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General Introduction 

 
General introduction 

 

Granulocytes contribute importantly to host defense, and patients with phago-

cyte defects are therefore extremely vulnerable to bacterial and fungal infections. 

Unlike long-lived lymphocytes, neutrophilic granulocytes (neutrophils) have a short 

life-span, requiring a tight relationship between supply and demand. This tight regula-

tion of their life-span is crucial since extended longevity cause some forms of inflam-

mation whereas a shortened life-span can contribute to a lack of sufficient numbers of 

neutrophils, causing a condition known as neutropenia and rendering the body prone 

to the infections.  
 

The clinical importance of granulocytes in innate host defense is best exem-

plified in the increased infection rate observed in neutropenic patients or in patients 

with genetic defects in neutrophil function, such as chronic granulomatous disease 

(CGD), in which part of the antimicrobial killing mechanisms is failing in these cells.  

In some of these conditions, the intercurrent invasive bacterial or fungal infections are 

very difficult to manage even with the use of the most modern antibiotics or antifun-

gal drugs. In such impending severe and life-threatening circumstances, the transfu-

sion of donor granulocytes to the patient has to be considered as a safe alternative 

adjuvant treatment modality. 
 

In this overview, I focus on the general biology and function of neutrophils, 

including their production in the bone marrow and release into the circulation, life-

span and apoptosis, as well as their recognition and killing of pathogens, and the pro-

duction of inflammatory mediators and cytokines by neutrophils. Full understanding 

of the life cycle and functional capacity of neutrophils will help the reader to compre-

hend the scope of this thesis, in which I will compare the phenotype and function of 

normal neutrophils with the characteristic changes of the cells used for granulocyte 

transfusions nowadays 

 

Neutrophil homeostasis:  

 

Bone marrow production  

 Neutrophils are the most abundant cell type among circulating white blood 

cells (60-70%) and constitute the first line of defense against invading pathogens 

(bacteria and fungi). The production of human neutrophils is massive, i.e. 0.8-1.6 x 
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 109 cells per kg of body weight leave the bone marrow of healthy humans every 

day.1,2 Neutrophils are terminally differentiated cells, which do no longer divide. 

They are produced solely in the bone marrow, from a small number of hematopoietic 

stem cells (HSC) in a process called granulopoiesis. 

  Differentiation of neutrophils from their proliferative myeloblastic and mye-

locytic progenitors involves a tightly regulated sequential gene expression that leads 

to the induction of certain functional capacities and the formation of various granules 

over time. These granules differ with respect to their specific protein content. These 

processes are regulated by the coordinated expression of a number of key myeloid 

transcription factors, including PU.1, CCAAT/enhancer-binding protein (C/-EBP)α, 

C/EBPβ, and growth factor independent 1 (GFI-1).3 
 

The number of mature granulocytes in the body is maintained at a constant 

amount under steady-state conditions, and the cells are released into the circulation in 

a highly regulated fashion. In fact, at steady-state, only a small fraction of the total 

bone-marrow neutrophil pool is being constantly released, whereas under stress con-

ditions, such as infection, the peripheral blood neutrophil cell count can rise signifi-

cantly by a more sudden release of a larger part of the reserve pool of bone marrow 

neutrophils. This immediate ‘emergency’ or ‘stress’ granulopoiesis is mediated by 

enhanced neutrophil release from the bone marrow and further backed up by a slower 

but more pronounced increase in granulopoiesis that may take a week to contribute 

significantly to the increased numbers of circulating neutrophils.4  

The principal cytokine regulating granulopoiesis is granulocyte colony-

stimulating factor (G-CSF). This growth factor is widely used in clinic to prevent and 

treat neutropenia as well as to mobilize neutrophils into the circulation.5,6 Detailed 

description of its action will be given later. Although many data support a primary 

role for G-CSF in granulopoiesis, it is worth noting that other hematopoietic cyto-

kines – including interleukin-3 (IL-3), granulocyte-macrophage colony-stimulating 

factor (GM-CSF) and interleukin-6 (IL-6) – also stimulate granulopoiesis in vivo.7,8 

In addition to the release from the bone marrow pool, neutrophil homeostasis 

is also influenced by the clearance of neutrophils from the circulation.9 During ongo-

ing infections, neutrophils migrate into inflamed tissue, where these cells - after hav-

ing fulfilled their duty - will undergo apoptosis and are subsequently taken up by resi-

dent macrophages.10 In the absence of infection or inflammation, circulating neutro-

phils are quickly turned over with an estimated half-life of 6-8 hours in the circulation 

followed by 1-2 days in the tissues.  Senescent or damaged neutrophils are cleared 
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 primarily by liver, spleen or bone marrow, but the mechanisms of uptake by tissue 

cells and resident macrophages are poorly understood.11 

 

 

Apoptosis  

  Clearance of neutrophils depends on the right signals for uptake by tissue 

cells and resident macrophages. Neutrophils are short-living cells that undergo consti-

tutive programmed cell death even in the absence of extracellular stimuli, in a process 

called spontaneous apoptosis. Apoptosis is required to balance basal neutrophil pro-

duction, and under inflammatory conditions it is crucial for the resolution of inflam-

mation.12 Apart from intrinsic signals (in spontaneous cell death), neutrophil apop-

tosis may also be triggered extrinsically through for example, Fas ligation, high doses 

of TNF-α or ligation of the TNF-related apoptosis-inducing ligand (TRAIL) receptor 

on senescent neutrophils.13,14-16 

As with almost any other cell type, also neutrophil cell death is characterized 

by cell body shrinkage, phosphatidylserine (PS) exposure on the extracellular side of 

the plasma membrane, vacuolated cytoplasm, mitochondria depolarization, nuclear 

condensation and internucleosomal DNA fragmentation.17,18 Importantly, neutrophil 

apoptosis is accompanied by a general decrease in cell function and proinflammatory 

capacity, which is the key to noninflammatory removal of effete cells.19,20,21 

 Neutrophil apoptosis is a very intricate cellular process tightly regulated by a 

complex network of signaling pathways. The intrinsic pathway is believed to be me-

diated through mitochondrial ROS generation, leading to loss of mitochondrial trans-

membrane potential, release of cytochrome c and apoptosis-inducing factor (AIF), 

assembly of the so-called apoptosome, subsequent activation of caspase-9 and conse-

quently activation of the effector caspase-3 (Figure 1).22,23,24 Other proteases such as 

calpains, calcium-dependent cysteine proteases, also contribute to neutrophil pro-

grammed cell death.25,26 These enzymes create an active form of the pro-apoptotic 

factor Bcl-2-associated X protein (Bax)27 and degrade the anti-apoptotic X-linked 

inhibitor of apoptosis (XIAP), an inhibitor of caspase-9.28,29 

 

 There have been several reports suggesting the importance of members of the 

Bcl-2 family in the regulation of neutrophil apoptosis. In particular, high levels of the 

pro-apoptotic Bcl-2 family members are present in normal neutrophils, a condition 

that may largely contribute to their short life-span. For instance, Bax and Bak mole-

cules are easily detectable in these terminally differentiated cells. Neutrophil apop 
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 tosis is associated with translocation of cytosolic Bax to the outer membrane of the 

mitochondria as well as with subsequent cytochrome c release and caspase-3 activa-

tion.23 Additionally, two other pro-apoptotic members of the Bcl-2 family, Bim and 

Bad, have been implicated in the acceleration of neutrophil apoptosis.30,31 Along with 

Bax, Bak, Bid, and Bim, freshly isolated neutrophils also express some anti-apoptotic 

proteins, such as Mcl-1 and A1.32,33 However, while Bax levels remain constant as 

neutrophils age in culture and enter apoptosis, Mcl-1 expression declines concomi-

tantly with the increasing level of apoptosis.33,34 

Although neutrophil apoptosis is critical for granulocyte homeostasis and the 

resolution of inflammation, many proinflammatory molecules extend PMN survival 

during the initial stages of inflammatory response. This delay in apoptosis likely pro-

motes robust early response to infection or inflammatory insult, and it increases the 

‘window’ of time during which neutrophils can be recruited to such sites and remain 

fully functional.  

Apoptosis of neutrophils in vitro can be delayed by Toll-like receptor (TLR) 

agonists, or pro-inflammatory cytokines such as G-CSF, GM-CSF, interferon-γ and 

IL-6 or by TNF-α, although TNF-α can have both anti- and pro-apoptotic effects on 

neutrophils. This bi-polar effect is concentration dependent,35 and is mediated via dif-

ferential effects on expression of Mcl-1 and A1. Low concentrations of TNF-α stimu-

late A1 expression, whereas higher concentrations trigger caspase-dependent accel-

eration of Mcl-1 turnover.36 

In conclusion, apoptosis plays an important role in eliminating such neutro-

phils from inflamed tissues without releasing hazardous intracellular contents. Apop-

totic neutrophils are phagocytosed by other cells, a process that is associated with the 

release of anti-inflammatory mediators.10 Thus, apoptosis of neutrophils controls the 

duration and the intensity of an inflammatory response and therefore prevents neutro-

phil-mediated tissue damage. 
 

 

Functional aspects of human neutrophils  

 

Motility, phagocytosis and killing  

Neutrophils survey venules and vascularized organs for signals that indicate 

the presence of invading organisms and/or host tissue injury and inflammation. Those 

circulating neutrophils can be rapidly recruited to sites of infection by host- and/or 

pathogen-derived components (such as IL-8, fMLP, LPS), which also prime these  
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 cells for enhanced microbicidal activity.37 Neutrophil priming was originally defined 

as the ability of a primary agonist such as LPS to enhance superoxide production by a 

second stimulus.38 During priming the secondary vesicles, gelatinase-containing gran-

ules, and a limited population of specific granules fuse with the plasma membrane, 

thereby enriching the neutrophil plasma membrane with receptors important for host 

defense and inflammatory responses.39 

Figure 1. Pathways involved in the spontaneous apoptosis of human neutrophils. The anti-apoptotic 

members of the Bcl-2 family exist in the mitochondria (Bcl-XL), or cytosol (Mcl-1, A1). After activation 

(e.g. cleavage by active caspase-8) or the release from their anti-apoptotic counterparts, the pro-apoptotic 

members (Bax, Bid) translocate to the mitochondria and neutralize the anti-apoptotic (Bcl-XL) members 

by oligomerization. This results in the permeabilization of the mitochondrial membrane, which in conse-

quence leads to release of apoptogenic factors such as SMAC/Diablo, Omi/HtrA2, cytochrome c, and 

AIF. Cytochrome c binds to APAF-1 to form the apoptosome resulting in the cleavage of caspase-9 and 

progression of the cascade via the effector caspases. SMAC/Diablo competes with caspase-9 and -3 for 

binding to XIAP, thus removing its inhibitory effect on these caspases. Calpains cleave XIAP, resulting 

in an increased activation of caspase-9 and -3.  
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 Neutrophils enter the sites of infection by leaving the circulation through the 

endothelial cell wall in a process called extravasation. The initial steps are mediated 

by selectins, a C-type lectin family of glycoproteins that are expressed on activated 

endothelial cells (E- and P-selectin), and also on PMNs (L-selectin, CD62L). During 

an inflammatory response the endothelial cells increase the expression of E- and P-

selectins on their surface, which consequently interact with specific ligands present 

on PMNs. L-selectin is constitutively highly expressed and interacts with specific 

ligands on endothelial cells. Those interactions facilitate rolling of PMNs along the 

surface of endothelium. Rolling is followed by firm adhesion mediated by integrins 

such as Mac-1 (CD11b/CD18)40, and subsequent neutrophil transmigration through 

endothelial cell layer into infected tissues.   

 Neutrophils bind and ingest microorganisms by a process known as phagocy-

tosis, which typically triggers production of reactive oxygen species (ROS) and the 

fusion of cytoplasmic granules with pathogen-containing vacuoles. ROS production is 

governed by an enzyme called leukocyte NADPH oxidase.41 The NADPH oxidase is 

composed of several subunits, which reside in cytosolic and membrane compartments 

in resting cells. Upon cell activation, cytosolic oxidase components translocate to the 

phagosome membrane and associate with their membrane partners to assemble the 

active enzyme complex. The formation and activation of the enzyme is regulated by 

multiple signaling events. NADPH oxidase catalyses the formation of superoxide   (O2

-), which is converted rapidly to hydrogen peroxide (H2O2) . Both those compounds are 

weakly microbicidal but may give rise to the formation of more toxic compounds.  

Formation of the phagosome includes fusion with cytoplasmic granules, which con-

tain additional microbicidal components such as myeloperoxidase (MPO). MPO cata-

lyzes the reaction between H2O2 and chloride to form hypochlorous acid (HOCl) and 

other secondary derived ROS such as OH· and singlet oxygen.  

In addition to myeloperoxidase, neutrophil primary (azurophil) granules contain sev-

eral serine proteases, such as elastase, proteinase 3 and cathepsin G, which participate 

in the non-oxidative pathway of intracellular pathogen destruction. Neutrophil elas-

tase (NE)-deficient mice are excessively susceptible to infection with Gram-negative 

(K. pneumonia and E. coli), but not Gram-positive (S. aureus) bacteria.42 NE is also 

necessary for protection against C. albicans.43 The loss of Cathepsin G alone was 

found to be without effect on the killing of various bacteria, suggesting that related 

azurophil proteases can substitute for it in vivo.44 

The combination of neutrophil reactive oxygen species and granule components is 

highly effective in killing most bacteria and fungi.45,46 
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Pattern recognition receptors and activation of neutrophils 

Innate immune responses are triggered by the recognition of conserved patho-

gen-associated molecular patterns (PAMPs) by pathogen recognition receptors (PRRs) 

expressed on innate responder cells, including macrophages and neutrophils. PRRs 

transmit signals that can lead to the expression of inflammatory cytokines and chemoki-

nes and priming of microbicidal systems, such as the production of ROS and the release 

of antimicrobial peptides. Human neutrophils express a number of PRRs, which can 

influence the activation status, cytokine secretion and the life span of those cells.   

A recently identified family of PRRs is the family of Toll-like Receptors 

(TLRs).47,48 All TLRs are transmembrane type I receptors characterized by a highly 

variable extracellular region containing leucine-rich repeat domains (LRR) for the 

binding of PAMPs and a highly conserved cytoplasmic tail responsible for signal 

transduction after receptor ligation.49 To date, 11 human TLRs have been identified. It 

has been shown that TLRs can be activated by specific PAMPs, but also by endoge-

nous proteins (alarm signals), and that the ability of specific TLRs to heterodimerize 

adds further to the diverse range of ligands that can be bound. For example TLR1, -2, 

-4, -6 and -10 bind lipids. Specifically, lipopolysaccharides (LPS) from Gram-

negative bacteria are bound by TLR4. TLR2, in combination with TLR1 or TLR6, 

binds triacyl-lipopeptides and diacyl-lipopeptides, respectively. In contrast to the 

plasma-membrane localization of the aforementioned TLRs, the so-called anti-viral 

TLRs, TLR-3, -7, -8 and -9, are endosomally localized, membrane-bound receptors. 

TLR3 binds double-stranded (ds)RNA, which is produced by many viruses during 

replication. TLR7 and -8 bind synthetic imidazoquinoline-like molecules and single-

stranded (ss)RNA. TLR9 binds bacterial and viral non-methylated CpG DNA motifs. 

In addition, a third class of TLRs has been defined, sensing protein ligands. Specifi-

cally, TLR5 binds flagellin,50 and TLR11 binds uropathogenic Escherichia coli and 

profilin.51,52,53 

Ligation of TLRs can activate multiple signal transduction pathways leading 

to the production of numerous immunologically important cytokines, chemokines and 

other effector molecules. TLR agonists induce downstream signaling events through 

one of the four adaptor molecules, namely, MyD88, MyD88-like adaptor protein 

(Mal/TIRAP), TIR domain-containing adaptor protein-inducing IFN-β (TRIF), or 

TRIF-related adaptor molecule (TRAM) (Figure 2).54 With the exception of TLR3, 

which requires the adaptor molecule TRIF, all other TLRs signal through a MyD88-

dependent pathway. TLR4 is the only one which can signal through both MyD88 and 

TRIF. Furthermore, TLR4 recruits TRIF through TRAM, which links the TIR do 
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 mains of TLR4 and TRIF. The general signaling pathway that seems to be shared by 

all members of the Toll and IL-1R families includes four essential components: the 

aforementioned adaptor protein MyD88; an additional adaptor protein TOLLIP (Toll-

interacting protein);55 a protein kinase called IRAK (IL-1R-associated kinase); and 

TRAF6 (TNF receptor-associated factor 6).56 MyD88 associates with the TIR domain 

of TLR, but it also contains the death domain that interacts with the amino-terminal 

death domain of IRAK and recruits IRAK to the receptor complex. TOLLIP lacks a 

TIR domain, but contains a C2 domain, which in other proteins is known to interact 

with membrane lipids. TOLLIP can also associate with IRAK and the TIR domains of 

the receptors, and recruits IRAK to the receptor complex, although with different ki-

netics. The functional differences between MyD88 and TOLLIP are not yet under-

stood. On recruitment to the receptor complex, IRAK is auto-phosphorylated and as-

sociates with TRAF6.57 TRAF6 induces activation of TAK1 and MKK6 (MAP kinase 

kinase 6), which, in turn, can activate NF-κB, JNK (c-Jun N-terminal kinase) and p38 

MAP kinase. 

 This activation induces the transcription of inflammatory cytokines, type I 

interferons and chemokines. Because of the complexity of the pathway, the TLR sig-

naling pathway is categorized into MyD88-dependent and TRIF-dependent path-

ways.48 

 Human neutrophils express all of the TLRs with the exception of TLR-3 and 

TLR-7.58  Stimulation of neutrophils with various TLR ligands results in the activa-

tion of their specific functions. It primes the secretion of ROS in response to stimula-

tion with the bacterial peptide fMLP. This priming involves the upregulation of flavo-

cytochrome b558 (the membrane-bound component of the NADPH oxidase) on the 

cell surface by exocytosis, and is p38 MAPK kinase dependent.  

Moreover, TLR activation leads to increased adhesion of neutrophils, induces the 

translocation of NF-κB to the nucleus and promotes production of different cytokines 

and chemokines. Recent research also shows that most TLR agonists can delay spon-

taneous apoptosis and extend the functional life-span of neutrophils. This anti-

apoptotic effect requires NF-κB and phosphoinositide-3 kinase (PI3K) activation and 

results in increased levels of Mcl-1, A1 (a member of anti-apoptotic Bcl-2 family) 

and increased phosphorylation of the pro-apoptotic protein Bad.59  
 

Production of inflammatory mediators  

Besides their main role as professional killers of invading microbes, neutro-

phils possess several functions that allow them to interact with adaptive immune cells  
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and shape the immune responses. For example, neutrophils make an important contri-

bution to the recruitment, activation and programming of antigen-presenting cells 

(APCs). They generate chemotactic signals that attract monocytes and dendritic cells 

(DCs). For instance, neutrophils can also proteolytically activate prochemerin to gen-

erate chemerin, a chemokine that attracts both immature DCs and plasmacytoid DCs. 

They can directly activate DCs by cell-cell contact, in which the specific carbohy-

 

Figure 2. Signal transduction pathways in TLR signaling. TLR4 activates the MyD88-dependent and 

the TRIF-dependent pathways, TLR3 activates only the TRIF-dependent pathway, and other TLRs act 

specifically via the MyD88 pathway. MyD88 recruits IL-1R-associated kinase-1 and -4 (IRAK1, 

IRAK4) and TNF receptor-associated factor-6 (TRAF6) upon ligand stimulation. TRAF6 activates the 

TGF-ß-activated protein kinase-1 (TAK1)/TAK-1-binding protein-1 (TAB1)/TAB2 complex. Activated 

TAK1 complex then activates the inhibitor-of-κB (IκB) kinase (IKK) complex, which catalyzes IκB 

phosphorylation and degradation by the proteasome pathway, thus allowing NF-κB to translocate into 

the nucleus. NF- B controls inflammatory responses by inducing pro-inflammatory cytokines. Activa-

tion of TAK1 leads also to activation of different MKKs (MAP kinase kinases), which, in turn, can acti-

vate JNK (c-Jun N-terminal kinase) and p38 MAP kinase. 

TLR4 also recruits TRAM and TRIF, which interact with TRAF family member-associated NF-κB acti-

vator-binding protein (TBK1), and TBK1 mediates phosphorylation of IFN regulatory factor-3 (IRF3). 

Phosphorylated IRF3 is dimerized and translocates into the nucleus to bind DNA. TRIF also interacts 

with receptor-interacting protein kinase-1 (RIP1), which mediates NF-κB activation. 



20  

Chapter 1 

 drates on CD11b engage DC-specific ICAM3-grabbing non-integrin (DC-SIGN).60 

Finally, neutrophils can also influence the proliferation and maturation of B-cells by 

secretion of BLyS.61  

Along the same lines, human neutrophils can modulate ongoing inflammatory 

or immune processes through the production of a wide variety of cytokines and 

chemokines.62 Although on a per-cell basis the production of cytokines in neutrophils 

is substantially less than that of mononuclear leukocytes, the massive number of neu-

trophils in the human body and in particular accumulating at inflammatory sites, ren-

ders these cells an important source of these proteins.  

Human neutrophils are capable of producing various pro- and anti-

inflammatory cytokines, such as chemokines and IL-1RA. 63 

The first chemokine shown to be produced by neutrophils was IL-8, a mem-

ber of the C-X-C chemokine family. Neutrophils are not only producers but also the 

primary targets of IL-8, responding to that mediator by chemotaxis, release of pro-

teins from granules, priming of the NADPH oxidase activity, upregulation of adher-

ence molecules on their surface as well as increased adherence to unstimulated endo-

thelial cells. IL-8 is also chemotactic for basophils and certain T-lymphocyte subsets. 

In addition, IL-8 causes monocytes to interact firmly with endothelial cells and may 

contribute to neovascularization.64,65 Neutrophils can produce IL-8 in response to a 

wide variety of stimuli, including TNF-α, IL-1β, IL-15, GM-CSF or various TLR 

ligands.63 

Additionally, neutrophils are able to secrete also two members of the C-C 

chemokine family, namely MIP-1α (CCL3) and MIP-1β (CCL4).66,67 These factors 

are released by neutrophils in response to various agonists, including LPS, TNF-α, 

several bacteria, fungi and related microorganism products.63 MIP-1 chemokines dis-

play extensively overlapping biological activity after binding to CCR1, CCR3 and 

CCR5, thus acting as potent chemotactic/activating factors for monocytes, macro-

phages, natural killer (NK) cells and immature DCs.68,69 Importantly, it has been re-

ported that MIP-1α and MIP-1β serve as chemoattractants for Th1 but not for Th2 

cells.70 

The ability of neutrophils to secrete MIP-1α and MIP-1β suggests that once 

these cells arrive at the inflammatory site, they not only promote further recruitment 

of neutrophils (by secreting IL-8), but also the subsequent accumulation and activa-

tion of monocytes/macrophages, immature DCs and lymphocytes.  
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G-CSF: a useful emergency trigger   

 

G-CSF is a major extracellular regulator of granulopoiesis, discovered on the 

basis of its ability to stimulate growth of neutrophil bone marrow progenitors.71,72 Se-

rum levels of G-CSF are normally below 30 pg/mL in healthy individuals. However, 

under stress conditions such as during bacterial infections, levels can rise rapidly and 

may exceed 2000 pg/ml.73 Bone marrow stromal cells constantly produce G-CSF, 

which probably allows regulation of basal production of neutrophils during steady-

state conditions.74 Moreover, G-CSF is required for the survival of the granulocytic 

lineage.75 

The high levels of G-CSF produced during infection are coupled with an in-

crease in hematopoietic growth factor activity, as judged by colony-stimulating assays 

and [3H]thymidine uptake experiments with bone marrow samples ex vivo.76 Induc-

tion of G-CSF serum levels during infection directly stimulates increased prolifera-

tion of granulocytic progenitor cells in the bone marrow. Granulocytic progenitors 

respond to G-CSF by shortening their passage through the cell cycle, and therefore 

dividing more frequently.5,77 The increased rate of proliferation in response to G-CSF 

results in an elevated proportion of early neutrophil forms in the bone marrow relative 

to the steady-state conditions.5,77 This ‘emergency’ or ‘demand-driven’ granulopoiesis 

is necessary for sustained output of circulating neutrophils during infection or G-CSF 

therapy.78,79,80 
 

In addition to its proliferation-promoting activity, G-CSF is able to induce a 

very rapid (4-24h) and sustained elevation in absolute peripheral neutrophil numbers, 

which is caused by the accelerated release of neutrophils that have undergone recent 

cell division and constitute the bone-marrow reserve pool of neutrophils.5 

G-CSF production is induced by several inflammatory stimuli that become 

rapidly elevated during infection, such as IL-1β, TNF-α or bacterial derivatives such 

as LPS.81 Therefore, pathogen-mediated activation of neutrophils via host pattern rec-

ognition receptors and LPS, and the host cytokine response to infection, serve to in-

duce high circulating levels of G-CSF. The synthesis of G-CSF is controlled via tran-

scriptional and post-transcriptional mechanisms.82,83 The GCSF promoter contains 

binding sites for NF-κB p65 and NF-IL6/C/EBPβ,84 which are well-characterized 

transcription factors that participate in many inflammatory and immune ‘stress’ re-

sponse pathways.  Additionally, the G-CSF production is regulated by interleukin-17 

(IL-17), which is produced by a subset of γδ and αβ T cells. T-cell production of IL-
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 17 is governed by IL-23, which is released from extravascular macrophages. The re-

lease of IL-23 is suppressed when macrophages ingest apoptotic neutrophils, which in 

consequence leads to a decrease in IL-17 and G-CSF levels, and in turn to a reduced 

neutrophil production.85 

G-CSF exerts its effect by binding to the G-CSF receptor (G-CSFR), which is 

expressed on cells of the myeloid lineage, with highest levels on mature neutrophils. 

G-CSF binding to its receptor triggers the activation of several intracellular signaling 

cascades, including the Janus kinase, signal transducers and activators of transcription 

(STAT), mitogen-activated protein kinase (MAPK), and PI3K pathways (Figure 3).86 

The G-CSFR also couples to pathways that negatively regulate its function, including 

those mediated by tyrosine phosphatases (e.g. hematopoietic cell phosphatase [HPC] 

or SHP-1 ) and the suppressor of cytokine signaling-3 (SOCS3) protein.87,88 Negative 

regulation of G-CSFR signaling is also accomplished by ligand-mediated internaliza-

tion and degradation of the receptor.89  

Aside from immediate signaling cascades and neutrophil responses elicited by 

G-CSF, a wide variety of G-CSF-responsive genes has been identified. Several of 

these genes encode proteins with an established role in cellular proliferation and/or 

myeloid biology, including Mac1 (CD18/CD11b), and IgG receptors FcγRII (CD32)  

and FcγRIII (CD16),  which are important for neutrophil function.90,91 Other respon-

sive genes include those encoding myeloid transcription factors, such as PU.1, C/

EBPα, C/EBPβ and Gfi-1.92,93,94 
 

Until recently, it was uncertain whether gene transcription could still be in-

duced by G-CSF in human terminally differentiated, non-dividing neutrophils. Apart 

from a handful of genes, the range and variation in patterns of transcripts had not yet 

been studied in great detail.  

What should be kept in mind is that the effects of G-CSF in vitro may well 

differ in this respect from the results obtained upon in-vivo administration of G-CSF. 

Accelerated bone marrow transit is likely to induce several modifications in neutro-

phil biology, which may be potentiated by exposure to G-CSF in the last stage of 

maturation.  

As far as morphology is concerned, it has been found that G-CSF-induced 

neutrophils are slightly different from those produced in the absence of high levels of 

G-CSF, in terms of size. Also their ability to localize at inflammatory sites is differ-

ent.2 During and after G-CSF administration, important effector molecules such as 

CD64 (FcγRI), CD32 (FcγRII) and CD14 (a necessary co-receptor for LPS) are  
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 strongly expressed by newly formed neutrophils. These neutrophils also show en-

hanced phagocytosis, antibody-dependent cytotoxicity (ADCC) against tumor cells, 

as well as bacterial and fungal killing.95,96 Similar effects are achieved during expo-

sure of neutrophils to G-CSF in vitro.97,98-100  These effects may explain the efficacy 

of the growth factor in decreasing the morbidity and hospitalization of patients suffer-

ing from various diseases in which the lack of functional neutrophils seems to be di-

rectly involved in their disease process.   

G-CSF is also a pro-survival factor for neutrophils both in vivo and in vitro. It 

has been shown to delay spontaneous neutrophil apoptosis by preventing the loss of 

the anti-apoptotic protein Mcl-1. It prevents Bid translocation to mitochondria, mito-

chondrial clustering, and activation of caspase-3.101,23 This modulation of spontaneous 

neutrophil apoptosis provides a pool of neutrophils with increased longevity, while 

sustaining their functions, therefore increasing the time window for sufficient  action 

against the infection. 
 

G-CSF is used to treat neutropenia resulting from immunosuppressive chemo-

therapy or severe congenital disorders, which cause extreme sensitivity to life-

threatening bacterial and fungal infections.102,103-105 It reduces the degree and duration 

of neutropenia in individuals who receive chemotherapy, and protects patients with 

congenital neutropenia from acute infection and early lethality. Moreover, G-CSF has 

been found to stimulate an increase in the absolute number of hematopoietic progeni-

tor cells (HPC) in peripheral blood in a process that is known as “stem cell mobiliza-

tion”, facilitating their collection for transplantation.106,107 

  As mentioned above, increased levels of G-CSF strongly accelerate the re-

lease of neutrophils from the bone barrow, hence providing sufficient numbers of 

cells for clearing the infection. For that reason, G-CSF is used nowadays to mobilize 

granulocytes to the blood stream of healthy donors, providing sufficient cell numbers 

for transfusion. 

 

 

Scope of the thesis  

 

The scope of this thesis is to elucidate functional and genetic characteristics 

of granulocytes mobilized from the bone marrow by the administration of G-CSF 

(often in combination with dexamethasone) for transfusion purposes. Granulocyte 

transfusions (GTX) are given to patients with profound neutropenia who suffer from  
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life-threatening infections, refractory to standard antimicrobial therapy. Chapter 2 

provides and overview on the use of GTX in the last decades. The clinical efficacy of 

therapeutic and prophylactic GTX therapy as well as the safety of this procedure for 

both patients and donors is discussed. Transfusion of granulocytes appears to be a 

safe a beneficial therapeutic approach for neutropenic patients with severe infections.  

In Chapter 3 the functional properties of mobilized granulocytes, as well as 

the possibility of storage of these cells, are investigated. Granulocytes obtained from 

GTX donors display relatively normal functional behavior when compared to those 

obtained from untreated donors. Nonetheless, they do show some phenotypic altera-

tions, caused by their less mature state and/or G-CSF activation, which also attenu-

ated their spontaneous apoptosis rate. This prolonged functional life-span of mobi-

lized granulocytes allows for their storage, for at least 24 hours, without apparent loss 

of function.  

Figure 3. G-CSF signaling pathway. G-CSF binds to the extracellular domains of its receptor, trigger-

ing receptor dimerization that is required for activation of signaling. For simplicity, the activated recep-

tor is shown as a monomer in this cartoon. Black arrows indicate positive effects on downstream path-

ways, while lines indicate negative effects. Two key negative regulator elements of G-CSF signaling are 

shown, SOCS3 and SHIP. SOCS3 binds the activated G-CSF receptor directly, while SHIP associates 

via Shc. For references to specific activation or interaction events, see the main text. 
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Chapter 4 shows the alteration in transcription profile of granulocytes mobi-

lized from the bone marrow based on a microarray study. G-CSF/dexamethasone 

treatment changes the expression of more than 1000 genes, encoding proteins in-

volved in basic cell functions, such as signal transduction, regulation of transcription, 

protein synthesis, cell migration, pathogen recognition, immune response, or control 

of apoptosis. This study also revealed that G-CSF and dexamethasone prolong neutro-

phil survival by increasing the levels of calpastatin, the endogenous inhibitor of cal-

pains. Calpains are Ca2+-dependent proteases, involved in acceleration of apoptosis.  

In Chapter 5 the involvement of calpains in neutrophil spontaneous apop-

tosis is described. We found that the intracellular levels of Ca2+ rise steadily during 

culture, which led to calpain activation and acceleration of apoptosis via calpain-

mediated degradation of XIAP. G-CSF delayed this rise in Ca2+, and therefore pre-

vented calpain activation and slowed down the apoptosis.  

The next chapters focus on the regulation of neutrophil-mediated immune 

reactivity. Chapter 6 presents the importance of the TLR signaling pathway in stimu-

lating various neutrophil functions. Neutrophils from a patient with an IRAK4 defi-

ciency, a component of the TLR-signaling pathways, were deficient in reacting to 

several pathogen-associated molecules. This very rare immunodeficiency leads to 

recurrent bacterial infections, especially early in life, when the innate immune system 

plays a crucial role.  

Chapter 7 reveals that G-CSF/dexamethasone treatment increases the expres-

sion of TLRs on neutrophils, but without increasing the sensitivity of neutrophils to 

TLR ligands. The second part of chapter 7 shows that mobilization additionally ham-

pers the gene expression of various chemokines, including IL-8. Conversely, the TLR

-induced chemokine protein expression was strongly increased with most common 

TLR ligands.  

In Chapter 8 we show that – in contrast to IL-8 – a strong impairment exists 

in the ability of mobilized neutrophils to produce macrophage inflammatory proteins 

(MIPs) in response to TLR stimulation.    

In Chapter 9 all the findings described in this thesis are succinctly summa-

rized and some of the perspectives in neutrophil research with respect to GTX are 

discussed.  
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