSE + 

NHS experiments. For example, the number of cells per well was adjusted. The experiments 

of Pillay et al. were performed with 10,000 PBMC and 10,000 or 20,000 neutrophils per 

well, whereas the CFSE experiments were performed with 100,000 PBMC and 100,000 or 

200,000 neutrophils per well. This adjustment was necessary to obtain enough CFSE signal 

to analyze the dilution curve. However, we now know that both PBMC and neutrophils 

survived significantly better at this higher cell density (van Grinsven et al., unpublished 

results). Improved neutrophil survival could also explain why adding catalase or anti-CD11b 

antibody to the co-culture inhibited T cell suppression3. Catalase is a scavenger of H
2
O

2
 and 

will prevent oxidative damage to the cells9. Anti-CD11b antibody, the same clone as used by 

Pillay et al. (44a), reduces apoptosis of human, activated neutrophils in vitro10. In conclusion, 

improving in vitro culturing conditions for neutrophils could reduce their toxic effects on co-

cultured PBMC. Why the CD62Llow, hypersegmented neutrophil subset has a relatively lower 

survival in vitro is currently unknown.

The definition of neutrophil heterogeneity

Beyond the CD16/CD62L subsets discussed above, this general discussion aims to formulate 

hypotheses on the sources and significance of neutrophil heterogeneity in a broader 

perspective. Discussing neutrophil heterogeneity and neutrophil subsets raises the 

question what the definition is of a “neutrophil subset”. There is no broad consensus in 

the field on the definition of the term. It has been proposed that a true subset is defined 

by a dominant transcription factor that steers the cell towards a specific developmental 

pathway11. Although this could be a valid definition, very little is currently known on which 

transcription factors shape neutrophil behavior. For the purpose of this thesis I use the 
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definition that a neutrophil subset is a population of neutrophils with a different phenotype 

as well as a different function. Phenotype is here defined as anything related to the physical 

appearance of the cell, like nuclear morphology or the expression of surface markers (as 

measured in flow cytometry). Nevertheless, this definition of a subset is certainly open to 

debate.

A difficulty in defining neutrophil subsets is the fact that neutrophil phenotypes quickly 

and clearly change upon activation. For example, activation induces shedding of CD62L 

and upregulation of CD11b12, 13. Can we define the resulting CD62Llow, CD11bhigh neutrophil 

as a different subset from the CD62Lhigh, CD11blow neutrophil it was before? In the human 

experimental endotoxemia model neutrophils sorted for their CD16highCD62Llow expression 

form a functionally distinct subset. The differences in the proteomic profiles of the 

CD16highCD62Llow subset and the CD16highCD62Lhigh subset seem too substantial to result only 

from neutrophil activation4. Even more so because there were only three hours between 

administration of the activating stimulus (LPS) and the harvesting of the cells. It is more likely 

that the CD62Llow neutrophils originate from a distinct lineage and were already present in 

the body before administration of LPS4. On the other hand, recent evidence suggests that 

neutrophils harbor a larger capacity for transcription and translation than was previously 

thought14-17. Additionally, the differences in the proteomic profile may (partly) result from 

post-transcriptional modulation, enabling a rapid change after neutrophil activation by 

LPS15. Therefore, more research is needed to establish whether hypersegmented neutrophils 

but also neutrophil populations such as LDG and G-MDSC could represent activation states 

of the neutrophil.

As was also exemplified in Chapter 1, the G-MDSC subset is not clearly defined. Their 

decreased density and immunosuppressive capacity have been described as the only 

common factors among all the reports on G-MDSC18. Different research groups worldwide 

use different surface markers or functional assays to define G-MDSC in their study 

population19. To confirm whether the G-MDSC in two study populations are the same cell 

type and have the same functional capacity, benchmarking between labs is needed, but 

unfortunately this is not performed. To label neutrophil populations defined with different 

experimental methods all as “G-MDSC” is an oversimplification and suggests a certainty that 

does not (yet) exist. The search for a universal marker that can unambiguously distinguish 

“the” G-MDSC subset in all patients continues. To acknowledge the current uncertainties it 

would be better to abandon the name G-MDSC and similar names for now.

In contrast to well-delineated subsets like CD4+ and CD8+ T cells, neutrophil hetero-

geneity currently seems to present as a spectrum of neutrophil phenotypes that gradually 

shift into one another. Such a spectrum is for example seen in the buoyant density of fMLF-

activated neutrophils (Hassani & Hellebrekers, in preparation), as well as in CD16 and CD62L 

expression in the experimental endotoxemia model (Chapter 4). Similarly, CD11b and 

CD16 expression gradually increase during neutrophil differentiation in the bone marrow 
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(Chapter 7), and neutrophil progenitors show a gradual change in nuclear, granular, and 

cytoplasmic morphology during differentiation. When isolating the CD16low and CD62Llow 

neutrophil subsets (e.g. in Chapter 4), the gates for the flow cytometry sorting are not 

entirely contiguous and we probably isolate the extreme ends of the spectrum. Dividing the 

neutrophil spectrum into separate subsets facilitates experiments characterizing neutrophil 

heterogeneity. On the other hand, different researchers using slightly different cutoffs to 

divide the spectrum will complicate the interpretation of the experimental data.

Furthermore, the methods to isolate neutrophil subsets for functional assays ex vivo 

(FACS, MACS, density centrifugation) can directly affect the ex vivo behavior of neutrophils 

(Leliefeld et al., in preparation). Neutrophils are extremely sensitive for in vitro variables 

such as the time between blood collection and neutrophil isolation, temperature changes, 

contact with plastic labware, and the choice of the culture medium (Chapter 2). Hence, 

inconsistencies in the phenotype or function of neutrophil subsets between different 

studies may result from subtle differences in the in vitro methodologies.

Another thing to keep in mind when interpreting functional heterogeneity among 

neutrophils is that we may be studying mixed populations. The current isolation methods 

are based on surface markers or density and will often isolate a mixture of cells. Mixes 

of different neutrophil subsets may still allow experimental conclusions on functional 

heterogeneity if the divergent functionality is dominant enough, as is shown for the CD10+, 

immunosuppressive neutrophils present in G-CSF treated donors20. A pure population of 

CD10- neutrophils stimulates T cell proliferation. Yet, when a mixed neutrophil population 

contains at least 20% of CD10+ neutrophils, the population’s net effect on T cells in vitro is 

suppressive, despite the 80% of CD10-, T cell-stimulatory neutrophils. Small differences in 

the composition of mixed populations may thus severely affect experimental results.

The subtle differences in the neutrophil spectrum as well as the purity of isolated 

populations could be much better recognized with novel technologies that can now measure 

an increased number of parameters at single-cell level. The powerful new technology of 

mass cytometry extends the number of protein markers simultaneously measured per cell 

up to 40. Combining flow cytometry with single-cell transcriptomic profiling is even more 

powerful, assessing gene expression at the RNA as well as the protein marker level. 

Applying novel methods in conjunction with known methods of neutrophil 

characterization is supposed to increase our understanding of neutrophil heterogeneity. 

However, when three pioneering studies applied mass cytometry and transcriptomic 

profiling to characterize neutrophils in the bone marrow, each study confusingly created a 

novel subset, called NeuP, preNeu, or NeP21-23. These novel subsets represented neutrophil 

progenitor stages in mice21 or in both mice and humans22, 23. However, heterogeneity within 

progenitors was not addressed, and the two publications including human data made no 

attempt to align their novel subsets with the historically defined subsets of myeloblasts, 

promyelocytes, myelocytes or metamyelocytes. This lack of context makes it very difficult 

to reach a scientific consensus on neutrophil progenitor phenotypes. 
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In conclusion, it is important to recognize the limitations of compartmentalizing the 

neutrophil spectrum into separate subsets. Neutrophil heterogeneity is clearly interwoven 

with heterogeneity in experimental methods and nomenclature. Although heterogeneity 

in experimental approaches can provide us with out-of-the-box results and surprising 

discoveries, we should be wary of causing confusion more than novel scientific insights. 

Subset definitions should be benchmarked between labs, and novel technologies should 

be combined with established methods such as the analysis of nuclear morphology and 

known surface markers.

The sources of neutrophil heterogeneity

Typically, to define a human neutrophil subset, a patient group is shown to have a neutrophil 

phenotype in common that is absent in healthy donors. Due to practical reasons, the study 

of subsets is usually restricted to blood samples. Therefore, the question arises whether this 

heterogeneity in the circulation reflects mobilization from tissue locations, or, alternatively, 

differentiation of circulatory neutrophils towards a new phenotype and function. In 

other words, is neutrophil heterogeneity always present in the body, waiting to surface 

when homeostasis is disturbed? Or are neutrophils homogeneous in homeostasis and is 

neutrophil heterogeneity induced by pathogenic mechanisms?

Our research showed that a certain extent of heterogeneity is already present during 

homeostasis. As demonstrated in Chapter 3, neutrophils isolated from healthy donors 

have an inherent capability for heterogeneity. Neutrophils from the same donor responded 

differently to the phagocytosis of two different pathogens. Even within a single population 

of neutrophils phagocytosing a single population of pathogens, not every neutrophil 

responded the same. This heterogeneity in healthy neutrophil populations also appears 

from the concept of competitive phagocytosis24. This latter study by our group showed that 

even in a phenotypically homogeneous population of neutrophils isolated from a healthy 

donor, not every neutrophil is equally potent in phagocytosis24. 

In homeostasis, the murine neutrophil population in the circulation seemed 

homogeneous, but the neutrophil populations in other compartments such as the 

spleen, bone marrow, liver, or lungs had a different phenotype (Chapter 6). In Chapter 7, 

heterogeneity between anatomical sites was also observed in humans during homeostasis: 

in contrast to the circulation, human bone marrow contained CD16low, banded neutrophils 

and CD62Llow neutrophils. Thus, in homeostasis neutrophil heterogeneity may be concealed 

in locations that are not sampled, locations where neutrophil subsets remain until they are 

required. 

On the other hand, the homeostatic CD16highCD62Llow population in the bone marrow 

did not show hypersegmentation of the nucleus like the CD16highCD62Llow population 

in the circulation during endotoxemia (Chapter 7). Also, it remains to be tested whether 

both populations exhibit similar functionality. From comparing the CD16/CD62L subsets 
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between experimental endotoxemia subjects and polytrauma patients we know that when 

neutrophils possess a specific phenotype they do not necessarily possess a specific function. 

Thus, in homeostasis full neutrophil heterogeneity is possibly not yet present.

Instead, neutrophil heterogeneity may be driven by environmental stimuli. Environmental 

signals can instantaneously change neutrophils by triggering degranulation, the fusion of 

granules with the plasma membrane25. Via degranulation soluble signals are excreted and 

the composition of the plasma membrane is altered25, 26. Furthermore, neutrophils may also 

adapt their phenotype and function to the environment through regulating transcription 

and translation27. As already mentioned earlier, recent evidence suggests that mature 

neutrophils harbor a larger capacity for transcription and translation than was previously 

thought14-17. In conclusion, it seems possible that neutrophil differentiation is directed by the 

inflammatory microenvironment. In this scenario, a specific mix of environmental signals 

may trigger a specific neutrophil subset to emerge at the time and location of disturbed 

homeostasis. 

If full neutrophil heterogeneity would already exist in the body during homeostasis, 

intricate signaling mechanisms would be needed to recruit specific neutrophil subsets from 

distant storage compartments to local inflammatory sites. If full neutrophil heterogeneity 

would be induced locally, a large amount of transcription and translation in neutrophils 

would be needed in a short time period, because the neutrophil response is very rapid. 

Most likely, the emergence of subsets is due to a combination of both. Our data indicate 

that neutrophils show some degree of heterogeneity during homeostasis but have 

not yet reached their final functional heterogeneity. For example, CD16low neutrophils 

found in the circulation of polytrauma patients may be an intermediate form between 

the CD16low neutrophils found in the bone marrow during homeostasis and the CD16low 

neutrophils found in the circulation in experimental endotoxemia. Only in a profoundly pro-

inflammatory environment as found in experimental endotoxemia, the CD16low neutrophils 

might reach their full potential as superior bacterial killers.

In conclusion, neutrophil heterogeneity may find its source in different developmental 

programs during granulopoiesis, but reach its full potential under the influence of the 

complex mixture of environmental signals at the site of action. This combination could be 

optimal to ensure a rapid response to an inflammatory stimulus but prevent neutrophil 

action at an inappropriate time or location.

The significance of neutrophil heterogeneity

In almost any type of inflammatory disease, neutrophils are involved as effector cells. Hence, 

the impact of neutrophil-targeted therapies could be high. However, inhibiting neutrophils 

does harbor the risk of neutropenia and infections. Therefore, neutrophil-subset-targeted 

therapies could be even more beneficial. The ratio between the subsets could be altered 

to fine-tune the inflammatory response, for example recruiting primarily the best bacterial 
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killers to an infection site. We could recruit immunosuppressive neutrophils to sites of 

hyperinflammation and tissue damage, but inhibit them from migrating to tumor sites. 

Exogenously remodeling the neutrophil population could restore a proper balance between 

pro-inflammatory and anti-inflammatory neutrophils.

However, there may be as many neutrophil subsets as there are inflammatory diseases. 

The inflammatory micro-environment is a complex mixture of inflammatory signals that 

are specific to the inflammatory trigger, the tissue, the cell types recruited, the patient 

genotype, etc. This concept is supported by the ample evidence that neutrophils either 

stimulate or inhibit cancer progression depending on cancer type, cancer stage, patient 

characteristics, other administered therapies, etc28. Nevertheless, if a specific subset of 

circulating neutrophils will be unambiguously correlated to outcome of disease, it could act 

as a biomarker and/or as a therapeutic target29. 

In general, a new therapy is often designed with a specific patient group in mind. The 

therapeutic target is a known or suspected mediator of pathogenesis, and the efficacy of 

the therapy is first tested in this specific patient group. When the therapy proves effective, 

subsequent clinical trials will investigate whether the therapy is also beneficial in other 

patient groups with a similar pathogenesis. Similarly, if we want to translate findings on 

neutrophil heterogeneity into clinical applications, it may be wise to initially keep a narrow 

scope and focus on one group of patients at a time.

In addition, the interpretation of neutrophil heterogeneity in disease is complicated 

by our lack of knowledge on neutrophil heterogeneity in homeostasis. It remains poorly 

understood why basic parameters, such as the circulatory neutrophil count, vary widely 

between healthy donors in a non-inflammatory state30. The phenotype and the function 

of circulatory neutrophils even noticeably vary with time of day within the same healthy 

donor31, 32. This diurnal rhythm is generally not taken into account when circulatory 

neutrophils of patients are characterized. Additionally, neutrophils residing in healthy 

tissues have scarcely been described, since they are present in very low numbers and are 

not easily studied in humans33. Consequently, human neutrophils isolated from diseased 

tissues are often compared to neutrophils isolated from (healthy control) blood, obscuring 

whether a neutrophil phenotype is characteristic of disease or of the tissue location. From 

mouse models we know that neutrophils show tissue-bound heterogeneity in homeostasis 

(Chapter 6). If heterogeneity in homeostasis will be characterized more extensively, disease-

induced heterogeneity can be distinguished more easily.

We aimed to increase the knowledge on neutrophil production in homeostasis 

by studying neutrophil progenitor kinetics in Chapter 7. Importantly, our novel data 

supported a circulatory neutrophil lifespan of at least 2 days (Chapter 7), contrary to the 

short lifespan estimates published previously34. If neutrophils have a longer lifespan, they 

have an increased opportunity to integrate environmental signals. Similarly, neutrophil-

targeted therapies have an increased opportunity to modify disease. 
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Neutrophil heterogeneity could also have clinical significance in other ways. 

Chapter 3 described how neutrophils specifically tailored their defense mechanisms to the 

phagocytosed pathogen. Studying the pathogen-specific responses of the neutrophil will 

teach us which pH and which molecules in the phagolysosome are most effective for killing 

different pathogens. This knowledge may aid in designing more effective antimicrobial 

therapies.

The future of research on neutrophil heterogeneity

Quite possibly, future research will show that neutrophil heterogeneity is partially imprinted 

during homeostatic neutrophil differentiation. Transcription factors responsible for 

inducing differentiation programs may be uncovered. Novel lineage tracing techniques 

may prove of great value to track the fate of neutrophil progenitors in the bone marrow35. 

However, it will likely become clear that a sizable part of neutrophil heterogeneity is caused 

by heterogeneity of tissue factors in diverse inflammatory micro-environments. Novel 

concepts such as temporal heterogeneity and sex bias may gain more interest, since the 

literature on diurnal rhythm and gender affecting neutrophil behavior is growing36-38. 

Whether the sources of neutrophil heterogeneity lie in granulopoiesis or in local 

inflammatory processes, an increased understanding could yield new targets for therapeutic 

intervention against aberrant neutrophil responses. Currently, neutrophil-specific inhibitory 

therapies are not available. CXCR1/2 antagonists are tested in a small number of clinical 

trials and seem to have quite specific effects on neutrophils39, 40. Upon treatment with the 

antagonist, the neutrophil count in peripheral blood and sputum of patients with mild 

asthma significantly decreased40. However, the clinical benefit of the antagonist seemed 

small for asthma patients. When patients with severe asthma were treated with a CXCR2 

antagonist, there was no significant reduction in exacerbations41. Whether novel therapies 

succeed or fail in clinical trials may also teach us about the role of neutrophils in the disease 

under study.

Future research could focus more on the role of neutrophils in specific diseases and 

not only on defining “abstract” neutrophil subsets. In most chronic inflammatory diseases 

the adaptive immune system is thought to play the main role, and the role of neutrophils 

is understudied. Too often, the neutrophil is viewed as a simple bystander of inflammation 

that is not of interest to understanding the etiology of disease. The neutrophil may well be 

a bystander, but it does not negate that neutrophils can be an interesting target for disease-

modifying therapies. Even when neutrophil infiltration and activation are a consequence of 

the disease rather than the cause, inhibiting these processes may still have very beneficial 

effects for the patient. Neutrophils often outnumber the other immune cell types at an 

inflammatory site, increasing the potential impact of neutrophil-targeted therapies.
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Take home messages

The discussion points outlined in this chapter suggest that neutrophil heterogeneity is 

partially already present in homeostasis but is also induced during disease. Neutrophil 

heterogeneity in homeostasis is poorly understood, because basic parameters such as 

neutrophil production capacity and neutrophil presence in healthy tissues have been 

surprisingly understudied. In the future, fundamental neutrophil research should more 

often focus on homeostasis, since a better understanding of neutrophil heterogeneity in 

homeostasis will help explain the likely more complex neutrophil heterogeneity in disease.

In disease, neutrophils incorporate complex mixes of inflammatory signals, possibly 

explaining the wide spectrum of neutrophil phenotypes and functions. As long as 

neutrophils with similar phenotypes are found to exhibit different functions, we cannot 

define abstract neutrophil subsets. The application of novel high-parameter technologies, 

benchmarking of experimental methods and results, and standardization of nomenclature 

will all help to elucidate whether specific functions can be unequivocally attributed to 

neutrophil subsets with stable phenotypical characteristics in a spectrum of diseases.

Concurrently, translational neutrophil research should focus on thoroughly charac-

terizing neutrophil heterogeneity in specific diseases, because this could reveal novel 

molecular targets for therapeutic intervention. Connecting neutrophil heterogeneity 

to outcome of disease will increase clinical benefit and may simultaneously provide 

fundamental insights.
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In dit proefschrift zijn verschillende studies beschreven die mogelijke bronnen en betekenis-

sen van heterogeniteit van neutrofielen onderzochten. 

De “neutrofiele granulocyt” of kortweg “neutrofiel” is een witte bloedcel die als 

voornaamste taak heeft om het lichaam te beschermen tegen infecties met bacteriën of 

schimmels. Ongeveer 60 tot 70 % van alle witte bloedcellen in het bloed zijn neutrofielen. Dat 

betekent dat één milliliter bloed gemiddeld al vier miljoen neutrofielen bevat. Neutrofielen 

zijn gemakkelijk te onderscheiden van andere typen witte bloedcellen doordat ze een 

karakteristieke, gesegmenteerde celkern hebben in plaats van de gebruikelijke ronde 

celkern (zie Tabel 1). Wanneer het aantal neutrofielen in het bloed sterk daalt, of wanneer 

de functie van de neutrofielen hapert, zal een patiënt zonder behandeling snel bezwijken 

aan ernstige infecties. 

In vergelijking met andere witte bloedcellen leven neutrofielen relatief kort, op een 

schaal van uren tot dagen. Daarom moeten er continue nieuwe neutrofielen geproduceerd 

worden in het beenmerg. In het beenmerg vindt celdeling plaats, en rijpen de voorlopers van 

de neutrofiel uit tot een volwassen neutrofiel. Tijdens de uitrijping worden antimicrobiële 

moleculen aangemaakt en opgeslagen in de cellen voor later gebruik. Gradueel verandert 

de celkern van een ronde vorm naar een gesegmenteerde vorm, met meestal drie of vier 

segmenten. Als de segmentkernige neutrofielen voldoende uitgerijpt zijn verplaatsen ze 

zich naar het bloed om in het lichaam te gaan patrouilleren.

Normaal gesproken bevindt het grootste deel van de neutrofielen zich in het bloed. 

Wanneer ziekteverwekkers het lichaam binnen weten te dringen, bijvoorbeeld in een 

open wond, geven lokale cellen signalen af aan de dichtstbijzijnde bloedvaten. Passerende 

neutrofielen in het bloed ontvangen de signalen en zullen dan naar de wond toe gaan om de 

ziekteverwekkers zo snel mogelijk onschadelijk te maken. Als een neutrofiel zich verplaatst 

van een bloedvat naar de omringende weefsels wordt dat extravasatie genoemd (zie Figuur 

1A). Tijdens extravasatie passeert de neutrofiel de bloedvatwand, door tussen de cellen van 

de wand door te bewegen, of door tijdelijke openingen te maken in de cellen zelf. Daarna 

migreren ze gericht naar de ziekteverwekkers toe door middel van chemotaxis. Chemotaxis 

is celmigratie gestuurd door een oplopende concentratie van signaalmoleculen (Figuur 1B). 

Tijdens chemotaxis beweegt de neutrofiel meestal door een driedimensionale omgeving, 

gevormd door een netwerk van (collageen)vezels met daarin andere lichaamscellen en de 

ziekteverwekkers.

Wanneer de neutrofielen de ziekteverwekker hebben bereikt, kunnen ze deze herkennen 

als lichaamsvreemd doordat receptoren op de buitenkant van de neutrofiel binden aan 

moleculen op de buitenkant van de ziekteverwekker (Figuur 1C). Als de neutrofiel en de 

ziekteverwekker verbonden zijn vouwt het celmembraan van de neutrofiel zich om de 
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ziekteverwekker heen, in een proces dat fagocytose wordt genoemd. Uiteindelijk snoert het 

celmembraan zich af en vormt het binnenin de neutrofiel een compartiment, het fagosoom 

(Figuur 1C). In het fagosoom wordt de ziekteverwekker gericht aangevallen door enzymen, 

zuurstofradicalen, en andere moleculen die de ziekteverwekker doden en afbreken. 

Neutrofielen kunnen ook beschadigd weefsel en dode lichaamseigen cellen 

afbreken, om het herstel van het weefsel te bespoedigen. Ze worden ook aangetrokken 

door signalen van weefselschade, zonder dat er ziekteverwekkers aanwezig hoeven 

zijn. In een lokale ontstekingshaard in het weefsel zijn neutrofielen gewoonlijk de meest 

talrijke immuuncel, ongeacht welke prikkel heeft geleid tot de ontsteking. Een infectie of 

weefselschade zijn bonafide signalen voor de rekrutering van neutrofielen. Helaas reageert 

het immuunsysteem soms ook op prikkels die eigenlijk geen ontsteking zouden moeten 

geven, bijvoorbeeld tijdens een allergische reactie, of tijdens een auto-immuunreactie. 

Bij een auto-immuunreactie valt het immuunsysteem het eigen, gezonde lichaam aan. 

Ook dit soort ontstekingen leiden tot activering van neutrofielen. De enzymen en andere 

schadelijke moleculen die een neutrofiel bij zich draagt zullen nu gericht worden op gezond 

weefsel. De resulterende schade aan het gezonde weefsel activeert vervolgens weer nieuwe 

neutrofielen, wat kan leiden tot een vicieuze cirkel van verergerende ontsteking. In dit soort 

gevallen zouden we neutrofielen dus juist willen afremmen. Helaas zijn er momenteel geen 

therapieën op de markt die specifiek neutrofielen remmen.

neutrofiel bloedvat neutrofiel 

Extravasatie 

ontsteking 

bacterie 

Chemotaxis 

receptor 

fagosoom 

Fagocytose 
A B C 

signaalmolecuul 

! 

Figuur 1: Schematisch overzicht van belangrijke processen voor de afweer van neutrofielen tegen 
ziekteverwekkers
A: Tijdens extravasatie verlaten neutrofielen het bloedvat om naar de omliggende weefsels te migreren. 
B: Tijdens chemotaxis in de weefsels migreren neutrofielen naar een ziekteverwekker gestuurd door een 
oplopende concentratie van signaalmoleculen.
C: Tijdens fagocytose herkent de neutrofiel de ziekteverwekker en vouwt de neutrofiel zich om de 
ziekteverwekker heen (collageennetwerk niet getoond voor duidelijkheid). Het celmembraan sluit zich om de 
ziekteverwekker en vormt zo het fagosoom. 
Deze weergave is niet op schaal.
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Heterogeniteit van neutrofielen

In een gezond persoon zien alle segmentkernige neutrofielen in het bloed er grotendeels 

hetzelfde uit en gedragen ze zich grotendeels hetzelfde; de neutrofielen vormen een 

homogene populatie. Echter, als er sprake is van een acute ontsteking, bijvoorbeeld door het 

plots optreden van een infectie of weefselschade, stijgen de neutrofielaantallen in het bloed 

sterk en verandert de populatie. In het bloed komen dan verschillende typen neutrofielen 

naast elkaar voor; de neutrofielen vormen een heterogene populatie. Bij veel patiënten met 

een acute ontsteking wordt er in het bloed een grote subpopulatie, of “subset”, van onrijpe 

neutrofielen gevonden. Deze onrijpe neutrofielen zijn onder andere te herkennen aan hun 

staafvormige kern, die nog niet uit verschillende segmenten bestaat (zie Tabel 1). Daarom 

worden ze staafkernige neutrofielen genoemd, of in het Engels “banded neutrophils”. Men 

denkt dat deze neutrofielen prematuur vrijkomen uit het beenmerg, door een overvloed aan 

ontstekingssignalen in het bloed. Naast de staafkernige en de segmentkernige neutrofielen 

kunnen er tijdens acute ontstekingen ook hypergesegmenteerde neutrofielen in het bloed 

circuleren, gekenmerkt door een celkern met meer dan vier segmenten (Tabel 1).

Waarom willen we heterogeniteit in neutrofielen onderzoeken?

In mijn promotieonderzoek heb ik geprobeerd om de heterogeniteit (diversiteit) van 

neutrofielen beter te begrijpen. Wat zijn de oorzaken van heterogeniteit, hoe en waar 

worden de verschillende typen neutrofielen gevormd, en wat is de functie van de 

verschillende subsets? Maar waarom willen we dat eigenlijk begrijpen?

Uit eerder onderzoek is gebleken dat neutrofielensubsets niet alleen qua uiterlijk 

van elkaar verschillen, maar ook ieder hun eigen functie hebben in het lichaam. Zo zijn 

er subsets die de immuunreactie stimuleren, maar ook subsets die de immuunreactie 

remmen. Sommige subsets worden alleen op specifieke locaties in het lichaam gevonden, 

bijvoorbeeld in de milt. Er zijn neutrofielensubsets beschreven die de groei van tumoren 

kunnen remmen, maar ook die de groei van tumoren kunnen bevorderen. Als bekend zou 

zijn welke uiterlijke kenmerken van de neutrofiel met welke functionaliteit samenhangen, 

zouden neutrofielen uit het bloed gemeten kunnen worden om een betere diagnose te 

stellen van de patiënt. Dit kan ervoor zorgen dat prognoses of therapieën kunnen worden 

bijgesteld om een passende behandeling te bieden.

Een beter begrip van hoe heterogene neutrofielensubsets bijdragen aan ziekte en 

gezondheid, kan ook leiden tot de ontwikkeling van nieuwe therapieën. Als een bepaalde 

neutrofielensubset gecorreleerd is met een ernstiger ziekteverloop, zou het gunstig 

zijn om alleen díe neutrofielensubset te remmen met medicijnen. Het is onwenselijk om 

álle neutrofielen te remmen, omdat daarmee de kans op levensgevaarlijke infecties erg 

toeneemt. Vice versa zou het ook gunstig zijn om een specifieke neutrofielensubset te 

stimuleren indien bekend is dat deze subset in deze patiënt bijdraagt aan herstel. Inzicht in 

de heterogeniteit in uiterlijk en functie kan helpen om aangrijpingspunten te vinden voor 

nieuwe therapieën.
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Hoe onderzoeken we heterogeniteit in neutrofielen?

Als we de neutrofielheterogeniteit tijdens acute ontsteking willen onderzoeken, is het lastig 

om neutrofielen van patiënten daarvoor te gebruiken. Door het acute karakter kan niet van 

tevoren worden gepland wanneer de patiënten het ziekenhuis binnenkomen. Daarnaast 

zijn er talloze mogelijke oorzaken voor acute ontsteking, waardoor de patiëntenpopulatie 

erg gevarieerd zal zijn. Dit maakt het moeilijk om te zeggen welke factoren wel of niet een 

rol spelen in neutrofielheterogeniteit. Vanwege deze praktische overwegingen gebruikt 

onze onderzoeksgroep een gecontroleerd model voor acute ontsteking. In dit model 

krijgen gezonde proefpersonen een eenmalige injectie met lipopolysaccharide (LPS). Dit is 

een molecuul dat van nature alleen voorkomt in bacteriën. Daarom wordt de aanwezigheid 

van LPS in het bloed herkend als een signaal voor een grootschalige bacteriële infectie. 

Ook al wordt de LPS snel afgebroken in het lichaam, een paar uur lang wordt het 

immuunsysteem gestimuleerd om te reageren op de fictieve indringer. De proefpersonen 

ervaren dan ook griepachtige symptomen zoals koorts, rillen, hoofdpijn, spierpijn, etc. De 

neutrofielen reageren ook: als tijdens deze uren bloed wordt afgenomen, worden daarin 

de neutrofielensubsets gevonden die ook gevonden worden in patiënten met acute 

ontstekingen (zoals hierboven beschreven). Omdat in dit model de acute ontsteking gepland 

is, kan er ook bloed worden afgenomen vóór de injectie van de LPS, als controlemeting. Zo 

kunnen gezondheid en ziekte rechtstreeks met elkaar vergeleken worden.

Tabel 1: Overzicht van belangrijke kenmerken van de drie neutrofielensubsets beschreven in de tekst

Nederlandse naam Staafkernige neutrofiel Segmentkernige 
neutrofiel

Hypergesegmenteerde 
neutrofiel

Engelse naam Banded 
neutrophil

Segmented 
neutrophil

Hypersegmented 
neutrophil

Vorm van de celkern Staafvormig;  
hoefijzer

Gesegmenteerd;  
2-4 segmenten

Hypergesegmenteerd; 
>4 segmenten

Hoeveelheid CD16 
moleculen op 
celoppervlak

Laag Hoog Hoog

Hoeveelheid CD62L 
moleculen op 
celoppervlak

Hoog Hoog Laag

Antimicrobiële 
capaciteit

Hoog Gemiddeld Laag

Aanwezig in bloed van 
gezonde donor?

<8% van alle 
neutrofielen

Ja Nee

Aanwezig in bloed 
tijdens ontsteking?

Ja, tot 60% van alle 
neutrofielen

Ja Ja
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Met het LPS model is in de afgelopen jaren veel onderzoek gedaan naar drie verschillende 

neutrofielensubsets in het bloed (zie Tabel 1). In het laboratorium worden de neutrofielen 

uit het bloed geïsoleerd. De drie neutrofielensubsets kunnen van elkaar gescheiden 

worden op basis van twee moleculen op het oppervlak van de neutrofielen, CD16 en CD62L. 

Vervolgens kan het uiterlijk en de functie van iedere subset verder bestudeerd worden. Uit 

deze studies bleek bijvoorbeeld dat de staafkernige neutrofielen buitengewoon goed zijn 

in de afweer tegen bacteriën, beter nog dan de “normale”, segmentkernige neutrofielen. 

Daarentegen zijn de hypergesegmenteerde neutrofielen erg slecht in de afweer tegen 

bacteriën. Ze fagocyteren de bacteriën wel, maar doden ze vervolgens niet. Op dit moment 

begrijpen we nog niet goed hoe deze heterogeniteit in afweer tot stand komt. 

Om de bronnen en de betekenis van heterogeniteit in uiterlijk en functie van neutrofielen 

beter te begrijpen, heb ik onderstaande studies uitgevoerd.

SAMENVATTING VAN DE STUDIES BESCHREVEN IN DIT PROEFSCHRIFT

In Hoofdstuk 2 beschrijven we een nieuwe experimentele methode die we hebben 

ontwikkeld om te testen hoe goed humane neutrofielen in staat zijn ziekteverwekkende 

bacteriën tegen te houden. Aangezien de afweer tegen bacteriën de belangrijkste functie 

van de neutrofiel is, wordt deze veelvuldig getest “in vitro”, oftewel in het laboratorium, 

buiten het menselijk lichaam. Hiervoor worden de neutrofielen en bacteriën in een 

vloeistof opgelost, waarna de oplossing geschud wordt zodat de twee geforceerd een 

interactie aangaan. Onze nieuwe methode verschilt van de oude methodes doordat deze 

de condities in het menselijk lichaam (“in vivo”) beter nabootst. In plaats van een vloeistof 

wordt een “gel” van biologische materialen gebruikt. Deze gel vormt een driedimensionaal 

netwerk waarin de neutrofielen zelf op zoek moeten naar de bacteriën via chemotaxis, net 

zoals in weefsels in vivo (Figuur 1B). Daarnaast is in deze nieuwe methode het uitlezen van 

de resultaten vergemakkelijkt door het gebruik van bacteriën die fluorescente eiwitten 

produceren. Als de fluorescentie wordt gemeten in het laboratorium, is de intensiteit van 

het lichtsignaal een directe maat voor het aantal bacteriën. Zolang het aantal bacteriën 

laag blijft, weten we dat de neutrofielen effectief de bacteriële groei remmen. Met deze 

nieuwe methode kunnen we de heterogeniteit van neutrofielen sneller en gemakkelijker 

in kaart brengen. 

Voor Hoofdstuk 3 heb ik onderzoek gedaan naar de zuurgraad, de pH, binnenin het fagosoom 

van de humane neutrofiel (Figuur 1C). We vermoeden dat tijdens fagocytose de pH in het 

fagosoom verandert, en dat de uiteindelijke pH doorslaggevend is voor het vermogen van 

de neutrofiel om een ziekteverwekker in het fagosoom te doden. Een zuur milieu (pH < 7) 

binnenin het fagosoom kan de opgesloten ziekteverwekker aantasten of zelfs direct doden. 
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Daarnaast worden sommige enzymen die de ziekteverwekker kunnen aanvallen pas actief 

bij een zure pH, dus ook zo lijkt een zure pH gunstig om een antimicrobieel milieu te creëren 

in het fagosoom. De meeste studies in andere laboratoria lieten inderdaad zien dat de pH 

in het neutrofielfagosoom zuur werd, maar sommige onderzoeken lieten zien dat de pH 

juist basisch (pH > 7) werd. De werkelijke pH in het neutrofielfagosoom was dus onduidelijk.

Uit mijn onderzoek bleek verrassend dat de hoogte van de pH afhangt van de ziekteverwekker 

die op dat moment in het fagosoom opgesloten zit. Wanneer de neutrofielen bacteriën 

(Staphylococcus aureus) fagocyteerden, werd de pH in het fagosoom al snel zuur. Maar 

wanneer de neutrofielen gistcellen (Candida albicans) fagocyteerden, bleef de pH in het 

fagosoom steken rond een neutrale waarde (pH≈7). Het lijkt er op dat de neutrofiel de 

samenstelling van zijn fagosoom aan kan passen, om zo een effectieve verdediging te 

bieden tegen elke soort ziekteverwekker. De heterogeniteit van ziekteverwekkers leidt zo 

dus tot heterogeniteit van neutrofielen.

In Hoofdstuk 4 onderzoeken we de betekenis van de heterogeniteit in kernsegmentatie, 

zoals afgebeeld in Tabel 1. We wilden weten of de vorm van de celkern invloed heeft op 

de bewegingssnelheid van humane neutrofielen tijdens extravasatie en chemotaxis (Figuur 

1A&B). Een neutrofiel moet overal in het lichaam kunnen komen en moet daarom soms 

zeer kleine openingen passeren. Sinds de ontdekking van de neutrofiel wordt algemeen 

verondersteld dat de opvallende, gesegmenteerde kern nuttig is voor de neutrofiel om zich 

door kleine openingen te kunnen wurmen. In tegenstelling tot een ronde, logge kern zou 

een neutrofiel de kernsegmenten één voor één door een opening kunnen loodsen. Deze 

hypothese was echter nog niet experimenteel bevestigd.

De staafkernige neutrofielen hebben de meest krachtige afweer tegen bacteriën, maar 

ook een kern die nog niet gesegmenteerd is (Tabel 1). Zouden deze neutrofielen daardoor 

tijdens chemotaxis achterop raken op de hypergesegmenteerde neutrofielen? Dit zou 

nadelig zijn voor de afweer tegen bacteriën, omdat de hypergesegmenteerde neutrofielen 

de bacteriën wel opeten, maar vervolgens niet doden. 

Om deze vraag te beantwoorden hebben we de drie humane neutrofielensubsets uit 

het LPS model geïsoleerd (Tabel 1). We hebben de beweging van deze drie subsets getest 

in in vitro modellen voor extravasatie en chemotaxis. In het laboratorium hebben we 

onder andere driedimensionale collageennetwerken met kleine tot zeer kleine openingen 

gemaakt, waarin we de neutrofielen hebben laten migreren. De conclusie van dit hoofdstuk 

is dat de staafkernige neutrofielen net zo goed migreren als de segmentkernige neutrofielen, 

en ze kunnen dus waarschijnlijk net zo goed een ontstekingshaard in vivo bereiken als de 

segmentkernige neutrofielen.

Om migrerende neutrofielen niet alleen in vitro maar ook in vivo te bestuderen, kan men 

kiezen voor experimenten met proefdieren. In Hoofdstuk 5 hebben we een overzicht 
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gemaakt van bestaande literatuur, om andere wetenschappers te assisteren in het 

opzetten van intravitale microscopie experimenten. In dit type experimenten worden 

cellen microscopisch bestudeerd terwijl zij zich in een levende muis bevinden, wat veel 

informatie verschaft over dynamische processen zoals celmigratie en cel-cel interacties. 

Ofwel bevinden de te bestuderen cellen zich in de huid, ofwel wordt de muis geopereerd 

om het te bestuderen weefsel bereikbaar te maken voor de microscoop. In dit hoofdstuk 

behandelen we de voor- en nadelen van verschillende benaderingen, en procedures voor 

onder andere anesthesie, pijnstilling en instellingen van de microscoop.

In Hoofdstuk 6 hebben we mogelijke bronnen bestudeerd van de neutrofielheterogeniteit 

in het bloed tijdens een acute ontsteking. We hebben de hypothese getoetst dat de 

heterogene neutrofielensubsets gerekruteerd worden vanuit verschillende, heterogene 

locaties. In een gezond persoon komen alle neutrofielen waarschijnlijk vanuit het 

beenmerg naar het bloed. Maar tijdens een ontsteking kunnen neutrofielen misschien 

ook vanuit andere organen gerekruteerd worden naar het bloed. De neutrofielen uit die 

andere organen hebben wellicht een ander uiterlijk en/of functie dan de neutrofielen uit 

het beenmerg.

Om deze hypothese te kunnen toetsen hebben we in muizen de neutrofielen in het 

bloed, het beenmerg, de milt, de lever, en de longen gekarakteriseerd en gekwantificeerd. 

Inderdaad vertoonden de neutrofielen in verschillende gezonde organen verschillende 

kenmerken. Vervolgens is in de muizen een ontstekingsreactie opgeroepen op dezelfde 

manier als in de proefpersonen: door injectie van LPS. Net zoals in mensen namen de 

staafkernige neutrofielen in het bloed toe tijdens een ontsteking. In tegenstelling tot de 

resultaten in mensen zagen we echter geen hypergesegmenteerde neutrofielen in het 

bloed van de muis. Als reactie op de ontsteking namen de neutrofielen in alle organen 

eenzelfde uiterlijk aan, waardoor we niet goed konden bepalen welke neutrofiel uit welk 

orgaan afkomstig was. In de toekomst zal daarom naar andere karakteristieken van de 

neutrofielen moeten worden gekeken om hun herkomst te kunnen onderscheiden.

In Hoofdstuk 7 beschrijven we de neutrofielproductie in het beenmerg in gezonde proef-

personen, zowel voor als na het opwekken van een ontstekingsreactie met LPS. In het been-

merg waren tijdens gezondheid al heterogene neutrofielensubsets te herkennen, terwijl 

in het bloed alleen tijdens de ontstekingsreactie neutrofielensubsets te herkennen waren.

Uit de omvang van de neutrofielproductie in het beenmerg kan met wiskundige 

modellen ook afgeleid worden wat de gemiddelde levensduur is van een gezonde 

neutrofiel in het bloed. Tot dusverre liepen de schattingen van de gemiddelde levensduur 

in het bloed uiteen van 6 uur tot 5.4 dagen. Het is belangrijk dat de levensduur van een 

gezonde neutrofiel exacter wordt vastgesteld, zodat we kunnen inschatten wat het effect 

is van therapieën gericht op neutrofielen. Ook kunnen dan eventuele afwijkingen in de 

levensduur gediagnosticeerd worden in patiënten. 
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De schattingen stammen van oude experimenten waarin radioactieve en/of anderszins 

toxische labels werden toegediend aan proefpersonen om de neutrofielen te labelen. 

Door deze labels werd de productie en/of de levensduur van de neutrofielen waarschijnlijk 

verstoord. Modernere studies gebruikten het veilige, niet-toxische label deuterium om 

neutrofielen te labelen, maar maten daarna de gelabelde neutrofielen alleen in het bloed. 

Omdat de levensduur van een neutrofiel samenhangt met de productiesnelheid in het 

beenmerg, is het heel moeilijk tot onmogelijk om het eerste te bepalen zonder kennis van 

het tweede. Wij zijn de eerste groep die na deuteriumlabeling in gezonde proefpersonen 

ook neutrofielen uit het beenmerg gemeten heeft, door middel van beenmergpuncties. 

Omdat we het beenmerg zowel voor als na het opwekken van een ontstekingsreactie 

hebben gemeten, konden we aantonen dat een ontstekingsreactie de neutrofielproductie 

in het beenmerg omhoog schroeft.

De bepaling van de levensduur in het bloed wordt beïnvloed door de keuze voor 

welk wiskundig model er gebruikt wordt om de resultaten te kunnen interpreteren. In dit 

hoofdstuk pleiten we voor het toepassen van een ander wiskundig model dan voorheen 

gebruikt werd. Dit model houdt er rekening mee dat het moment dat de neutrofiel zich 

verplaatst van beenmerg naar bloed afhankelijk is van de leeftijd van de neutrofiel. Eerdere 

modellen namen aan dat de neutrofielen die zich naar het bloed verplaatsen willekeurig 

geselecteerd worden uit de neutrofielen in het beenmerg. Een eerste voorzichtige schatting 

aan de hand van dit model levert een levensduur in het bloed van minstens twee dagen op, 

maar betere wiskundige modellen zullen binnenkort een exacter antwoord kunnen geven.

CONCLUSIE

Door de studies beschreven in dit proefschrift zijn we een stapje verder gekomen in het 

ontrafelen van waar en wanneer neutrofielheterogeniteit tot stand komt. De resultaten 

suggereren dat neutrofielen altijd een zekere mate van heterogeniteit vertonen, ook in 

gezonde personen. Waarschijnlijk splitsen neutrofielensubsets zich tijdens de uitrijping 

in het beenmerg al af. Daarnaast kunnen rijpe neutrofielen zich aanpassen op basis van 

externe signalen die specifiek zijn voor een ziekteverwekker of voor een locatie in het 

lichaam. De neutrofielheterogeniteit kan verder vergroot worden tijdens een ontsteking, 

wanneer ontstekingssignalen toegevoegd worden aan de complexe mix van signalen 

die de neutrofiel ontvangt. Neutrofielensubsets worden nu voornamelijk bestudeerd 

tijdens ziekte, maar het is aan te raden om ze ook te bestuderen tijdens gezondheid. 

Begrip van de neutrofielheterogeniteit in gezondheid zal helpen om de complexere 

neutrofielheterogeniteit in ziekte te begrijpen. Hopelijk zal dit begrip in de toekomst leiden 

tot nieuwe therapieën waarmee neutrofielen van buitenaf kunnen worden bijgestuurd en 

een verscheidenheid aan immuunziektes kan worden behandeld.
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Het proefschrift dat nu voor u ligt zou er niet gekomen zijn zonder de samenwerking met en 

de hulp van vele mensen. Daarom wil ik deze gelegenheid heel graag aangrijpen om deze 

mensen te bedanken voor hun bijdrage!

Allereerst Nienke, jou ben ik wel de meeste dank verschuldigd van iedereen. Je niet 

aflatende betrokkenheid en enthousiasme motiveerden mij enorm en beurden me op 

wanneer ik ontevreden was over mijn resultaten. Ik geloof dat ik het je niet altijd even 

makkelijk heb gemaakt, maar je bleef ongelooflijk geduldig. Het gaf extra steun dat je altijd 

bereid was om mee te denken over details in de experimentele protocollen, en om in het 

lab te staan tijdens de lange dagen/nachten van de LPS studies! Ook denk ik met een goed 

gevoel terug aan de urenlange discussies op jouw kamer over welke mechanismen onze 

data toch zouden kunnen verklaren. Maar ook op persoonlijk vlak klikten we goed, en ik kon 

met jou ook goed praten over carrièrezaken en allerlei andere onderwerpen. In zijn geheel 

heb ik ontzettend veel van jou geleerd. Ik voel me vereerd dat ik jouw eerste promovenda 

heb mogen zijn!

Leo, ook jij hebt een belangrijke rol gespeeld in de begeleiding van mijn promotietraject. 

Bedankt dat je deur altijd open stond, voor praktische hulp maar toch het liefst voor een 

nieuwe wetenschappelijke discussie. Wat ik nog het meest gewaardeerd heb is hoe je niet 

bang bent om de moeilijkste vragen te stellen, maar vervolgens ook grif toegeeft dat je er 

zelf ook niets van begrijpt. De neutrofiel wordt door veel onderzoekers vervloekt omdat het 

zo’n veeleisende cel is in vitro, maar jij hebt je liefde voor de neutrofiel definitief aan me over 

weten te dragen. Ik zal nooit meer een presentatie over T-cellen, B-cellen, DCs, etc kunnen 

zien zonder te denken “but what about the neutrophils?”.

Ook wil ik mijn dank uiten aan Prof. Suzan Rooijakkers, Prof. Linde Meyaard, dr. Kiki 

Tesselaar, Prof. Paul Coffer, Prof. Taco Kuijpers, Prof. Rob de Boer, en Prof. Henk 

Haagsman voor het beoordelen van mijn proefschrift en/of plaatsnemen in de oppositie 

tijdens mijn verdediging. 

Suzan en Kiki ook bedankt voor het plaatsnemen in mijn OIO-begeleidingscommissie. Dat 

jullie mij, Nienke, en Leo streng toespraken dat het nu toch echt wel eens tijd werd om te 

gaan schrijven heeft niet altijd concrete resultaten opgeleverd maar stelde ik toch erg op 

prijs! Kiki, jij ook erg bedankt voor de prettige samenwerking tijdens de extreme werkuren 

van de LPS-BM studie! Ik kijk er naar uit om de samenwerking op afstand voort te zetten 

voor het opschrijven van de resultaten.
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Mijn paranimfen:

Selma, bijna tegelijk begonnen en bijna tegelijk klaar, wat hebben we het ontzettend 

gezellig gehad en wat hebben we veel gelachen in de afgelopen vijf jaar! Ondanks 

dat wij op sommige punten elkaars tegenpolen zijn, hebben we gelukkig ook genoeg 

overeenkomsten en heb ik altijd heel goed met jou samen kunnen werken. Ik denk dat dat 

hele mooie resultaten heeft opgeleverd! Bedankt dat je altijd de tijd vond om mijn vragen te 

beantwoorden of data voor me op te zoeken. Ik keek met bewondering toe (en nog steeds) 

hoe jij alles combineert: hard werken, hard feesten, en heel hard rennen!

Sigrid, wat is het een geluk als je zus en beste vriendin ook nog eens medewetenschapper 

is! We kunnen altijd goed praten over de obstakels en keuzes die je tegenkomt als 

wetenschapper. Maar goed, eigenlijk kunnen wij over álles heel goed, heel veel, en heel snel 

praten. Terwijl jij ook zonder woorden als geen ander begrijpt wat mij drijft en tegenhoudt. 

Ik kijk uit naar de dag dat ook jij je proefschrift mag verdedigen in het Academiegebouw!

Het “Longenlab”: Selma, Na, Marwan, Corneli, Karin, Deon, Lei, Pien, Lucie, Pieter, 

Tamar, Roy, Lilian, Bart, Michel, Janesh, Marjolein, Lennard en Susanne. Bedankt voor 

de goede samenwerking de afgelopen jaren, jullie input tijdens werkbesprekingen, en alle 

gezelligheid tijdens lunch, borrels, Sinterklaasvieringen en nieuwjaarsdiners. Na, you are 

the sweetest person I know. Always offering your help, always considerate of other people, 

you are an example to me! Thank you so much for the good cooperation on our shared 

projects and learning me about Chinese culture. I wish you all the best in your future career 

and I hope to visit you some day in China! Marwan, bedankt voor de supersamenwerking 

tijdens de LPS-BM studie en alle boeiende discussies die daaruit voortkwamen! Met jou 

kon ik eindeloos discussiëren, een van mijn favoriete hobby’s, en niet alleen over werk. Dat 

we het vaak oneens waren maakte het juist interessant. Bedankt voor alle gezellige borrels 

en feestjes, jammer dat het er door mijn promotiestress niet méér zijn geweest! Corneli, 

bedankt voor je dappere pogingen om het lab opgeruimd en georganiseerd te houden! Ik 

kan er oprecht blij van worden als ik een nette lijst met koelkastinhoud voor me heb. Ook 

bedankt dat je zonder klagen vele cytospins voor me geteld hebt! Karin, bedankt voor je 

participatie in de Sinterklaasvieringen, met jou erbij was het nog dubbel zo grappig! Deon, 

mijn wandelende encyclopedie van (chemische) kennis, bedankt! En ook bedankt voor al je 

zelfgebrouwen biertjes die ik heb mogen proeven. Pien, bedankt voor je droge humor en je 

vermogen om overal een relaxte sfeer te creëren. Pieter, Tamar, Lei, bedankt dat jullie me 

in het begin wegwijs maakten in het lab en in de neutroprotocollen! Lucie, thank you for the 

many experiments you performed meticulously and perfectly, first as an intern and later as 

a junior researcher. I’m glad that you dared to come back after your internship, apparently 

Nienke and I did something right at least. I’m sure you will rock your PhD in Paris!
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Alle studenten met wie ik in de afgelopen jaren heb samengewerkt: Joëlle, Koen, Mo, 

Lucie, Josse, Fabiënne, Tom vdM, Tom V, en Suus. Bedankt voor jullie bijdrages aan dit 

proefschrift! Ik heb er altijd veel plezier in gehad om jullie te begeleiden en ik heb er veel 

van geleerd. Ik hoop maar dat ik jullie ook iets heb kunnen leren. Joëlle, bedankt voor alle 

protocollen die je me geleerd hebt in de eerste maanden van mijn promotietraject! Koen, 

bedankt voor de uitnodiging om mijn onderzoek te presenteren bij de HU. Fabiënne, 

bedankt dat je in de Ekko zei “dat je zo blij was dat je zo’n coole begeleider had”, ook al 

voelde ik me toen wel ongelooflijk oud…!

My roomies over the years: Willemijn, Tiago, Wilco, Sytze, Na, Abhi, Marwan, and Nila. 

Thank you for both the fun times as well as the focused times. If every chair was occupied 

but everyone was completely silent, apart from an occasional hum of surprise or satisfaction 

at experimental results, I felt very motivated to work hard. But I most certainly also enjoyed 

the movie recommendations, nonsense conversations, and nerdy science memes that we 

exchanged! Willemijn, bedankt voor het verzorgen van de klassieke muziek in de kamer, 

ook wanneer je het zelf niet door had! Abhi, thank you for being impressed with my 

mediocre microscopy movies and for helping me with Python stuff! Nila, bedankt voor de 

rollende ogen die we konden uitwisselen als de mannen weer eens bezig waren!

Andere LTI collega’s en oud-collega’s: Rianne, Marlot, Janneke, sweet Maarten, 

cowboy Maarten, Sjors, Francesca, Michiel, Lucas, Mariona, Luuk, Ruben, Sarah, Lotte 

S, Lotte N, Arjan, Barbara, Julia, Judith, Alsya, Sjanna, Doron, Nienke, Ana, Gerrit, 

Sigrid, Pien, Jeroen, Lieneke, en vele anderen! Bedankt voor het uitlenen van reagentia, 

voor de heerlijke creaties tijdens cake-om-de-week, en voor alle gezelligheid tijdens borrels, 

paaseizoektochten, kerstdiners, GT avonden, en gewoon zomaar op het lab! Pien en Jeroen, 

bedankt voor jullie ondersteuning van de vele Aria sorts en de professionele wijze waarop 

jullie de core facility runnen! Lieneke, bedankt voor je hulp als ik weer eens met de confocal 

aan het worstelen was.

Daarnaast wil ik al mijn co-auteurs bedanken voor de prettige samenwerkingen en de 

daaruit volgende mooie artikelen! Guus, Niklas, wat hebben jullie kneiterhard gewerkt in 

het Radboud! Bedankt voor de soepele communicatie en voor de flexibiliteit als wij onze 

protocollen weer eens iets hadden aangepast. De LPS-BM studie was het perfecte voorbeeld 

van hoe je als wetenschapper samen sterker staat dan alleen!

Ook buiten het lab heb je hulp en steun nodig om een promotietraject naar tevredenheid 

af te ronden.
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Lieve BMW chickies: Anne, Eline, Esther, Janneke, Judith, en Kirsten. Eindelijk, als 

zevende en laatste van onze groep, ga ik nu dan ook promoveren! Bedankt dat jullie allemaal 

voorbeelden en referentiepunten voor me zijn geweest in de afgelopen jaren, maar vooral 

hele goede vriendinnen! We konden eindeloos kletsen over de ups & downs van het leven 

als promovenda. Carrièrekeuzes, frustraties over begeleiders of reviewers, ervaringen met 

de begeleiding van studenten, onze onvrede met “het systeem”, en nerdy grapjes (onze 

Whatsappgroep heet niet voor niets de “Supermooienerdenappgroep”…)! Soms ging het 

misschien iets teveel over werk… maar gelukkig was er ook aandacht voor ontspanning 

met wijntjes, saunabezoeken, en acts bedenken voor elkaars trouwfeesten! (ik beloof dat 

jullie ooit nog een keer mogen voor mij en Dennis!) Anne, bedankt voor je nuchterheid en 

relativeringsvermogen, dat heeft me gesteund op moeilijke momenten. Ik vind het jammer 

dat ik niet in de buurt ben wanneer jullie aan je volgende en tot nog toe grootste uitdaging 

beginnen, maar ik heb er alle vertrouwen in dat dat helemaal goed gaat komen! Janneke, 

na HP-BMW, het NWO I&I programma, het LTI, puzzelen over de afronding van onze PhD… 

nu allebei emigreren voor een postdoc in het buitenland! Helaas wel met een grote oceaan 

ertussen, maar ik denk dat we nog lang ervaringen zullen blijven uitwisselen. Wij denken 

over veel dingen hetzelfde en als ik “nog even” met jou ging kletsen op weg naar huis kon 

ik zomaar drie kwartier later nog in jouw deuropening staan met mijn jas al aan. Bedankt!

Lieve Jaarclub Calypso: Annelies, Brigit, Emmy, Iris, Jiska, Kristel, Lisette, Maaike, 

Marieke, Nicola, en Sjors. Wat ben ik blij dat wij na meer dan 11 jaar nog steeds zo’n 

hechte club vormen! Bedankt voor alle enorm ontspannen momenten die ik met jullie 

heb doorgebracht. Als ik een middag of avond van jullie kooktalenten, wijnkennis, en 

onzinverhalen mocht genieten, minstens de helft van de tijd dubbelliggend van het lachen, 

dan dacht ik geen moment aan PhD-stress of deadlines. Ook bedankt voor het proberen te 

onthouden waar mijn onderzoek ook alweer over ging, voor de lieve kaartjes en kadootjes 

(vooral de onverwachte), en voor de fantastische lustrumreis in Nepal & India die me een 

boost gaf om het laatste jaar van mijn PhD te gaan doorbikkelen!

Dames 7 van SCHC, bedankt voor de gezelligheid! Niets maakt zo goed je hoofd leeg als 

een lekker potje ballen, met een minstens even belangrijke rol voor de derde helft gevuld 

met zon, bier, en bruin fruit!

Nina, bedankt voor de lange vriendschap en de bijzondere momenten die ik met je heb 

mogen delen! Ik vond het fantastisch om je paranimf te zijn en alvast een vleugje mee te 

krijgen van “achter de schermen” tijdens een verdediging. Wanneer gaan we nou eindelijk 

samen naar Athene? ;)
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Loes, heel erg bedankt voor de prachtige cover en de tastbare herinneringen voor aan de 

muur! Ik ben erg blij dat je iets gecreëerd hebt dat lijkt op mijn hersenspinsels maar dan 

veel mooier!

Han, jij ook bedankt voor de prachtige cover, en voor al die andere keren dat ik op je kon 

rekenen in de afgelopen jaren! Het was altijd superleuk om samen met jou een feestje 

onveilig te maken, ook als onze aanhang het liet afweten ;)

Peter en Irene, bedankt voor het uitlenen van jullie appartement in Berlijn aan Sigrid en 

mij voor een schrijfretraite, het was een hele prettige werkomgeving. De introductie van dit 

proefschrift is er tot stand gekomen!

Margreet, Jan-Hein, jullie beiden bedankt voor jullie interesse in mijn onderzoek!

Simon en Marion, bedankt voor jullie gastvrijheid in Breukelen en de ondersteuning in de 

afgelopen jaren!

Theo, Maartje, wat mag ik me gelukkig prijzen dat ik twee liefhebbende “ouders” extra 

heb! Theo, bedankt voor je geïnteresseerde vragen naar mijn hypotheses en experimenten! 

Maartje, bedankt voor je geïnteresseerde vragen naar de organisatie en communicatie 

rondom de experimenten! Voor beide geldt, het aan een ander beschrijven helpt om het in 

je eigen hoofd op een rijtje te krijgen.

Stijn, dankjewel voor het proeflezen van mijn Nederlandse samenvatting! En voor het 

gezelschap tijdens Science café, speciaalbierfestivals, en familiefeestjes. We zien elkaar niet 

vaak genoeg en dat wordt nu helaas nog minder, ik hoop dat je samen met Linda snel eens 

langskomt voor een pint in Oxford!

Jur en Jisk, dankjewel dat ik met jullie nooit over werk hoef te praten maar lekker kan 

stoeien, lachen, Stef Stuntpiloten, of Mariokarten! Jur, ik vond het heel leuk om samen 

experimenten te doen in Nemo en in het WKZ, stiekem hoop ik dat je ook ooit in een lab 

zult staan net als je zussen ;)

Papa en mama, ik weet dat jullie altijd voor me klaar zullen staan voor wat dan ook, maar 

toch wil ik jullie vooral bedanken dat jullie me hebben opgevoed tot een zelfstandige, 

eigenwijze wetenschapper die ook haar eigen boontjes durft te doppen. En als ik jullie trots 

zie is dat nog een extra beloning!

Papa, dankjewel voor het doorgeven van je ambitie en motivatie om altijd naar het hoogst 

haalbare te streven, dat heeft me hier gebracht. Op naar die leerstoel! ;)

Mama, dankjewel voor het doorgeven van je nieuwsgierigheid en open blik! En op de een 

of andere manier toch de liefde voor het biomedische lab ondanks dat ik jouw tijd op het 

lab niet bewust heb meegemaakt.

Lieve Dennis, een paar regels zijn te weinig om jou te bedanken. Als iemand het volste 

vertrouwen had dat ik dit project tot een succesvol einde zou weten te brengen dan was jij 
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het wel. Dankjewel voor je zorgzaamheid, je geduld, je rust die me kalmeert als ik gestrest 

ben, je luisterend oor als ik klaag, de ontkrachting van mijn zelfkritiek, alle keren dat je voor 

me gekookt hebt… en nog veel meer. Met jou aan mijn zijde heb ik het gevoel dat ik echt 

alles aankan. Ik heb er ontzettend veel zin in om met jou het avontuur tegemoet te gaan in 

Oxford!
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Erinke van Grinsven was born on September 5, 1989, in Zevenaar, the Netherlands. After 

obtaining her Gymnasium diploma summa cum laude at the Pleincollege Bisschop 

Bekkers in Eindhoven in 2007, she started her studies at Utrecht University in the same 

year. She obtained her Bachelor’s degree in Biomedical Sciences cum laude in 2010 and 

concurrently completed the extracurricular Honors Program in Biomedical Sciences. Erinke 

continued at Utrecht University for a Master’s program in Infection & Immunity, during 

which she completed two internships. At the Faculty of Veterinary Medicine of Utrecht 

University she studied the role of the growth factor amphiregulin in helminth-induced 

immunosuppression, under the supervision of dr. Dietmar Zaiss. For her second internship 

she went to the University of Queensland in Brisbane, Australia. At the School of Chemistry 

and Molecular Biosciences she worked on characterization and application of infectious 

cDNA clones of a new West Nile virus strain, under the supervision of Dr. Judy Edmonds. 

Additionally, she wrote a thesis focusing on mechanisms of bacterial cell division and the 

implications for deposition of the complement membrane attack complex, under the 

supervision of dr. Suzan Rooijakkers.

After obtaining her Master’s degree in 2012, Erinke wrote a grant proposal in collabo-

ration with prof. Leo Koenderman and dr. Suzan Rooijakkers, proposing a PhD project 

on immune evasion by bacterial pathogens in chronic lung disease. Concurrently, she 

worked at SkinConsult B.V. as a toxicological dataminer. Although the proposal was not 

granted, Erinke received the opportunity to work under prof. Koenderman on a different 

project. In March 2014 she started as a PhD candidate under the supervision of dr. Nienke 

Vrisekoop and prof. Leo Koenderman. The results of her PhD project have been described 

in this thesis. In January 2019 Erinke has started as a postdoctoral research associate at the 

University of Oxford, in the Kennedy Institute of Rheumatology. In the group of prof. Irina 

Udalova she will further pursue her interest in unraveling the sources and significance of 

neutrophil heterogeneity, by studying the transcriptional circuitry that controls neutrophil 

heterogeneity in homeostasis and arthritic disease models.

PSM 20180205 Proefschrift Erinke van Grinsven BW.indd   192 01-03-19   12:42





Erinke van Grinsven

Sources and significance of neutrophil heterogeneity 
Erinke van G

rinsven

Sources and significance  
of neutrophil heterogeneity

PSM 20180205 Proefschrift Erinke van Grinsven OM.indd   Alle pagina's 01-03-19   13:00

UITNODIGING
voor het bijwonen van de 
openbare verdediging van  
mijn proefschrift

“Sources and significance  
of neutrophil heterogeneity”
(Bronnen en betekenis van 
neutrofielheterogeniteit)

op woensdag 10 april 2019
om 12.45 uur
in het Academiegebouw  
te Utrecht.

Ook bent u van harte 
uitgenodigd voor de 
aansluitende receptie en 
het feest in de avond.

Receptie
aansluitend op de verdediging 
Academiegebouw, 
Domplein 26, Utrecht

Feest
20.00
Grand Café Lebowksi
Domplein 17, Utrecht
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