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WHEN NEUTROPHILS MEET MICROBES

Humans and microbes have a balanced and longstanding relationship. Immunosup-

presive therapies and primary immunodefi ciencies (PIDs) may disturb this balance and 

result in infection1,2.

The innate immune system is the fi rst to respond to invading pathogens, followed 

by the adaptive immune response. PIDs resulting in defects of the innate or adaptive 

immune response demonstrate a different clinical phenotype. Defects related to a 

selective part of the adaptive immune response, e.g. defects in the generation of 

Th17 cells or the release and function of IL-17, are associated with chronic muco-

cutaneous candidiasis (CMC)3,4. When the adaptive immune system is more broadly 

affected aspergillosis may occur5. Patients with neutropenia or immunodefi ciencies 

with neutrophil functional defects, including Chronic Granulomatous Disease (CGD), 

are also more susceptible to invasive fungal infections1, accompanied by high rates of 

mortality6. Neutrophils are the fi rst line of defense, and important effector cells in the 

killing of invading pathogens and prevention of invasive infections.

Neutrophils are currently used in the medical practice for transfusion purposes. 

Neutropenic patients with life-threatening bacterial or fungal infections, that do not 

respond to anti-microbial drugs can be treated with granulocyte transfusions7,8. G-

CSF and dexamethasone are then administered to donors, to increase the number of 

circulating neutrophils (GTX) for transfusion. The recruitment of donors is a burden 

in the medical practice. The G-CSF/dexamethasone-mobilized neutrophils have an 

altered gene-expression profi le as compared to neutrophils from untreated donors9. 

In G-CSF/dexamethasone-mobilized neutrophils, genes are downregulated that are 

involved in the immune response, including the CARD9 gene9. The CARD9 protein 

has recently come into focus when Glocker et al. identifi ed in multiple members of 

an Iranian family, suffering from invasive Candida infection, a novel PID: CARD9 defi -

ciency10. CARD9 is a signaling adaptor protein in myeloid cells, involved in the immune 

response to Candida for the activation of NFκB and production of cytokines by bone-

marrow-derived macrophages and dendritic cells10,11. The role of CARD9 in neutrophil-

mediated microbial killing has not been studied yet. G-CSF/dexamethasone-mobilized 

neutrophils normally kill bacteria, but less is known about their fungal killing capacity. 

In other countries, including the UK, neutrophils for transfusion purposes are derived 

from pooled buffy coats (BCN), to obtain suffi cient numbers. A comparison of the 

microbial killing capacity by G-CSF/dexamethasone-mobilized and BCN neutrophils 

for transfusion has not been performed. In fact, the molecular mechanisms involved 

in microbial killing are not known in detail.

In 1841 William Addison investigated infected tissues, and discovered the presence 

of white blood cells, leukocytes12. Several years later Metchnikov found that leuko-
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cytes were able to eat – phagocytose - microbes, and entitled these cells phagocytes12. 

Subsequently, it appeared that during phagocytosis oxygen is consumed, and cytotoxic 

hydrogen peroxide is generated by the NADPH oxidase sytem, which exists of cytosolic 

(p40phox, p47phox, p67phox) and membrane-bound (gp91phox, p22phox) components (Fig-

ure 1)13-15. In the 20th century, mutations in the NADPH oxidase components, resulting 

in defective ROS production, were identifi ed in patients with granulomas, colitis and 

recurrent bacterial and fungal function14,16,17. The disease is called Chronic Granulo-

matous Disease (CGD), and is one of the fi rst monogenic disorder identifi ed related to 

the antimicrobial (dys)function of phagocytes14,16,17. The link between the phenotype 

and genotype is meaningful to understand the function of the NADPH oxidase system, 

to provide an explanation for the recurrent infections observed in CGD patients, and 

to determine the optimal treatment. Such an expansion of knowledge has created 

a platform to continue studies on phenotype-genotype associations in CGD and in 

neutrophil antimicrobial defense mechanisms.

Neutrophils derived from knock-out mice have demonstrated the role of various 

pathogen recognition receptors (PRRs), signal transduction pathways and cytotoxic 

mechanisms in the antimicrobial immune response of these animals. Recently, novel 

primary immunodefi ciencies have been identifi ed in patients with a susceptibility to 

bacterial and fungal infections (Table 1). The aim of this thesis is to present and dis-

cuss the antimicrobial capacity of neutrophils and monocytes in these novel PIDs, and 

to unravel molecular cytotoxic mechanisms involved in microbial killing. These human 

“knock-out” neutrophils expand our knowledge to understand the role of PRRs and 

signaling in bacterial and fungal killing. The neutrophil-mediated killing mechanisms 

of C. albicans and A. fumigatus conidia and hyphae have been investigated in more 

detail. Furthermore, the cytotoxic function of GTX and BCN neutrophils for transfu-

sion purposes have been determined.

Figure 1. The NADPH oxidase system.
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The fungal cell wall consists of multiple layers β-glucans, mannans and chitin, which 

are recognized by immune cells as pathogen-associated molecular patterns (PAMPs)18. 

Fungi reproduce by forming conidia, and germinate into hyphae for dissemination. 

Upon germination, the composition and glycosidic linkages of the cell wall change, 

e.g. the outer β-glucans are masked by mannans on the hyphal formations to escape 

host surveillance19,20. The bacterial cell wall containes peptidoglycans, and the gram-

negative bacteria possess an extra outer membrane of lipopolysaccharides (LPS)21. 

Neutrophils express soluble and membrane bound PRRs for the recognition of bacte-

rial and fungal PAMPs, including C-type lectin receptors (CLRs), Toll-like receptors 

(TLRs), integrins and Fc-gamma receptors (FcγRs)18,21.

The neutrophil CLRs Dectin-1, Dectin-2 and Mincle bind to fungal β-glucans and 

α-mannose22-24. Dectin-1 knock-out mice are susceptible to candidiasis, dependent on 

the strain and presence of chitin in the cell wall23,25,26. Murine neutrophils stimulated 

with Candida depend on dectin-1 to activate via Vav-signaling the integrin comple-

ment receptor-3 (CR3) for a cytotoxic response27. Murine dectin-1-defi cient granulo-

cytes were found to be impaired in the uptake of A. fumigatus conidia18, and another 

study reported enhanced mortality in a dectin-1 knock-out aspergillosis model28,29. 

Table 1. Primary immunodefi ciencies, genetic defects and clinical symptoms.

δ 
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However, in humans Dectin-1 defi ciency is characterized by CMC, without invasive 

fungal infections30. In immunocompromised individuals, polymorphisms in Dectin-1 

are associated with aspergillosis31.

Dectin-2 and mincle, unlike dectin-1, associate with the γ chain of FcγRs and their 

immunoreceptor tyrosine-based activation motif (ITAM) to activate signal transduction 

pathways22,24. It has been suggested that in addition to dectin-1, Candida hyphae in 

particular are recognized by dectin-2 and dectin-320,22,32. Dectin-2 has been shown 

in mouse models to promote Th-17-based antifungal immunity, and murine dectin-

2-defi cient neutrophils produce lower amounts of Reactive Oxygen Species (ROS) in 

response to C. albicans33,34. One recent report claims that only upon IL-6/IL-23 stimula-

tion, Dectin-2 is expressed by human neutrophils and is involved in autocrine IL-17 

production and the cytotoxic response against A. fumigatus35. Mice lacking the CLR 

mincle demonstrate increased susceptibility to systemic candidiasis36. In a large study 

on isolated neutrophils from healthy donors, mincle was not highly expressed on these 

neutrophils and was not upregulated upon Candida stimulation among these mincle-

negative donors24. The expression of mincle on human neutrophils and monocytes is 

associated with the phagocytosis and killing of C. albicans24. No link between mincle 

and Aspergillus killing has been reported yet. Patients with mutations in dectin-2 or 

mincle have not been identifi ed to date. In summary, the CLRs dectin-1, dectin-2 and 

mincle are essential in the murine neutrophil-cytotoxic response towards Candida, and 

dectin-1 and dectin-2 towards Aspergillus. The role of these receptors in the human 

neutrophil-mediated killing of Candida and Aspergillus spp. has not been studied in 

detail yet.

Likewise, integrins contain a lectin-binding site37. The integrin CR3 is highly 

expressed on human neutrophils and is the major receptor for the recognition of 

β-glucans38. Leukocyte Adhesion Defi ciency (LAD) patients, either defi cient in CR3 

(LAD-I) or the CR3-activation protein kindlin3 (LAD-III), are susceptible to bacterial 

and invasive fungal infections39,40. CR3 is also able to bind iC3b-opsonized micro-

organisms, which facilitates recognition and killing by neutrophils41. Neutrophils are 

further armed with prestored soluble PRRs in their granules, including pentraxin-3 

(PTX3), which facilitates the cytotoxic response against A. fumigatus42.

Fc receptors are expressed by neutrophils for the recognition of IgGs (FcγRs) and 

have an ITAM (FcγRI, FcγRIIa and FcγRIIc), immunoreceptor tyrosine-based inhibitory 

motif (ITIM) (FcγRIIb) or no transmembrane (TM) (FcγRIIIb) domain43. FcγRIIb is involved 

in the IgG1-mediated phagocytosis of S. aureus, H. infl uenza and N. meningitidis44. In 

the innate immune response, FcγRs cooperate with the integrin CR3 for the phagocy-

tosis of IgG-coated particles and activation of the NADPH oxidase system45-47.

Furthermore, neutrophils express TLRs, of which TLR2 and TLR4 recognize mannans 

and TLR9 binds fungal DNA18. One report demonstrated that TLR2 knock-out mice are 
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susceptible to Candida infection, whereas others showed that deletion of TLR2 results 

in increased resistance to Candida48,49. Murine TLR2- and TLR4-defi cient neutrophils 

show a normal phagocytosis and killing of C. albicans but are impaired in the uptake 

and killing of A. fumigatus50,51. In the same mouse model, TLR9 was found to be 

dispensable in the neutrophil-mediated killing of Aspergillus and Candida51. Polymor-

phisms in TLR1, 4 and 6 are associated with invasive aspergillosis following hemato-

poietic stem cell transplantation52,53, and SNPs in TLR1, 2 and 4 have been identifi ed 

to be associated with Candida sepsis54,55. The peptidoglycans and lipoteichoic acid 

derived from gram-positive bacteria are recognized by TLR2 and TLR656,57. One SNP in 

TLR2 was signifi cantly increased among patients with tuberculosis58. Gram-negative 

bacteria, including E. coli, contain LPS, which is recognized by TLR459. Rare SNPs in 

TLR4 rather than common variants are associated with bacterial infection58. Bacte-

rial fl agellin is recognized by TLR5, and a polymorphism in TLR5 is associated with 

pneumonia caused by L. pneumophilia58.

To summarize, fungal and bacterial PAMPs are recognized by several classess of 

neutrophil PRRs, including the CLRs, TLRs, FcγRs and the integrin CR3. Most of the 

evidence is based on mouse models, and less is known about the role of these recep-

tors on human neutrophils in the killing of bacteria and fungi.

SIGNAL TRANSDUCTION PATHWAYS 

The recognition of PAMPs by PRRs results in the activation of signal transduction path-

ways to elicit a cytotoxic response. In response to Candida the ITAM-like motif in the 

cytoplasmic tail of dectin-1 is phosphorylated and Syk is recruited. This activates several 

downstream pathways, including assembly of the signaling platform CARD9 together 

with Malt-1 and Bcl10 for the translocation of NFκB and cytokine production60. In-

herited defi ciencies of Bcl10 and Malt-1 result in a combined immunodefi ciency (CID) 

syndrome, whereas CARD9 defi ciency is in particular characterized by invasive fungal 

infections10,61,62. This can be explained by the fact that Bcl10 and Malt-1 are expressed 

by multiple cell types derived from different compartments, whereas the expression of 

CARD9 is restricted to myeloid cells10,61,62.

It has been demonstrated that the CARD9 knock-out mice are susceptible to bacte-

rial and fungal infections63,64. To date, CARD9 defi ciency has been identifi ed in about 

40 patients with invasive fungal infections10,65-70. The fi rst reports show that CARD9-

defi cient patients typically suffer from a Candida meningitis. More recently, CARD9 

defi ciency has been associated with deep dermatophytosis68. Bacterial infections have 

not been reported in human CARD9-defi ciency.
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In mice, card9 defi ciency has also been associated with aspergillosis, and card9-

defi cient granulocytes are impaired in the uptake of A. fumigatus in a mouse model71. 

Card9 knock-out mice only in combination with a MyD88 knock-out strategy can-

not cope with Aspergillus and develop invasive infection72. Recently, neutrophilic 

myeloid-derived supressor cells (MDSC) have been suggested to be involved in a 

CARD9-dependent manner for the host defense against Candida but not Aspergillus 

infection73. However, the mechanism of such involvement remains unclear and cannot 

be easily distinguished from plain neutrophil function.

It has further been reported in a mouse model that Candida stimulation triggers 

dectin-1 and signals via PKCδ for the phosphorylation of CARD9 in Bone Marrow-

derived Dendritic Cells (BMDCs)74. The PKCδ knock-out mouse succumbs rapidly to 

Candida infection74. Recently, several PKCδ-defi cient patients have been identifi ed, 

who clinically suffer from auto-immunity and infections75,76. Other PKC family mem-

bers, alpha and beta, have been found to be activated by FcγRs and to regulate the 

generation of antimicrobial ROS by the NADPH oxidase system77.

The integrin CR3 activates phosphoinositide 3-kinase (PI3K) upon β-glucan stimula-

tion78. In epithelial cells infected with Candida, PI3K is required for the proinfl amma-

tory response79. In myeloid cells, class 1A PI3K-β and -δ are involved in the Aspergillus-

induced assembly of the NADPH oxidase system for ROS production80, and class 1A 

PI3K p110α in phagolysosomal maturation81.

Receptor-associated JAK kinases are able to phosphorylate the transcription factors 

STAT3 and STAT15,82,83. Patients with the hyper IgE syndrome (HIES) due to mutations 

in STAT3 suffer from aspergillosis and mucocutaneous candidiasis5,82. The recently 

described STAT3-gain-of-function (GOF) mutations have not been reported to be 

associated with aspergillosis to date84. GOF-STAT1 mutations result in autosomal 

dominant CMC, autoimmunity or even an early onset immune dysregulation polyen-

docrinopathy, entereopathy, X-linked (IPEX)-like syndrome83.

Furthermore, TLRs signal through the kinase interleukin-1 receptor-associated kinase 

4 (IRAK4) and myeloid differentiation primary response 88 (MyD88) for the neutrophil 

functional responses and the activation of NFκB, ERK an p38MAPK85,86. Patients with 

an IRAK4 or MyD88 defi ciency are susceptible to invasive gram-positive and gram-

negative bacterial infections including pneumococci, and do not suffer from fungal 

infections87,88.

Overall, CARD9-defi ciency in humans is characterized by invasive fungal infections, 

but not by bacterial infections. The signaling proteins PKC, PI3K and the transcription 

factors STAT3 and STAT1 may be involved in activation of cytotoxic mechanisms in 

response to bacterial and fungal pathogens. Defi ciency of the signaling protein IRAK4 

results in susceptibility to bacterial infections, but not fungal infections. The role of 
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these signaling proteins in the killing of bacteria and fungi by human neutrophils 

remains to be elucidated.

HOW NEUTROPHILS KILL MICROBES

The activation of signal transductory pathways elicit cytotoxic responses, including 

ROS production by the NADPH oxidase system, the release of granula-derived prote-

ases and the formation of Neutrophil Extracellular Traps (NETs)89.

In Chronic Granulomatous Disease (CGD) one of the cytosolic (p47phox, p67phox) or 

membrane-bound (gp91phox, p22phox) components of the NADPH oxidase system is 

lacking or non-functional, this results in failure to produce antimicrobial Reactive Oxy-

gen Species (ROS)14,16,17. CGD patients suffer from recurrent, severe, invasive bacterial 

and fungal infections1. Wu et al. demonstrated that in murine bone marrow-derived 

macrophages card9 regulates intraphagosomal ROS production in response to intra-

cellular bacteria64. Recently, a novel CGD subtype, p40phox defi ciency, has been identi-

fi ed in only a few patients thus far90,91. Neutrophils from the p40phox knock-out mouse 

demonstrate a normal ROS production in response to A. fumigatus and zymosan, 

whereas the response to S. aureus is impaired90,92. In contrast to the mouse model, 

human p40phox-defi cient neutrophils show a defective ROS production to A. fumigatus 

and zymosan90. The p40phox-defi cient patients suffer from colitis, but do not show 

recurrent bacterial or fungal infections as observed in the other CGD subtypes1,91. 

The contribution of p40phox in the neutrophil-mediated microbial killing needs to be 

determined.

In the last decade, it has been proposed that neutrophils possess a novel cytotoxic 

mechanism by the formation of NETs, which are weblike chromatin structures deco-

rated with histones, granule-derived proteases and antimicrobial peptides93. Activa-

tion of the RAF-MEK-ERK pathway and NADPH oxidase results in MPO and elastase 

translocation to the nucleus and decondensation of the chromatin as a prerequisite 

for NET formation94,95. Bacteria, fungi and salival mucins induce NADPH oxidase-

independent NET formation96,97. Whether NETs are able to directly kill microbes is 

under debate. A study on a single CGD patient with aspergillosis suggests that gene 

therapy restored NET formation and resulted in the resolution of the aspergillosis98. 

However, the recovery of the NADPH-oxidase activity in this CGD patient most likely 

resulted in the improved clinical condition. Subsequently, Bianchi et al. proposed that 

the calprotectin derived from the NETs is essential in the control of Aspergillus infec-

tion99. Neutrophils from MPO-defi cient patients that were preactivated with PMA and 

treated with cytochalasin B to prevent uptake are impaired in the inhibition of Candida 

germination100. These MPO-defi cient neutrophils are defective in NET formation, and 
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the authors proposed that this contributes to the observed Candida infections in 

patients with MPO defi ciency100. On the other hand, neutrophils from patients with 

mutations in cathepsin C, resulting in the Papillon-Lefèvre syndrome (PLS), are defec-

tive in NET formation, but these patients do not show any susceptibility to fungal 

infections101,102. The role of NETs in the neutrophil-mediated killing of bacterial and 

fungal pathogens needs further investigation.

THE ROLE OF GRANULES IN MICROBIAL KILLING

Furthermore, during granulopoiesis cytotoxic proteins and peptides are synthesized 

and stored in granules (Figure 2). This granular content can be released by the ma-

ture neutrophil upon activation, which is a highly effective cytotoxic mechanism103. 

MPO derived from the azurophilic granules converts H2O2 into the highly toxic and 

antimicrobial hypochloric acid HOCl104. MPO-defi cient patients suffer from Candida 

infections, but not bacterial and Aspergillus infections105.

The neutrophil azurophilic, specifi c and tertiary granules contain pathogen 

recognition receptors, opsonins, anti-microbial peptides, and proteases involved in 

the cytotoxic response103. Mutations in the endoplasmic reticulum transmembrane 

protein jagunal homolog type 1 (JAGN1), involved in vesicle transport, cause con-

genital neutropenia in humans and a paucity of granules106. The Jagn1 knock-out 

mouse has normal neutrophil counts with a defi ciency of granules, which results in 

a neutrophil-mediated Candida killing defect and susceptibility to candidiasis107. A 

knock-out mouse of the serine proteases elastase and cathepsin G in the azurophilic 

granules demonstrates that these proteins are dispensable in the control of aspergil-

losis108. The human neutrophil-mediated sequestration of iron by lactoferrin appeared 

to be involved in the restriction of Aspergillus growth109. Human neutrophil granular 

extracts, Cathepsin G, Major Basic Protein (MBP), but also cathelicidins, azurocidin 

and defensins, have been shown to demonstrate cytotoxic activity to C. albicans and 

E. coli110-112. The recent identifi cation of a Papillon-Lefèvre syndrome (PLS) patient 

reveals that the neutrophils lack the serine proteases, without any susceptibility to 

fungal infection101.

Another immunodefi ciency related to the function of the granules is Familial 

Hemophagocytic Lymphohistiocytosis type 5 (FHL-5), characterized by a defi ciency 

of the syntaxin-binding protein 2 (STXBP2), which is required for fusion of granules 

with the membrane113,114. FHL-5 patients suffer from a complex syndrome, including 

macrophage activation, hemophagocytosis and infections that may or may not trigger 

the recurrent infl ammation and hemophagocytic events113,114.
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OUTLINE

The studies presented in this thesis aim to describe neutrophil-mediated microbial 

killing mechanisms, and to determine the antimicrobial function of neutrophils for 

transfusion purposes.

In the fi rst part of the thesis we assessed the innate immune response in PIDs with 

a susceptibility to infection. In chapter 2, we describe the identifi cation of a CARD9-

defi ciency in a patient with a Candida meningitis. The role of CARD9 in the monocyte 

and neutrophil response towards bacteria and fungal pathogens was determined. 

Chapter 3 shows the neutrophil cytotoxic responses and clinical course of a second 

CARD9-defi cient patient with candidiasis. As outlined in chapter 4, the identifi ca-

tion of two CARD9-defi cient patients with aspergillosis led to study the neutrophil-

mediated cytotoxic response towards A. fumigatus. In chapter 5, the role of STXBP2 

in the exocytosis of granules and microbial killing is determined in neutrophils from 

FHL-5 patients. In chapter 6, we assessed the contribution of the signaling protein 

PKCδ to the neutrophil-mediated production of ROS by the NADPH oxidase system 

and microbial killing. In chapter 7 we describe the function and characteristics of 

neutrophils with a mutation in NBEAL2 resulting in the Gray Platelet Syndrome (GPS). 

In chapter 8, we determined the monocyte- and neutrophil-mediated release of cyto-

kines in response to intact bacterial and fungal pathogens in CGD.

Figure 2. Electron Microscopy picture of a neutrophil. The cytoplasm contains the azurophilic, 
specifi c and tertiary granules. Myeloperoxidase derived from the azurophilic granules has been 
stained.
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The second part of the thesis includes an overview of neutrophil-mediated fun-

gal killing mechanisms. In chapter 9, we aimed to describe the different molecular 

cytotoxic mechanisms involved in the neutrophil-mediated killing of unopsonized 

and serum-opsonized Candida albicans, based on the evidence from patients with 

PIDs. The different neutrophil-mediated killing mechanisms of Aspergillus fumigatus 

conidia and hyphae is reported in chapter 10.

In the last part of the thesis, the antimicrobial killing capacity by neutrophils for 

transfusion purposes is reported. In chapter 11, the antimicrobial killing of G-CSF/

dexamethasone-mobilized granulocytes (GTX) for transfusion purposes was de-

termined. Another potential source of granulocytes for transfusion are buffy-coat-

derived neutrophils (BCN). The comparison of the antimicrobial function by G-CSF/

dexamethasone-mobilized neutrophils and BCN neutrophils is assessed in chapter 12.

The discussion of the fi ndings presented in the thesis is described in chapter 13.
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ABSTRACT

Caspase recruitment domain-containing protein 9 (CARD9) is an adaptor molecule 

in the cytosol of myeloid cells, required for induction of T-helper cells producing IL-

17 (Th17 cells) and important in anti-fungal immunity. In a patient suffering from 

Candida dubliniensis meningoencephalitis mutations in the CARD9 gene were found 

to result in the loss of protein expression. Apart from the reduced numbers of CD4+ 

Th17 lymphocytes, we identifi ed a lack of monocyte-derived cytokines in response to 

Candida strains. Importantly, CARD9-defi cient neutrophils showed a selective Candida 

albicans killing defect with abnormal ultrastructural phagolysosomes and outgrowth 

of hyphae. The neutrophil killing defect was independent of the generation of reactive 

oxygen species (ROS) by the NADPH oxidase system.

Taken together, this demonstrates that human CARD9 defi ciency results in selective 

defect in the host defense against invasive fungal infection, caused by an impaired 

phagocyte killing.
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INTRODUCTION

Opportunistic invasive fungal infections, such as those with Candida species, are an 

increasing problem in medicine, amongst other things as a consequence of chemo-

therapy-induced leukopenia.1 The host defense against Candida infections in human 

subjects appears to rely on innate as well as adaptive immune mechanisms.

It has become clear that in particular the responses mediated by the IL17-producing 

Th17 subset of T lymphocytes play an essential role in the host immunity against Can-

dida infections.2 This is illustrated by a variety of genetic defects associated with the 

development of Th17 cells in patients and an increased susceptibility to candidiasis.3, 4 

The role of IL-17 in the defense against persistent Candida infection has been directly 

implicated by the identifi cation of IL-17R and IL-17F mutations in pedigrees suffering 

from chronic mucocutaneous candidiasis (CMC).4, 5

On the other hand, the innate complement and phagocyte pathways of host immu-

nity against Candida spp in humans have been implied in the clearance of these fungal 

infections. This is illustrated by the prevalence of invasive Candida spp infections in 

Chronic Granulomatous Disease (CGD), which is caused by defects in the NADPH 

oxidase enzyme complex needed for microbial killing 6-8, and also by the improved 

survival upon granulocyte transfusion in case of disseminated candidiasis during 

chemotherapy-related conditions of prolonged neutropenia.9

While opsonins such as complement are involved in the recognition of Candida 

by phagocytes, there is evidence that the C-type lectins expressed on the plasma 

membrane of myeloid cells interact with β-glucan and mannan residues on the surface 

of Candida, and thus play an essential role in recognition as well.10-13

Exactly which relevant effector functions are triggered through recognition of 

Candida by lectins, including Dectin-1, Dectin-2 and other related receptors such as 

Mincle, is not known. Experimental evidence from in vitro studies and in vivo studies in 

mice suggests that Dectin-1 signals via the tyrosine kinase Syk and via a downstream 

complex of the cytosolic proteins CARD9, Bcl-10 and MALT1 to the transcription factor 

NF-kB, which acts as a central regulator in the production of infl ammatory cytokines.11 

Of interest, a recent report has described several cases of CARD9 defi ciency in a hu-

man family with a history of Candida infections.14 Notably, there was evidence that 

some of the patients within this family not only displayed CMC, but also suffered 

from invasive Candida infection in the brain. The same study also showed defects 

in the development of Th17 cells in these patients, linking CARD9 to this pathway 

of adaptive immunity. However, no studies were performed on myeloid cells, which 

express CARD9 protein most abundantly.15

Here we describe a patient with CARD9 defi ciency who is suffering from chronic 

invasive Candida infection of the brain, in which we show that – apart from reduced 
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Th17 cell activity – the immune system is more broadly affected. This includes innate 

defects in infl ammatory cytokine production and fungal killing by neutrophils.

MATERIALS AND METHODS

Cell purifi cation

The granulocytes and erythrocytes were separated from the mononuclear leukocytes 

and platelets by centrifugation over isotonic Percoll with a specifi c density of 1.076 

g/ml. PBMCs were cultured in Iscove’s Modifi ed Dulbecco’s Medium (IMDM) supple-

mented with a 10% FCS, gentamycine and β-mercaptoethanol. Erythrocytes in the 

pellet were lysed. Granulocytes were washed and resuspended in Hepes-buffered 

saline solution.16-18, 18

Immunostaining and FACS analysis

After erythrocyte lysis, expression of surface-bound receptors on granulocytes was 

assayed in total leukocyte samples by fl ow cytometry (FACS), with commercially avail-

able monoclonal antibodies (MoAbs), mouse anti-human Dectin-2/CLEC6A(Clone: 

545943) , Dectin-1/CLEC7A(Clone: 259931) (R&D systems, Minneapolis, USA), indi-

rectly labeled with Alexa488-rabbit-anti-mouse-Ig (Molecular Probes). Samples were 

analyzed on an LSRII fl ow cytometer equipped with FACSDiva software (BD). Cells 

were gated based on their forward and side scatter, and 10,000 gated events were 

collected per sample.

Western blot analysis

Analysis of protein expression was performed by Western blot.17 The following anti-

bodies were used for detection: polyclonal rabbit anti-human CARD9 (Protein Tech 

Group, Chicago, USA), polyclonal mouse anti-human CLEC4E / MINCLE (Abcam, 

Cambridge, UK), monoclonal mouse anti-human CLEC6A / Dectin-2, CLEC7A / Dec-

tin-1 (R&D system, Minneapolis, USA) and monoclonal mouse anti-human BCL-10 

(Clone: 151, Invitrogen, Carlsbad, USA).

Lymphocyte activation in vitro

PBMCs were resuspended in PBS at a concentration of 5x106 cells/mL and labeled with 

0.5 μM 5,6-carboxyfl uorescein diacetate succinimidyl ester (CFSE; Molecular Probes, 

Eugene, OR, USA) as described before.19, 20 T-cell prolifera tive capacity was determined 

by addition of optimal concentrations of MoAbs against CD3 (CLB-CD3/4.E; IgE iso-

type) plus or minus CD28 (CLB-CD28/15E8; IgG1 isotype), or purifi ed Candida antigen 

(25 �g/mL).
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Cell stimulation and cytokine measurement

For IL-17 induction peripheral blood mononuclear cells (PBMCs) were cultured at a 

concentration of 2.5x106 T-cells/mL and were stimulated for 72 hours with a combina-

tion of anti-CD3 and anti-CD28 monoclonal antibodies (MoAbs).

Where indicated PBMCs were re-stimulated with Phorbol Myristate Acetate (PMA 

20ng/ml; Sigma-Aldrich) and ionomycin (1 �g/ml; Sigma-Aldrich) 6 hours before 

supernatant collection - in the absence or presence of Brefeldin A.

Cytokine concentrations of IL-17 in culture supernatant were analyzed with an 

enzyme-linked immunosorbent assay (ELISA) using anti-human IL-17A capture mono-

clonal antibody (Ab) (eBioscience, clone eBio64CAP17).

For IL-6 and IL-1β, TNF-α and for IL-8 production, PBMCs (0.25x106 monocytes/mL), 

NB4 or PMN (5.0x106 cells/mL) were stimulated overnight with the indicated stimuli. 

Production of IL-6, IL-1β, TNF-α and IL-8 was measured in the supernatants with 

a Pelikine ELISA (Sanquin Reagents, Amsterdam, The Netherlands) according to the 

manufacturer’s protocol.

Killing of microorganisms

Short-term-microbicidal activity of granulocytes was determined as previously de-

scribed.21 In brief, Escherichia coli (strain ML-35), Staphylococcus aureus (strain 502A) 

and Candida albicans (Candida albicans stably transfected with GFP was a generous 

gift of Dr. Alexander Johnson (Department of Microbiology and Immunology, Univer-

sity of California at San Francisco, CA, USA) were grown under aerobic conditions at 

37°C (bacteria) or 30°C (yeast) overnight in Lysogeny Broth (LB). Bacteria and yeasts 

were then collected by centrifugation, washed twice in PBS and resuspended in HEPES 

medium. After opsonisation (10% (v/v) pooled serum, 15 min, at 37°C), bacteria were 

added at a ratio of 5 : 1 neutrophil (4x106 cells/mL) and Candida at ratio 4:1. At the 

desired time points, 50-μL samples were diluted in 2.5 mL of water/NaOH at pH 11.0. 

At the end of the incubation period, the number of viable microorganisms in each 

sample was determined by the pour-plate method in LB agar. The CFU were counted 

after an overnight incubation at 37°C, and the percentage killing was calculated.21 

To assess long-term microbicidal activity of granulocytes, PMN (5.0x106 cells/mL) 

were cultured overnight with the C. albicans-GFP, at a yeast:neutrophil ratio 4:1. The 

appearance of the hyphenated form of C. albicans was assessed with a digital fl uores-

cence microscope (Evos, Westburg, Belgium). This was also determined after addition 

of G-CSF (optimal concentration, 20 ng/mL), GM-CSF (optimal concentration, 10 ng/

mL) and IFN-gamma (optimal concentration, 100 ng/mL) to the overnight culture of 

neutrophils and Candida conidia.

To determine the PMN killing of C.albicans hyphae, conidia (OD: 0.2, 625 nm) were 

cultured in LB for 16 hours at 37°C for formation of a hyphae monolayer, 100-120 μm 
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long and confl uence. Neutrophils were added for 2 hours in different effector target 

(E:T) ratios, lysed in water (pH=11), washed in PBS and incubated for 3 hours with 

yellow tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium 

bromide). The hydrogenases of the functional hyphae can cleave MTT to its purple 

derivative MTT-formazan, which can be dissolved in isopropanol and quantifi ed by 

spectrophotometry. The percentage of viable C. albicans hyphae was then determined.

EM analysis of phagolysosomes

Purifi ed neutrophils were fi xed in 2%(w/v) paraformaldehyde with 0.2%(w/v) glutar-

aldehyde and then processed for ultrathin cryosectioning.19 50-nm-thick cryosections 

were cut at −120°C with diamond knives (diatome) in a cryo-ultramicrotome (Leica, 

Vienna, Austria) and transferred onto carbon/formvar-coated copper grids. The grids 

were placed on 2%(w/v) gelatin plates at 37°C, embedded in methylcellulose with 

0.6% uranyl acetate and examined with a CM10 electron microscope (Philips, The 

Netherlands).22

Statistics

Graphs were drawn and statistical analysis was performed with GraphPad Prism version 

5.00 for Windows (GraphPad Software, San Diego, CA, USA). Data were evaluated by 

paired, two-tailed student’s t-test and two-way ANOVA with post hoc Bonferroni test. 

The results are presented as the mean ± SEM, as indicated. Signifi cance is mentioned 

when p<0.05.

Study approval

The study is performed according to Dutch rules and regulations with respect to the 

use of human materials from healthy, anonymized volunteers with written informed 

consent and all experiments were approved by the Medical Ethical Committee of 

Sanquin Research and the Academic Medical Centre in Amsterdam which acts accord-

ing to the Declaration of Helsinki principles (version Seoul 2008).

Supplemental methods

Detailed methodology of the supplemental fi gures is described in the Supplemental 

Materials.
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RESULTS

Case report

We describe an Asian 13-year-old girl who was adopted as an infant. When she fi rst 

presented at the age of 7 years, she was diagnosed with Candida dubliniensis me-

ningoencephalitis without any obvious underlying risk factors for fungal meningitis. 

Fever, headaches, behavioral changes and seizures were the predominant clinical 

fi ndings. CSF analysis revealed an eosinophilic pleocytosis with increased protein level 

and decreased CSF glucose. Appropriate antibiotics were initiated adding antimycotics 

(amphotericine B, followed by fl uconazole) which resulted in clinical recovery and 

normalization of the CSF values. Initial magnetic resonance imaging (MRI) showed 

mainly a deep infarction of the left striatum, meningeal enhancement and mild ven-

tricular dilatation. After 6 months of treatment the discontinuation resulted in a clini-

cal relapse. Repeated cultures CSF later disclosed Candida dubliniensis. Clinical signs 

and CSF pleocytocis resolved within several weeks of restarting combined antifungal 

therapy (fl uconazole, 5-fl ucytocin). This patient is studied in more detail (Emmanuel 

Scalais, in preparation).

CARD9 defi ciency and mutation analysis

Surface staining for Dectin-1 and -2 on neutrophils and monocytes, and Western 

blotting for Dectin-1 and -2, Mincle and Bcl-10 revealed normal levels of these pro-

teins in the lysates of the patient’s neutrophils and monocytes (Fig. 1 A and B; data 

not shown). However, the CARD9 protein appeared absent (Fig. 1 B), and this was 

confi rmed with various anti-CARD9 antibodies directed toward different epitopes of 

the protein. Sequence analysis revealed that the girl was compound heterozygote for 

two previously undescribed mutations c.214G>A and c.1118G>C in CARD9 (Fig. S1 

A), resulting in the amino acid substitutions p.Gly72Ser and p.Arg373Pro, which both 

comprise highly conserved residues in the CARD9 protein in vertebrates (Fig. S1 B). 

These mutations were not found among 100 healthy donors (not shown). Regarding 

the medical family history, the adoption agency was able to contact both parents. 

Although they refused collection of DNA for mutation analysis, clinical data indicated 

that both parents were over forty years of age and healthy to date.

T cell function and Th17 cells

The presence of AIDS-related invasive Candida infections suggests a role for CD4+ 

T cells in such fungal infections.23 We tested T cell proliferation in response to Can-

dida antigen as well as polyclonal CD3/CD28 stimulation and detected robust T cell 

responses - as was also true for tetanus toxoid, chickenpox and herpes simplex virus 

antigen (not shown).
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Of the various CD4+ T lymphocyte subsets, Th17 cells are activated by various in-

terleukins and characteristically release IL-17. This Th17 cell is thought to be a major 

cell type upon switching from innate to adaptive immunity.11, 24 In our patient, cyto-

kine profi les from T cell cultures activated by CD3/CD28 showed clear induction of 

various cytokines in the supernatant of these cells (not shown) but reduced levels of 

Th17-derived IL-17 (136 ± 28 and 770 ± 91 pg/mL, patient and controls, respectively; 

p<0.001), consistent with the data of Glocker et al.14

Figure 1. CARD9 defi ciency in a patient with systemic candidemia.
Surface expression of Dectin-1 (left) and Dectin-2 (right) (panel A) in control and patient PMNs and 
monocytes was measured by fl ow cytometry. Dotted lines represent controls and solid lines patient cells. 
Isotype controls are shown in grey.
Comparable amounts of dectins were detected on the surface of patient and control cells.
Western blot detection (panel B) of C-type lectins (Dectin-1, Dectin-2 and Mincle) as well as Bcl-10 
and CARD9 in control and patient neutrophils (indicated as C and P, respectively). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a loading control. Results are representative for three 
independent experiments.
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Figure 2. Cytokine production 
by CARD9-defi cient leukocytes 
and by the patient’s CD34+ he-
matopoietic stem cells follow-
ing CARD9 transduction.
Leukocytes from the patient and 
a control subject were incubated 
overnight with the indicated stim-
uli. Culture supernatants were 
collected and the concentrations 
of IL-6 and IL-1β by PBMCs (pan-
el A and B) or IL-8 by neutrophils 
(panel D) were assessed by ELISA. 
To examine the effect of mutated 
CARD9 on cytokine production, a 
human wild-type CARD9 comple-
mentary DNA (cDNA) was cloned 
into a lentiviral expression vector. 
Following transduction, M-CSF-
cultured bone marrow derived 
monocytic cells of the patient and 
healthy controls were stimulated 
with C. albicans or S. aureus, and 
the production of IL-6 was as-
sessed by ELISA (panel C). Results 
represent two experiments in trip-
licate from different bone marrow 
aspirates of the patient and from 
healthy controls. Results are means 
± SEM of measurement from four 
to six independent experiments.* 
p<0.01; ** p<0.001.
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Monocyte and neutrophil function in CARD9 defi ciency

Since CARD9 is primarily expressed in myeloid cells, these cells were explored further. 

We fi rst investigated the release of infl ammatory cytokine release by PBMCs and 

neutrophils in response to activation by various (un)opsonized pathogens in several 

independent experiments. This showed the virtual absence in Candida-induced mono-

cytic IL-6 and IL-1β release in the patient PBMCs, while the response to bacteria (Fig. 

2 A and B) and various TLR ligands (not shown) was not or only partly affected. 

To obtain direct evidence that CARD9 was causative for the defect we performed 

lentiviral reconstitution with wild-type CARD9 of hematopoietic stem cells from 

bone marrow cultured for 14 days in the presence of M-CSF. The cultured cells were 

succesfully transduced with CARD9 (80-90% positive for the reporter nerve growth 

factor receptor (NGFR)). Partial reconstitution coincided with recovery of bone marrow 

(BM)-derived monocytic cytokines (as shown for IL-6 upon overnight activation with 

unopsonized Candida albicans) (Fig. 2 C).

We next measured neutrophil-derived IL-8 production in overnight cultures. While 

there is considerable interexperimental variation in IL-8 release,16 the response of 

the patient neutrophils to Candida albicans was consistently decreased (Fig. 2 D), 

although not as strongly as the monocyte-derived cytokines. Support for defective 

cytokine release by CARD9-defi cient neutrophils was obtained from experiments with 

myeloid NB4 cells in which CARD9 was effi ciently knocked down (Fig. S3 A and B).

In the patient neutrophils, we observed no defects in the immediate induction of 

NADPH oxidase activity by the various stimuli tested – either primed with platelet-

activating factor (PAF) or TLR ligands for subsequent fMLP-induced NADPH oxidase 

activity, or directly activated by fMLP or the phorbol ester PMA. The same was true for 

induction of the respiratory burst by the yeast-derived particle zymosan, C. albicans 

particles or aggregated IgG (Fig. 3 A). These fi ndings indicate that the patient cells 

had a completely normal capacity to generate reactive oxygen species (ROS) and 

normal recognition and signalling for these immediate responses.17, 25 Adhesion and 

chemotaxis upon activation by TLR ligands or chemoattractants such as complement 

fragment C5a, PAF or the chemokine IL-8, were all normal (not shown).

When neutrophil killing capacity was studied, the immediate killing response, within 

1-2 hours, by CARD9-defi cient cells was signifi cantly impaired with unopsonized Can-

dida albicans conidia and normal with serum-opsonized conidia (Fig. 4). In contrast, 

the killing of opsonized Gram-positive Staphylococcus aureus or opsonized Gram-

negative Escherichia coli was not different from control neutrophil killing (Fig. S4 A). 

We investigated the cytotoxic response to Candida albicans. Even though the patient 

was infected with the philogenetically closely related dubliensis strain, it has been 

described that neutrophils have a similar cytotoxic response towards Candida albicans 

than to Candida dubliensis in terms of phagocytosis, oxidative burst and killing.26
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Importantly, when Candida killing after 18-24 hours incubation was evaluated, 

with CARD9-defi cient neutrophils and opsonized Candida albicans conidia a clear 

outgrowth of hyphae was observed which was even more striking with unopsonized 

Candida albicans (Fig. 4;Fig. S5, movie 1 to 4). In contrast to CARD9-dependent 

killing, such candida outgrowth was not observed after overnight incubation of neu-

trophils from CGD patients with unopsonized Candida albicans (Fig. 4). These data 

demonstrate that a non-oxidative CARD9-dependent and non-redundant mechanism 

in neutrophils prevents outgrowth of unopsonized Candida. There is a defi nite role of 

Figure 3. NADPH-oxidase activity and phagocytosis of DHR-labeled C. albicans in CARD9-defi -
cient neutrophils 
To assess the effect of CARD9 defi ciency on production of reactive oxygen species, patient and control 
neutrophils were stimulated with various stimuli: zymosan, serum-treated zymosan, phorbol-12-my-
ristate-13-acetate (PMA), platelet-activating factor (PAF) followed by formyl-Met-Leu-Phe (fMLP), Can-
dida particles (ratio with neutrophils, 1:4) and heat-aggregated immunoglobulin (Ig), in the presence of 
Amplex Red and horseradish peroxidase. Means +/- standard error of the mean of at least three different 
experiments (Panel A). The phagocytosis of DHR-labeled C. albicans by the CARD9-defi cient and con-
trol neutrophils was determined by fl ow cytometry (Panel B). Results represent data from two different 
experiments.
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Figure 4. Killing of C. albicans by CARD9-
defi cient neutrophils
Killing effi cacy of patient and control neutro-
phils of unopsonized and opsonized C. albi-
cans conidia was assessed by standard colo-
ny-forming unit assay (panel A). Patient and 
control neutrophils were incubated with C. 
albicans conidia for two hours and the colo-
nies were counted after overnight incubation 
of the remaining Candida conidia. Results are 
means ± SEM of at least three different as-
says. * p<0.05.
In panel B, neutrophils from healthy con-
trols, from the CARD9-defi cient patient and 
from CGD patients (n=9) were co-cultured 
overnight with C. albicans-GFP and assessed 
microscopically. Massive outgrowth of the 
hyphenated form of C. albicans-GFP was 
observed, when cocultured overnight with 
CARD9-defi cient cells. Bright-green fl uores-
cence of hyphae indicates viable Candida. 
Such outgrowth was not detected when C. 
albicans was cocultured with control neutro-
phils. Clusters of hyphae were quantifi ed af-
ter overnight incubation of 1*105neutrophils 
with different numbers of Candida conidia 
(panel C). Data are representative for at least 
three experiments. The 20x magnifi cation 
was used and the size of scale bar is 200 μm.
The capacity of patient and control neutro-
phils to kill Candida hyphae was determined 
by MTT assay (Panel D). Neutrophils in dif-
ferent concentrations were incubated with 
monolayer of Candida hyphae for two hours. 
The viability of hyphae was assessed by the 
MTT assay. Results are means ± SEM of at 
least three different assays.
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reactive oxygen species in Candida killing, but predominantly with the opsonized Can-

dida albicans conidia. Under these conditions, CGD neutrophils fail to prevent conidia 

from hyphenation. Of note, CARD9-defi cient neutrophils appeared to kill preformed 

unopsonized Candida albicans hyphae with similar effi ciency as control neutrophils 

(Fig. 4), indicating that the process of hyphenation itself is insuffi ciently controlled by 

CARD9-defi cient neutrophils while uptake is intact (Fig. S4 B).

Figure 5. Phagolysosome formation upon uptake of C. albicans by human neutrophils 
CARD9-defi cient and control neutrophils were co-cultured overnight with unopsonized C. albicans. Ul-
trastructural analysis was performed by Electron Microscopy (EM). EM pictures showed bulging pha-
golysosome formation upon uptake of C. albicans in the patient neutrophils in contrast to the control 
neutrophils, obtained in three independent experiments (Panel A).
In panel B, the ratio of Candida conidia diameter to the phagosomal space diameter is signifi cantly 
reduced in CARD9-defi cient neutrophils, taken into consideration that the diameter of the Candida 
conidia was signifi cantly increased in case of CARD9 defi ciency compared to the control (1.3 ± 0.2 μm 
vs. 0.8 ± 0.1 μm, P<0.05). Moreover, the phagosomes of CARD9-defi cient neutrophils contained more 
Candida conidia than the control neutrophils (1.5 ± 0.1 vs. 1.1 ± 0.1 conidia/phagosome, P<0.05). Taken 
together the phagosomes of the CARD9-defi cient patient have a strongly enlarged appearance. Results 
are means ± SEM of measurement from three independent experiments. ** p<0.001.
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Furthermore, measuring the oxidation of dihydrorodamine (DHR) following the 

phagocytosis of labeled Candida conidia by neutrophils revealed that patient and con-

trol cells showed identical responses (Fig. 3 B). The normal DHR response means that 

in the complex process of uptake degranulation and NADPH oxidase activity gets nor-

mally activated upon phagolysosome formation. Only after degranulation of the MPO 

from azurophilic granules together with the NAPDH-oxidase derived ROS generation 

a DHR signal will be generated. Finally, addition of activating, factors G-CSF, GM-CSF 

or interferon-gamma (IFN-γ), which are known to enhance neutrophil function and 

survival,27 were without any effect on outgrowth of Candida hyphae (not shown).

Because of the normal ROS generation in the patient’s neutrophils upon activation 

by yeast particles, the possibility that the lysosomal killing was dysfunctional was 

further investigated by ultrastructural analysis. Although neither the release of the 

content of azurophilic or specifi c granules nor the NADPH oxidase activity in these 

CARD9-defi cient neutrophils were found to be different from control neutrophils 

(Fig. 3 and S4 C), the phagolysosomes in the patient cells following unopsonized 

Candida albicans, but not Staphylococcus aureus, uptake were abnormal, as clearly 

demonstrated by electron microscopy (Fig. 5 A and B). Taking all these data together, 

a hitherto unidentifi ed, non-redundant and relatively selective killing mechanism in 

neutrophils for fungal organisms is implicated, which depends on the normal function 

of CARD9.

DISCUSSION

Staphylococcus aureus and Candida species are the second and third leading causes 

of bloodstream infections in hospitalized patients.28 These organisms jointly cause 

at least 150,000 clinical bloodstream infections resulting in very large health-care 

expenditures and ~40,000 deaths per year in the US and Europe each.29-31 Identifi ca-

tion of immune mechanisms of protective adaptive immunity against these organisms 

is critical to lay the groundwork for development of active preventive and therapeutic 

strategies against these microorganisms. The induction of cell-mediated immunity to 

C. albicans is one of the main tasks of cells of the innate immune system, and in 

vitro evidence suggests that integrin αMβ2 (CR3, Mac-1, CD11b/CD18) is the principal 

leukocyte receptor involved in recognition of the fungus.32

Although T cells are important in anti-fungal defense, T cell reactivity seems to be 

particularly important for epithelial defense against molds. Among the various sub-

sets of IL-17-producing cells, memory CD4+ Th17 cells have received most attention 

regarding their participation in antifungal immune reactivity.2 Apart from the release 

of G-CSF and chemokines to activate neutrophils for microbial clearance, IL-17 also 
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directly induces epithelial cells to produce microbial peptides against, for instance, 

Staphylococcus aureus and Candida species.33 Recently, Glocker et al. studied a family 

with homozygous CARD9 mutation and confi rmed the defective Th17 response.14 In 

addition, we demonstrate that in human PBMCs the production of IL-6 and IL-1β in re-

sponse to Candida albicans is dependent on CARD9. Hereby, we were able to confi rm 

these fi ndings, as described in the card9-knockout mice by LeibundGut-Landmann et 

al.34 The decrease in Staphyloccus-triggered IL-1β in monocytes may suggest a role for 

CARD9 in this pathway. Indeed there is evidence that CARD9 signals facilitate the TLR 

and Nod2 pathways to activate MAPK and tyrosine kinase pathways to activate NF-κB 

for cytokine production.35

 We now show that the neutrophils in CARD9 defi ciency have a selective defect in 

Candida killing. While monocytes and/or DCs may fail to induce Th17 responses in 

CARD9-defi ciency, because they do not produce pivotal cytokines such as IL-1β for 

Th17 differentiation, the killing defect in neutrophils may directly contribute to the 

invasive nature of the fungal manifestations in CARD9 defi ciency and thus contrasts 

with the Th17-associated non-invasive, more localized yeast infections in CMC.

The exact mechanism by which CARD9-defective neutrophils fail to eliminate 

Candida molds remains to be identifi ed. Some important observations about a po-

tential working mechanism have been obtained. First, the NADPH oxidase activity 

and, second, the degranulation of azurophilic and specifi c granules in the patient’s 

neutrophils are normal upon activation (Fig. 5 and S4 C). This was further supported 

by the normal oxidative response over time when DHR-labeled Candida conidia were 

taken up by CARD9-defi cient neutrophils. In turn, CGD neutrophils which are unable 

to produce superoxide for oxidative killing were unaffected in their killing activity 

under conditions where massive Candida conidia outgrowth and hyphenation was 

observed in case of CARD9 defi ciency. The CARD9-mediated killing mechanism differs 

from the opsonin-mediated killing pathway, which seems to be completely dependent 

on fully functional NAPDH oxidase activity as illustrated by the results with neutrophils 

from CGD patients. These fi ndings are clearly in contrast with a study on BM-derived 

macrophages from card9-knockout mice, showing less reactive oxygen species in 

response to Candida albicans.36

Moreover, the CR3 expression and integrin activity were considered to be normal in 

all adhesion and chemotaxis assays, as well as in the uptake of zymosan or Candida 

particles. The ex vivo immediate, early killing response of unopsonized Candida conidia 

was impaired, but it could be restored upon opsonization with human serum. This 

indicates that yeast β-glucan pattern recognition receptors, such as Dectin-1 and/or 

CR3, depend on CARD9 to activate a selective (non-oxidative) cytotoxic mechanism. 

This notion is supported by the normal killing of hyphae, which are known to shield 
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their β-glucans, and are instead recognized by mannan-specifi c receptors, such as 

TLR-2, TLR-4, CR3 and Dectin-2.37, 38 

Still, the ultimate Candida evasion from the patient’s cells in a prolonged, late killing 

assay indicates that the rapid and complete elimination of Candida is inadequate and 

results in escape of viable yeast after uptake, resulting in the outgrowth of hyphae. 

Early after activation of uptake and the intracellular killing reaction, these phagoly-

sosomes tend to swell because the osmotic pressure increases during the breakdown 

of microbial proteins.38 The key machinery required for the export of such osmotically 

active phagolysosomal breakdown products is unknown, but a role for CARD9 in 

this process may explain the ultrastructural fi ndings. Alternative explanations may be 

linked to the disregulation of autophagy, since CARD9 has been found to associate 

with Rubicon, a protein known to inhibit autophagosome maturation.39 Autophago-

somes have been morphologically defi ned by a quintessential feature: i.e. the pres-

ence of ‘double membrane vesicles’ as most critical hallmark of this cellular process.40 

We assessed this phenomenon by analyzing electron microscopy (EM) pictures taken 

at 2 hours, 4 hours and overnight co-incubation of neutrophils and Candida strains. In 

none of the EM pictures, either in the patient or in control neutrophils the characteristic 

autophagy signature of double membranes was observed (data not shown). In the 

absence of CARD9, uninhibited Rubicon activity would lead to increased autophagy 

which seems apparently not to be the case in the patient’s neutrophils.

The intact killing response to bacterial strains by CARD9-defi cient neutrophils in-

dicates that a distinct and non-redundant killing mechanism is induced by the yeast 

species tested and strictly depends on CARD9 in human neutrophils. In addition, we 

have studied the inhibition of Aspergillus fumigatus germination. CARD9-defi cient 

neutrophils normally inhibited the germination of Aspergillus fumigatus (data not 

shown). This fi nding suggests that the neutrophil killing defect is specifi c for Candida 

species and this is consistent with the susceptibility to Candida infections observed in 

our patient and those previously reported.14

Our fi ndings show that the defect in Candida killing by neutrophils was particularly 

pronounced in the absence of serum, and this might indeed be relevant in the context 

of the invasive brain infections observed in our patient and in the patients previ-

ously described.14 The central nervous system (CNS) parenchyma is separated from 

the circulation by the blood-brain-barrier, which limits the access of plasma proteins, 

including immunoglobulins and complement.41 Therefore, in addition to the other 

potential pathophysiological mechanisms the CNS could be particularly sensitive to 

Candida infections in case of CARD9 defi ciency. The lack of infl ammatory cytokines 

and neutrophil chemoattractants produced by monocytes and DCs, and possibly also 

macrophage-like microglia cells, will exaggerate the defect in fungal clearance. The 

anti-fungal role of neutrophils is known from clinical experience with intensive cancer 
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treatment.9 Our data suggest that hematopoietic stem cell transplantation is the only 

defi nite option for curation of CARD9 defi ciency.
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SUPPLEMENTAL MATERIALS AND METHODS

Sequencing.

Direct sequencing of polymerase chain reaction (PCR) products from cDNA was used. 

The coding region of the human CARD9 was amplifi ed by PCRs (primer sequences are 

Card9-Gly-FW: TCC TGG ACA TCC TGC AGC GGA GCG and Card9-na-Arg-Pro-REV: 

GAA CAC CTC CAG CTG CAG CTC ATC). After isolation of mRNA from fresh blood 

samples, cDNA was made for mutation analysis. The mutations were confi rmed by 

sequencing of genomic DNA. Sequencing was performed with the Applied Biosystems 

Bigdye terminator kit, version 1.1, and products were analyzed on a Genetic Analyzer 

(ABI3130XL; Applied Biosystems, Foster City, CA, USA).

Neutrophil NB4 cells, CARD9 knockdown and GFP-CARD9 fusion protein 

NB4 cells were cultured in IMDM medium supplemented with 20% Fetal Calf Serum 

(BioWhittaker, Verviers, Belgium) and antibiotics. NB4 cells were differentiated into 

neutrophil-like cells with 1 μM all-trans retinoic acid (ATRA) (Sigma, St Louis, MO, 

USA) for 7 days. Neutrophil-like NB4 cells were stimulated overnight with 1 mg/mL 

zymosan (Invivogen, San Diego, CA, USA) for the cytokine measurements.

For the CARD9 knockdown two shRNA constructs were used with the ID: 

NM_052813.2-1920s1c1 (Scrambled) and NM_052813.2-300s1c1 (CARD9 knock-

down) (Sigma). Preparation of lentivirus was done by mixing 10 μL of plasmid mix 

(0.39 μg VSVG, 0.65 μg MDL-gp, 0.32 μg RSV-rev), 6.48 μL fugene (Roche, Bern, 

Switzerland), 1.29 μg lentiviral vector and 86.4 μL optimem. The mix was added to 

HEK 293T cells. At day 2 and 3 after transfection, 1 ml of 0.45-μm-fi ltered culture 

supernatant was added to 2x105 NB4 cells. After two days NB4 cells were placed on 

puromycin selection (1 μg/mL). The CARD9 knockdown was confi rmed by Western 

blot.

To generate GFP-Card9 fusion proteins, Gateway Cassette A (Invitrogen, New York, 

NY, USA) was cloned into the blunted (Klenow) Bsp1407I site of the lentiviral vector 

pRRL PPT SFFV GFP prester SIN to generate pRRL PPT SFFV prester SIN GFP-GatewayA.

Blunting was sequence verifi ed to exclude shifts in the reading frame 3’ of the GFP 

coding sequence. This construct was recombined with pENTR221-Card9 (Invitrogen, 

San Diego, CA, USA) in Gateway LR ClonaseII (Invitrogen) to generate pRRL PPT SFFV 

prester SIN GFP-Card9. The patient-derived mutations G72S and R373P were intro-

duced into pENTR221-Card9 with the Quick-Change Site Directed Mutagenesis Kit 

(Agilent Technologies, Amsterdam, the Netherlands), and recombined with pRRL PPT 

SFFV prester SIN GFP-GatewayA as described. Lentiviral transduction of NB4 cells with 

these GFP-Card9 constructs was performed as described for the Card9 knockdown, 
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and GFP positive cells were sorted using a cell sorter (FacsAria 2, BD biosciences, San 

Jose, CA, USA) and confi rmed by Western blot.

NADPH-oxidase and ROS production.

NADPH-oxidase activity was assessed as the release of hydrogen peroxide, determined 

by an Amplex Red kit (Molecular Probes, Eugene, OR, USA) by neutrophils stimulated 

with various stimuli: zymosan (1 mg/mL), serum-treated zymosan (STZ, 1 mg/mL), 

phorbol-12-myristate-13-acetate (PMA, 100 ng/mL), platelet-activating factor (PAF) 

followed by formyl-Met-Leu-Phe(fMLP), Candida particles (ratio with neutrophils, 1:4) 

and Ig (5 mg/mL), in the presence of Amplex Red (0.5 μM) and horseradish peroxidase 

(1 U/mL). Fluorescence was measured at 30-second intervals for 20 minutes with the 

HTS7000plus plate reader (Tecan, Mannedorf, Switzerland). Maximal slope of H2O2 

release was assessed over a 2-minute interval.1-3

Neutrophil degranulation.

Neutrophil degranulation was examined by testing the expression of granule marker: 

CD66b (specifi c granule) and CD63 (azurophilic granule) on stimulated neutrophils as 

described before.4 The cells were analyzed on an LSRII fl ow cytometry equipped with 

FACSDiva software (BD Bioscience).

Neutrophil phagocytosis of Candida conidia by EM.

The number of Candida conidia phagocytozed after 2 hours by neutrophils was quan-

tifi ed on EM slides, as described in the manuscript,. In at least 200 neutrophils the 

number of Candida conidia were counted in three independent experiments.

Neutrophil phagocytosis of DHR labeled Candida.

Candida conidia (OD 1.0) were incubated with 10 uM DHR for 10 min at 37°C. There-

after, the conidia were washed, and added to PMNs (5x106/ml) in a fi nal concentration 

of the Candida conidia of OD 0.1. At the indicates timepoint, a 50 ul samples was 

added to 3 ml of ice-cold PBS/HSA. After 10 min at 4°C, cells were pelleted, and re-

suspended in 200 ul PBS/HSA. DHR response was analyzed on an LSRII fl ow cytometry 

equipped with FACSDiva software (BD Bioscience).
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Figure S1. A
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Figure S1. B

Figure S1. Mutation analysis of CARD9 gene in the patient
In A, the panel at the top represents the fi rst mutated allele in the patient’s CARD9 gene, in which a 
single nucleotide change (G>A) in exon 3 resulted in the amino-acid substitution p.Gly72Ser. The lower 
panel represents the second mutated allele, in which a single nucleotide change (G>C) in exon 8 of 
CARD9 results in the amino-acid substitution p.Arg373Pro. Arrows indicate places where the mutations 
occurred. We have performed a PCR on cDNA with a wildtype specifi c forward primer on location of the 
c.214G>A mutation and a reverse primer at the 3’ side of the c.1118G>C mutation. After sequencing 
the PCR product only the G>C mutation was found at the c.1118 location. Therefore, both mutations 
are present on different alleles.
In B, the CARD9 amino-acid sequence from various vertebrates were compared at the site of both 
mutations, demonstrating its highly conserved position. The amino acids mutated in the patient are 
highlighted.
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Figure S2. Antibody recognition of CARD9 mutant proteins in NB4 cells 
NB4 cells were transduced with lentiviral vectors encoding the wild type or patient-derived mutants of 
CARD9 fused to GFP to exclude the lack of detection of the mutated protein by the anti-CARD9 antibod-
ies used in the study. The anti-CARD9 antibody (Protein Tech Group, Chicago, USA) was able to detect 
both mutant proteins upon western blotting.
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Figure S3. Decreased TNF-α production in CARD9-defi cient NB4 cells differentiated into neu-
trophil-like cells 
CARD9 was successfully knocked down in the myeloid NB4 cell line by RNAi constructs (scrambled: 
NM_052813.2-1920s1c1, knockdown: NM_052813.2-300s1c1), and selected by puromycin resistance, 
as shown by protein expression in Western blots (Panel B). When differentiated into neutrophil-like cells 
by ATRA for 6 days, these neutrophil-like NB4 cells were incubated overnight with the indicated stimuli. 
Culture supernatants were collected and the concentration of TNF-α was assessed by ELISA. The CARD9-
defi cient NB4 cells showed TNF-α release upon TLR2 activation but strongly reduced TNF-α release by 
Dectin-mediated cellular activation upon addition of Candida when compared to sham-transduced con-
trol NB4 cells (Panel A). Results represent two experiments. The uptake of Candida conidia was normal 
when sham and CARD9 knockdown neutrophil like NB4 cells were compared. (N=3; data not shown). 
Our data indicate an autosomal recessive effect of both mutations, since a potential dominant-negative 
effect of the patient-derived mutations was made unlikely by the fi ndings of a normal production of IL-8 
and TNF-α in NB4 cells with either of the CARD9 mutations expressed (not shown).
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Figure S4. A
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Figure S4. C
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Figure S4. Bacterial killing, phagocytosis of C.albicans and degranulation in CARD9-defi cient 
neutrophils 
The neutrophil mediated bacterial killing, E.coli and S.aureus, of the CARD9 defi cient patient and control 
cells was assessed, as shown in Panel A. The number of Candida conidia phagocytosed by patient and 
control neutrophils is shown in panel B. In panel C, after stimulation of CARD9-defi cient and control 
neutrophils degranulation of azurophilic, CD63, and specifi c granules, CD66b, was measured by fl ow 
cytometry. Results of the neutrophil mediated bacterial killing represent at least three different experi-
ments. All experiments show the mean and were done in duplicate.
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Figure S5. Outgrowth of Candida hyphae after overnight incubation with CARD9-defi cient 
neutrophils 
Human CARD9 wild-type and mutant neutrophils were co-cultured overnight with unopsonized C. al-
bicans-GFP and studied by confocal microscopy. Outgrowth of the hyphenated form of unopsonized C. 
albicans-GFP was observed when cocultured overnight with CARD9-defi cient cells. Bright-green fl uo-
rescence of hyphae indicates viable Candida (Panel A), the scale bar length is 10 μm. Panel B shows a 
a still after 15 hours real time movie of the hyphae outgrowth with patient neutrophils incubated with 
unopsonized Candida, in contrast to incubation with opsonized Candida (effector target ratio 10:1), or 
control neutrophils. Results represent three different experiments.
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ABSTRACT

A 4-year-old Turkish girl of consanguineous parents was hospitalized for the evaluation 

of headaches and recurrent febrile episodes of unknown origin. Her medical history 

was unremarkable besides a few episodes of uncomplicated oral thrush. Meningitis 

was diagnosed and Candida albicans was the only pathogen identifi ed by both PCR 

and culture. Despite systemic antifungal multidrug therapy a prolonged course of 16 

months of therapy was necessary to clear C. albicans from the cerebral spinal fl uid 

(CSF). Molecular genetic analysis revealed a homozygous mutation (Q295X) in the 

gene for the caspase recruitment domain-containing protein 9 (CARD9), which has 

previously been reported to predispose to chronic mucocutaneous candidiasis (CMC). 

Immunological workup excluded predisposing B- and T-cell defects. In addition, T 

cells producing IL-17 were repeatedly measured within the normal range, analyses 

of neutrophils demonstrated normal NADPH oxidase activity in response to various 

stimuli including S. aureus and C. albicans. Additional neutrophilic functional testing, 

however, showed a decreased cytotoxicity to non-opsonized C. albicans, indicating an 

impaired killing mechanism against Candida spp. independent from the production 

of reactive oxygen species by the NADPH oxidase system. Since this defect was only 

demonstrated in the absence of opsonins, it might especially predispose to chronic 

C. albicans infections in the central nervous system (CNS), where opsonin levels are 

usually low. We therefore conclude, that due to an additional neutrophil dependent 

defect CARD9 defi ciency predisposes not only to CMC, but also to invasive chronic 

Candida infections, especially of the CNS.
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INTRODUCTION 

Chronic mucocutaneous candidiasis (CMC) is a rare disorder characterized by sus-

ceptibility to chronic or recurrent infections by Candida species of the skin, nails 

and mucous membranes.(1) In addition to acquired forms of CMC related to severe 

underlying diseases there are forms of primary CMC which are associated with im-

mune dysregulation. Various mutations in genes such as STAT3, AIRE and CARD9 

have been described which play a critical role in the differentiation of naive T cells into 

the Th-17 lineage.(2) In CARD9 defi ciency the decrease of IL-17 producing T-cells has 

been thought to be the major reason for the increased susceptibility to Candida at the 

mucosal surfaces. Interestingly, while invasive candidiasis in CMC patients is extremely 

rare and only single cases of CNS infection have been reported (3,4), there seems to 

be an elevated rate of CNS infections in CARD9-defi cient patients, possibly due to 

impaired neutrophilic killing of C. albicans.(5,6,7,8). Here, we present the rare clinical 

course and the immunological work up of a 4-year-old girl with CARD9-associated 

chronic C. albicans meningitis.

MATERIALS AND METHODS

Immunological work-up included the fl ow cytometric measurement of lymphocyte 

subsets from fresh samples. L-Selectin shedding via surface CD62L expression on 

whole blood granulocytes was measured after stimulation with lipopolysaccharide 

(LPS) or phorbol myristyl acetate (PMA) by fl ow cytometry as previously described.(9)

NADPH-oxidase activity, determined by an Amplex Red kit (Molecular Probes, Eu-

gene, OR, USA), was assessed as the release of hydrogen peroxide by neutrophils 

following stimulation with various stimuli: zymosan, serum-treated zymosan, phorbol-

12-myristate-13-acetate, Candida particles (ratio with neutrophils: 1:4, opsonized or 

un-opsonized) in the presence of Amplex Red and horseradish peroxidase. Fluores-

cence was measured with the HTS7000plus plate reader.(6)

For Th17 measurements, peripheral blood mononuclear cells (PBMCs) were isolated 

within 24 hours after blood withdrawal. After incubation for 16h with Staphylococcal 

enterotoxin B (SEB) and Brefeldin A, intracellular Interleukin-17 staining was performed 

according to a protocol published previously.(5)

IL-6 and IL-1β release was measured in cell-free supernatants after specifi c over-

night stimulation of monocytes with non-opsonized and opsonized C. albicans with a 

Pelikine ELISA (Sanquin Reagents, Amsterdam, The Netherlands).(6)

The anti-Candida activity of neutrophils was analyzed as described previously.6 For 

the immediate killing response, C. albicans stably transfected with green fl uorescent 
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protein (GFP) was cultured overnight. After collection by centrifugation Candida 

conidia were added to neutrophils at a ratio of 4:1 both with and without human-

serum opsonization. At defi ned points in time samples were drawn and the number 

of viable microorganisms in each sample was determined by the pour-plate method 

in lysogeny broth (LB) agar. The colony forming units (CFU) after overnight incubation 

were counted and the percentage of killing was calculated. For long-term microbicidal 

activity neutrophils were cultured overnight with C. albicans-GFP at a yeast/neutrophil 

ratio of 4:1. After 20 hours, clusters of hyphae were detected with a digital fl uores-

cence microscope.

Genetical analysis of the genes AIRE and CARD9 were performed on genomic DNA 

from peripheral blood including amplifi cation of coding regions and intron-exon 

boundaries; primers are available upon request. CARD9 protein levels in neutrophils 

and PBMCs were performed by western blot as described previously6 using following 

antibodies for detection: polyclonal rabbit-anti-human CARD9 (Protein Tech Group, 

Chicago, USA) and monoclonal mouse anti-human GAPDH (Millipore, Darmstadt, 

Germany).

Statistical analysis was performed with GraphPad Prism version 6.00 for Windows 

(GraphPad Software). Data were evaluated with a two-tailed student-t test. The results 

are presented as the mean ± SEM. Data were considered signifi cant when P < 0.05.

RESULTS

A 4-year-old girl was hospitalized with two days of fever of up to 40° C, increasing 

headache and fatigue and a history of recurrent febrile episodes within the last 6 

months. Pregnancy and birth were uneventful. The psychomotoric development was 

normal with regard to age. Starting at the age of 1 ½ years the patient developed 

recurrent oral thrush up to four times a year, which was uncomplicated and responded 

well to local antifungal therapy. Otherwise the patient’s history was unremarkable 

regarding infectious diseases. The patient was the fi rst child of consanguineous Turk-

ish parents (fi rst cousins). Noticeable in the family history was a case of childhood 

meningitis without known pathogens in a grandaunt, and a case of severe cutaneous 

candidiasis in a fi rst cousin of the patient, as well as several cases of unclear death in 

early childhood in this large pedigree (Supplementary Figure 1).

On admission the patient had moderate oral thrush and neck stiffness. Laboratory 

results revealed a leukocytosis of 15,000/μl, elevated IgE of 3000 IU/ml, eosinophilia 

and hypochromic microcytic anemia with normal values for iron, ferritin and hemo-

globin electrophoresis. Tuberculin skin testing with RT-23 was negative. Chest X-ray, 

abdominal ultrasonography, echocardiography and electrocardiography were without 
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pathological fi ndings. Stool analysis revealed ascariasis; IgE-elevation and eosinophilia 

normalized after appropriate antiparasitic treatment. Cerebrospinal fl uid (CSF) analysis 

yielded 800 leukocytes/μl (88% granulocytes, 12% lymphocytes), elevated CSF pro-

tein (72 mg/dl), decreased CSF glucose (31 mg/dl) and slightly elevated lactate (3.66 

mmol/l). CSF-microbiological work-up revealed C. albicans by both culture and PCR. 

Magnetic resonance (MR) tomography of the brain, including MR angiography, did 

not detect any infl ammatory process.

Intravenous antifungal therapy was started with liposomal amphotericin B (LAMB; 

dose: 5 mg/kg/d) and fl ucytosine (5-FC; dose: 100 mg/kg/d) resulting in good clinical 

response, disappearance of the oral thrush and a decrease in pleocytosis (62 cells/

μl) (Figure 1). However, C. albicans remained detectable by culture and PCR for 2 

and 6 weeks, respectively, despite continuous antifungal treatment. In the absence 

of clinical symptoms, medication was changed to oral fl uconazole (FCZ; dose: 12 mg/

kg/d), resulting in a further decrease of CSF leukocytes to 16 cells/μl. Nevertheless, 

control of CSF analysis 4.5 months later revealed an increase in CSF leukocytes to 67 

cells/μl in the asymptomatic patient. C. albicans was again cultured from CSF under 

ongoing oral fl uconazole treatment. In vitro testing of the isolated C. albicans dem-

onstrated full susceptibility to all antifungal drugs tested. Because of persistent fungal 

meningitis, triple antifungal therapy was initiated with i.v. LAMB (5 mg/kg/d), i.v. 5-FC 

(90-140 mg/kg/d) and p.o. voriconazole (VCZ; dose: 16 to 24 mg/kg/d dependent on 

VCZ serum levels). During the ensuing 5 months of triple treatment, C. albicans PCR 

and culture were consistently seen to be negative. CSF pleocytosis slowly decreased 

CSF Leukocytes/ µl, 
no arrow complies with 
negative C. albicans 
culture and PCR 

C. albicans culture 
positive 

C. albicans PCR 
positive 

Liposomal 
amphotericin B (LAMB) 

Flucytosin (5-FC) 

Fluconazole (FCZ) 

Voriconazole (VCZ) 

Figure 1. CSF leukocytes, detection of C. albicans in CSF and antimycotic treatment between 
5/2010 and 12/2012
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(Figure 1). Antifungal therapy was de-escalated to oral treatment with high dose VCZ 

(24 mg/kg/d) for 4 months followed by oral long-term FCZ prophylaxis (12 mg/kg/d 

for 7 months). CSF pleocytosis fi nally normalized after a total of two and a half years. 

Repeated magnetic resonance imagings of the head and electroencephalograms were 

without pathological fi ndings. Under continuous FCZ prophylaxis (8 mg/kg/d), the 

patient remained well without any neurologic or developmental sequelae for a further 

follow-up of two years.

Sequence analysis for CMC-associated gene defects excluded an AIRE mutation and 

analysis of CARD9 revealed a homozygous point mutation in exon 6 (c.883C>T), lead-

ing to a premature termination codon (Q295X). On protein levels, no CARD9-protein 

could be detected in the patient’s neutrophils and monocytes (Supplementary Fig-

ure 2). Both parents and a younger brother of the patient were heterozygous for the 

mutation. A second recently born brother carries the homozygous mutation and was 

started on oral FCZ prophylaxis after birth.

Extensive immunological work-up revealed normal serum levels of IgG, IgA and IgM, 

post-vaccination tetanus antibodies and normal levels of complement. Flow cytomet-

ric measurements for lymphocytes and T-/B-lymphocyte subsets, as well as mitogen 

stimulation of blood T-lymphocytes, were within the normal age ranges. In repeated 

analyses, stimulated T cells producing IL-17 (CD17+/CD4+) were detected in a normal 

percentage between 0.15%-1.3%. Neutrophil oxidative burst activity was normal 

after stimulation with phorbol 12-myristate 13-acetate (PMA), as well as after specifi c 

stimulation with zymosan, serum-treated zymosan and opsonized or non-opsonized 

C. albicans strains.

After specifi c stimulation of monocytes with non-opsonized and opsonized C. albi-

cans a clear decrease in the production of IL-6 (1% and 14% of control, respectively) 

and IL-1β (22% and 45% of control, respectively) was found in comparison to healthy 

controls. Cytokine production after stimulation with LPS, E. coli and S. aureus was not 

affected.

Furthermore the neutrophil cytotoxicity to C. albicans of the patient’s CARD9-

defi cient cells in comparison to healthy controls was investigated using non-opsonized 

and serum-opsonized C. albicans conidia. After two hours of incubation of unopso-

nized Candida with CARD9-defi cient neutrophils or neutrophils from healthy controls 

the viability of Candida remained slightly higher with CARD9-defi cient neutrophils 

versus control neutrophils (32 % vs. 24 %, p = 0.21, n = 3) (Figure 2). After incuba-

tion with serum-opsonized Candida no difference between the patient’s and control 

neutrophils could be observed (p = 0.93, n = 3).

Finally, the failure to inhibit C. albicans conidia germination was confi rmed by the 

increase in the number of hyphae outgrowth 20 hours after combined incubation 

of CARD9-defi cient neutrophils and C. albicans in comparison to neutrophils from 
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Figure 2. Neutrophilic killing effi cacy of unopsonized and serum-opsonized C. albicans by neu-
trophils from the CARD9-defi cient patient or healthy controls: Patient’s and control neutrophils 
were cultured with C. albicans conidia and after 2 hours the percentage of viable conidia was 
calculated using a colony forming unit killing assay on LB agar plates. Results are means ± SEM 
of 3 independent experiments.
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Figure 3. Neutrophil inhibition of unopsonized and serum-opsonized C. albicans conidia ger-
mination by neutrophils from the CARD9-defi cient patient or healthy controls: Patient’s and 
control neutrophils were cocultered overnight and after 20 hours the number of hyphae was 
assessed by fl uorescent microscopy. Results are means ± SEM of 3 independent experiments. *P 
< 0.05.
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healthy controls. This effect was more impressive for unopsonized C. albicans vs. op-

sonized C. albicans conidiae: 14 vs 97 (p < 0.05, n = 3) and 6 vs. 21 (p = 0.065, n = 3) 

clusters of hyphae, after co-incubation of control vs. patient cells with non-opsonized 

and serum-opsonized Candida, respectively (Figure 3).

DISCUSSION 

We report a 4-year-old girl with chronic Candida meningitis due to a homozygous 

mutation in the CARD9 gene (Q295X). CARD9 is an adaptor protein that holds a cen-

tral position in the mucosal immune defense against fungal infections. Together with 

other genetic defects (e.g., AIRE, STAT1), CARD9 defects are associated with recurrent 

Candida infections affecting mucous surfaces, known as CMC2. Recent reports of 

CARD9-defi cient patients have also shown an increased susceptibility to other fungal 

infections such as deep dermatophytosis (10) or subcutaneous phaeohyphomycosis.

(11) While usually no invasive Candida infections occur in CMC, single cases of inva-

sive CNS candidiasis have recently been reported in CARD9-defi cient patients: In the 

family in which CARD9 defi ciency and CMC was described fi rst, three out of eight 

affected family members were reported with suspected or confi rmed invasive Candida 

CNS infections at 13, 15, and 18 years of age, two of them with a fatal course of 

disease.5 In a large case series with 17 CARD9-defi cient patients suffering from deep 

skin dermatophytosis, there was a history of meningitis with an unknown pathogen 

in one patient.(10) Previously, a 13-year old female child with CARD9 defi ciency has 

been reported with C. dubliniensis meningitis, who similarly to our case also presented 

with Candida meningitis as the fi rst sign of her immunodefi ciency.6 In addition, a case 

of a 41-year-old man with relapsing C. albicans meningitis for more than 11 years 

has been recently published.(7) Taken together our patient and the other six cases 

clearly demonstrate that invasive CNS infections with Candida belong to the clinical 

spectrum of CARD9 defi ciency. In our patient and one further patient (6) it was the 

fi rst relevant presenting symptom of their immunodefi ciency.

It is therefore important that physicians taking care of patients with CARD9-

associated CMC exclude CNS Candida infections even in the presence of subtle 

symptoms, such as recurrent headache, fever and discrete behavioral changes, and 

initiate careful investigations, including a complete CSF analysis. On the other hand, 

CARD9 defi ciency should be ruled out in all patients with acute or persisting Candida 

meningitis, which cannot be explained by another predisposing risk factor, such as 

prematurity or an acquired immunosuppression or inherited defi ciency. Our patient 

therefore demonstrates that CARD9 does not only play a critical role in the local 
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mucosal host defense against fungi, but also in the control of Candida infections in 

the CNS.

A defect in adaptive immunity, with decreased numbers of IL-17 producing T-cells 

leading to a supposedly decreased production of neutrophil-recruiting chemotactic 

factors and Candida specifi c antimicrobial peptides has been made mainly responsible 

for susceptibility to Candida of mucosal membranes in CARD9-defi cient patients. 

Interestingly, and in contrast to earlier reports and CARD9-/- mouse models (2,5,12), T 

cells producing IL-17 cells were repeatedly measured within the normal range in both 

our patient and a further adult patient with CARD9 defi ciency and chronic Candida 

CNS infection (7). Besides the Th17 dependent pathway, a Candida specifi c defect 

in the production of reactive oxygen species (ROS) after stimulation with antigen 

which previously was demonstrated in CARD9-/- mice macrophages (13) in has been 

postulated for impaired immunity against Candida infections in CARD9-defi cient pa-

tients. In our patient, however, repeated measurements of neutrophil reactive oxygen 

species were normal after PMA stimulation, as well as after specifi c stimulation with 

C. albicans.

Further functional analysis revealed impaired neutrophilic killing especially of non-

opsonized Candida albicans conidia, which depends on complement receptor 3 and 

the signaling proteins phosphatidylinositol-3-kinase and CARD9, and is independent 

from reactive oxygen production by NADPH oxidase activity. (8) This fi nding, which 

has been also demonstrated in a second reported patient suffering from Candida CNS 

infection and CARD9 defi ciency, demonstrates, that CARD9 defi ciency in addition to 

a defect in IL-17 regulated adaptive immunity, is apparently linked to defective neu-

trophil function.6,8 Interestingly, in the above mentioned adult patient with CARD9 

associated chronic Candida CNS infection and normal levels of Th17 cells, clinical 

improvement and defi nite healing were reached only after an adjunctive therapy with 

granulocyte-macrophage colony-stimulating factor. (7)

Hence, a defective neutrophil function via complement receptor 3 signaling, as re-

cently suggested8 might be the reason for the more invasive character of infections 

in patients with CARD9 defi ciency compared to other forms of CMC where Th17 cell 

response alterations within the mucous membranes play the key role. The observation 

that invasive Candida infections more often involve the CNS may be explained by 

the low levels of opsonins in the CSF compared to serum. In our patient, impaired 

killing was most obvious for non-opsonized Candida and it was demonstrated by 

Gazendam et al. (8), that the opsonization defect completely depended on IgG. It 

may therefore be speculated that CARD9-defective neutrophils may overcome their 

defect of Candida killing via opsonization of pathogens by IgG, thereby preventing 

more invasive Candida infections. However, when Candida occasionally appears in 
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compartments as the CNS system, where IgG levels are low, this may result in chronic 

and persisting infections.

The risk of invasive Candida spp. infections of the CNS seems to be increased in 

CARD9-defi cient patients. It is therefore important to exclude CARD9 defi ciency in 

CMC patients in order to be able to inform patients about this rare, but specifi c risk 

and to emphasize the necessity of life-long antifungal prophylaxis. In cases with CNS 

involvement, adjunctive treatment with subcutaneous recombinant human GM-CSF 

may be of additional value (7), although further studies will be necessary in order to 

confi rm this fi nding. Thus far a potential curative treatment for CARD9 defi ciency 

could only be allogeneic hematopoetic stem cell transplantation, which to our knowl-

edge has not been performed so far for this indication.
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Supplementary Figure 2. Western blot detection of CARD9 in control and patient neutrophils. 
GAPDH was used as a loading control. GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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Supplementary Figure 1. Pedigree of the large consanguineous family. Crossed out family 
members refer to cases of unclear death in early childhood.
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KEY MESSAGES

· CARD9 defi ciency is a novel inherited risk factor for invasive aspergillosis.

· Aspergillosis in CARD9 defi ciency has a unique tropism for extrapulmonary sites.

· CARD9-dependent neutrophil accumulation, not effector function, appears to 

promote protection against extrapulmonary aspergillosis.

CAPSULE SUMMARY

CARD9 is critical for protection against extrapulmonary aspergillosis. Clinicians should 

be aware that patients who develop invasive mold disease without known immuno-

suppression merit evaluation for CARD9 defi ciency, especially when extrapulmonary 

sites are involved.
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INTRODUCTION, RESULTS AND DISCUSSION 

Aspergillus pulmonary infections are an emerging problem in patients with iatrogenic 

immunosuppression during chemotherapy-induced neutropenia, corticosteroids and/

or transplantation1. Invasive aspergillosis in primary immunodefi ciencies is rare, and 

largely limited to pulmonary disease in chronic granulomatous disease (CGD) and 

GATA2 defi ciency2. Humans defi cient in CARD9, an adaptor downstream of fungi-

sensing C-type-lectin receptors (CLRs), develop chronic mucocutaneous candidiasis 

(CMC), intestinal and central nervous system (CNS) invasive candidiasis, and deep-

seated dermatophytosis and phaeohyphomycosis3-6. However, infections by ubiqui-

tous inhaled molds are lacking in CARD9-defi cient patients thus far. We describe two 

unrelated patients with different homozygous CARD9 null mutations who had invasive 

CNS and intra-abdominal aspergillosis, while, strikingly, their lungs were spared from 

the infection. We identify a critical role for CARD9 in mediating neutrophil accu-

mulation in Aspergillus-infected extrapulmonary tissues, whereas neutrophil-intrinsic 

chemotaxis and anti-Aspergillus effector functions are CARD9-independent.

The fi rst patient, a 9 year-old caucasian male born to healthy consanguineous par-

ents, manifested chronic oral candidiasis, followed by intra-abdominal candidiasis of 

the liver and mesenteric lymph nodes that was successfully treated with amphotericin 

B. At age 18, cerebral aspergillosis of the thalamus and capsula interna was diagnosed 

by biopsy, which responded to surgical resection and amphotericin B. At age 25, 

hepatic and mesenteric lymph node aspergillosis was diagnosed by biopsy. Chest 

computed tomography showed no lung involvement. The infection resolved with 

itraconazole; secondary prophylaxis has continued for 20 years without recurrence. 

The patient did not have bacterial or viral infections, but had autosomal-dominant 

hereditary spastic paraplegia due to a SPAST mutation.

Besides mild lymphopenia (700-1000 lymphocytes/μl), immunological evaluations 

were within normal age ranges, including neutrophil and monocyte numbers, percent-

ages of lymphocyte subsets, T-cell functions, percentage of peripheral Th17 cells, and 

humoral immune parameters (Table E1). Due to spastic paraplegia and lymphopenia, 

defects in adenosine deaminase and purine nucleoside phosphorylase activity were 

biochemically excluded. CGD testing was normal.

The second patient, a 12 year-old African-American boy, presented at 8 years with 

weight loss, fever and abdominal pain. An abdominal mass encasing the celiac, mes-

enteric and renal arteries measured 7.5x9 cm (Fig 1, A). Chest computed tomography 

was unremarkable (Fig 1, B). An open biopsy showed necrotizing granulomatous 

infl ammation and branching hyphae (Fig 1, C-D), and grew A. fumigatus. One year 

later, a new suprarenal mass (Fig 1, E-F) developed with histology and culture confi rm-

ing A. fumigatus invasive infection. Over the next years, the infection progressed 
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despite aggressive therapy. He underwent surgical debulking of the intra-abdominal 

masses followed by double-cord stem cell transplantation; transplant was complicated 

by failure to engraft. Repeat double-cord stem cell transplantation 8 weeks later was 

complicated by hepatic veno-occlusive disease and fatal diffuse alveolar hemorrhage.

The patient had tinea corporis before aspergillosis but no CMC, CNS candidiasis, 

bacterial or viral infections. He had mild eczema, food allergies, and reactive airway 

Figure 1. A, B, C, D, E, F
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disease. He had normal numbers of neutrophils and monocytes and intermittently 

elevated eosinophils (range, 400-1000 cells/μL). He had normal tests for CGD, normal 

immunoglobulin levels except for elevated IgE (range, 600-1100 IU/mL), and normal 

lymphocyte phenotyping including Th17 cells (Table E1).

Whole-exome-sequencing of Patient 1 yielded a previously-reported homozygous 

CARD9 mutation (c.883C>T), resulting in a premature termination codon (p.Q295X) 

with absent protein (Fig 2, A)3,4. The mutation was confi rmed by Sanger sequencing 

and restriction-fragment length polymorphism (Fig E1). In Patient 2, targeted CARD9 

sequencing revealed a homozygous mutation in the start codon, c.3G>C, p.M1I (Fig 

Figure 1. G, H, I, J

G H 

I J 

Figure 1. 
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E1) that resulted in absent protein (Fig 2, A). The c.3G>C mutation was not found in 

the 1000 Genomes, NHLBI6500 or ExAC databases, covering 118,000 chromosomes 

in the specifi c exon, and was predicted to be deleterious by CADD (PHRED score, 22.1) 

and PolyPhen 2 (score, 0.924).

We examined the functional consequences of the patients’ mutations by measuring 

the production of pro-infl ammatory cytokines from PBMCs stimulated with fungal or 

non-fungal stimuli. Consistent with previously-reported CARD9 mutations3-6, patient 

cells produced decreased IL-1β, IL-6, TNF-α and GM-CSF post-stimulation with C. al-

bicans, while cytokine production was normal following LPS or S. aureus stimulations 

(Fig 2, C-F). Decreased proportions of IL-17+ CD4+-T cells have been reported in some, 

but not all, CARD9-defi cient patients3-6; IL-17A production by our patients’ CD4+-T 

cells was intact (Table E1).

Because neutrophils are the principal cells that mediate anti-Aspergillus host de-

fense7, we examined neutrophil effector function against A. fumigatus conidia and 

hyphae, the inhaled infectious particles and tissue-invading fungal forms, respec-

tively7. Notably, CARD9-defi cient neutrophils exhibited normal capacity to internalize 

conidia (Fig E2), to prevent conidial germination to hyphae (Fig E3), and to kill conidia 

and hyphae (Fig E2), in agreement with intact anti-Aspergillus killing of Card9-/- mouse 

neutrophils8. Furthermore, CARD9-defi cient neutrophils had normal oxidative burst 

towards fungal and non-fungal stimuli ex vivo (Fig E4), and exerted oxidative cytotox-

icity on the B-5233/GFP Aspergillus strain that expresses GFP during oxidative stress 

(Fig E4).

While CARD9-defi cient neutrophil anti-Aspergillus effector function was unaf-

fected, we observed a striking lack of neutrophils in the Aspergillus-infected tissue of 

Patient 2 (Fig 1, G-J). Necrotic foci with granulomatous infl ammation and palisading 

CD68+ histiocytes, which engulfed hyphae (Fig 1, G-H and inset), and surrounding 

plasma cells and eosinophils (Fig 1, I-J) were seen. Similar necrosis without neutrophil 

infi ltration was seen in the mesenteric lymph node of Patient 1 (Figure E5). Because 

aspergillosis in non-neutropenic mice and humans is accompanied by robust neu-

trophilic tissue accumulation1,7-9, we examined whether chemotaxis is impaired in 

CARD9-defi cient neutrophils. We found normal chemotactic capacity of neutrophils 

from Patient 1 and another patient with p.Q295X CARD9 mutation toward IL-8, C5a 

and PAF (Figure E6), in keeping with similar results recently reported for neutrophils 

from a CARD9-defi cient patient with the missense p.R57H mutation5.

Herein, we reveal a novel role for CARD9 in host defense against invasive aspergil-

losis, expanding the clinical spectrum of CARD9-defi ciency beyond CMC, invasive 

candidiasis, dermatophytosis, and phaeohyphomycosis3-6. Uniquely, Aspergillus in 

CARD9-defi ciency appears to have a predilection for non-pulmonary sites with spar-

ing of the lungs, in contrast to all other known iatrogenic or inherited conditions that 
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Figure 2. The patients with extrapulmonary aspergillosis carry biallelic CARD9 mutations that 
result in absent CARD9 protein and impaired production of proinfl ammatory mediators upon 
fungal-specifi c stimulation. (A) Western blots of CARD9 protein expression in PBMCs from 
healthy donors and Patient 1 (left panel) and 2 (right panel). GAPDH is shown as a loading 
control. IL-1β (B) and IL-6 (C) production by healthy donor (n = 6) and Patient 1 (n = 4) PBMCs 
after 24 hours of stimulation with live Candida albicans yeasts or Staphylococcus aureus or 
after 24 hours without stimulation. IL-1β (D), IL-6 (E), TNF-α (F) and GM-CSF (G) production by 
healthy donor (n = 7-10) and Patient 2 (n = 3) PBMCs after 48 hours of stimulation with heat-
killed Candida albicans yeasts or LPS or after 48 hours without stimulation. Data are analyzed 
by Mann-Whitney test (B, C), or unpaired t-test (D-G). *P < 0.05; **P < 0.01; ***P < 0.001; ****P 
< 0.0001. Data represent mean ± SEM.
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cause aspergillosis. Importantly, we identify a necessary role of CARD9 in mediating 

neutrophil accumulation at the site of extrapulmonary Aspergillus infection while 

neutrophil anti-Aspergillus effector function is intact. 

The extrapulmonary tropism of aspergillosis in our CARD9-defi cient patients sug-

gests that inhalation of airborne conidia may lead to inapparent pulmonary followed 

by disseminated aspergillosis complicated by inability to mount appropriate immune 

responses at extrapulmonary sites. The absence of pulmonary Aspergillus involvement 

in CARD9-defi ciency may be explained by lung-specifi c CARD9-independent immune 

mechanisms that may compensate for lack of CLR/CARD9 signaling. Indeed, recent 

mouse studies showed that Card9 plays only a partial role in neutrophil pulmonary 

recruitment post-Aspergillus challenge, being compensated by IL-1α and Myd88 

signaling8,9. Thus, CARD9 appears to mediate organ-specifi c effects on neutrophil 

recruitment during aspergillosis, being largely-redundant for pulmonary recruitment8 

but necessary for recruitment into extrapulmonary organs (current study), in agree-

ment with its CNS-specifi c role in mediating neutrophil recruitment during systemic 

candidiasis5. Because CARD9 is dispensable for neutrophil-intrinsic chemotaxis, CARD9 

likely mediates extrapulmonary organ-specifi c neutrophil recruitment during fungal 

infection via orchestrating the production of neutrophil-targeted chemoattractants in 

a tissue-specifi c manner.

In summary, we report that CARD9-defi ciency results in aspergillosis that is ex-

clusively extrapulmonary, associated with an inability to mobilize neutrophils to the 

site of infection without neutrophil-intrinsic chemotactic or anti-Aspergillus effector 

function defi cits. Investigation of a larger number of CARD9-defi cient patients and 

mouse mechanistic studies will help better understand the molecular and cellular 

bases of organ-specifi c innate immune responses against Aspergillus. Importantly, 

clinicians should be aware that patients who develop invasive mold disease without 

known immunosuppression merit evaluation for CARD9-defi ciency, especially when 

extrapulmonary sites are involved.
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SUPPLEMENTAL MATERIALS AND METHODS

Human Subjects

Patients with aspergillosis and healthy donors were enrolled in protocols approved by 

the NIAID and National Cancer Institute Institutional Board Review (IRB) committees 

at NIH and by the IRB committees of the universities of Tübingen (Germany) and 

Amsterdam (The Netherlands), and provided written informed consent for participa-

tion in the study, which was conducted in accordance with the Helsinki Declaration.

CARD9 Genotyping 

Verifi cation of the CARD9 mutation found at whole-exome sequencing in Patient 1 

was performed using Sanger sequencing. In brief, polymerase chain reactions (PCR) 

were performed in a total volume of 25 μl of a solution containing 10 ng genomic 

DNA, 12.5 μl Go-Taq Colorless Master-Mix (Promega) and 1 μl forward and reverse 

Primer (each 5 pmol, Eurofi ns MWG Operon). Thermal cycling was performed on the 

GeneAMP PCR System 9700 (Applied Biosystems) using the following cycling condi-

tions: 95°C for 2 minutes, 35 cycles of 95°C for 10 s, 63°C for 20 s and 72°C for 25 

s, with a fi nal 5-minute extension at 72°C. Primers for this PCR were 5�- GAGCTG-

CAGCAGGAGAAGG -3� (forward) and 5�- AGGAGTGGGTGAGTGGAGG -3� (reverse). 

A region of 422 base pairs (bp) was amplifi ed and genotyping was performed using 

restriction fragment length polymorphism (RFLP) analysis. For this purpose, 1 μg of 

PCR product was digested at 37°C overnight with BfaI (NEB) in a 10 μl reaction mix 

containing 1 μl cut smart buffer and 5u of BfaI (restriction site: CTAG). Digested 

products were run on a 1.5% agarose gel, which were stained with GelRed Nucleic 

Acid Stain (Biotium) and visualized using an UV transilluminator. For DNA sequenc-

ing, PCR products were purifi ed using QIAquick PCR Purifi cation Kit according to the 

instructions of the manufacturer (Qiagen). Finally, 5 ng/μl, in a total volume of 15 μl, 

was sent together with 2 pmol/μl of primers to Eurofi ns MWG Operon for further 

sequencing analysis.

For targeted CARD9 sequencing in Patient 2, DNA was harvested from whole blood 

using the Gentra Puregene Blood DNA isolation Kit (Qiagen) per the manufacturer’s 

instructions. Genomic amplifi cation was performed in 15 μL reactions using Platinum 

PCR SuperMix High Fidelity (Life Technologies), 0.625 mM of each primer and 10-200 

ng of DNA. Cycling conditions were 95 oC for 3 minutes followed by 35 cycles of 95 
oC for 20 seconds, and 68oC for 2:45. PCR products were purifi ed using ExoSAP-IT 

(USB products by Affymetrix), sequenced using Big Dye Terminators v3.1 (Life Tech-

nologies), cleaned up using Performa DTR Ultra spin plates and run on an ABI 3730XL. 

Amplifi cation and sequencing primers are shown in Table E1.
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Histology

Human tissues were fi xed with 10% formalin and paraffi n embedded. Tissue sections 

were deparaffi nized and stained for hematoxylin and eosin (H&E) or Grocott-Gomori’s 

methenamine silver (GMS). In addition, CD68 immunostain was performed in hu-

man tissue using monoclonal antibody CONFIRM CD68 (KP-1) from Ventana (Roche). 

Detection was done on an automated system using Ultra-View DAB on a Bench mark 

ULTRA from Ventana (Roche) according to the manufacturer’s instructions. Images 

were taken using an Olympus Bx41 microscope, objective UPlanFI 10x/030, 20x/0.50 

∞/0.17, 40x/0.75 ∞/0.17 with an adaptor U-TV0.5xC using a digital camera Q-imaging 

Micropublisher 5.0 RTV. The images were captured using “Q-Capture Version 3.1” 

and imported into Adobe Photoshop 7.0.

Isolation of Human PBMC and Neutrophils from Peripheral Blood

PBMC were harvested from whole blood by gradient centrifugation using Percoll 

(Patient 1) or Lymphocyte Separation Media (Patient 2) and used in stimulation assays. 

Neutrophils were isolated using 3% Dextran in 0.85% sodium chloride and red blood 

cells lysed using sequential exposure to 0.2% and 1.6% NaCl solutions. Neutrophils 

(>95% pure and viable) were used in functional assays of conidial internalization, 

inhibition of conidial germination, oxidative burst, and fungal killingE1.

PBMC Stimulation and Cytokine Determination by ELISA or Luminex Array 

To determine whether the patients’ PBMCs had impaired ability to produce proinfl am-

matory cytokines, ELISA (Patient 1) or a Luminex-based assay (Patient 2) was used. In 

brief, PBMCs from healthy donors or the CARD9-defi cient patients were incubated 

in duplicate in a round-bottom 96-well plate (Corning Inc.) at 37°C in a 5% CO2 

incubator in RPMI 1640 containing 10% fetal bovine serum (FBS, Gibco), 100 U/

mL of penicillin, and 100 μg/mL of streptomycin (unstimulated), or RPMI 1640 with 

10% FBS/antibiotics containing LPS (100 ng/mL), live (2.5 x 105 /mL; Patient 1) or 

heat-killed C. albicans SC5314 yeasts (1 x 106 /mL; Patient 2) or live Staphylococcus 

aureus 502A (2 x 106 /mL). After 24 or 48 hours of stimulation, PBMCs were pelleted 

and the supernatant was collected and stored at -80 °C until analysis. For Patient 1, 

the concentrations of IL-1β and IL-6 were measured using Pelikine ELISA (Sanquin 

Reagents, Amsterdam, The Netherlands) according to the manufacturer’s recom-

mendations. For Patient 2, Luminex analysis for IL-1α, IL-1β, IL-6 and TNF- α was 

performed via a multiplex bead array assay with antibodies and cytokine standards to 

generate known concentration curves (R&D Systems, Peprotech). Individual Luminex 

bead sets (Luminex) were coupled to cytokine-specifi c capture antibodies according 

to manufacturer’s protocols and biotinylated polyclonal antibodies were used at twice 

the recommended concentrations for a classical ELISA according to the manufacturer’s 
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instructions. The assay was run with 1200 beads per set of cytokines in a volume of 50 

μL. The plates were read on a Luminex MAGPIX platform where more than 50 beads 

were collected per bead set. The median fl uorescence intensity of the beads was then 

measured for each individual bead, which was analyzed with the Millipex software 

using a 5P regression algorithm.

Aspergillus fumigatus Strains 

Two clinical strains of A. fumigatus obtained from patients with invasive pulmonary 

aspergillosis were used for neutrophil functional assays in Patient 1 (Sq-001) and 2 

(B-5233E2). The mutant B-5233/GFP was also used for neutrophil functional assays 

in Patient 2. The strains were maintained as previously describedE3. The A. fumigatus 

B-5233/GFP strain was generated by transforming B-5233 with a plasmid to express 

GFP under oxidative stress. The transforming plasmid was constructed by inserting 

the sGFP gene from the vector p/DV2E4 in frame with the AFUA_5g12770 ORF, be-

fore its termination code. Thus, transcription of GFP is regulated by the promoter 

of AFUA_5g12770, which codes for a metallo-beta lactamase-family protein. The 

AFUA_5g12770 gene is highly up regulated in A. fumigatus exposed to neutrophils 

capable of producing reactive oxygen species (ROS) but not to neutrophils defi cient 

in ROS production.E5

Neutrophil Phagocytosis of Aspergillus Conidia

Phagocytosis of serum-opsonized Aspergillus conidia by control and CARD9-defi cient 

neutrophils of Patient 1 was assessed by fl ow cytometry. During the incubation of 

neutrophils with FITC-labeled conidia of A. fumigatus Sq-001, a sample was obtained 

and tested every 5 to 10 minutes for up to 90 minutes at 37°C using a LSRII fl ow 

cytometer equipped with FACSDiva software (BD Biosciences). Neutrophils were gated 

based on their forward and side scatter, and 10,000 gated events were collected 

per sample. Based on the percentage of FITC-positive neutrophils, phagocytosis was 

calculated relative to control neutrophils.

Prevention of Conidial Germination and Killing of Aspergillus Conidia and 

Hyphae by Neutrophils Using MTT

For assessing the antifungal activity of neutrophils from Patient 1, A. fumigatus Sq-

001 was opsonized with 10% v/v pooled serum or IgGs (15mg/ml, IVIG, Nanogam®, 

Sanquin, The Netherlands) for 15 minutes, at 37°C. Complement inactivation of the 

pooled serum was performed by heat treatment at 56°C for 30 minutes.

For assessing neutrophil-mediated prevention of conidial germination, Aspergillus 

conidia were incubated overnight with neutrophils from Patient 1 (0-5 x 106 cells/mL; 

E:T ratio, 1:2000-1:100) in a 96-well plate at 37°C in RPMI 1640 medium containing 
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L-glutamine and 10% FCS (Life). Subsequently, the neutrophils were lysed in water/

NaOH (pH 11.0) and incubated with MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-

nyltetrazolium bromide; thiazolyl blue) (Sigma, Germany). After addition of acidic 

isopropanol (0.04M-HCl) the optical density was measured in the plate reader at 570 

nm (Tecan, The Netherlands) and the A. fumigatus hyphae viability was calculated as 

compared to that of hyphae incubated without neutrophils set at 100%. To assess the 

A. fumigatus hyphae killing by neutrophils, conidia were overnight incubated at 37°C 

in RPMI 1640 medium containing L-glutamine and 10% FCS (Life) upon formation of 

a monolayer as determined by microscope. Freshly isolated neutrophils from Patient 

1 (5.0 x 106 cells/mL) were cultured for one hour on the preformed A. fumigatus 

monolayer at 37°C. Thereafter, the cells were lysed in water/NaOH (pH 11.0) and 

incubated with MTT. The absorbance of the acidic isopropanol-diluted samples was 

measured on the plate reader and the viability was calculated as a percentage of the 

viability after incubation without neutrophils.

Conidial and Hyphal Neutrophil Killing Assays by XTT

To assess the neutrophil killing capacity of Patient 2, freshly harvested conidia of A. 

fumigatus B-5233 were suspended in R25 [RPMI 1640 supplemented with 25 mM of 

Hepes] at concentrations of 3.33 x 105 and 3.33 x 106 conidia/ml, for conidial and 

hyphal assays, respectively. Three hundred μl of conidial suspension were added to 

the wells of a 24-well plate. Plates were kept at 4oC for approximately 20 hours. Two 

hours prior to adding neutrophils from Patient 2, plates were transferred to 37oC and 

5% CO2. One hundred μl of R25 containing 1 x 105 neutrophils (conidial assay) or 1 

x 106 neutrophils (hyphal assay) and 20 μl of plasma were added to each well, except 

for the control wells, which received only plasma in R25. Plates were incubated at 

37oC for 18 h (conidial assay) or 2 h (hyphal assay) before neutrophils were lysed. To 

lyse neutrophils, 400 μl of 1.25% of Triton-X 100 (Sigma) were added to the wells. 

Wells were then washed 3 times with PBS. Neutrophil-mediated growth inhibition of 

fungal cells was determined by changes in metabolic activity measured by the XTT 

(2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) assayE6 

as follows: two hundred μl of Dulbecco’s PBS containing 0.5 mg/ml of XTT (Sigma-

cat# X4626) and 40 μg/ml of coenzyme Q (Sigma-cat# D9150) were added to the 

wells. Plates were incubated at 37oC for 1 hour before supernatants were fi ltered 

through 96-well fi ltration system (MultiScreen HTS, Milipore, MA) and absorbance 

was read at 450 nm. In addition to the plates containing plasma (opsonized), plates 

without plasma (non-opsonized) were also analyzed following the protocol described 

above except for the absence of plasma.
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NADPH Oxidase Activity of Neutrophils

NADPH oxidase activity was assessed as the release of hydrogen peroxide, determined 

by the Amplex Red method (Molecular Probes, Eugene, OR, USA) by neutrophils from 

Patient 1 stimulated with various stimuli: zymosan (1 mg/ml), serum-treated zymosan 

(STZ, 1 mg/mL), phorbol-12-myristate-13-acetate (PMA, 100 ng/ml), platelet-activat-

ing factor (PAF) followed by formyl-Met-Leu-Phe (fMLP), Candida particles (ratio with 

neutrophils, 1:4) and aggregated IgG (5 mg/ml), in the presence of Amplex Red (0.5 

μM) and horseradish peroxidase (1 U/ml). Fluorescence was measured at 30-second 

intervals for 20 minutes with the HTS7000plus plate reader (Tecan, Mannedorf, Swit-

zerland). Maximal slope of H2O2 release was assessed over a 2-minute interval.E1

Assessment of Neutrophil-induced Oxidative Damage in Aspergillus 

The induction of neutrophils’ ROS during interaction with A. fumigatus was visualized 

with the aid of the B-5233/GFP strain, which expresses GFP under oxidative stress. 

Images of the interaction between neutrophils from Patient 2 and germinated conidia 

were obtained using 8-well chamber slides (Thermo Fisher Scientifi c). Three hundred 

μl of 3.33 x 105 conidia/ml were added to each well of the chamber slide. The slide 

was kept at 4oC for approximately 20 hours. Four hours prior to exposure of germi-

nated conidia to neutrophils, the slide was transferred to 37oC. At the end of 4 hours, 

100 μl of R25 containing 1 x 105 neutrophils and 20 μl of plasma were added to the 

wells. Control wells received either 100 μl of R25 alone or R25 with 375 μM hydrogen 

peroxide. Slides were incubated at 37oC for 4 hours before microscopy was carried 

out (Zeiss Inverted Microscope, software Axiovision 4). All images were taken with the 

same exposure time.

Immunoblot Analyses

Analysis of CARD9 protein expression was performed by Western blot analysis 

in PBMCs from Patients 1 and 2 and healthy donors. For Patient 1, the following 

antibodies were used for detection as previously describedE7: CARD9 (Proteintech 

Group-cat# 10669-1-AP, 1:400) and GAPDH (Merck Millipore-cat# MAB374, 1:1000). 

For Patient 2, PBMCs from 2 healthy donors and the patient were lysed in RIPA lysis 

buffer (10mM Tris-HCl, 140mM NaCl, 1mM EDTA, 0.5mM EGTA, 1% Triton X-100, 

0.1% sodium deoxycholate, 0.1% SDS) supplemented with protease inhibitors (HaltTM 

Protease and Phosphatase Inhibitor Cocktail; Thermo Scientifi c-cat# 1861281). Equal 

amounts of proteins were subjected to SDS-PAGE and transferred onto an Immobilon 

P, polyvinylidene difl uoride membrane (Millipore). The membranes were then incu-

bated with the following antibodies: CARD9 (Proteintech Group-cat# 10669-1-AP, 

1:400) and GAPDH (Cell Signaling Technology-cat# 5174S, 1:2000). HRP-conjugated 

secondary antibodies were from Southern Biotech. The antigens were visualized using 
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the Immobilon Western Chemiluminescent HRP substrate (Millipore) according to the 

manufacturer’s instructions.

Statistics

The experimental data were analyzed using unpaired t-test or Mann-Whitney test 

with GraphPad Prism 6.0 and presented as mean ± SEM. Statistical signifi cance was 

defi ned as P<0.05.
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Supplemental Figure E1. Biallelic CARD9 mutations in the patients with extrapulmonary as-
pergillosis. (A) Sequencing chromatogram of a healthy WT/WT individual (upper panel) and of 
Patient 1 (lower panel) showing homozygous c.883C>T CARD9 mutation (rs121918338). (B) The 
CARD9 stop codon polymorphism (rs121918338) of Patient 1 was confi rmed by restriction-frag-
ment length polymorphism (RFLP) analysis. (M) 100 bp marker, (1) undigested PCR product of 
a healthy WT/WT individual, (2) digested PCR product of a healthy WT/WT individual, (3) undi-
gested PCR product of Patient 1, (4) digested PCR product of Patient 1. Digestion with BfaI (re-
striction site: CTAG). (C) Sequencing chromatogram of Patient 2 (middle panel) and two healthy 
WT/WT individuals (upper and lower panels) showing homozygous c.3G>C CARD9 mutation.
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Supplemental Figure E2. CARD9 defi ciency does not impair neutrophil phagocytosis and killing 
of Aspergillus fumigatus. (A) CARD9-defi cient neutrophils from Patient 1 exhibit normal conid-
ial internalization as assessed by fl ow cytometry using FITC-labeled A. fumigatus conidia (n = 
2-3). (B, C) Control neutrophils and CARD9-defi cient neutrophils from Patient 1 have similar ca-
pacity to prevent the germination of opsonized (B) and non-opsonized (C) Aspergillus conidia 
into hyphae. Fungal metabolic activity was measured using the MTT assay (n = 2-6). (D) Killing 
of opsonized Aspergillus hyphae by control neutrophils and CARD9-defi cient neutrophils from 
Patient 1. Fungal metabolic activity was measured using the MTT assay (n = 2-9). (E, F) Opso-
nized (E) and non-opsonized (F) conidia or hyphae were incubated with neutrophils (ratio 1:1) 
from either healthy donors or Patient 2. Fungal metabolic activity was measured using the XTT 
assay (n = 3). Data shown represent one of three independent replicates with similar patterns 
of results. Data represent mean ± SEM.
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Without neutrophils With control neutrophils With Patient 1 neutrophils 

Supplemental Figure E3. CARD9 defi ciency does not impair the ability of neutrophils to prevent 
Aspergillus conidial germination into hyphae. Representative images of Aspergillus hyphal 
germination 20 hours after ex vivo co-incubation of conidia with control neutrophils (middle 
panel), neutrophils from Patient 1 (right panel) or no exposure to neutrophils (left panel).
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Supplemental Figure E4. B, C, D, E, F, G, H, I

Control  
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neutrophils 
(Patient 2) 
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Media 
(negative 
control) 

Supplemental Figure E4. CARD9 defi ciency does not impair neutrophil-mediated oxidative cy-
totoxicity against Aspergillus fumigatus. (A) Neutrophils from Patient 1 do not exhibit impaired 
release of hydrogen peroxide toward various fungal and non-fungal stimuli ex vivo, deter-
mined by the Amplex Red method (n=1-3). STZ, serum-treated zymosan. (B-I) Neutrophils from 
healthy donors (B and C) and Patient 2 (D and E) induce similar degrees of GFP fl uorescence in 
the A. fumigatus B-5233/GFP strain upon oxidative stress (white arrows). GFP-fl uorescence is 
induced in the A. fumigatus B-5233/GFP strain by 375 μM hydrogen peroxide (positive control; F 
and G) but not by R25 media alone (negative control; H and I). (B, D, F, and H), light microscopy. 
(C, E, G and I), fl uorescence microscopy. All quantitative data represent mean ± SEM.
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96 Supplemental Figure E6. CARD9 defi ciency does not impair neutrophil chemotaxis. Neutrophils 
from Patient 1 and another CARD9-defi cient patient with the c.883C>T (p.Q295X) mutation 
do not exhibit impaired chemotaxis toward C5a (10-8 M), IL-8 (10-8 M) or platelet-activating 
factor (PAF; 10-7 M) ex vivo. Two healthy donors were used as controls on two independent 
experiments.
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Table E1. Immunological parameters of the CARD9-defi cient patients of this study

Immunophenotyping
parameter

Patient 1
% / absolute

Patient 2
% / absolute

normal % normal 
absolute (cells/μl)

Lymphocytes

T-Lymphocytes 63 / 450 63.4/2162 55-83 700-2100

CD4 42 / 300 27.6/941 28-57 300-1400

CD8 19 / 136 31.4/1071 10-39 200-900

B-Lymphocytes 24 / 171 25.3/863 6-19 100-500

NK-cells 13 / 93 10.8/368 7-31 90-600

T-Lymphocytes

CD45RA 23 / 59 ND 3-59 27-833

CD45RO 73 / 188 ND 15-69 167-670

CD45RA+CD31+ 17 / 48 ND 6-42 42-399

Th17 1.9% 3.89% N/A

B-Lymphocytes 

CD27+ 25 / 36 ND 6-53 18-145

CD27+IgM+IgD+ 15 / 21 ND 2-29 4-85

CD27+IgM- IgD- 8 / 11 ND 2-27 7-61

Lymphocyte 
Proliferation

Patient 1 Patient 2 Humoral 
response

Patient 1 Patient 2 normal

Mitogens Total IgG 11.4 g/l 21.0 7 – 16 g/L

PHA normal ND

OKT3 normal ND Specifi c 
antibody titers

Con A normal ND Tetanus present present

PWM normal ND Diphtheria present present

SAC normal ND Hemophilus present present

Pneumococcus present present

Antigens IgE ND 828 IU/mL

Tetanus/Diphtheria/ 
StreptolysinO/Mumps

normal ND

ND, not determined; N/A, not applicable
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Table E2. Amplifi cation and sequencing primers used for the identifi cation of the c.3G>C CARD9 
mutation in Patient 2.
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ABSTRACT

Familial hemophagocytic lymphohistiocytosis (FHL) is caused by genetic defects in 

cytotoxic granule components or their fusion machinery, leading to impaired Natural 

Killer (NK) cell and/or T lymphocyte (CTL) degranulation and/or cytotoxicity. This 

may accumulate into a life-threatening condition known as macrophage activation 

syndrome. STXBP2, also known as MUNC18-2, has recently been identifi ed as the 

disease-causing gene in FHL5. A role for STXBP2 in neutrophils, and for neutrophils in 

FHL in general, has not been documented thus far. Here, we report that FHL5 neutro-

phils have a profound defect in granule mobilization, resulting in inadequate bacterial 

killing, in particular of Gram-negative Escherichia coli, but not of Staphylococcus 

aureus, which rather depends on intact NADPH oxidase activity. This impairment 

of bacterial killing may contribute to the apparent susceptibility to gastrointestinal 

infl ammation in FHL5 patients.
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INTRODUCTION

Rare mutations (incidence: ~1-4 cases/million depending on ethnicity) in four different 

genes, including PRF1 (encoding perforin-1) in FHL2, UNC13D (encoding Munc13-

4) in FHL3, STX11 (encoding syntaxin 11) in FHL4, and, more recently, also STXBP2 

(also known as MUNC18-2), encoding the granule-associated docking protein syn-

taxin binding protein 2 (STXBP2), in FHL5, have been identifi ed as disease-causing 

in FHL patients1-3. FHL-5 accounts for an estimated 10% of all FHL cases. STXBP2 is 

important for regulating intracellular granule traffi cking and docking at the plasma 

membrane. Previous reports have documented the role of STXBP2 in NK, CTL and 

platelet degranulation in FHL type 5 patients (FHL-5)2-4. Some of the clinical features 

of FHL5, such as the increased susceptibility to gastrointestinal bacterial infection5, 

have remained unexplained and it therefore seems possible that STXBP2 plays a role 

in other leukocytes, such as neutrophils. Indeed, STXBP2 has been reported to local-

ize to the different types of granules in human neutrophils 6;7. Neutrophil granules 

contain an array of anti-microbial constituents and proteases that will be secreted 

and/or released into the phagosome upon mobilization and this process contributes 

to microbial killing. Although there is some evidence for an involvement of STXBP2 

in neutrophil granule function7, compelling evidence for a direct role has not been 

documented. Here, we demonstrate that STXBP2 is involved in neutrophil granule 

mobilization and bacterial killing using neutrophils from three genetically-defi ned 

FHL5 patients.

MATERIALS AND METHODS

FHL5 patients, control subjects and neutrophil isolation

Heparinized blood was collected, after informed consent and according to the dec-

laration of Helsinki 1964, from three unrelated FHL-5 patients (supplementary table 

1) and healthy controls, which included umbilical cord blood and blood from healthy 

adults. Granulocytes were isolated by density gradient centrifugation with isotonic 

Percoll (Pharmacia, Uppsala, Sweden) and erythrocyte lysis, as described before.8 

Granulocytes were washed and resuspended in Hepes-buffered saline solution (HBSS 

containing 132 mM NaCl, 6.0 mM KCl, 1.0 mM CaCl2¬ 1.0 mM MgSO4¬, 1.2 mM 

potassium phosphate, 20 mM Hepes. 5.5 mM glucose and 0.5% (w/v) human serum 

albumin, pH 7.4). The purity of granulocytes always exceeded 95%.
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Degranulation assays

Neutrophil degranulation was examined as described before.9 Briefl y, neutrophils 

(2×106/ml) were incubated in Hepes-buffered saline solution (Hepes-buffer) at 37ºC 

in a shaking water bath before adding the (priming) agents PAF (1 μM, Sigma, 5 min-

utes) or cytochalasin B (5 μg/ml, Sigma, 5 minutes) and were subsequently stimulated 

with fMLP (1 μM, Sigma, 15 minutes). After stimulation, cells were put on ice, washed 

with Hepes-buffer once, and subsequently stained with antibodies against neutrophil-

granule markers: CD63-PE (IgG1, 435); CD66b-FITC (IgG1, CLB-B13.9). Data are 

expressed as mean fl uorescence intensities (MFI). The cells were analyzed on an LSRII 

fl ow cytometer equipped with FACSDiva software (BD). The release of elastase and 

lactoferrin was evaluated using ELISA kits (HyCult Biotechnology) according to the 

manufacturer’s instructions.

Bacterial killing

Granulocyte bactericidal activity was determined using, Escherichia coli, strain ML-35, 

and Staphylococcus aureus, strain 502A. Bacterial survival was measured by assaying 

bacterial colony formation as previously described10.

Statistics

Statistical signifi cance was determined where possible using Students t-test, or other-

wise by Grubb’s outlier test; p<0.05 was considered to be signifi cant.

RESULTS AND DISCUSSION

In order to characterize a role for STXBP2 in neutrophil function and a possible con-

tribution of neutrophils to FHL5, we analyzed three unrelated patients with defi ned 

mutations in STXBP-2 (Suppl. Table 1). The absence of STXBP2 protein in neutrophils 

of patients A and C was confi rmed by Western blot analysis, whereas patient B carry-

ing a homozygous exon 15 splice site mutation, which is known to be associated with 

residual NK function and a milder clinical phenotype11, did express substantial levels 

of a STXBP2 protein (Suppl.Fig.1A). As reported before12, this splice site mutation 

yields a variant STXBP2 protein (Suppl.Fig.1B), most likely with a partially impaired 

function. In line with this, and also with previous fi ndings11, a complete (patients A 

and C) or partial (patient B) absence of NK cell-mediated degranulation and cytotoxic-

ity towards target cells was observed (Suppl.Fig.2). The exocytosis of the different 

types of neutrophil granules6, induced by either cytochalasin-B/fMLP or PAF/fMLP, was 

evaluated by monitoring secretion of the granule components elastase (azurophilic 

granules) or lactoferrin (LAF) (specifi c granules) and the exposure of cell surface CD63 
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(azurophilic granules) or CD66b (secretory, tertiary and specifi c granules) (Fig.1). 

This revealed a pronounced defect in the release of both types of vesicles in FHL5 

neutrophils of all three patients. Consistently, the cytoB/fMLP-stimulated release of 

extracellular proteolytic activity, analyzed by DQ-BSA proteolysis assay, which primarily 

measures neutrophil-derived serine proteases, appeared completely absent in FHL5 
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Figure 1. Defective granule mobilization by FHL5 neutrophils. Degranulation of neutrophils 
was examined in one day old healthy adult (n=11) and fresh cord blood (n=6) controls, and the 
FHL-5 patient A (fresh), B and C (both one day old) by monitoring the release of (A) lactoferrin 
(LAF, specifi c granules) and surface exposure of (B) CD66b (secretory, tertiary and specifi c gran-
ules) upon stimulation with PAF/fMLF, and the release of (C) elastase (azurophilic granules) and 
surface exposure of (D) CD63 (azurophilic granules) upon stimulation with cytoB/fMLF, respec-
tively. Concentrations (ng/ml) of released factors, or the mean fl uorescence intensities (MFI) of 
surface markers for stimulated (white, blue, green, red) and unstimulated (black parts of the 
bars) cells are shown. The values shown are averages +- SEM, from at least two independent 
experiments, each performed in triplo, with the exception of patient A, which was evaluated 
once; p < 0.05; n.s., non-signifi cant; Grubb’s outlier test. Note that granule release is essentially 
absent in all three FHL-5 patients.
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neutrophils, although the total cellular content of the proteases was not different 

(Suppl.Fig.3). Immuno-EM analysis of the tertiary, specifi c and azurophilic granules, us-

ing respectively gelatinase, lactoferrin and MPO as markers, showed a normal granule 

appearances and frequencies (Suppl.Fig.4), thereby excluding defects in granule bio-

synthesis. Measurement of intra-phagosomal serine protease activity suggested that 

mobilization of neutrophil granules to phagosomes was also substantially impaired 

in FHL-5 neutrophils (Suppl.Fig.5), although it was certainly not completely absent as 

also shown by the presence of both specifi c and azurophilic granule components in 

E.coli-containing phagosomes (Suppl.Fig.6). Collectively, these fi ndings suggested, for 

the fi rst time, that STXBP2 is required for neutrophil granule exocytosis, and likewise 

also, at least in part, for granule mobilization to the phagosome.

Neutrophils are essential for controlling bacterial and fungal infections. There are 

two mechanisms that primarily contribute to neutrophil-mediated killing of microbes: 

(a) the NADPH oxidase, which upon assembly and activation in the phagosomal- and/or 

plasma-membrane produces toxic reactive oxygen species, and (b) proteolytic killing, 

which is assumed to require the fusion of the protease-loaded azurophilic granules 

with phagosomal- and/or plasma-membrane. Although gene targeting experiments 

in the mouse have demonstrated that both mechanisms may act independently or 

in concert to achieve full destructive power, the relative contribution of each activity 

depends on the nature of the microbe as well.13-15

However, in spite of abundant information on neutrophil microbial killing in a 

human context with respect to the role of the NADPH oxidase, an activity that is 

defective in chronic granulomatous disease (CGD), much less is know about the 

contribution of granule mobilization in human neutrophils. Clearly, the availability of 

FHL5 neutrophils with a granule mobilization defect allowed us to explore this directly. 

Neutrophil-mediated killing of S. aureus and E. coli was evaluated. Figure 2 shows that 

the S. aureus killing was virtually unaffected in FHL5 neutrophils, but the killing of E. 

coli was substantially impaired in cells from all patients investigated. Of relevance, the 

phagocytosis of the bacteria was apparently not signifi cantly affected (Suppl.Fig.7). In 

line with a complementary role for the NADPH oxidase in this context, S. aureus killing 

was more or less abolished in cells treated with the NADPH oxidase inhibitor diphe-

nylene iodonium (DPI), while the killing of E. coli was only partially impaired (Suppl.

Fig.8). Similar abnormalities in killing have been observed with neutrophils from CGD 

patients16 (and data not shown). It should be noted that the production of reactive 

oxygen species by the NADPH oxidase in response to particulate stimuli, such as un-

opsonized or opsonized zymosan (Suppl.Fig.9A), or soluble stimuli, such as PAF/fMLP 

(not shown), was not impaired in FHL5 neutrophils. However, the intra-phagosomal 

oxidation of DHR-coated E.coli appeared slightly delayed in FHL-5 neutrophils (Suppl.

Fig.9B). Because DHR oxidation requires MPO activity17 this is consistent with the 
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impaired mobilization of granules to phagosomes noted above. Collectively, these 

fi ndings suggest that, while S. aureus killing depends primarily on the NADPH oxidase, 

both the oxidase as well as granule mobilization-dependent mechanisms, either to the 

plasma membrane and/or to the phagosomal membrane, play a role in E. coli killing. 

Finally, chemotaxis of FHL5 neutrophils was apparently normal (Suppl. Fig.10).

Taken together, to our knowledge these fi ndings provide the fi rst direct demonstra-

tion of a requirement for STXBP2 in particular, and granule mobilization in general, 

in the killing of bacteria by human neutrophils. This defect in bacterial killing may 

potentially also explain some of the unexplained symptoms, such as the increased 

susceptibility to gastrointestinal infl ammation, which has previously been reported in 

FHL5 patients5.
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Figure 2. Impaired bacterial killing by FHL5 neutrophils. Killing of S. aureus (A) and E. coli (B) 
was assessed in cord blood (control A; n=6) and normal (control B/C; n=10) controls and the 
FHL-5 patients as described in the Materials and Methods section (see also the legend of Fig. 1). 
Remaining viable bacteria were quantifi ed as colony forming units (CFU) and expressed as % of 
CFU at t=0. For the control groups the values shown are averages +- SEM, and for the patients 
the average of two measurements from two (patient A/B) or three (patient C) independent 
experiments are shown; *, p < 0.05; Grubbs’ outlier test (patient A/B) or Students-t-test (patient 
C). Note that the killing of S. aureus is virtually normal, while E. coli killing is signifi cantly im-
paired for all three FHL-5 patients.
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age mutation protein expression1 clinical symptoms

patient A 4-6w allele 1: c.1621G>A (p.Gly541Ser)
allele 2: c.1621G>A (p.Gly541Ser) not detectable none (sibling died of MAS in HLH); 

successful HSCT at 6-7w

patient B 13y allele 1: c.1247-1G>C (exon 15 splice site)
allele 2: c.1247-1G>C (exon 15 splice site) yes; variant mild HLH

patient C 7y allele 1: c.1621G>A (p.Gly541Ser)
allele 2: c.1247-1G>C (exon 15 splice site) not detectable mild HLH

Supplementary table 1. STXBP2/MUNC18-2 gene mutations and clinical features of FHL-5 patients 
A, B and C.

- -actin/

- STXBP2 

-tubulin

A

B
410       420         430       440

.         .           .         .
KIRVLLLYILLRNGVSEE..NLAKLIQHANVQAHSSLIRNLEQL control
KIRVLLLYILLRNATPLDPGTLLHWLGDSSTEAHSSLIRNLEQL patient B

Supplementary fi gure 1. STXBP2/Munc18-2 protein expression in FHL-5 patient neutrophils. A) 
Total lysates from PMN of control and FHL-5 patient neutrophils were resolved on SDS-PAGE 
and subjected to immunoblotting with rabbit polyclonal antibodies specifi c for human STXBP2/
Munc18-2 (GeneTex, USA). Staining for β-actin of α-tubulin was done as a loading control. B) 
STXBP2/Munc18-2 protein variant expressed in patient B. As a result of the 1247-1G>C exon 15 
splice site mutation a 19 amino acid sequence of intron 14 is instead of the normal 17 amino 
acid sequence encoded by exon 15 (blocked area). This was verifi ed by mass spectrometry, 
which identifi ed the peptide indicated in red in blood cell lysates of the patient. 
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Supplementary fi gure 2. Defective degranulation and cytotoxicity by FHL-5 patient NK cells. A) 
Degranulation was assayed as cell surface appearance of CD107a on NK cells (CD3-CD16+CD56+) 
(Alter G et al. (2004) J Immunol Meth. 294:15-22). Briefl y, PBMC were incubated for 4 hrs with 
K562 cells at a 1:1 ratio in the presence of FITC-labeled CD107a. Cells were harvested and 
CD107a expression was measured on the CD3-CD16++CD56dim population by fl ow cytometry 
and analyzed with CellQuest Pro software. Values shown were corrected for the % of surface 
expression at t=0, which was <1% in both controls and patients A and B. Note that NK cell 
degranulation is essentially absent for patient A, while there is some rest activity in patient 
B. B) Spontaneous and antibody (Trastuzumab)-dependent NK cell cytotoxicity against SKBR-3 
breast cancer cells was measured in a 51Cr release assay (Kiesling R et al.(1975) Eur J Immunol. 
5:112-117) using NK cells isolated with anti-CD56 MACS beads as effector cells at the indicated 
target:effector (T:E) ratios. Note that NK cell cytotoxicity in patients A and C is virtually absent, 
while there is considerable rest activity for patient B. Similar fi ndings were obtained using pa-
tient NK cells with K562 cells as targets (data not shown).
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Supplementary fi gure 4. Immuno-electron microscopic identifi cation of A) gelatinase-positive 
tertiary granules, B) lactoferrin-positive specifi c granules, C) myeloperoxidase (MPO)-positive 
azurophilic granules in neutrophils from FHL-5 patient A and corresponding control neutro-
phils. Note that the FHL-5 patient has apparently normal granules with immunoreactive ma-
terial (arrow-heads). Bar = 1 �m. Sample preparation and staining as described previously by 
Herrero-Turrión MJ et al. (2008) J Immunol. 181:3793-803. D) FHL-5 patient neutrophils have 
normal quantities of gelatinase-, lactoferrin- and MPO- positive granules. The average numbers 
of gelatinase-, lactoferrin- and MPO- positive granules/cell was determined in neutrophils from 
the control and the FHL-5 patient by counting positively stained vesicles (≥ 4 gold particles) in 
20-25 cells from the preparations shown in panels A-C.
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Supplementary fi gure 5. Intra-phagosomal protease release in FHL-5 (patient B) and control 
neutrophils measured during uptake of human IgG-opsonized Alexa633 beads coated with 
A) DQ-BSA or B) DQ-cathepsin G-substrate peptide. Proteolytic activity was determined as de-
scribed before by Yates RM et al. (2009) Methods Mol Biol. 531:157-71 using a BD Canto fl ow 
cytometer simultaneously measuring phagocytosis (exitation at 633 nm/emission at 650 nm) 
and proteolytic activity (exitation at 488 nm/emission at 520 nm for the DQ-BSA, or exitation 
at 405 nm/emission at 460 nm for the DQ-cathepsin G) for 5000 cells/sample. The ratios of the 
proteolytic MFI/phagocytic MFI were used as a measure for proteolytic activity. Incubations per-
formed in the presence of the phagocytosis inhibitor cytochalasin B (5 μg/ml) were performed 
to control for extracellular proteolytic activity (RFUcytoB) and these values were subtracted 
from the values measured in absence of cytoB, such that the intra-phagosomal proteolytic 
activity is represented by RFU-RFUcytoB = RFU, which is shown in the graphs. Data shown are 
from one representative experiment out of three performed for patients B and C. Note that 
intra-phagosomal protease activity in FHL-5 neutrophils is considerably reduced but not absent.
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Supplementary fi gure 6. Localization of lactoferrin (LAF) and myeloperoxidase (MPO) in E.coli-
containing phago-lysosomes in neutrophils of FHL-5 patient B and control individual. Neutro-
phils of patient and corresponding controls were allowed to phagocytose serum-opsonized E. 
coli bacteria for 30 minutes and processed for immuno-EM staining for LAF and MPO as in Sup-
pl. Fig. 4. Note that the phagosomes in FHL-5 neutrophils, which were identifi ed by the pres-
ence of distinguishable E.coli bacteria (phagosomal membranes indicated with arrow-heads), 
contain a substantial amount of LAF and MPO, indicative of residual specifi c and azurophilic 
granule fusion to E. coli phago-lysosomes.



C
hapter 5

1150 5 10 15 20
0

20

40

60

80 S. aureus

time (min)

%
 p

ha
go

cy
to

si
s

0 5 10 15 20
0

20

40

60

80
control
patient BE. coli

time (min)

%
 p

ha
go

cy
to

si
s

A

B

0 5 10 15 20
0

20

40

60

80 S. aureus

time (min)

%
 p

ha
go

cy
to

si
s

0 5 10 15 20
0

10

20

30

40

50
control
patient CE. coli

time (min)

%
 p

ha
go

cy
to

si
s

Supplementary fi gure 7. Phagocytosis of E.coli and S.aureus by FHL-5 patient B and C and corre-
sponding control neutrophils. Neutrophils of patient and corresponding controls were allowed 
to phagocytose FITC-labelled serum-opsonized E. coli and S. aureus bacteria for the indicated 
times as described perviously (Brouwer N et al. (2008) J Immunol. 180:4124-32) and the % of 
neutrophils that had phagocytosed bacteria was quantifi ed by fl ow cytometry. Note that there 
is no meaningful difference in bacterial uptake between FHL-5 and control neutrophils.
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Supplementary fi gure 8. Effects of the fl avoprotein/NADPH oxidase inhibitor DPI on bacterial 
killing by neutrophils. Killing of S. aureus is completely inhibited by DPI, whereas E. coli killing is 
only partially reduced. Remaining viable bacteria were quantifi ed as colony forming units (CFU) 
and expressed as % of CFU at t=0. Other experimental details as in Figure 2. A representative 
experiment out of three is shown. Control experiments (not shown) demonstrated that DPI had 
no effect on bacteria itself.
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Supplementary fi gure 9. Normal respiratory burst in FHL-5 patient neutrophils, but delayed 
intra-phagosomal reduction of DHR-E.coli. Respiratory burst in response to various particulate 
stimuli, including zymosan (1 mg/ml) and serum-opsonized zymosan (STZ; 1 mg/ml), was mea-
sured with the Amplex Red assay as described previously9. Mean +/- SEM of triplicate measure-
ments is shown. Control neutrophils include cord blood controls (i.e. controls A; n=5) and adult 
controls (i.e. controls B/C; n=82). Note that the respiratory burst in FHL-5 neutrophils may be 
slightly higher, but certainly not lower, than in controls.
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Supplementary fi gure 10. Chemotaxis of FHL-5 patient A and C neutrophils. Chemotaxis in 
response to C5a, IL-8 and PAF was measured with calcein-labelled neutrophils in a Transwell 
chemotactic assay as described (Van Bruggen et al. (2010) J.Innate.Immun. 2:280-287), with the 
results represented in relative fl uorescent units (RFU). Controls represent n=82 independent 
measurements of individual healthy donors (mean +/- SEM).
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CAPSULE SUMMARY

We show a critical role of protein kinase C delta (PKCδ) in neutrophil-mediated mi-

crobial killing using neutrophils from patients with PKCδ defi ciency. The killing defect 

may explain the recurrent infections reported in PKCδ defi ciency.

INTRODUCTION, RESULTS AND DISCUSSION

Neutrophils are of critical importance in the host defense against bacterial and 

fungal infections. Upon microbial phagocytosis neutrophils use at least two major 

and well-established intracellular killing mechanisms, i.e. the production of reactive 

oxygen species (ROS) by the phagocyte nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase system, and release of anti-microbial components from intracel-

lular granules(1). Protein kinase C delta (PKCδ) is a serine and threonine kinase and 

a member of the family of so called ‘novel’ PKC isoenzymes(2). PKCδ is expressed in 

neutrophils(3) and can mediate the phosphorylation of the p47phox subunit of NADPH 

oxidase, suggesting a regulatory function in ROS production(4). However, in the ab-

sence of specifi c inhibitors of PKCδ activity a direct functional relevance for PKCδ in 

human neutrophils has not been established(2) and genetic manipulation of human 

neutrophils is essentially impossible due to the very short life span of these cells.

Here, we have studied the role of PKCδ by using neutrophils from recently reported 

patients with an inherited PKCδ defi ciency(5;6). These patients suffer from systemic 

autoimmunity and recurrent infections. Although the immunosuppressive medication 

to treat the autoimmune disease is a confounding factor, the patients may be intrinsi-

cally susceptible to recurrent infections(6). Our fi ndings illustrate that PKCδ-defi cient 

neutrophils have a markedly decreased capacity to kill bacterial and fungal pathogens. 

This is particularly remarkable since their ability to phagocytose, produce ROS through 

the NADPH oxidase, as well as their capacity to release granule-derived components is 

virtually unimpaired. Our work provides direct evidence for the involvement of PKCδ 

in neutrophil microbial killing through a previously unreported non-oxidative cytotoxic 

mechanism.

To evaluate the function of PKCδ in human neutrophils purifi ed neutrophils were 

used of three patients with two distinct mutations in PRKCD gene (Online Repository 

Tab 1). Patient A, suffering from recurrent infections and autoimmunity, has a splice-

site mutation in the PRKCD gene (c.1352+1G>A) leading to the lack of expression 

of PKCδ(6). Similarly, a complete absence of PKCδ in neutrophils from this patient 

was observed (Fig 1A). In addition, neutrophils of two other patients both carrying a 

homozygous missense mutation in PRKCD were used (siblings; c.1528G>A; p.G510S) 
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with systemic lupus erythematosus(5) whose B cells showed minimal expression of 

PKCδ(5). The neutrophils of these patients expressed residual levels (~20-30% of nor-

mal controls) of PKCδ protein (Fig 1A). Levels of PKCα and PKCβI/II were comparable 

to controls (Fig E1 A and B, Online Repository).

In neutrophils, different PKC isoforms become activated upon ligation of for instance 

G-protein-coupled receptors(7) or directly by the generic PKC agonist phorbol-myristate 

acetate (PMA)(4). The ability of neutrophils from PKCδ-defi cient patients to activate 

the NADPH oxidase was tested by measuring extracellular H2O2 production. PKCδ-

defi cient neutrophils displayed only a minor reduction in the PMA-induced production 

δ

α

Figure 1. Neutrophils of PKCδ-defi cient patients show normal extracellular release of H2O2 A 
Western blot analysis performed on cell lysates of neutrophils from healthy controls and pa-
tients. Freshly isolated neutrophils of healthy donors and patients were stimulated with soluble 
(B) or bacterial (C) stimuli, and release of H2O2 was measured by Amplex Red assay as described 
in Methods section of this article’s Online Repository.
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of extracellular H2O2 (Fig 1B) and responded completely normal to more physiological 

soluble (i.e. PAF/fMLP) and particulate stimuli, including (opsonized) zymosan and rel-

evant gram-positive (S. aureus) and -negative (E. coli) bacteria and yeast (C. albicans) 

(Fig 1B and C). For comparison, neutrophils isolated from chronic granulomatous 

disease (CGD; Online Repository Table 2) patients carrying mutations in any one of 

the NADPH oxidase subunits show no detectable NADPH oxidase activity whatsoever 

(Fig 1B). We also measured intracellular ROS production using dihydrorhodamine 

(DHR)-labeled microbes, and this again showed normal intracellular ROS production 

(Supplementary Fig 2A and B). Collectively, these fi ndings demonstrate that PKCδ 

does not have a generic role in triggering the respiratory burst in human neutrophils. 

Next, the ability of PKCδ-defi cient neutrophils to kill microbial pathogens in vitro was 

investigated. Intracellular microbial killing by neutrophils involves at least two principal 

effector mechanisms, i.e. ROS generated by the NADPH oxidase and mobilization of a 

variety of anti-microbial (poly)peptides from stored granules. Killing of gram-positive 

S. aureus bacteria is primarily mediated by the NADPH oxidase, whereas the killing of 

gram-negative E. coli involves a combination of both of these mechanisms(8) (Fig 2B 

and D). Neutrophils of the PKCδ-null patient A displayed severely impaired killing of 

S. aureus, whereas no defect was seen with the other patients (B and C) that exhibit 

residual PKCδ expression (Fig 2A and B). Killing of E. coli was signifi cantly reduced 

in all three patients (Fig 2C and D). These fi ndings suggest that in spite of an appar-

ently normal NADPH oxidase function, PKCδ-defi cient neutrophils have a substantially 

impaired bacterial killing capacity.

Subsequently, a role for PKCδ in fungal killing was explored. Neutrophils are known 

to play a major role in the host defense against fungal infections, including those 

caused by Candida, and mice lacking PKCδ are highly susceptible to Candida infec-

tions(9). To investigate the role of PKCδ in fungal infections in a human context the 

capacity of PKCδ-defi cient neutrophils to kill C. albicans conidia was studied. Neutro-

phils of PKCδ-defi cient patients showed substantially reduced killing of C. albicans 

conidia (Fig 2E). These fi ndings highlight the importance of PKCδ in neutrophil fungal 

killing.

PKCδ-defi cient neutrophils have a normal ability to phagocytize pathogens (Fig E3, 

Online Repository), which is in agreement with earlier observations in PKCδ-/- mice(9). 

We also tested whether neutrophils from PKCδ-defi cient patients display impaired 

granule mobilization and release of active serine proteases from granules. There was 

no apparent defect in the exocytosis of either azurophilic or specifi c granules (Fig E4A 

and B, Online Repository). We also evaluated the intracellular delivery of lactoferrin 

and myeloperoxidase from granules to phagosomes containing E. coli bacteria by 

immuno-EM. The presence of both components in phagosomes of the PKCδ-defi cient 

neutrophils was clearly demonstrated (Fig E5, Online Repository). Taken together, 
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Figure 2. Neutrophils defi cient in PKCδ have signifi cantly decreased capacity to kill bacterial 
and fungal pathogens
Bacterial killing capacity of freshly isolated neutrophils from patient A was assessed with S. aureus (A) 
and E. coli (C). The same killing assay was performed with freshly isolated neutrophils of patient B and C 
and CGD patients with S. aureus (B) or E. coli (D). Killing of fungal pathogen by neutrophils of all PKCδ-
defi cient patients was determined with C. albicans conidia (E). Experiments were performed as described 
in details in Methods section of this article’s Online Repository.
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these data essentially exclude a major defect in granule-phagosome fusion. Finally, we 

evaluated the epitopes expression, adhesive and migratory properties of the patients’ 

neutrophils (Fig E6, Online Repository). This did not reveal any notable differences 

with cells from healthy controls, suggesting normal neutrophil development and other 

functions relevant in the context of infection.

Collectively, our fi ndings reveal a previously undescribed role for PKCδ in human 

neutrophils in the killing of microbes. Intriguingly, this pathway appears unrelated to 

the NADPH oxidase activity and granule mobilization. The observed defects in micro-

bial killing may contribute to the recurrent infections associated with PKCδ defi ciency.
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SUPPLEMENTARY MATERIALS AND METHODS

Purifi cation of neutrophils from patients and healthy individuals

Heparinized blood was collected from healthy individuals or patients with a mutation 

in the PRKCD gene or from patients with mutations in the NCF1 gene, resulting in 

chronic granulomatous disease (CGD) (for details see Supplementary Table 2). The 

studies were approved by the local ethical committee of Sanquin Blood Supply, 

Amsterdam, the Netherlands (for healthy individuals), Medical University of Vienna, 

Vienna, Austria (for patient A) and Comite´ de Protection des Personnes Sud-EST IV, 

France (for patients B and C), Academic Medical Center Amsterdam, the Netherlands 

(patients D and E) and were performed after obtaining informed consent of the pa-

tients. Patients’ characteristics have been described before1;2. Neutrophils were puri-

fi ed by gradient centrifugation over Percoll from o/n transported blood (Pharmacia, 

Uppsala, Sweden)3, washed and resuspended in Hepes-buffered saline solution4.

NADPH oxidase activity

Activation of the respiratory burst was measured with the Amplex Red (10-acetyl-

3,7-dihydroxyphenoxazine) Hydrogen Peroxidase Assay kit (Molecular Probes, Eugene, 

OR, USA) as described before3. Neutrophils were incubated with phorbol 12-myristate 

13-acetate (PMA, 100ng/mL, Sigma-Aldrich), zymosan (1 mg/mL, Sigma-Aldrich, 

St.Louis, MO, USA), serum-treated zymosan (STZ, 1 mg/mL), platelet-activating factor 

(PAF, 1 μM, Sigma-Aldrich, St.Louis, MO, USA) followed by formyl-Met-Leu-Phe (fMLP, 

1 μM, Sigma-Aldrich, St.Louis, MO, USA), opsonized Escherichia coli, Staphylococcus 

aureus and Candida albicans (all pathogens were added in a fi nal concentration of 

0.25x109/ml). Fluorescence was measured at 30-second intervals for 20 minutes with 

the Infi nite 200 PRO (Tecan, Mannedorf, Switzerland). Maximal slope of H2O2 release 

was assessed over a 2-minute interval to determine the activity of the NADPH oxidase. 

Measurement of intracellular release of H2O2 was performed with dihydrorhodamine 

(DHR)-labeled microbes as described in detail before5.

Bacterial and fungal killing

Bactericidal activity of neutrophils was assessed with Escherichia coli (E. coli) strain 

ML-35 and Staphylococcus aureus (S. aureus) strain 502A. Survival of bacteria and C. 

albicans (strain SC5314) was measured by determining colony-forming units (CFU) as 

described before6;7.

Western blot analysis

Freshly purifi ed neutrophils of healthy donors and patients were used to prepare total 

cell lysates. The samples were subjected to 7.5% sodium dodecyl-sulfate–polyacryl-
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amide gel electrophoresis and transferred to nitrocellulose membranes (Schleicher & 

Schuell, Dassel, Germany). Membranes were washed and blocked with 5% non-fat 

milk (Elk Campina, Zaltbommel, the Netherlands). The following primary antibodies 

were used: PKCδ (Invitrogen, Camarillo, CA, USA), PKCα and PKCβII (both Santa Cruz, 

San Diego, CA, USA). Membranes were incubated with antibodies in 1% non-fat 

milk followed by incubation with goat anti-mouse-IgG IRDye 700CW or goat anti–

rabbit-IgG IRDye 800CW (LI-COR Biosciences, Lincoln, NE, USA). Quantifi cation of 

bound antibodies was performed on an Odyssey Infrared Imaging system (LI-COR 

Biosciences, Lincoln, NE, USA). Immunostaining for alpha-tubulin (mouse anti-alpha 

tubulin, Abcam, Cambridge, UK) followed by secondary goat anti-mouse-IgG IRDye 

700CW (LI-COR Biosciences, Lincoln, NE, USA) served as a control for equal loading 

and electrophoretic transfer of each lane in the gels.

Microbial phagocytosis

Capacity of neutrophils to phagocytose human serum-opsonized E. coli and S. aureus 

and unopsonized/opsonized C. albicans conidia was determined by fl ow cytometry. 

Fluorescently (FITC)- labeled microbes were incubated with neutrophils, and samples 

were measured at different time points by LSRII fl ow cytometer equipped with FAC-

SDiva software (BD Biosciences, Bedford, MA, USA) at 37°C. Cells were gated based 

on their forward and side scatter, and 10,000 gated events were collected per sample. 

Based on the neutrophils’ FITC-MFI and the percentage of FITC-positive neutrophils, 

phagocytosis was calculated relative to control Ig-treated or untreated neutrophils.

Degranulation and release of proteases

Degranulation of azurophilic and specifi c granules from control and patients’ neutro-

phils was measured by monitoring the cell surface up-regulation of CD63 and CD66b, 

which are azurophilic and specifi c granules markers, respectively. Neutrophils were 

fi rst incubated in HEPES-buffered saline solution at 37°C in a shaking water bath 

before adding the (priming) agents: PAF (1 mM; Sigma-Aldrich, St.Louis, MO, USA, 5 

minutes) or cytochalasin B (5 mg/mL, Sigma-Aldrich, St.Louis, MO, USA, 5 minutes) 

and were subsequently stimulated with fMLP (1 �M: Sigma-Aldrich, St.Louis, MO, 

USA, 15 minutes). After stimulation, cells were put on ice, washed with HEPES-buffer 

saline solution once, and subsequently stained with antibodies against neutrophil-

granule markers CD63-PE (IgG1, 435) and CD66b-FITC (IgG1, CLB-B13.9). Extracellu-

lar release of neutrophil granule proteases was triggered by cytoB/fMLP and measured 

by the DQ-Green BSA assay, in which proteases cause an increase in fl uorescence, 

expressed in relative fl uorescence units (RFU), upon the loss of auto-quenching of 

the substrate. In particular, the release of neutrophil granule-derived protease activ-

ity was determined by incubating with DQ-Green BSA (10 μg/mL, Molecular Probes, 
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Eugene, OR, USA). Upon stimulation with cytoB/fMLP the fl uorescence was monitored 

at 120-second intervals for 1 hour by Infi nite 200 PRO plate reader (Emission 535 nm).

Immuno-electron microscopy

Immuno-electron microscopic identifi cation of myeloperoxidase- (MPO) and 

lactoferrin-containing granules after E. coli phagocytosis was performed as described 

previously8.

Analysis of surface epitopes expression by fl ow cytometry

Freshly isolated neutrophils (0.25x106) were stained with antibodies against EMR3, 

CD55, CD59, CD9, CD11b, CD66b, L-selectin, CD16, CD32, 7D5 and CD63 (all 

directly conjugated to FITC or PE fl uorochrome) and the intensity of fl uorescence was 

measured on an LSRII fl ow cytometer equipped with FACSDiva software (BD, Biosci-

ences, Bedford, MA, USA).

Migration and adhesion of neutrophils

Chemotaxis in response to C5a, IL-8 or PAF and adhesion to several stimuli was mea-

sured with calcein-labelled neutrophils as described before7;9.

Statistical analysis

Statistical analysis was performed with Prism 6.01 (GraphPad Software, San Diego, 

CA, USA). Data were evaluated by two-tailed multiple student t-test with Holm-Sidak 

method, in which each variable was analyzed individually, without assuming a con-

sistent SD. The results are presented as mean±SEM and a signifi cant difference was 

assessed as p value < 0.05.
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Supplementary Table 1. PRKCD gene mutations and characteristics of patients A, B and C.

Supplementary Table 2. CGD patients D and E mutations and characteristics.
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β

α

Supplementary Figure 1. Western blot analysis of PKCα and β expression by human neutro-
phils. Whole cell lysates were prepared as described in Materials and Methods and expression 
of PKCα and βII was detected with specifi c antibodies (A). Quantifi cation of protein expression 
is depicted relative to α tubulin as a loading control (B).
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Supplementary Figure 2. Intracellular ROS production as determined by the DHR assay is not 
affected in PKCδ-defi cient neutrophils. Intracellular production of ROS was measured after 
purifi ed neutrophils were stimulated with DHR-labeled opsonized E.coli (A) or S.aureus (B). Fig-
ures on the left show examples of kinetics of the fl uorescence measurement by fl ow cytometry. 
Figures on the right show average ROS production measured by dihydrorhodamine (DHR) oxi-
dation on the surface of bacteria by freshly isolated neutrophils of healthy donors and PKCδ 
-defi cient patients. Because of high inter-day variation, values obtained from neutrophils of 
healthy donors were set a 100% and measurements from patient neutrophils were calculated 
as percentage of a healthy control. Statistics were performed by multiple t-test with Holm-
Sidak method, in which alpha=5.000%, **p<0.01.
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Supplementary Figure 3. PKCδ-defi cient neutrophils show normal phagocytosis of microbial 
pathogens. Purifi ed neutrophils of healthy donors and PKCδ-defi cient patients were incubated 
with fl uorescently labeled pathogens and their uptake was quantifi ed by fl ow cytometry. Fig-
ures A, B, C and D show kinetics of the uptake of opsonized S.aureus, opsonized E.coli, non-
opsonized C.albicans and opsonized C.albicans, respectively, by neutrophils of patient A and of 
healthy donors. Figure E shows overview of pathogen uptake at its maximum, in which 100% 
represents uptake of healthy donors’ neutrophils and uptake of neutrophils of each patient is 
expressed as a percentage of day control.
Statistics were performed by multiple t-test with Holm-Sidak method, in which alpha=5.000%.
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Supplementary Figure 4. Degranulation and release of proteases by PKCδ-defi cient neutro-
phils show no defect.
A Surface expression of CD66b (specifi c granules marker) and CD63 (azurophilic granules marker) were 
detected by fl ow cytometry after neutrophils of healthy donors and PKCδ-defi cient patients had been 
triggered to degranulate with various stimuli. Values depicted are corrected for isotype control fl uo-
rescence. B Secretion of proteases from granules of healthy donors and PKCδ-defi cient patients were 
determined using DQ-Green BSA assay as described in Materials and Methods section. Figures show 
overview of protease release by healthy donors and all PKCδ-defi cient patients depicted fi rst as an ex-
ample of patient B measurement in comparison to day control showing measured RFU units and second 
as percentage of day controls. Statistics were performed by multiple t-test with Holm-Sidak method, in 
which alpha=5.000%, *p<0.05, **p<0.01.
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Supplementary Figure 5. Phagosomes of PKCδ-defi cient neutrophils show normal fusion and 
contain both lactoferrin and myeloperoxidase after E.coli phagocytosis.
Neutrophils of a healthy control and patient A were incubated for 30 min to allow phagocytosis and 
fusion with lysosomes. Immuno-electron microscopy was used to detect lactoferrin (A) and myeloperoxi-
dase (MPO) B) in phagolysosomes. Phagolysosomes containing E.coli with lactoferrin /MPO are * marked 
and lactoferrin/MPO-positive granules are ► marked.
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Supplementary Figure 6. Neutrophils of PKCδ-defi cient patients show normal expression of 
surface epitopes, chemotaxis and adhesion.
A Flow cytometry analysis of purifi ed neutrophils showed normal phenotype of PKCδ defi cient neutro-
phils compared to healthy donors. B Neutrophils of PKCδ patients and healthy donors were used in a 
trans-well migration assay as described in Materials and Methods showing normal chemotaxis. C Adhe-
sion of neutrophils to plastic surface after stimulation with various stimuli was performed as described in 
Materials and Methods. Statistics were performed by multiple t-test with Holm-Sidak method, in which 
alpha=5.000%, *p<0.05, **p<0.01.
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ABSTRACT 

Gray Platelet Syndrome (GPS) is an autosomal recessive bleeding disorder character-

ized by a lack of α-granules in platelets and myelofi brosis. Mutations in NBEAL2, 

which is a member of the family of seven BEACH genes are causal of GPS. The gene 

is widely transcribed in all blood lineages and it is assumed that this scaffolding pro-

teins is involved in fusion, fi ssion and traffi cking of vesicles and granules. It is unclear 

whether NBEAL2 also controls the ontogeny of granules of myeloid cells, which are 

important for innate immunity. We found that neutrophils from fi ve GPS cases, with 

causal NBEAL2 disease-causing mutations have a normal distribution of azurophilic 

granules, but show a defi ciency of specifi c granules, as confi rmed by immuno-electron 

microscopy and Mass Spectrometry proteomics analyses. The RNA transcriptional 

activity for these proteins was normal in GPS neutrophils and the specifi c granule 

marker lactoferrin was increased in the plasma from GPS patients. This is indicative 

for a normal granulopoiesis in GPS and identifi es NBEAL2 as an important regulator 

of granule release. GPS neutrophils NBEAL2 and intact specifi c granules were not 

required for the killing of bacteria and fungi. Neutrophil Extracellular Trap (NET) for-

mation by GPS neutrophils was however dramatically reduced. Since GPS cases do not 

excessively suffer from infections, the consequence of the lack of NET formation for 

innate immunity remain to be further explored.
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INTRODUCTION 

Extreme rare coding variants of NBEAL2 are causal of Gray Platelet Syndrome (GPS), a 

rare autosomal recessive bleeding disorder characterized by atypical formation of large 

platelets devoid of α granlues.1;2 NBEAL2 encodes a protein of 2,754 amino acids of 

unknown function and belongs to a family of seven multidomain scaffolding domains 

characterised by the BEACH (BEige and Chédiak–Higashi syndrome [CHS]) domains. 

Studies in knock-out mice suggests that Nbeal2 may control the formation and re-

tention of granules in platelets3. This observation, together with the observation that 

NBEAL2’s protein coding transcript level in granulocyte-monocyte progenitor cells is far 

higher than in the megakaryocyte-erythroid progenitor cells4, prompted a detailed as-

sessment of the function of GPS neutrophils and their granules. Neutrophils act against 

bacteria and fungi, and use Reactive Oxygen Species (ROS) generation by the NADPH 

oxidase system, the mobilization of antimicrobial proteases and proteins from granules, 

and the formation of Neutrophil Extracellular Traps (NETs) to maintain immune fi tness.5 

Results of a few studies in neutrophils of GPS cases have remained inconclusive.6;7 

Here, we show that NBEAL2 is critically important for neutrophil specifi c granules 

and NETosis. The consequences of this profound impairment of innate immunity in 

GPS cases requires further study.

MATERIALS AND METHODS

GPS cases, control subjects and neutrophil isolation

Heparinized blood was obtained, after informed consent and according to the decla-

ration of Helsinki 2008, from fi ve GPS cases (Supplementary Table 1) and from healthy 

adults. The granulocytes were isolated by centrifugation over Percoll as decribed 

before.8

Neutrophil granules

The identifi cation of MPO-positive azurophilic and lactoferrin-positive specifi c 

granules was performed with a CM10 electron microscope (Philips,Eindhoven,Neth

erlands).9 To assess degranulation, neutrophils (2×106/ml) were primed for 5 min-

utes with PAF (Sigma,Steinheim,Germany) or cytochalasin B (Sigma) at 37ºC and 

stimulated for 15 minutes with fMLP (Sigma). The cells were stained with gran-

ule markers: CD63-PE (IgG1,clone435;US biologicals,Suffolk,UK); CD66b-FITC 

(IgG1,CLB-B13.9;Sanquin,Netherlands) and analyzed by fl ow cytometry (LSRII,BD 

Pharmingen,SanDiego,CA,USA). Elastase and lactoferrin release was measured by 

ELISA (HyCult-Biotech,Uden,Netherlands).
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Microbial killing

The neutrophil-mediated killing of Candida albicans (strain:SC5314), Escherichia coli 

(strain:ML-35) and Staphylococcus aureus (strain:502A) was determined by a colony- 

forming unit assay on LB agar plates as previously described.8 To assess the A. fu-

migatus hyphae killing, neutrophils (5.0x106 cells/ml) were incubated for one hour on 

a preformed monolayer at 37°C. Cells were lysed in water/NaOH, pH 11.0, then the 

monolayer was incubated with MTT (Sigma). The absorbance of acidic-isopropanol 

diluted samples was then measured on a plate reader (Tecan,Mannedorf,Switzerland).

NET formation

Neutrophils (2×106/ml) were stimulated with PMA for 180 minutes at 37°C, fi xed 

with 3.7% (w/v) paraformaldehyde and permeabilized with a kit (Beckman-

Coulter,Brea,CA,USA). DNA was stained with Hoechst (Sigma), anti-elastase 

(clone:AT15; Sanquin) and anti-MPO (clone:2C7; Abnova,Taipei,Taiwan). Primary 

antibodies were detected with anti-rabbit-Ig 488 and anti-mouse-Ig 633 antibodies 

(Life, Bleiswijk,Netherlands) by CLSM (Zeiss, Sliedrecht,Netherlands). NET formation 

was quantifi ed as the mean number of NETs per fi eld of 100 neutrophils, for at least 5 

fi elds per sample. DNA release was determined with Quant-iT PicoGreen® dsDNA kit 

(Life) by SPECTRA-Fluor-Plus plate reader (Tecan).

Statistics

Statistical analysis was performed with GraphPad Prism version 6.00 for Windows 

(GraphPad Software,San Diego,CA,USA). Data were evaluated by two-tailed Student’s 

t-test and ANOVA Benjamini-Hochberg test. The results are presented as mean ± SEM, 

and considered signifi cant when p<0.05.

RESULTS AND DISCUSSION

We analyzed fi ve GPS cases with causal variants in NBEAL2 from four genetically 

independent pedigrees (Suppl. Table 1).10 GPS cases have a neutrophil count within 

the normal range, but fl ow cytometric analysis revealed a reduced side-scatter signal 

for neutrophils suggesting a diminished level of granularity (Suppl. Figure 1). Immuno-

electron microscopy of neutrophils from GPS cases revealed a normal distribution 

and abundance of MPO-positive azurophilic granules, however lactoferrin-positive 

specifi c granules were reduced by 60% (Figure 1A-C). The mobilization of granules 

was evaluated after stimulation of neutrophils with cytochalasin-B/fMLP or PAF/fMLP 

for azurophilic and specifi c granules, respectively.11 Expression of CD63 and elastase 

secretion, both markers for azurophilic granules, did not differ between cases and 
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controls (Figure 1D) but lactoferrin secretion, a marker for specifi c granules was 

signifi cantly decreased in cases (Figure 1E). Reminiscent of the increased expression 

of the α granule-membrane protein P-selectin (CD62) on the outer membrane of 

resting GPS platelets (data not shown), we also measured surface expression of the 

specifi c granule-membrane protein CD66b and its level remained unaltered upon 

activation (Figure 1E). Mass spectrometry (MS) proteomics analyses confi rmed that 

GPS neutrophils lacked the NBEAL2 protein and multiple components of the specifi c 

granules (Suppl. Figure 2). Next, we determined the RNA transcriptional activity in 

the neutrophils from GPS patients. The RNA transcripts of different markers for the 

specifi c granules were expressed to the same extent in neutrophils from GPS patients 

as compared to healthy controls (Suppl. Figure 3). Increased plasma concentrations of 

lactoferrin (supplementary Figure 4), decreased release on stimulation (Figure1 E) and 

increased mRNA levels of LTF (Suppl. Figure 3), suggests increased production and 

release. Collectively, these fi ndings demonstrate that GPS neutrophils are defi cient in 

specifi c granule-derived proteins, the granulopoiesis is normal in GPS and NBEAL2 is 

an important regulator for the release of (specifi c) granules by neutrophils.

The strongly reduced number of specifi c granules in human GPS neutrophils lacking 

functional NBEAL2 allowed us to interrogate the consequences for their antimicrobial 

response. Neutrophil-mediated killing of Gram-positive (S. aureus) and -negative bac-

teria (E. coli) as well as fungal pathogens (C. albicans, A. fumigatus) was unaffected 

(Suppl. Figure 5), however the degradation of a preformed monolayer of A. fumigatus 

hyphae was reduced, although at a specifi c effector-target ratio only (Figure 2A).

The formation of NETs are also thought to be key for innate immunity by entrap-

ment of pathogens and focused enhancement of the concentration of antimicrobial 

proteases.12 Chronic Granulomatous Disease (CGD) cases have a defi ciency of one 

of the NAPDH oxidase components resulting in defective production of both ROS 

and NETs13, and are highly susceptible to A. fumigatus infections.14 However, ROS 

production by GPS neutrophils was unaffected (Suppl. Figure 6). Restoration of NET 

formation by gene therapy in a CGD case has also been linked to the control of as-

pergillosis13, therefore we investigated NET formation in GPS by confocal imaging and 

DNA release. Their formation was almost absent upon stimulation of GPS neutrophils 

(Figure 2B-D). However, a role of NETosis in Aspergillus killing can be excluded since 

DNAse treatment in vitro prevented NET formation but did not affect killing (data not 

shown).

Several mechanisms have been described to contribute to NETosis, including ROS 

production and translocation of elastase and MPO to the nucleus for the deconden-

sation of chromatin.15 A recent study in a patient with Papillon-Lefèvre syndrome, 

caused by mutations in the CTSC gene, found that several proteases normally found 
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Figure 1. Specifi c granule defi ciency in GPS neutrophils. Immuno-EM identifi cation of MPO-
positive azurophilic granules (A) and lactoferrin-positive specifi c granules (B) in GPS neutro-
phils. The numbers of lactoferrin- and MPO- positive granules per cell were determined by 
counting the number of positive granules in control and GPS neutrophils (C). Neutrophils from 
controls and GPS patients were stimulated with cytochalasin-B (5 μg/ml)/fMLP (1 �M) or PAF (1 
�M) /fMLP (1 �M), and the plasma membrane expression of CD63 plus the extracellular concen-
tration of elastase (azurophilic granule markers) and CD66b plus lactoferrin (specifi c granule 
markers) were measured by fl ow cytometry or ELISA (D-E). Lactoferrin and elastase was mea-
sured in the plasma from GPS patients and healthy controls by ELISA. Values were calculated as 
the percentage of the day controls, set at 100% (F). Results are means ± SEM, N=3-5. *, p < 0.05.
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in azurophilic granules were absent.16 Thus, cleavage of endogenous cathelicidin 

hCAP18, derived from specifi c granules, was impaired and NET formation was absent.

In our proteome data for GPS neutrophils, we noted an increase in of three pro-

teins; FAM101B, involved in perinuclear cytoskeletal organization; SKI2W, involved 

in exosome-mediated RNA decay; CREB1, involved in transcription of cytokine 

genes17-19. In particular the unique family of actin regulators, the refi lin proteins 

(Refi linA [FAM101A] and Refi linB [FAM101B]) that have been suggested to stabilize 

perinuclear actin fi lament bundles, were of interest. In fi broblasts, the FAM101B/

fi lamin-A complex organizes these fi lament bundles, forming a perinuclear actin cap 

[ref]. The increased expression of FAM101B was considered tocontribute to increased 

Figure 2. Impaired Aspergillus killing and NETosis by GPS neutrophils. Killing of A. fumigatus 
hyphae was assessed in controls and in the GPS patients (A), viability was assessed with the MTT 
assay relative to incubation without neutrophils. Neutrophils from controls (B) and GPS pa-
tients (C) were stimulated with PMA (100ng/ml) for 3 hours, and NET formation was visualized 
by staining for DNA (blue), MPO (red) and elastase (green). (D) NET formation was determined 
by counting the number of NETs per fi eld of 100 cells in control and GPS neutrophils, stimulated 
with PMA (100ng/ml) for 3 hours, in at least 5 fi elds. DNA release was measured in the super-
natant from control and GPS neutrophils stimulated with increasing concentrations of PMA (E). 
Bar = 20 �m. Results are means ± SEM, N=3-5. *, p < 0.05, as compared to control neutrophils.
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stability of the cytoskeleton, thus impaired NETosis in neutrophils. We were able to 

overexpress FAM101B in NB4 cells (NB4-FAM101B-OE), which become neutrophil-like 

upon stimulation for several days with ATRA. The experiments demonstrated that 

neutrophil-like NB4-FAM101B-OE cells show normal NETosis compared to neutrophil-

like NB4-wild type cells, which may indicate that FAM101B is not involved in the 

NBEAL2-dependent NET formation, being absent in GPS neutrophils. Together, these 

data further support an unexpected role of NBEAL2 in the retention of specifi c granule 

components in the process of NETosis.

In conclusion, we demonstrated that neutrophils from NBEAL2-defi cient GPS cases 

have a normal distribution and mobilization of azurophilic granules, and lack specifi c 

granules. The fi ndings indicate that NBEAL2 is required for the retention of specifi c 

granules and the formation of NETs. To date, the impaired NETosis does not result in 

clinical susceptibility to infection in GPS patients.
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SUPPLEMENTARY  MATERIALS AND METHODS 

MASS SPECTROMETRY

Cell pellets (1-2 ×106) were lysed in 30 μl of 4% (w/v) SDS, 100 mM DTT, 100 mM 

Tris.HCl pH 7.5 supplemented with HALT protease and phosphatase inhibitor cocktail 

(Thermo Scientifi c) and processed into tryptic peptides by the Filter Aided Sample 

Preparation method3. Peptides were desalted and concentrated with Empore-C18 

StageTips and eluted with 0.5% (v/v) acetic acid, 80 % (v/v) acetonitrile4. Sample 

volume was reduced by SpeedVac and supplemented with 2 % (w/v) acetonitrile, 

0.1% (w/v) Tri-Fluoro-Acetic acid to a fi nal volume of 12 μl. For each sample, 3 techni-

cal replicates were analyzed by injecting 3 μl of the sample.

Mass spectrometry data acquisition.

Tryptic peptides were separated by nanoscale C18 reverse chromatography coupled 

on line to an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientifi c) via a nano-

electrospray ion source (Nanospray Flex Ion Source, Thermo Scientifi c). Peptides were 

loaded on a 20 cm 75–360 μm inner-outer diameter fused silica emitter (New Objec-

tive) packed in-house with ReproSil-Pur C18-AQ, 1.9 μm resin (Dr Maisch GmbH). The 

column was installed on a Dionex Ultimate3000 RSLC nanoSystem (Thermo Scientifi c) 

with a MicroTee union formatted for 360-μm outer diameter columns (IDEX) and a 

liquid junction. The spray voltage was set to 2.15 kV. Buffer A was composed of 0.5 

% (w/v) acetic acid and buffer B of 0.5 % (w/v) acetic acid, 80% (w/v) acetonitrile. 

Peptides were loaded for 17 min at 300 nl/min at 5% (v/v) buffer B, equilibrated for 

5 minutes at 5% buffer B (17-22 min) and eluted by increasing (v/v) buffer B from 

5-15% (v/v) (22-87 min) and 15-38% (v/v) (87-147 min), followed by a 10-minute 

wash to 90 % (v/v) buffer B and a 5 min regeneration to 5% (v/v). Survey scans of 

peptide precursors from 400 to 1500 m/z were performed at 120K resolution (at 

200 m/z) with a 1.5 × 104 ion count target. Tandem mass spectrometry was performed 

by isolation with the quadrupole with isolation window 1.6, HCD fragmentation with 

normalized collision energy of 30, and rapid scan mass spectrometry analysis in the 

ion trap. The MS2 ion count target was set to 104 and the max injection time was 35 

ms. Only those precursors with charge state 2–7 were sampled for MS2. The dynamic 

exclusion duration was set to 60 s with a 10 ppm tolerance around the selected 

precursor and its isotopes. Monoisotopic precursor selection was turned on. The 

instrument was run in top speed mode with 3 s cycles. All data were acquired with 

Xcalibur software.
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Mass spectrometry data analysis 

The RAW mass spectrometry fi les were processed with the MaxQuant computational 

platform, 1.5.2.85. Proteins and peptides were identifi ed with the Andromeda search 

engine by querying the human Uniprot database (downloaded February 2015). 

Standard settings with the additional options match between runs, Label Free Quan-

tifi cation (LFQ), and unique peptides for quantifi cation were selected. The generated 

‘proteingroups.txt’ table was fi ltered for potential contaminants, reverse hits and ‘only 

identifi ed by site’ with Perseus 1.5.1.6. The LFQ values were transformed in log2 scale, 

the three technical replicates per experimental condition grouped and averaged based 

on the median, and proteins were fi ltered for at least four valid values in one of the 

experimental groups. Missing values were imputed by normal distribution (width=0.3, 

shift = 1.8), assuming these proteins were close to the detection limit.

RNA SEQUENCING

RNA was extracted from TRIzol preparations of granulocytes as per manufacturers 

instructions. RNA was used to generate RNA libraries using the Kapa Stranded RNA-

seq kit. Paired-end sequencing (100 base-pair (bp)) was performed on Illumina HiSeq 

2000 instruments using TruSeq reagents (Illumina, San Diego, CA, USA).

RNAseq quality control, trimming, alignment and differential expression 

analysis.

Reads from each RNA-seq library were initially subjected to a quality control step, 

where, based on duplication rates and gene coverage, outliers were identifi ed and 

discarded from further analysis Paired-end reads of the were trimmed for both PCR 

and sequencing adapters using Trim Galore!. Trimmed reads were aligned to the 

Ensembl v70 human transcriptome using Bowtie (PMID: 19261174). MMSEQ 1.0.8a 

with default parameters (PMID: 24281695, 21310039) was used to quantify gene 

expression. Differential expression was determined using MMDIFF using a two model 

comparison.
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Supplementary Table 1. NBEAL2 gene mutations and clinical features of GPS patients.

The mutations from patients A, B and D have been described previously1. Patient E is a new NBEAL2-
defi cient patient. The mutational analysis is being performed.

Supplementary Figure 1. GPS neutrophils are characterized by low granularity 
Plot displaying Sysmex Haematology analyser research parameters for neutrophils for GPS patients and 
540 healthy controls. In GPS patients with NBEAL2 mutations both Neut X, representing granularity, and 
Neut Y, representing nucleic acid and protein content, are lower than in healthy control donors. N=5 
GPS patients and N=540 controls.
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Osteoclast-associated immunoglobulin-like receptor OSCAR SG
Maltase-glucoamylase MGAM SG
Cysteine-rich secretory protein LCCL domain-containing 2 CRISPLD2 -
Neurobeachin-like protein 2 NBEAL2 -
Sulfhydryl oxidase 1 QSOX1 SG
Peptidoglycan recognition protein 1 PGLYRP1 SG
Leucine-rich alpha-2-glycoprotein LRG1 SG
Alpha-1-acid glycoprotein 1 ORM1 SG
Platelet basic protein PPBP -
Platelet factor 4 PF4 -
Matrix metalloproteinase-9 MMP9 GG
Neutrophil collagenase MMP8 SG
Immunoglobulin alpha Fc receptor FCAR SG
Pentraxin-related protein PTX3 PTX3 SG
Chitinase-3-like protein 1 CHI3L1 SG
Aldehyde dehydrogenase family 3 member B1 ALDH3B1 -
Oxidized low-density lipoprotein receptor 1 OLR1 SG
Neutrophil gelatinase-associated lipocalin LCN2 SG
Receptor-type tyrosine-protein phosphatase eta PTPRJ SG
C-type lectin domain family 5 member A CLEC5A -
Glutaminyl-peptide cyclotransferase QPCT -
Mast cell-expressed membrane protein 1 MCEMP1 SG
C-type lectin domain family 4 member D CLEC4D -
Cyclic AMP-responsive element-binding protein 1 CREB1 -
Protein FAM101B FAM101B -
Helicase SKI2W SKIV2L -

Supplementary Figure 2. GPS neutrophils are defi cient in specifi c granule contents. The pro-
teome heatmap demonstrates in green the signifi cantly downregulated proteins and in red 
the signifi cantly upregulated proteins identifi ed in GPS neutrophils as compared to control 
neutrophils. Quantitative signifi cance t-test was performed by Perseus software. A heat map of 
the normalized data based on Z-score was generated by unsupervised hierarchical clustering, 
in the range from -2 to +2 represented by gradient bar (FDR set at 0.05 and S0.6). N=4, patients 
A-C, and 1 technical replicate. SG= specifi c granule, GG= gelatinase granule, according to the 
library of granules proteins published by Rorvig et al.2
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Supplementary Figure  3. Transcription of specifi c granules genes are similar in GPS patients 
and healthy controls. The heat map shows the mRNA expression of specifi c granule genes in 
GPS neutrophils (patient A-E) and control neutrophils (C1,C2, B1-B7). Three genes are differ-
entially expressed (DE, red boxes) while no difference was observed in the majority of genes 
(black boxes). The specifi c granule gene list was based on the identifi cation of the specifi c 
granules content by Rorvig et al.
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Supplementary Figure 4. Lactoferrin plasma 
levels are increased in GPS.
Lactoferrin levels were measured in the plasma from 
GPS patients (patient A-E) and healthy controls by 
ELISA.

Supplementary Figure 5. Normal microbial kill-
ing by GPS neutrophils. Killing of S. aureus (A), 
E. coli (B) and C. albicans (C) was assessed with 
neutrophils from healthy controls and from GPS 
patients. The microbial viability was quantifi ed 
as colony-forming units (CFU) and expressed as 
a percentage relative to the CFU at the start of 
the assay.
Results are means ± SEM, N=2-5.
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Supplementary Figure 6. Normal ROS production by the NADPH oxidase system in GPS neu-
trophils. NADPH-oxidase activity was assessed as the release of hydrogen peroxide, determined 
by the Amplex Red method (Molecular Probes) by neutrophils stimulated with: zymosan (1 mg/
ml), serum-treated zymosan (STZ, 1 mg/ml), phorbol-12-myristate-13-acetate (PMA, 100 ng/ml), 
platelet-activating factor (PAF, 1 �M) followed by formyl-Met-Leu-Phe (fMLP, 1 �M), in the pres-
ence of Amplex Red (0.5 μM) and horseradish peroxidase (1 U/ml). Fluorescence was measured 
at 30-second intervals for 20 minutes with the infi nitiPRO2000 plate reader (Tecan, Mannedorf, 
Switzerland). Maximal slope of H2O2 release was assessed over a 2-minute interval.
Results are means ± SEM, N=5. *, p < 0.05.
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CAPSULE SUMMARY

Monocytes and neutrophils from CGD patients show an enhanced proinfl ammatory 

cytokine response towards fungal but not towards bacterial pathogens. The proin-

fl ammatory response may contribute to the infl ammation reported in CGD.

INTRODUCTION, RESULTS AND DISCUSSION 

Chronic Granulomatous Disease (CGD) is characterized by recurrent bacterial and 

fungal infections, granulomas and sometimes infl ammatory bowel disease(1). Muta-

tions in genes encoding the NADPH oxidase components have been identifi ed as 

disease causing and result in defective Reactive Oxygen Species (ROS) production(1). 

Granulocytes and monocytes from CGD patients show a clear defect in the killing of 

bacterial and fungal microbes, leading to susceptibility to infections. Although puri-

fi ed ligands have been tested in the pro- and anti-infl ammatory cytokine response by 

CGD leukocytes, the response towards intact viable bacterial and fungal pathogens 

have thus far not been reported.

To determine a role for the NADPH oxidase activity in monocyte and neutrophil 

cytokine responses towards bacterial and fungal pathogens, we analyzed ten CGD 

patients with previously described mutations in genes encoding for either the cy-

tosolic NADPH oxidase proteins, i.e. p47phox or p67phox or the membrane-expressed 

cytochrome-b558 subunit gp91phox, all resulting in a failure to produce ROS (Repository 

Table 1)(1). Cytokine release was measured upon stimulation with the TLR1/2 agonist 

Pam3Cys (P3C) and the TLR4 agonist LPS, as representative and most commonly used 

ligands from Gram-positive and Gram-negative pathogens, respectively. These were 

compared to the stimulation by Staphylococcus aureus, Escherichia coli, as well as 

Candida albicans and Aspergillus fumigatus of phagocytic cells isolated from CGD 

patients and healthy controls.

Pathogen-associated molecular patterns (PAMPs) including LPS can result in the as-

sembly of the infl ammasome and caspase-1 activation for processing pro-IL-1β into 

the active pro-infl ammatory cytokine IL-1β(2). Monocytes from CGD patients released 

slightly more IL-1β in response to P3C and LPS, as compared to control monocytes 

(Figure 1A). As reported before, infl ammasome activity is increased in monocytes from 

CGD patients (2). On the other hand, the CGD monocytes were impaired in the release 

of IL-1β in response to Gram-positive S. aureus and Gram-negative E. coli bacteria 

(Figure 1A). In contrast to intact bacteria, we observed enhanced IL-1β release by the 
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patient monocytes in response to the fungi C. albicans and A. fumigatus (Figure 1A). 

Together these data indicate that ROS are not quenching the cytokine measurement 

but show that the response to different pathogens is variable. Recent work demon-

strated that blocking IL-1R with anakinra reduced the IL-1β levels in p47phox-defi cient 

mice and improved the colitis in two CGD patients(2). These data suggest that fungal 

opportunists may trigger such in-vivo (auto)infl ammatory responses in CGD rather 

than bacterial determinants.

We also assessed the pro-infl ammatory IL-6 and anti-infl ammatory IL-10 cytokines 

which are produced upon activation of the NF-κB pathway(3). Although CGD mono-

cytes already released some background IL-6, stimulation with P3C, LPS, or S. aureus 

resulted in normal levels, whereas the IL-6 response to E. coli was reduced compared 

with control cells (Figure 1B). In contrast, the monocytes from CGD patients again 

released strongly elevated levels of IL-6 upon stimulation with C. albicans or A. fu-

migatus (Figure 1B), indicating that the IL-1β release was part of a broader activation 

response. Whereas IL-10 is not produced in response to fungi, the CGD monocytes 

produced low IL-10 levels in response to P3C, LPS, S. aureus and E. coli as compared 

to controls (Figure 1C). In line with this latter observation, a p47phox-defi cient mouse 

model showed reduced NF-κB activation following Pseudomonas infection(4). Others 

have reported upregulated pro-infl ammatory genes in response to TLR agonists and 

an enhanced IL-6 production by CGD monocytes in response to formaldehyde-killed 

S. aureus(3;5). These fi ndings indicate that the role of NADPH oxidase activity in NF-κB 

activation and cytokine production clearly depends on the stimulus.

Together, our data demonstrate for the fi rst time that the pro-infl ammatory cytokine 

response by CGD monocytes is enhanced in response to intact viable fungi but clearly 

impaired in response to intact bacterial pathogens.

 Human neutrophils do not produce IL-6 and IL-10(6) but can be induced to gener-

ate large amounts of pro-infl ammatory IL-8 as well as the anti-infl ammatory IL-1RA. 

Whereas the IL-8 response was not different from control neutrophils (Figure 2), CGD 

neutrophils released high IL-1RA levels under non-stimulated conditions, which was 

Figure 1. CGD monocytes show an enhanced pro-infl ammatory cytokine response towards 
fungal but not towards bacterial pathogens 
PBMCs from the CGD patients and control subjects were incubated overnight with P3C (20 �g/ml), LPS/
LBP (20 ng/ml/50 ng/ml), E. coli, S. aureus, C. albicans or A. fumigatus. Afterwards, supernatants were 
collected and the concentrations of IL-1β (panel A), IL-6 (panel B) and IL-10 (panel C) were assessed 
by ELISA. Results are means ± SEM of measurements from at least three independent experiments .* 
p<0.05. Co-incubation of multiple PAMPs to activate simultaneously the different TLRs on monocytes 
did not result in enhanced cytokine responses as compared to single stimuli (data not shown).
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Figure 2. Neutrophils from CGD patients have an enhanced pro- and anti-infl ammatory cyto-
kine response 
PMNs from the CGD patients and control subjects were incubated overnight with P3C (20 �g/ml), LPS/
LBP (20 ng/ml/50 ng/ml), E. coli, S. aureus, C. albicans or A. fumigatus. Afterwards, supernatants were 
collected and the concentrations of IL-8 (panel A) and IL-1RA (panel B) were assessed by ELISA. Results 
are means ± SEM of measurement from at least three independent experiments.* p<0.05.
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further enhanced upon stimulation by TLR agonists or bacterial and fungal microbes 

(Figure 2). Contrary to these fi ndings, RNA transcripts for IL-8 were reported to be 

upregulated in unstimulated neutrophils from CGD patients(7). However, most neutro-

phil-derived IL-8 production is post-transcriptionally regulated, and protein levels may 

therefore be very different from transcriptional activity(6).

These data demonstrate a distinct role for the NADPH oxidase activity in the regula-

tion of the cytokine response of CGD phagocytes to TLR agonists or intact bacterial 

and fungal pathogens. TLRs signal through the kinase IRAK4 for the activation of 

NF-κB. Leukocytes from IRAK4-defi cient patients demonstrated a complete defect in 

the cytokine response to TLR-agonists, intact bacterial and fungal pathogens under 

our test conditions, and these patients are selectively predisposed to bacterial infec-

tions (Repository-Figure 1)(8). Fungi are recognized by C-type lectin receptors (CLRs), 

including dectin-1 for the activation of CARD9 and NF-κB. CARD9 defi ciency is clini-

cally characterized by Candida infections and associated with an impaired cytokine 

response to yeast in particular (Repository-Figure 2)(9). Serum opsonization of the 

microbes and conidia had surprisingly little additional effects under the conditions 

tested (data not shown), suggesting that the PAMP-sensing molecules expressed by 

the phagocytes during the overnight culture determined the effects observed, instead 

of complement or IgG binding to their respective surface receptors.

In conclusion, we have demonstrated that monocytes and neutrophils from CGD 

patients show an exacerbated pro-infl ammatory response to intact fungal but not 

to bacterial pathogens. These fi ndings indicate that ROS production by the NADPH 

oxidase system may under normal conditions limit the NF-κB- and infl ammasome-

mediated cytokine production by monocytes and neutrophils in response to fungal 

pathogens, whereas the intracellular mitochondrial ROS is supposed to enhance the 

initiation and activation of infl ammasomes(2). The cytokine response to intact bacterial 

and fungal pathogens was completely dependent on TLR-mediated signaling through 

IRAK4, while CARD9 was nvolved in the yeast-induced cytokine production, being 

regulated by dectin-1. The observed deregulated infl ammatory response to intact 

pathogens instead of isolated PAMPs may contribute to the often persistent and 

overactive innate immune response in CGD following certain infections.
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SUPPLEMENTARY MATERIALS AND METHODS

CGD, IRAK4- and CARD9-defi cient patients, control subjects and cell isolation

Heparinized blood was obtained, after informed consent, approval by the Sanquin Re-

search Ethical Medical Committee (Amsterdam, The Netherlands) and in accordance 

with the Declaration of Helsinki (version Seoul 2008) from patients (Repository Table 

1) and from healthy controls. Control subjects originated from the same hospital as 

the patients. These mutations and patients were reported before1,2. The granulocytes 

and erythrocytes were separated from the mononuclear leukocytes and platelets by 

centrifugation over isotonic Percoll with a specifi c density of 1.076 g/ml and resus-

pended in Hepes-buffered saline solution3. PBMCs were cultured in Iscove’s Modifi ed 

Dulbecco’s Medium (IMDM) supplemented with 10% (v/v) FCS (Life, Bleiswijk, The 

Netherlands).

Cell stimulation and cytokine measurement

For the cytokine response, PBMCs (0.25x106 monocytes/mL) or PMNs (5.0x106 cells/

mL) were stimulated overnight with the indicated stimuli including Pam3Cys-SK4 (EMC 

Microcollections, Tubingen, Germany), LPS/LBP (isolated from E. coli strain 055:B5, 

Sigma, St. Louis, MO, USA; LBP from R&D Systems, Abingdon, UK). Escherichia coli 

(strain ML-35), Staphylococcus aureus (strain 502A), Aspergillus fumigatus (clinical 

isolate), Candida albicans (strain SC5314) were grown under aerobic conditions at 

37°C (bacteria) or 30°C (yeast) in Lysogeny Broth (LB). Bacteria and yeasts were then 

collected by centrifugation, washed twice in PBS and resuspended in HEPES medium. 

After opsonization (10% (v/v) pooled serum, 15 min, at 37°C), bacteria and Candida 

were added at a ratio of 1:1 monocytes, 1:5 neutrophils and Aspergillus at ratio of 

1:10 for monocytes, and 1:50 for neutrophils. Production of IL-6, IL-1β, IL-10 and 

IL-8 was measured in the supernatants with a Pelikine ELISA (Sanquin Reagents, 

Amsterdam, The Netherlands) according to the manufacturer’s protocol. IL-1RA was 

measured with an IL-1RA ELISA kit (Life).

Statistics

Statistical analysis was performed with GraphPad Prism version 6.00 for Windows 

(GraphPad Software, San Diego, CA, USA). Data were evaluated by two-tailed stu-

dent’s t-test and by the Mann-Whitney U test. The results are presented as the mean 

± SEM, as indicated. Data were considered signifi cant when p<0.05.
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Repository Table 1. Gene mutations and clinical features of patients. Hemizygous mutations in the 
X-linked CGD patients (cases A-E). All non-X-linked cases carry homozygous mutations for the indicated 
gene mutation in the Table, accept for the compound heterozygous mutations from patient I and K. 
Note that all cases come from separate, unrelated families. 
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Repository Figure 1. PBMCs and PMNs from 
IRAK4-defi cient patients show an impaired cy-
tokine response to TLR agonist, bacterial and 
fungal pathogens
PBMCs or PMNs from two IRAK4-defi cient patients 
and control subjects were incubated overnight with 
P3C (20 �g/ml), LPS/LBP (20 ng/ml/50 ng/ml), S. au-
reus, E. coli, C. albicans or A. fumigatus. Cultured 
supernatants were collected and the concentrations 
of IL-1β, IL-6 by PBMCs, IL-8 by PMNs were assessed 
by ELISA. Results are means ± SEM of measurements 
from three independent experiments .* p<0.05.

Repository Figure 2. PBMCs and PMNs from 
CARD9-defi cient patients show an impaired 
cytokine response to Candida
PBMCs or PMNs from two CARD9-defi cient pa-
tients and control subjects were incubated over-
night with P3C (20 �g/ml), LPS/LBP (20 ng/ml/50 
ng/ml), S. aureus, C. albicans or A. fumigatus. 
Cultured supernatants were collected and the 
concentrations of IL-1β and IL-6 by PBMCs were 
assessed by ELISA. Results are means ± SEM of 
measurements from three independent experi-
ments .* p<0.05.
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KEY POINTS

-Human neutrophils use two independent mechanisms for the killing of unopsonized 

and serum-opsonized Candida albicans

-Unopsonized Candida killing depends on CR3 and CARD9 but not dectin-1 and 

opsonized Candida killing on FcγR’s, PKC and NADPH oxidase activity

ABSTRACT

Invasive fungal infections, accompanied by high rates of mortality, represent an 

increasing problem in medicine. Neutrophils are the major effector immune cells in 

fungal killing. Based on studies with neutrophils from patients with defi ned genetic 

defects, we provide evidence that human neutrophils use two distinct and indepen-

dent phagolysosomal mechanisms to kill Candida albicans. The fi rst mechanism for 

the killing of unopsonized Candida albicans was found to be dependent on Comple-

ment Receptor 3 (CR3), the signaling proteins phosphatidylinositol-3-kinase (PI3K) 

and CARD9, but was independent of NADPH oxidase activity. The second mechanism 

for the killing of opsonized Candida albicans was strictly dependent on Fc-gamma 

receptors, protein kinase C (PKC) and Reactive Oxygen Species (ROS) production by 

the NADPH oxidase system. Each of the two pathways of Candida killing required 

Syk tyrosine kinase activity, but dectin-1 was dispensible for both of them. These 

data provide an explanation for the variable clinical presentation of fungal infection 

in patients suffering from different immune defects, including dectin-1 defi ciency, 

CARD9 defi ciency or Chronic Granulomatous Disease (CGD).
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INTRODUCTION

The occurrence of fungal infections such as those with Candida and Aspergillus spp. 

has progressively increased over the last decades as a consequence of the extensive 

use of immunosuppressive therapies1;2. Invasive fungal infections, in particular, are 

associated with mortality rates of 40-50%3;4.

Neutrophils are the most important effector immune cells in fungal killing. It ap-

pears that adaptive immunity is primarily responsible for controlling Candida infection 

at the mucosal level by interleukin-17 (IL-17)-producing lymphocytes, whereas cells of 

the innate immune system are critical for preventing systemic candidiasis5-8. The latter 

is illustrated by the increased prevalence of invasive fungal infections in patients with 

chemotherapy-induced neutropenia or with neutrophil functional defects, such as 

genetic defi ciencies of the NADPH oxidase as seen in Chronic Granulomatous Disease 

(CGD) patients 9.

The neutrophil mechanism of fungal killing is poorly understood. First, it is not 

known which pathogen recognition receptors and their downstream signaling path-

ways are involved in the killing of Candida albicans. Both C-type lectin receptors (CLRs), 

including dectin-1, dectin-2 and mincle, and also integrins, especially complement 

receptor 3 (CR3, CD11b/CD18, αMβ2), have been demonstrated to recognize the 

β-glucans and mannans exposed on the C.albicans cell wall1;10;11. However, two stud-

ies performed with dectin-1 knockout mice contradict each other, with one showing 

that dectin-1 was required for the control of systemic candidiasis, whereas the other 

claimed that this receptor was not relevant12;13. The differential requirement of dec-

tin-1 appeared to be Candida strain-specifi c14. In humans, only one family with three 

dectin-1-defi cient patients has been reported sofar, showing clinically mucocutaneus 

fungal infections, but no invasive fungal infections15. Moreover, as we have previously 

shown for human neutrophils, CR3 and not dectin-1 seems to be the major receptor 

for β-glucan recognition 16. Patients with a leukocyte adhesion defect, either LAD-I 

in which CD11/CD18 integrins are lacking or LAD-III (also known as LAD1/variant) 

syndrome with a defi ciency of kindlin-3 required for leukocyte integrin activation, are 

genetically predisposed to invasive bacterial and fungal infections17;18.

In mouse models, both dectin-1 and CR3 have been described to trigger spleen-

tyrosine kinase (Syk) and phosphatidylinositol-3-kinase (PI3K) to elicit a cytotoxic 

response and to activate the signaling adaptor protein CARD919-21. Recently, human 

patients with CARD9 defi ciency have been characterized to suffer, typically, from 

Candida meningitis 22, and this was found to be associated with an impaired killing 

capacity of CARD9-defi cient neutrophils towards Candida23. Similarly, CGD patients 

with a defective NADPH oxidase system are also predisposed to invasive candidiasis, 
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which may indicate a strict requirement to activate the NADPH oxidase system for 

microbial killing9.

In the present study we demonstrate that human neutrophils use two distinct and 

independent mechanisms to kill C.albicans, governed by the presence of opsonins 

on the yeast. The fi rst mechanism, for the phagolysosomal killing of unopsonized 

C.albicans, depends on CR3 recognition and signaling via Syk, PI3K and CARD9, 

but is completely independent of NADPH oxidase activity. The second mechanism, 

for phagolysosomal killing of serum-opsonized C.albicans, is strictly dependent on 

the Fc-gamma receptors, protein kinase C (PKC) and Reactive Oxygen Species (ROS) 

production by the NADPH oxidase system, in which the tyrosine kinase Syk does have 

a role but PI3K does not. Further evidence for these distinct routes of fungal killing 

was obtained with cells from patients with well characterized neutrophil dysfunc-

tions. Our study clearly demonstrates the presence of two independent pathways for 

fungal killing that may contribute to the identifi cation of novel therapeutic targets 

and provide an explanation for the clinical phenotype observed in dectin-1 defi ciency, 

CARD9 defi ciency and CGD.

MATERIALS AND METHODS

Killing of microorganisms

Short-term-microbicidal activity of granulocytes was determined as previously described 
24. In brief, PMN(5.0x106 cells/ml) were cultured overnight with the C. albicans-GFP, at 

a yeast:neutrophil ratio of 4:1. The appearance of the hyphenated form of C. albicans 

was assessed with a digital fl uorescence microscope (Evos, Westburg, Belgium).

To determine the role of dectin-1 and CR3 in the C. albicans killing, neutrophils 

were treated with a monoclonal antibody against human dectin-1(clone 259931, 

R&D systems), CD11b(clone 44A,ATCC,Rockville,MD,USA), CD18(clone IB4,ATCC), 

FcγRI (clone 10.1,BD Pharmingen,San Diego,CA,USA), FcγRII (clone AT10,AbD 

Serotec,Oxford,UK) or FcγRIII(clone 3G8,BD-Pharmingen). The inhibitors of Syk sig-

naling were R406 (Selleckchem,Houston,TX,USA) and Bay 61-3606 (Sigma-Aldrich, 

Diegum,Belgium). The PI3K-inhibitors were Wortmannin and LY294002(Sigma). The 

PKC-inhibitor was Go6983(Calbiochem,Darmstadt,Germany).

Statistics

Statistical analysis was performed with GraphPad Prism version 5.00 for Windows 

(GraphPad Software, San Diego, CA, USA). Data were evaluated by paired, two-tailed 

student’s t-test and by the Mann-Whitney test. The results are presented as the mean 

± SEM. Data were considered signifi cant when p<0.05.
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Study approval

The study was performed according to national regulations with respect to the use of 

human materials from healthy, anonymized volunteers with written informed consent, 

and all experiments were approved by the Medical Ethical Committee of the Academic 

Medical Centre in Amsterdam according to the Declaration of Helsinki principles (ver-

sion Seoul 2008).

RESULTS 

Unopsonized versus serum-opsonized Candida killing by human neutrophils

The pathogenicity of fungi is determined by their ability to germinate, invade tissues 

and spread via the bloodstream25. Although neutrophils are essential for antifungal 

host defense, the mechanism(s) for the killing of Candida have remained poorly 

defi ned, which led us to study Candida conidia killing and containment of hyphal 

growth by human neutrophils in more detail. We noticed that the capacity of human 

neutrophils from healthy controls to inhibit germination of C.albicans into clusters of 

hyphae in an overnight assay as well as to kill Candida conidia (2 hours), was strongly 

enhanced by opsonization with human serum (Figure 1A-B and Figure S1A). The ob-

served increase in Candida hyphae coincided with an increase in viability of Candida 

conidia after overnight incubation (Figure S1B). This enhancing effect of opsonization 

was completely dependent on IgG antibodies, as demonstrated as follows. First, we 

did not detect any signifi cant reduction upon complement inactivation in the serum 

by prior heat-treatment at 56°C for 30 minutes (Figure 1B and Figure S1). Secondly, 

IgG in immunoglobulin preparations for intravenous use (IVIG) in patients resulted in 

similar killing enhancement as observed with intact whole serum (Figure 1B and Figure 

S1). Thirdly, the serum from an untreated X-linked agammaglobulinemia (XLA) patient 

who was completely lacking antibodies because of an inherited B-cell defi ciency, did 

not enhance killing upon opsonization (Figure 1B). And – fi nally –monoclonal antibod-

ies (mAbs) against Fcγ receptors completely blocked the enhancement, supporting 

the notion that the serum opsonization of C.albicans depends on the IgG directed 

against the candida cell wall (Figure 1B). Neutrophils treated with cytochalasin B to 

prevent actin polymerization for phagocytosis and particle uptake, were impaired in 

inhibition of unopsonized and opsonized C.albicans germination, which indicates that 

this process under these test conditions occurs through intracellular phagolysosomal 

killing (Figure S1C).
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Figure 1. The killing of unopsonized and opsonized C. albicans by neutrophils.
(A) Neutrophils from healthy controls were co-cultured overnight with unopsonized and serum-opso-
nized Candida albicans. White arrows indicate the observed clusters of GFP-positive C. albicans hyphae. 
Scale bar is 50 μm. (B) Neutrophils from healthy controls were co-cultured overnight with unopsonized, 
serum-opsonized, heat-inactivated(HI)-serum-opsonized, XLA-serum-opsonized, IgG-opsonized C. albi-
cans-GFP or after blocking the FcγRs with mAbs (10 μg/ml) and the clusters of hyphae were assessed 
microscopically. Results are means ± SEM of at least three independent experiments. * P < 0.05.
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No role for dectin-1 (CLEC7A) in Candida killing by human neutrophils 

With the understanding that serum opsonization was dependent on IgG, we sub-

sequently focused on the surface molecules on human neutrophils involved in the 

uptake and killing of unopsonized C.albicans conidia. The β-glucans form a major 

constituent of the C.albicans cell wall. Dectin-1-defi cient mice have been reported 

to suffer from Candida infections in experimental models13. Dectin-1 on mice mac-

rophages was shown to signal towards CARD9 to mediate NF-kB translocation and 

cytokine production, which is generally believed to contribute to survival from severe 

Candida infection20.

Since little is known about the role of dectin-1 in the neutrophil cytotoxic response, 

we fi rst treated neutrophils of healthy controls with a blocking mAb against dectin-1. 

This mAb effectively blocked the binding of C.albicans to dectin-1-transfected human 

embryonic kidney(HEK) cells (Figure S2).

Upon treatment with this blocking dectin-1 antibody human neutrophils still ef-

fectively inhibited the germination of both unopsonized and opsonized C.albicans co-

nidia (Figure 2). Neutrophils treated with the antibody against dectin-1 also exhibited 

normal phagocytosis and killing of both the unopsonized and opsonized C.albicans 

conidia (Figure S3A and B).

To confi rm these fi ndings we subsequently tested the candidacidal neutrophil activ-

ity of previously identifi ed patients with a homozygous stopcodon Tyr238X in the 

CLEC7A gene, leading to a partial deletion of the carbohydrate recognition domain 

of the dectin-1 receptor (Table S1, patients A and B)15. HEK cells expressing a dectin-1 

receptor with this rare mutation did not bind C.albicans, in contrast to cells expressing 

wild-type human dectin-1 (Figure S2). Remarkably, the dectin-1-defi cient neutrophils 

from these patients were completely normal in the inhibition of both unopsonized and 

opsonized C.albicans germination (Figure 2). The killing of unopsonized and opsonized 

C.albicans conidia by the dectin-1-defi cient neutrophils was also normal (Figure S3A). 

In addition, dectin-1 signaling was dispensable for the patients’ neutrophil capacity 

to generate hydrogen peroxide in response to zymosan or (un)opsonized C.albicans 

(Figure S4). Also the related CLRs dectin-2 and mincle are unlikely to be involved in 

neutrophil reactivity to C albicans, since HEK cells transfected with either dectin-2 

or mincle did not show Candida binding (Figure S2). Taken together, these fi ndings 

demonstrate that human neutrophils are capable of phagocytizing and killing (un)

opsonized C.albicans through a dectin-1-independent pathway.

The lectin-binding role of CR3 in the killing of C.albicans

We next examined the role of the integrin CR3 (CD11b/CD18, αMβ2) in the uptake 

and killing of C. albicans. CR3 is highly expressed on neutrophils and has been re-

ported to recognize β-glucans and mannans of the Calbicans cell wall1;11.
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Neutrophils of healthy controls were treated with a blocking mAb against the 

common β2 integrin subunit(clone IB4) and one against the αM chain(clone 44A) 

of the integrin CR3. These cells showed a clear defect in the inhibition of unop-

sonized C.albicans germination after overnight incubation (Figure 3A). This killing 

defect induced by CR3 blocking was prevented by prior opsonization of C albicans 

with normal human serum (Figure 3A). Treatment of neutrophils with blocking mAbs 

against CR3 and against the FcγRs resulted in an impaired killing of unopsonized and 

serum-opsonized C.albicans (Figure 3A). Neutrophils incubated with blocking mAbs 

against CR3 displayed a slight reduction in early phagocytosis of C.albicans conidia 

(Figure S3D).

For further confi rmation of these fi ndings in overnight germination we tested neu-

trophils from patients with a FERMT3 mutation, causing the leukocyte adhesion defect 

in LAD-III (Table S1, patients C and D). In LAD-III the hematopoietic protein kindlin3 is 

absent, resulting in a defect of the integrin CR3 and other leukocyte and platelet inte-

grins to adopt a high-affi nity ligand conformation17;18;26. Kindlin3-defi cient neutrophils 

were defective in the inhibition of unopsonized C.albicans conidia germination while 

fully capable to inhibit serum-opsonized C.albicans conidia germination in the same 

overnight killing assay (Figure 3A). Incubation of kindlin3-defi cient neutrophils with 

blocking mAbs against FcγRs resulted in an increase in observed hyphae clusters of 

serum-opsonized C.albicans as compared to untreated kindlin3-defi cient neutrophils 

(Figure 3B). Since the uptake of Candida by the neutrophils is an essential aspect 

of the process of phagolysosomal killing, the immediate responses of the kindlin3-

defi cient neutrophils were studied and found to be impaired in the phagocytosis and 

Figure 2. Dectin-1 is dispensable in the killing of C. albicans.
The number of C. albicans-GFP hyphae clusters after co-incubation with untreated neutrophils, treated 
with a blocking antibody against dectin-1 (20 μg/ml) and neutrophils from dectin-1-defi cient patients A 
and B. Results are means ± SEM of at least three independent experiments.
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Figure 3. The killing of unopsonized C. albicans depends on CR3.
(A) Neutrophils from healthy controls, treated with blocking antibodies against CR3 (10 μg/ml IB4 and 
44A) and against FcγRs (10 μg/ml) and from kindlin3-defi cient patients C and D were co-cultured over-
night with C. albicans-GFP and the clusters of hyphae were assessed microscopically. Scale bar is 50 μm. 
(B) The inhibition of serum-opsonized C. albicans germination by untreated and anti-FcγR (10 μg/ml) 
treated neutrophils from healthy controls and kindlin3-defi cient patients. Results are means ± SEM of at 
least three independent experiments. * P < 0.05.
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subsequent early killing of unopsonized C.albicans conidia, but not in case of IgG-

opsonized C albicans conidia (Figure S3C and D).

Thus, the integrin CR3 has an essential role in the recognition, uptake and killing 

of unopsonized C.albicans conidia, which indicates that in human neutrophils not 

dectin-1, but the integrin CR3 controls the killing of unopsonized C.albicans.

The killing of opsonized and not unopsonized C.albicans depends on an intact 

NADPH oxidase system

Since the lack of ROS formation by neutrophils upon addition of unopsonized zymo-

san is used as a diagnostic test for LAD-III18 and ROS production was also reduced 

in response to unopsonized Candida by kindlin3-defi cient neutrophils (Figure S4), 

we investigated the role of the NADPH oxidase system in the killing mechanisms in 

greater detail. We studied patients with a complete defect in the NADPH oxidase 

activity, suffering from Chronic Granulomatous Disease (CGD). The CGD patients 

(Table S1, patients E-L) were defi cient in either the cytosolic NADPH oxidase proteins, 

i.e. p47phox or p67phox (N=3 and N=1, respectively) or the membrane-bound subunit 

(gp91phox; N=4) of the NADPH oxidase system, resulting in a failure to produce 

ROS27-29. To our surprise, the neutrophils of these patients inhibited the germination 

of unopsonized C.albicans as effi ciently as control neutrophils (Figure 4A), but were 

severely impaired in the killing of serum- or IgG-opsonized C.albicans, resulting in 

massive outgrowth of hyphae in the overnight germination assay (Figure 4A). Incuba-

tion of CGD neutrophils with blocking mAbs against FcγRs resulted in normalization 

of the killing of serum-opsonized C.albicans (Figure 4B). CGD neutrophils treated with 

blocking mAbs against the FcγRs and against CR3 were defective in the killing of both 

unopsonized and serum-opsonized C.albicans (Figure 4B). In the short-term response, 

the CGD neutrophils showed a slightly reduced killing capacity of both unopsonized 

and serum-opsonized C.albicans conidia compared to control neutrophils, despite 

normal phagocytosis (Figure S5A;data not shown). Only the defect in the inhibition 

of serum-opsonized C.albicans germination was strikingly abnormal. Ultimately, the 

killing of unopsonized C.albicans seems to be independent of ROS formation and 

can therefore not be held responsible for the defect in unopsonized Candida killing 

in case of a failure in CR3 function, as suggested above. These data together point 

towards distinct and independently activated routes of killing: one being activated by 

CR3-mediated uptake of unopsonized C.albicans, and another being induced by IgG-

FcγR-mediated uptake of serum-opsonized C.albicans. These routes are activated by 

the surface receptors involved in recognition and uptake and dictate the subsequent 

killing mechanism involved. Only in case of the latter route of IgG-mediated Candida 

uptake and not that of unopsonized Candida killing, the subsequent ROS formation 

by the NADPH oxidase activity is essential for phagolysosomal killing.
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Figure 4. CGD neutrophils fail to kill serum-opsonized C. albicans.
(A) Neutrophils from healthy controls and CGD patients E to L were co-cultured overnight with C. albi-
cans-GFP, and the clusters of hyphae were assessed microscopically. Scale bar is 50 μm. (B) The inhibition 
of serum-opsonized C. albicans germination by untreated, anti-FcγR (10 μg/ml) or anti-CR3/FcγR (10 μg/
ml) treated neutrophils from healthy controls and CGD patients. Results are means ± SEM of at least 
three independent experiments. * P < 0.05.
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Selective role of CARD9 in the killing of C.albicans 

We have recently reported on the inability of neutrophils from a patient with a CARD9-

defi ciency to restrict the germination of Candida conidia, which may contribute to the 

associated invasive candidiasis observed in these patients23 (Table S1, patient M). In the 

current study we confi rmed this defect in a second, unrelated patient with CARD9-

defi ciency suffering from Candida meningitis (Table S1, patient N). The killing defect 

was overcome by opsonization of the C.albicans conidia with human serum or IgG 

(Figure 5). As demonstrated, the short-term killing of unopsonized C.albicans conidia 

by the CARD9-defi cient neutrophils was already reduced (Figure S5B). The inability of 

CARD9-defi cient neutrophils to control germination of unopsonized C.albicans was 

not due to a defect in phagocytosis, as we already had excluded previously23. Col-

lectively, these data demonstrate that CARD9 is selectively required for the cytotoxic 

response of neutrophils against unopsonized C.albicans but not against opsonized 

C.albicans. Under both conditions, ROS generation was normal (Figure S4).

*

Figure 5. CARD9-defi cient neutrophils show a selectiveC. albicanskilling defect.C. albicans-P



C
hapter 9

185

Thus, the recognition of either the unopsonized or the opsonized C.albicans cell 

wall activates two distinct killing mechanisms by human neutrophils, i.e. a CARD9- 

versus an NADPH oxidase-dependent pathway, respectively.

*

*

Figure 6. Syk, PI3K and PKC in the killing of C. albicans.
Untreated and treated neutrophils with inhibitors of Syk: R406 (2.5 μM) or Bay (2.5 μM), the PI3K 
inhibitors Wortmannin (100 nM) or LY294002 (10 μM) and the PKC inhibitor Go6983 (20 μM) were co-
cultured overnight with C. albicans-GFP and clusters of hyphae were assessed microscopically. Scale bar 
is 50 μm. Results are means ± SEM of at least three independent experiments. * P<0.05.
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Signal transduction pathways in the killing of C.albicans 

To confi rm the notion of two distinct routes of killing that depend on the way how 

Candida is recognized and phagocytized, i.e. either via CR3 or the FcγRs, we tested 

well-characterized compounds that are known to inhibit some key enzymes in major 

upstream signal transduction pathways.

Both the β2 
-integrin CR3 and the FcγRs have been described to signal through the 

tyrosine kinase Syk to elicit a cytotoxic response19;21. To determine the role of Syk 

signaling in the killing of C.albicans we used two different pharmacological inhibitors 

of this kinase, i.e. Bay61-3606(2.5 μM) and R406(2.5 μM). Neutrophils from healthy 

controls incubated with Bay or R406 were impaired in the inhibition of both the un-

opsonized as well as the opsonized C.albicans germination as compared to untreated 

neutrophils (Figure 6). We investigated whether these effects were already explained 

by a defective early response. Indeed, treatment of neutrophils with Bay or R406 also 

decreased the short-term killing of unopsonized and opsonized C.albicans conidia 

when compared to untreated neutrophils (Figure S6A). Whereas R406 or Bay reduced 

the phagocytosis of unopsonized C.albicans for 50%, the same human neutrophils 

normally phagocytized serum-opsonized C.albicans (Figure S6B).

To explore the signal transduction events downstream of Syk signaling, we studied 

the effect of PI3K inhibition by Wortmannin (100nM) and LY294002 (10μM). Neu-

trophils incubated with Wortmannin or LY294002 were found to be only inhibited 

in their capacity to prevent germination of unopsonized C.albicans and not that of 

opsonized C.albicans (Figure 6). PI3K inhibition by Wortmannin or LY294002 resulted 

in a decreased rate of phagocytosis and short-term killing of unopsonized C.albicans, 

but a normal response to opsonized C.albicans was found (Figure S6B). Whereas Syk 

γγ

Figure 7. Neutrophil-mediated killing of 
C. albicans. Two independent and dis-
tinct neutrophil-mediated killing mecha-
nisms of C. albicans were characterized. 
The killing of unopsonized C. albicans 
depends on CR3 recognition, PI3K and 
CARD9 signaling but is independent of 
NADPH oxidase activation. The killing 
of opsonized C.albicans involved FcγRs, 
signaling through PKC and requires ROS 
formation by the NADPH oxidase system. 
Syk signaling is essential in both path-
ways for the killing of unopsonized and 
opsonized C. albicans killing.
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was involved in the killing of unopsonized and opsonized C.albicans, PI3K signal-

ing seemed to be restricted to the killing of unopsonized C.albicans in the CARD9 

pathway, but not in the FcγR-mediated route to kill serum-opsonized C.albicans by 

toxic ROS generation (Figure 7). To determine how the FcyRs activated the NADPH oxi-

dase system we investigated protein kinase C (PKC) by the inhibitor Go6983 (20μM). 

Neutrophils treated with the PKC inhibitor were impaired in the generation of ROS 

by the NADPH oxidase system but showed normal levels of Candida phagocytosis 

and proteolytic activity (Figure S6). The Go6983 treated neutrophils were not able to 

inhibit the germination of opsonized C.albicans and normally inhibited the germina-

tion of unopsonized C.albicans (Figure 6).

DISCUSSION

The last two decades have witnessed a signifi cant increase in the number of sepsis 

patients caused by fungal infections, due to the common use of immunosuppressive 

treatments or high-dosed chemotherapy-induced neutropenia2-4.

Neutrophils are the most numerous and potent effector cells in fungal killing, al-

though the mechanism of killing is rather poorly understood. The aim of the current 

study was to investigate which surface receptors and signaling pathways are involved 

in the neutrophil cytotoxic response to C.albicans. We identifi ed two distinct and inde-

pendent pathways for the killing of either unopsonized or IgG-opsonized C.albicans. 

The fi rst pathway for the phagolysosomal killing of unopsonized C.albicans was de-

pendent on CR3, Syk, PI3K and CARD9 signaling, but independent of NADPH oxidase 

activity. The second pathway involved FcγRs, Syk and ROS formation by the NADPH 

oxidase system and proved essential for the killing of serum-opsonized C.albicans.

We excluded an imminent role of C-lectins, in particular dectin-1 (CLEC7A). Dec-

tin-1 recognizes β-glucans of the C.albicans cell wall and has been found essential in 

mouse models of Candida infection1;12. In the present study, it was demonstrated that 

in human neutrophils dectin-1 is completely dispensable for the cytotoxic response 

to C.albicans. As previously reported in β-glucan binding and the production of cyto-

kines in response to C.albicans15, we could confi rm that dectin-1-defi cient monocytes 

were indeed impaired in the production of IL-6 in response to C.albicans (Figure 

S7C). Impaired cytokine production by macrophages or dendritic cells may result 

in reduced numbers of Candida-specifi c Th17 cells, associated with mucocutaneus 

candidiasis7;8, which is consistent with the observed clinical susceptibility to superfi cial 

C.albicans infections in dectin-1-defi cient individuals. Instead, human neutrophils 

use the lectin-binding integrin CR3 for Candida uptake and killing, in line with our 

previous observation that CR3 and not dectin-1 is the major receptor for β-glucan 
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recognition by human neutrophils16. In contrast to our fi ndings, Li et al showed in 

a mouse model that dectin-1 is required to activate CR3 for the cytotoxic response 

to C.albicans 30. Also LAD-III patients with an activation defect of the integrins are 

predisposed to invasive fungal infections17;26. Indeed, kindlin3-defi cient neutrophils 

(as well as control neutrophils treated with blocking antibodies against CR3) were 

impaired in the capacity to inhibit germination of unopsonized C.albicans resulting 

in massive outgrowth of hyphae, whereas kindlin3-defi cient neutrophils showed a 

normal inhibition of serum-opsonized C.albicans germination. Since the latter was 

IgG-mediated, treatment of these kindlin3-defi cient neutrophils with antibodies 

against FcγRs resulted in an impaired inhibition of C.albicans germination. Although 

deposition of complement fragment C3b has previously been indicated to facilitate 

phagocytosis of serum-opsonized Candida by CR331, our study supports the major role 

of FcγRs in the phagocytosis of serum-coated pathogens such as Candida 32. Whether 

the FcγRs inhibit the signaling through CR3 in case of serum-opsonized Candida or 

merely represent a stronger signal for killing, cannot be deduced from our data.

In fact, upon investigation of the role of signaling pathways in the cytotoxic re-

sponse to C.albicans, we show that for human neutrophils both the integrin CR3- and 

the FcγR-mediated killing of unopsonized and opsonized C.albicans, respectively, are 

Syk dependent. Studies with mice have shown that the integrin CR3 activates Syk to 

elicit anti-microbial responses such as ROS generation and the release of proteases in 

the phagolysosome33. Syk is also involved in mice in FcγR-mediated phagocytosis of 

IgG-coated erythrocytes34. Others have shown that β-glucan activates a CR3-Syk-PI3K 

pathway in neutrophils and thereby enhances tumor cell killing21. In line with Honda 

et al. we found PI3K involved in superoxide production in response to PAF/fMLP and 

unopsonized C.albicans but not in response to serum-opsonized C.albicans (data not 

shown)35. Our results confi rm the role of PI3K in neutrophils to be also critical in 

killing of unopsonized C.albicans. Clearly, this CR3-Syk-PI3K pathway acts through 

the adaptor protein CARD9. In the present study we extend our previous fi ndings on 

CARD9 in the cytotoxic response to C.albicans 23. In two unrelated CARD9-defi cient 

patients suffering from Candida meningitis, the neutrophils were impaired in the kill-

ing of unopsonized but not of serum-opsonized C.albicans. Wu et al. demonstrated in 

mice that CARD9 is involved in bacteria-elicited production of ROS by bone marrow-

derived macrophages and in in-vivo host response36. In contrast to these murine 

results the CARD9-defi cient neutrophils from two different patients showed a normal 

NADPH oxidase activity in response to various stimuli including S.aureus. This could 

be explained by the fact that Wu et al. used a different cell type and another Gram-

positive bacterium L.monocytogenes or this simply illustrates the difference between 

CARD9-defi cient mice and men. To date, four reports have been published including 

26 CARD9-defi cient patients suffering from severe invasive fungal infections but none 
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of them had severe bacterial infections22;23;37;38. Moreover, we have previously shown 

that the neutrophil killing of S.aureus by the patient cells was completely normal23. 

These results suggest that non-oxidative killing mechanisms are important in the 

CARD9-mediated killing of unopsonized C.albicans. It has been demonstrated in mice 

that a double knockout of elastase and cathepsin G results in susceptibility to invasive 

candidiasis39. Future research needs to determine how exactly CARD9 regulates the 

non-oxidative killing of C.albicans.

Since the predominant neutrophil anti-microbial activity is considered to depend on 

the formation of ROS by the NADPH oxidase system, we investigated the neutrophils 

from CGD patients with an inherited defect in ROS production. CGD neutrophils nor-

mally inhibited the germination of unopsonized C. albicans but were severely impaired 

in the killing of opsonized C. albicans. We also showed that after blocking FcγRs 

the alternative pathway in CGD neutrophils induced the killing of serum-opsonized 

C. albicans. Thus, the killing of opsonized C. albicans depends on IgG recognition 

by FcγRs, signaling through PKC and the production of ROS by the NADPH oxidase 

system40. The fi nding that CGD neutrophils fail to kill C. albicans correspond with the 

increased prevalence of systemic Candida infections described in patients9.

Although suggestions that neutrophil extracellular traps (NETs) of extruded DNA may 

have a role in the candidicidal activity41, pretreatment of neutrophils with cytochalasin 

B showed that the inhibition of unopsonized and opsonized C.albicans germination 

occurred through a phagolysosomal killing process.

Taken together, we characterized the presence of two distinct mechanisms used 

by the neutrophil in the host defense against C.albicans. First, the killing of unopso-

nized C.albicans depends on CR3 and the signaling proteins Syk, PI3K and CARD9, 

but is independent of the NADPH oxidase system. The second mechanism used for 

the killing of opsonized C.albicans depends on IgG recognition by FcγRs, signaling 

through Syk, PKC and activation of the NADPH oxidase system (Figure 7). Apparently, 

the effects are binary in the sense that the neutrophil’s choice for one or the other 

killing mechanism depends on the initial step of C.albicans recognition and uptake. 

There is cross-talk between the two pathways, because binding of IgG-opsonized 

C.albicans to FcγRs on the neutrophils inhibits induction of killing by the CR3-CARD9 

pathway, which can be relieved by blocking the FcγRs. In addition, blocking of CR3 

and the FcγRs on CGD neutrophils resulted in defective killing of both unopsonized 

and opsonized C.albicans. These fi ndings provide fundamentally new insights into the 

pathophysiological mechanism underlying immunological defects in the antifungal 

killing mechanisms of human neutrophils. Further unraveling the relevant molecular 

signaling pathways will help to identify novel targets for future antifungal therapeu-

tics.
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SUPPLEMENTAL MATERIALS AND METHODS

Cell purifi cation 

The granulocytes and erythrocytes were separated from the mononuclear leukocytes 

and platelets by centrifugation over isotonic Percoll with a specifi c gravity of 1.076 g/

ml. Erythrocytes in the pellet were lysed with isotonic NH4Cl-NaHCO3-EDTA solution. 

Granulocytes were washed and resuspended in Hepes-buffered saline solution.

Patient characteristics

Characteristics of the fourteen different patients with mutations in CLEC7A, FERMT3, 

CYBB, NCF1, NCF2 or CARD9 gene are shown in Table S1. Patients A and B have a 

previously described nonsense mutation in the CLEC7A gene, Tyr238X, resulting in 

the loss of 9 amino acids in the carbohydrate recognition domain and an impaired 

function of the receptor in terms of β-glucan binding and cytokine production in 

response to C. albicans 1 (also see the results section). The patients’neutrophils and 

monocytes showed reduced surface expression levels of the mutated dectin-1 by 

fl ow cytometry and normal amounts of total dectin-1 on Western blot (Figure S7). 

Dectin-1-defi cient neutrophils expressed CR3 (CD11b/CD18) normally as measured 

by fl ow cytometry (Figure S3) and showed a normal ROS production in response to 

zymosan, which indicates a normal function of CR3 (Figure S4). Patients C and D suf-

fer from the LAD-III syndrome, caused by truncating mutations in FERMT3 (encoding 

kindlin-3). The mutation of patient C was described before 2, but patient D has a 

previously undescribed mutation in FERMT3, c.1173deIT, p.Asp393ThrfsX29, which 

was homozygously expressed. The kindlin-3 protein was completely absent in the pa-

tients’ neutrophils as determined by Western blotting (data not shown). Neutrophils 

from a LAD-III patient showed normal level of dectin-1 as measured by western blot 

(Figure S7D). The CGD patients E to L have mutations in the CYBB gene resulting in a 

defi ciency of gp91phox, in the NCF1 gene leading to p47phox defi ciency or in NCF2 gene 

causing p67phox defi ciency. The mutations of these patients have been reported before 
3;4. The compound heterozygous mutation, p.Gly72Ser and p.Arg373Pro in CARD9 of 

patient M and the homozygous CARD9 (Q295X) mutation of patient N have also been 

described before 5;6. Western blot analyses revealed that the CARD9 protein in lysates 

of the neutrophils of both patients was not detectable (Supplemental Figure 7A).

Immunostaining and FACS analysis

After erythrocyte lysis, expression of surface-bound receptors on granulocytes was 

assayed in total leukocyte samples by fl ow cytometry (FACS), with the commercially 

available monoclonal antibody (MoAb) mouse anti-human Dectin-1/CLEC7A (Clone: 

259931) (R&D systems, Minneapolis, USA), indirectly labeled with Alexa488-rabbit-
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anti-mouse-Ig (Molecular Probes). Samples were analyzed on an LSRII fl ow cytometer 

equipped with FACSDiva software (BD). Cells were gated based on their forward and 

side scatter, and 10,000 gated events were collected per sample.

Western blot analysis

Analysis of protein expression was performed by Western blot (19). The following 

antibodies were used for detection: polyclonal rabbit anti-human CARD9 (Protein 

Tech Group, Chicago, USA) and CLEC7A / Dectin-1 (R&D system).

NADPH oxidase activity

NADPH-oxidase activity was assessed as the release of hydrogen peroxide, determined 

by the Amplex Red method (Molecular Probes, Eugene, OR, USA) by neutrophils 

stimulated with various stimuli: zymosan (1 mg/ml), serum-treated zymosan (STZ, 1 

mg/mL), phorbol-12-myristate-13-acetate (PMA, 100 ng/ml), platelet-activating factor 

(PAF) followed by formyl-Met-Leu-Phe(fMLP), Candida particles (ratio with neutrophils, 

1:4) and aggregated IgG (5 mg/ml), in the presence of Amplex Red (0.5 μM) and 

horseradish peroxidase (1 U/ml). Fluorescence was measured at 30-second intervals 

for 20 minutes with the HTS7000plus plate reader (Tecan, Mannedorf, Switzerland). 

Maximal slope of H2O2 release was assessed over a 2-minute interval 7.

Killing of Candida albicans

Candida albicans (strain SC5314), stably transfected with GFP (a generous gift of 

Dr. Alexander Johnson [Department of Microbiology and Immunology, University of 

California at San Francisco, CA, USA]) was grown under aerobic conditions at 30°C 

overnight in Lysogeny Broth (LB). Hereafter, the Candida was collected by centrifuga-

tion, washed twice in PBS and resuspended in HEPES medium. After opsonisation 

with10% (v/v) pooled serum or IgG (15 mg/ml, IVIG, Nanogam, Sanquin, Amsterdam, 

The Netherlands) for 15 min, at 37°C, the Candida was added at a ratio of 4 : 1 

neutrophil (5x106 cells/ml). Complement inactivation of the pooled serum was per-

formed by heat treatment at 56°C for 30 minutes. At the desired time points, 50-μl 

samples were diluted in 2.5 ml of water/NaOH, pH 11.0. At the end of the incubation 

period, the number of viable microorganisms in each sample was determined by the 

pour-plate method in LB agar. The colony-forming units (CFU) were determined after 

overnight incubation at 37°C, and the percentage killing was calculated as described3.

Neutrophil phagocytosis of Candida conidia

The neutrophil phagocytosis of unopsonized and serum-opsonized Candida conidia 

was assessed by fl ow cytometry. During the incubation of neutrophils and FITC-la-

beled Candida conidia a sample was measured every 5 to 10 minutes on the LSRII 
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fl ow cytometer equipped with FACSDiva software (BD) up to 90 minutes at 37°C. 

Cells were gated based on their forward and side scatter, and 10,000 gated events 

were collected per sample. Based on the neutrophils FITC-MFI and the percentage 

FITC-positive neutrophils phagocytosis was calculated relative to control or untreated 

neutrophils.

Dectin-1, Dectin-2 and Mincle HEK cells and Candida binding

Human dectin-1 (CLEC7A) was PCR amplifi ed using primers Clec7aF (5’ gagatcggatcc-

gccaccatggaatatcatcctgatttaga 3’) and Clec7aR (5’gagatcctcgagttacattgaaaacttcttct-

cac 3’) to generate full-length CLEC7A, or with Clec7a 238X (5’ gagatcctcgagc-

tatgagggcacactacacag 3’) to generate truncated CLEC7A aa 1-237 (Invitrogen, 

Bleiswijk, The Netherlands). Human dectin-2 (CLEC6A) was PCR amplifi ed using 

primers Clec6aF (5’ gagatcggatccgccaccatgatgcaagagcagcaacc 3’) and Clec6aR (5’ 

gagatcctcgagtcataggtaaatcttattcatctc 3’). Mouse Fcγ-chain was PCR amplifi ed using 

primers FcγF (5’ gagatcggatccgccaccatgattccagcagtggtcttg 3’) and FcγR (5’ gagatcctc-

gagctactgtggtggtttctcatg 3’). The fragments were cloned into the BamHI – XhoI site 

of pCDNA3.1+. Constructs were sequence verifi ed. A pUC57 construct containing the 

coding sequence of human CLEC4E (5’ fl anked by KpnI site and Kozak sequence, and 

3’ fl anked by XhoI site) was ordered at ShineGene Molecular Biotech, Inc. The CLEC4E 

KpnI – XhoI fragment was cloned into the same sites of pCDNA3.1+.

293T cells were transfected by adding 1 μg of pCDNA3.1+ - hCLEC7A (full-length 

or truncated), CLEC6a or CLEC4E to 100 μl of serum-free medium, and fi nally 3 μl 

of TransIT (Mirusbio, Madison, WI, USA). In case of cotransfection of one of these 

constructs with pCDNA3.1+ - Fcγ-chain, 1 μg of each plasmid was added to 200 μl of 

serum-free medium, and 6 μl of TransIT was added. After 15 minutes of incubation at 

RT, the transfection mix was added dropwise to a 50-80% confl uent cell layer of 293T 

cells in a 6-well plate. Medium was refreshed the next day, and the binding assay was 

performed 2 days after transfection. After incubation of FITC-labeled C. albicans to 

the 293T cells for 1 hour at 37 C, binding was assessed by the EVOS microscope and 

fl ow cytometry (Life Technology, Darmstadt, Germany).

Cell stimulation and cytokine measurement

For IL-6, PBMCs (0.25x106 monocytes/mL) were stimulated overnight with the indicat-

ed stimuli. Production of IL-6 was measured in the supernatants with a Pelikine ELISA 

(Sanquin Reagents, Amsterdam, The Netherlands) according to the manufacturer’s 

protocol.
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Supplemental table 1. Clinical features of the patients. The clinical features of patients A to N 
including the genetic mutations in CLEC7A, FERMT3, CYBB, NCF1, NCF2, and CARD9.
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Supplemental fi gure 1. The killing of unopsonized and opsonized C. albicans conidia by neutro-
phils. Neutrophils from healthy controls were incubated with unopsonized, serum-opsonized, 
heat-inactivated (HI) serum-opsonized or IgG-opsonized C. albicans, and the killing was deter-
mined as the percentage of viable Candida conidia relative to incubation without neutrophils 
by a colony-forming unit assay after 2 hours (A) and 20 hours (B). (C) The number of unopso-
nized and serum-opsonized C. albicans-GFP hyphae clusters after overnight co-incubation with 
untreated neutrophils and neutrophils treated with cytochalasin B (5 μg/ml). Results are means 
± SEM of at least three independent experiments. * P < 0.05.
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Supplemental fi gure 2. Impaired C. albicans binding by the mutated dectin-1 receptor and by 
wild-type dectin-1-transfected HEK cells treated with a monoclonal antibody against dectin-1 
and dectin-2 or mincle-transfected HEK cells. (A) HEK cells untransfected, transfected with the 
wild-type dectin-1 receptor, with the wild-type dectin-1 receptor and treated with an antibody 
against dectin-1 (20 μg/ml, Clone: 259931), with the mutant dectin-1 receptor and dectin-2-Fcy-
chain– receptor or the mincle-Fcy-chain-receptor. Binding to FITC-labeled C. albicans conidia was 
assessed by fl uorescence microscopy (scale bar is 40 μm) and (B) measured by fl ow cytometry. 
(C) Surface expression of HEK cells transfected with the wild-type dectin-1 receptor, the mu-
tated dectin-1 receptor (Tyr238X), dectin-2-Fcy-chain- receptor or the mincle-Fcy-chain-receptor 
measured by fl ow cytometry. Results are means ± SEM of at least three different experiments. 
* p<0.05.
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Supplemental fi gure 3. Role of dectin-1- and kindlin3 on neutrophils in the phagocytosis and 
killing of Candida conidia. (A) The killing effi cacy of C. albicans conidia by untreated neutro-
phils, neutrophils treated with an antibody against dectin-1 (20 μg/ml, clone: 259931) and neu-
trophils from dectin-1 defi cient patients A and B was assessed by standard colony-forming unit 
assay. (B) Phagocytosis of FITC-labeled C. albicans conidia by untreated neutrophils and by neu-
trophils treated with an antibody against dectin-1 (20 μg/ml, Clone: 259931) was determined 
by fl ow cytometry. The percentage of FITC-positive neutrophils and FITC-MFI of neutrophils was 
calculated relative to the controls, set at 100%. (C) The killing effi cacy of C. albicans conidia by 
untreated neutrophils, neutrophils treated with antibodies against CR3 (10 μg/ml IB4 and 44A) 
and by neutrophils from kindlin3-defi cient patients C and D was assessed by standard colony-
forming unit assay. (D) The phagocytosis of C. albicans by untreated neutrophils, by neutrophils 
treated with antibodies against CR3 (20 μg/ml, IB4 and 44A) and by neutrophils from kindlin3-
defi cient patients C and D was determined by fl ow cytometry. * P < 0.05.
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Supplemental fi gure 4. NADPH-oxidase activity. To measure the production of hydrogen perox-
ide, untreated neutrophils, neutrophils treated with a blocking antibodies against dectin-1(20 
μg/ml) or CR3 (10 μg/ml IB4 and 44A) and neutrophils from the CARD9-defi cient, dectin-1-
defi cient, kindlin3-defi cient neutrophils were stimulated with various stimuli: zymosan, serum-
treated zymosan, phorbol-12-myristate-13-acetate (PMA), platelet-activating factor (PAF) fol-
lowed by formyl-Met-Leu-Phe (fMLP), unopsonized and serum-opsonized C. albicans particles 
(ratio with neutrophils, 1:4), in the presence of Amplex Red and horseradish peroxidase. Means 
± SEM of at least three different experiments. * P < 0.05.

*

* *

Supplemental fi gure 5. The short-term killing of C. albicans conidia by neutrophils from CGD 
and from CARD9-defi cient patients (A) Neutrophils from healthy controls and from CGD pa-
tients E to L were co-cultured overnight with C. albicans-GFP, and the killing effi cacy was deter-
mined by standard colony-forming unit assay. (B) Neutrophils from healthy controls and from 
CARD9-defi cient patients M and N were co-cultured overnight with C. albicans-GFP, and the 
killing effi cacy was determined by standard colony-forming unit assay. Results are means ± SEM 
of at least three independent experiments. * P < 0.05.
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Supplemental fi gure 6. Syk, PKC and PI3K signaling in Candida phagocytosis and conidia kill-
ing. (A) The killing effi cacy of C. albicans conidia by untreated and treated neutrophils with the 
Syk inhibitors R406 (2.5 μM) or Bay 61-3606 (2.5 μM), the PI3K inhibitors Wortmannin (100 nM) 
or LY294002 (10 μM) or the PKC inhibitor Go6983 (20 μM) was assessed by standard colony-
forming unit assay. (B) Phagocytosis of FITC-labeled C. albicans conidia was determined by fl ow 
cytometry. The percentage of FITC-positive neutrophils and FITC-MFI of neutrophils was calcu-
lated relative to the controls. Means ± SEM of at least three different experiments. * P < 0.05.
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Supplemental fi gure 7. CARD9, dectin-1 protein expression and cytokine production by dectin-
1-defi cient monocytes. (A) Western blot dectin-1 detection in patients A and B, detection of 
CARD9 in patients M and N and healthy controls (indicated as P and C, respectively). Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) and α-tubulin were used as a loading control. (B) 
Dectin-1 surface expression on neutrophils and monocytes from patient A and B was measured 
by fl ow cytometry. One experiment representative for three experiments. (C) Peripheral blood 
mononuclear cells were isolated from the dectin-1-defi cient patients (A and B) and healthy 
controls and stimulated with C. albicans or S. aureus, and the production of IL-6 was assessed by 
ELISA. (D) CD11b and CD18 surface expression on dectin-1-defi cient neutrophils was measured 
by fl ow cytometry. (E) Western blot dectin-1 detection in patients A and B, detection of CARD9 
in patient C and healthy controls (indicated as P and C, respectively); α-tubulin was used as a 
loading control.
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ABSTRACT

Neutrophils are known to play a pivotal role in the host defense against Aspergillus 

infections. This is illustrated by the prevalence of Aspergillus infections in patients 

with neutropenia or phagocyte functional defects, such as Chronic Granulomatous 

Disease. However, the mechanisms by which human neutrophils recognize and kill 

Aspergillus are poorly understood. Here, we have studied in detail which neutrophil 

functions including Neutrophil Extracellular Trap (NET) formation, are involved in the 

killing of Aspergillus fumigatus conidia and hyphae, using neutrophils from patients 

with well-defi ned genetic immunodefi ciencies. Recognition of conidia involves inte-

grin CD11b/CD18 (and not dectin-1), which triggers a PI3-kinase (PI3K)-dependent 

non-oxidative intracellular mechanism of killing. When the conidia escape from early 

killing and germinate, the extracellular destruction of the Aspergillus hyphae needs 

opsonization by antibodies and involves predominantly recognition via Fcγ-receptors, 

signaling via Syk, PI3K and PKC to trigger the production of toxic reactive oxygen 

metabolites by the NADPH oxidase and myeloperoxidase (MPO). Aspergillus fumigatus 

induces NET formation, however, NETs did not contribute to Aspergillus fumigatus 

killing. Thus, our fi ndings reveal distinct killing mechanisms of Aspergillus conidia 

and hyphae by human neutrophils, leading to a comprehensive insight in the innate 

antifungal response.
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INTRODUCTION

Immunocompromised patients, in particular those with neutropenia, are at risk for 

invasive aspergillosis, which is associated with mortality rates of up to 90% (1,2). 

Infection occurs via the inhalation of conidia, which can germinate into tissue-invasive 

hyphae when alveolar macrophages and neutrophils fail to control Aspergillus growth 

(3). Where T-cell-mediated immunity is mostly involved in the resolution of aspergil-

losis, the neutrophils function as the primary host defense mechanism against fungal 

infection when mucosal barriers have been injured(4). Neutrophils are believed to pro-

tect against fungal invasiveness by the production of Reactive Oxygen Species (ROS), 

the release of granular content and the formation of neutrophil extracellular traps 

(NETs) (5-7), although their exact contribution has not been investigated in detail.

It is not exactly known which receptors on human neutrophils are important in 

recognition and downstream signaling for the killing of Aspergillus fumigatus. It is 

also unclear whether Aspergillus undergoes specifi c changes in cell wall composition 

during germination from conidia into hyphae that will subvert pattern recognition 

molecules on the surface of the innate immune cells to curtail fungal dissemination. 

Both the C-type lectin receptor dectin-1 and the β2 integrin CD11b/CD18 (CR3) have 

been implicated in the recognition of β-glucans on the cell surface of A. fumigatus 

(8-10). Two dectin-1 knockout mouse models showed an increased susceptibility 

towards invasive aspergillosis, whereas another model demonstrated normal survival 

rates (9,11,12). However, the role of dectin-1 in the human host defense against 

Aspergillus infection is less clear. In patients undergoing hematopoietic stem cell 

transplantation (HSCT) certain polymorphisms in dectin-1 have been associated in 

the immunocompromised host with increased susceptibility to invasive aspergillosis 

(13). On the other hand, patients with a dectin-1 defi ciency have been reported to 

suffer from mucocutaneus candidiasis instead of invasive Aspergillus infection (14). 

Dectin-1 is known to signal via CARD9 for the activation of NFκB and production of 

cytokines (15). CARD9 defi ciency is characterized by invasive fungal infection and im-

paired neutrophil candicidal activity (16). Apart from dectin-1, the β2 integrin CD11b/

CD18 or CR3 is the most important receptor on neutrophils for the recognition of 

β-glucan in humans (17). Patients with a leukocyte adhesion defi ciency (either with 

LAD-I lacking CR3 integrin expression, or with LAD-III due to a defi ciency of kindlin-3 

for leukocyte integrin activation) are genetically predisposed to invasive bacterial 

and fungal infections, including aspergillosis (18,19). Both dectin-1 and CR3 have 

been described to activate the NADPH oxidase system (20-22). The requirement of 

ROS production by the NADPH oxidase, which have anti-microbial activity, to protect 

against invasive fungal infection is underscored by the high prevalence of Aspergillus 

infections in patients with Chronic Granulomatous Disease (CGD) (23). Alternatively, 
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the NADPH oxidase system may also be instrumental in the formation of NETs (24), 

which are web-like DNA-based structures released by neutrophils in which histones, 

peptides and proteases are concentrated by electrostatic immobilization. These NETs 

may be the prime mechanism of extracellular killing of hyphae, being too large to be 

phagocytosed (25).

A recent study of a single CGD patient in which gene therapy restored NET for-

mation, resulted in the control of therapy-resistant A. nidulans infection (26). Apart 

from oxidase-dependent killing, one of the non-oxidase defense mechanisms, i.e. 

the degranulation and release of elastase, was found in mice to be important in the 

elimination of A. fumigatus (27). The lactoferrin present in the specifi c granules of 

neutrophils has been shown to mediate iron depletion and thus restrict fungal growth 

as well (28). Despite these important observations, a detailed understanding about 

the mechanism(s) of Aspergillus killing by human neutrophils is still lacking.

In our study we demonstrate distinct killing mechanisms of Aspergillus fumigatus 

conidia and hyphae leading to a mechanistic explanation for the role of neutrophils in 

the clinical presentations of aspergillosis.

MATERIALS AND METHODS

Killing of Aspergillus conidia and hyphae 

The granulocytes from healthy donors and patients were isolated by centrifugation 

over isotonic Percoll with a specifi c density of 1.076 g/ml, lysed and resuspended in 

Hepes-buffered saline solution (29).

For the microbicidal activity of granulocytes we used a clinical isolate of Aspergil-

lus fumigatus. The micro-organism was grown under aerobic conditions at 30°C for 

7 days on potato dextrose agar (Neogen,Lansing,Michigan,USA). Opsonisation was 

performed with 10% v/v pooled serum or IgGs (15mg/ml,IVIG,Nanogam®,Sanquin,

Amsterdam, The Netherlands) for 15 min, at 37°C. Serum-opsonization by itself did 

not affect the Aspergillus viability (data not shown). Complement inactivation of the 

pooled serum was performed by heat treatment at 56°C for 30 minutes.

We did not observe any neutrophil-mediated killing of Aspergillus conidia within 

1-2 hours in a classical Colony Forming Unit (CFU) assay and noticed that neutro-

phils were able to inhibit the germination in an overnight assay. Therefore we used 

the neutrophil-mediated inhibition of germination to assess the cytotoxic response 

towards Aspergillus conidia. For the neutrophil-mediated inhibition of germination, 

Aspergillus conidia were incubated with neutrophils (0.25, 0.5, 1.0 or 2.5 x105cells/

mL, E:T 1:2000, 1:1000, 1:500 or 1:200 respectively) in a 96-well plate overnight at 

37°C in RPMI 1640 medium containing L-glutamine and 10% FCS (Life, Bleiswijk, 
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The Netherlands). Subsequently, the neutrophils were lysed in water/NaOH,pH 11.0 

and incubated with MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 

bromide; thiazolyl blue) (Sigma,Steinheim,Germany). After addition of acidic isopro-

panol (0.04M-HCl) the optical density was measured in the plate reader at 570 nm 

(Tecan,Giessen,The Netherlands) and the A. fumigatus hyphae viability was calculated 

as compared to the incubation without neutrophils set at 100%. To assess the A. 

fumigatus hyphae killing by granulocytes, conidia were overnight incubated at 37°C 

in RPMI 1640 medium containing L-glutamine and 10% FCS (Life) upon formation of 

a monolayer as determined by microscope. Freshly isolated neutrophils (0, 0.5, 1, 2 or 

5.0 x105cells/mL) were cultured for one hour on the preformed A. fumigatus mono-

layer at 37°C. Hereafter, the cells were lysed in water/NaOH,pH 11.0 and incubated 

with MTT. The absorbance of the acidic isopropanol-diluted samples was measured 

on the plate reader and the viability calculated as a percentage of the viability after 

incubation without neutrophils.

Patient characteristics

Characteristics of the fourteen different patients with mutations in CLEC7A, FERMT3, 

CYBB, NCF1, NCF2, MPO or PRKCD gene are shown in Supplemental Table. Patients 

A and B have a previously described nonsense mutation in the CLEC7A gene, leading 

to p.Tyr238X, resulting in the loss of 9 amino acids in the carbohydrate recognition 

domain and an impaired function of the receptor in terms of β-glucan binding and 

cytokine production (14). Patients C and D suffer from the LAD-III syndrome, caused 

by truncating mutations in FERMT3 (encoding kindlin-3). The mutation of patient C 

was described before (30), but patient D has a previously undescribed mutation in 

FERMT3, c.1173deIT, p.Asp393ThrfsX29, which was homozygously expressed. The 

kindlin-3 protein was completely absent in the patients’ neutrophils as determined 

by Western blotting (data not shown). The CGD patients E to J have mutations in the 

CYBB gene resulting in a defi ciency of gp91phox, in the NCF1 gene leading to p47phox 

defi ciency or in NCF2 gene causing p67phox defi ciency. The mutations of these patients 

have also been reported before (31). Patient K has an MPO mutation resulting in a 

complete defi ciency, whereas patient L has some residual activity, as demonstrated 

before (32).

Antibodies and inhibitors

To determine the role of dectin-1, CR3 and the FcγRs in the killing of A. fumigatus, 

neutrophils were treated with a mAbs against human dectin-1 (clone 259931, R&D 

systems), CD11b (clone 44A, ATCC, Rockville, MD, USA), CD18 (clone IB4, ATCC), 

FcγRI (clone 10.1, BD Pharmingen, San Diego, CA, USA), FcγRII (clone AT10, AbD 

Serotec, Oxford, UK) and FcγRIII (clone 3G8, BD Pharmingen). Proteases inhibitors 
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used were elastase III, cathepsinG I, MMP2/9 V (Calbiochem, Darmstadt, Germany), 

4-ABAH (Sigma) and the lactoferrin was purifi ed from human neutrophils (Sigma). 

The NADPH oxidase inhibitor DPI (Sigma) was used. Phosphorlyation was detected 

with anti-phospho-Syk (Sigma), anti-phospho-AKT (Sigma) and GAPDH (Sigma). The 

inhibitor of Syk signaling were R406 (Selleckchem, Houston, TX, USA) and Bay 61-

3606 (Sigma-Aldrich, Diegum,Belgium). The PI3K inhibitors were Wortmannin and 

LY294002 (Sigma). The pan-PKC-inhibitor was Go6983 (Calbiochem, Darmstadt, 

Germany) and the PKC-β inhibitor Ruboxistaurin (Sigma). In the experiment with NETs 

DNAse was used (Sigma).

NET formation and confocal laser scanning microscopy (CLSM)

To visualize NETs neutrophils were incubated on coverslips with PMA or Aspergillus 

hyphae for 180 minutes at 37°C in HEPES-buffered medium containing 0.1% glucose 

and 0.5% albumin. The samples were fi xed with 3.7% (w/v) paraformaldehyde and 

permeabilized with a kit (Beckman Coulter, Brea, CA, USA). The samples were stained 

with Hoechst for DNA (Sigma), rabbit antibody against human elastase (clone AT15, 

Sanquin, Amsterdam, The Netherlands) and a monoclonal mouse antibody against 

human MPO (clone 2C7, Abnova). Primary antibodies were detected with anti-rabbit-

Ig 488 and anti-mouse-Ig 633 antibodies (Invitrogen) by CLSM (Zeiss, Sliedrecht, The 

Netherlands).

Scanning electron microscopy (SEM)

Samples were fi xed for 2h with Karnovsky stain. The fi xed samples were washed with 

0.1 M sodium cacodylate at pH7.6 and blocked in 1% (v/v) BSA for 20 min at RT. Then 

the samples were dehydrated in ascending series of ethyl alcohol, critical-point-dried 

and subsequently sputtered with gold. The specimens were examined with a scanning 

electron microscope ESEM XL30 (FEI Company, PHILIPS, Eindhoven, The Netherlands) 

operating at 20 kV. The negative controls were digested with DNase and thereafter 

processed in the same way.

Degranulation assay and proteolytic activity

Neutrophils (2×106/ml) were incubated in Hepes-buffered saline solution (Hepes-

buffer) at 37ºC in a shaking water bath before adding the (priming) agents PAF 

(1 μM, Sigma, 5 minutes) or cytochalasin B (5 μg/ml, Sigma, 5 minutes) and were 

subsequently stimulated with fMLP (1 μM, Sigma, 15 minutes). The shaking was very 

gentle to prevent activation or cell death to occur, and at the same time avoidance of 

immediate sedimentation by gentle swirling of the cells. After stimulation, cells were 

put on ice, washed with Hepes-buffer once, and subsequently stained with antibod-

ies against neutrophil-granule markers: CD63-PE (IgG1, 435); CD66b-FITC (IgG1, 
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CLB-B13.9). Data are expressed as mean fl uorescence intensities (MFI). The cells were 

analyzed on an LSRII fl ow cytometer equipped with FACSDiva software (BD).

The proteolytic activity was determined by incubating neutrophils (2.5×106/ml in 

Hepes-buffer) with DQ-Green BSA (10 μg/ml, Molecular Probes). Upon stimulation 

with cytochalasin B (5 μg/ml, Sigma)/ fMLP (1 μM) the fl uorescence was monitored at 

30-second intervals for 1 hour by SPECTRAFluor Plus plate reader (Exitation 485 nm; 

Emission 535 nm) (Tecan).

Statistics

Statistical analysis was performed with GraphPad Prism version 6.00 for Windows 

(GraphPad Software,San Diego,CA,USA). Data were evaluated by paired, two-tailed 

student’s t-test and by the Mann-Whitney test. The results are presented as the mean 

± SEM, as indicated. Data were considered signifi cant when p<0.05.

Ethics

The study was performed according to national regulations with respect to the use 

of human materials from healthy, anonymized volunteers and patients with written 

informed consent, and all experiments were approved by the Medical Ethical Com-

mittee of the Academic Medical Centre in Amsterdam according to the Declaration of 

Helsinki principles(version Seoul 2008).

RESULTS 

Neutrophil recognition of Aspergillus hyphae, not conidia, depend on IgG and 

Fcg-receptors.

Aspergillosis generally starts with the inhalation of conidia from soil, which can ger-

minate into hyphae that locally invade into tissues (33). We therefore studied both the 

intracellular killing of Aspergillus conidia by neutrophils that prevents germination, as 

well as the extracellular destruction of preformed hyphae.

We found that human neutrophils from healthy control donors effi ciently inhibited 

the germination of unopsonized Aspergillus conidia after overnight incubation (Figure 

1A). Serum opsonization facilitated the inhibition of conidial germination only to a 

limited extent (Figure 1A). The treatment of neutrophils with Cytochalasin B impaired 

the inhibition of unopsonized and serum-opsonized Aspergillus germination, indicat-

ing that phagocytosis is required in this process (data not shown). When neutrophils 

were incubated with a preformed monolayer of unopsonized Aspergillus hyphae, the 

neutrophils retained their round shape and did not degrade the monolayer (Figure 

1A,B). Prolonged incubation up to 4 hours of neutrophils with unopsonized Aspergil-
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lus hyphae did still not result in any killing (data not shown). In contrast, after serum 

opsonization the neutrophils spread around the hyphae and effi ciently degraded the 

monolayer (Figure 1A,B). Noticeably, complement was not required. Complement 

inactivation of the serum by heat treatment at 56°C for 30 minutes did not affect 

hyphae killing by neutrophils, whereas opsonization with immunoglobulin prepara-

tions for intravenous use (IVIG) in patients resulted in a comparable killing effi ciency 

of the hyphae as with intact whole serum (Figure 1C). When antibody-defi cient serum 

from a patient with untreated X-linked agammaglobulinemia (XLA) was used control 

neutrophils effi ciently inhibited the germination of Aspergillus conidia but were not 

able to kill A. fumigatus hyphae (Figure 1C). Neutrophils incubated with a cocktail of 

antibodies against neutrophil-expressed FcγRs (CD64, CD32 and CD16) were severely 

impaired in extracellular killing of serum-opsonized Aspergillus hyphae but could 

normally prevent the early steps of intracellular germination of the serum-opsonized 

Aspergillus conidia (Figure 1C). Incubation of neutrophils with anti-CD32 in particular 

resulted in impaired Aspergillus hyphae killing, whereas incubation with anti-CD16 or 

anti-CD64 did not affect hyphal killing(Figure 1C).

These results indicate that serum IgGs directed against the hyphal cell wall and FcγRII 

are critical for effi cient hyphae recognition and killing. In contrast, the destruction of 

Aspergillus conidia by human neutrophils is independent of IgGs and FcγR.

CR3 and not dectin-1 mediates Aspergillus conidia recognition and uptake

An obvious candidate as a neutrophil receptor for Aspergillus conidia was the C-type 

lectin dectin-1. Dectin-1 (CLEC7A) is expressed on the surface of human neutrophils 

and the receptor recognizes β-glucans, which are a major component exposed on the 

Aspergillus cell wall (9,16). To determine the role of dectin-1 in Aspergillus killing we 

incubated the neutrophils of healthy controls with a blocking mAb against the recep-

tor, preventing binding of the β-glucan-rich particles to dectin-1-transfected HEK cells 

(16). This anti-dectin-1 mAb did not affect the neutrophil killing of the Aspergillus 

conidia nor the killing of Aspergillus hyphae (Figure 2). Furthermore, we studied the 

neutrophils from patients with a homozygous stopcodon Tyr238X in the CLEC7A gene 

(Supplemental Table), which results in the loss of 9 amino acids in the carbohydrate 

recognition domain, which thereby disrupts β-glucan recognition (14,16). The neu-

trophils from the dectin-1-defi cient patients also showed a completely normal killing 

of Aspergillus conidia and hyphae (Figure 2), excluding a prominent role of human 

dectin-1 neutrophil-mediated Aspergillus killing.

Next, we assessed the role of the integrin CR3 as being a major receptor on hu-

man neutrophils for particles opsonized with C3-fragments and β-glucans as well 

(17). We treated the neutrophils of healthy controls with a blocking mAb against the 
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Figure 1. The killing of A. fumigatus hyphae and conidia by neutrophils
(A) Neutrophils from healthy controls were incubated with unopsonized and serum-opsonized conidia 
(0 to 2.5*105 neutrophils) or with an unopsonized and serum-opsonized preformed hyphae monolayer 
(0 to 5*105 neutrophils) and the viability was assessed with the MTT-assay, relative to incubation of 
Aspergillus without neutrophils. (B) A brightfi eld microscopy picture of neutrophils incubated with un-
opsonized or serum-opsonized A. fumigatus hyphae by an EVOS microscope, magnifi cation 60x, 37°C 
Hepes-buffered saline solution (Life, Bleiswijk, The Netherlands) (C) Untreated neutrophils from healthy 
controls, neutrophils treated with blocking antibodies against FcγR-I, -II and –III (10 μg/ml) or against 
FcγR-II (10 μg/ml) were co-cultured overnight with unopsonized, serum-opsonized, heat-inactivated(HI)-
serum-opsonized, XLA-serum-opsonized, IgG-opsonized Aspergillus fumigatus conidia (2.5*105 neutro-
phils) or with a preformed hyphae monolayer (5*105 neutrophils) and the viability was assessed with 
the MTT-assay, relative to incubation without neutrophils. N=3-8. Mean ± SEM. *P<0.05, compared to 
neutrophils and serum-opsonized Aspergillus conidia or hyphae.



C
hapter 10 

216

common β2 integrin subunit (cloneIB4) and one against the αM chain (clone44A) of 

the integrin CR3. Neutrophils treated with these blocking antibodies were strongly 

impaired in their killing of Aspergillus conidia in the germination assay (Figure 2). CR3 

blocking antibodies did not affect hyphae killing by neutrophils (Figure 2). To confi rm 

and extend these results we tested neutrophils from patients with LADIII syndrome, 

with absent expression of the cytoplasmic integrin-binding protein kindlin3, due to 

mutations in FERMT3 (Supplemental Table), causing a defect in CR3 activation (34). 

The kindlin3-defi cient neutrophils were not able to prevent the early germination of 

Aspergillus conidia (Figure 2). Furthermore, kindlin3-defi cient neutrophils could also 

effi ciently kill the Aspergillus hyphae (Figure 2), similar to control neutrophils.

Thus, human neutrophils depend on the lectin-binding site of the activated neutro-

phil CR3 integrin for conidia recognition and inhibition of Aspergillus germination, 

whereas hyphae killing depends exclusively on the recognition of IgG antibodies by 

FcγR on neutrophils.

Neutrophil killing of Aspergillus hyphae requires both NADPH oxidase and 

MPO activity and is independent of NETs

Because aspergillosis is a prevalent and serious problem in CGD patients we studied 

the neutrophils from these patients, which have inherited defects in the NADPH 

oxidase. All displayed a failure to produce extracellular ROS (31,35). Neutrophils from 

these CGD patients displayed a normal inhibition of the germination of Aspergillus 

fumigatus, but were completely defective in hyphae killing (Figure 3A). Nevertheless, 

Figure 2. Inhibition of A. fumigatus germination depends on CD11b/CD18 (CR3) 
The A. fumigatus viability after co-incubation with untreated neutrophils, treated with a blocking an-
tibody against dectin-1 (20μg/ml, 259331), neutrophils from dectin-1-defi cient patients, treated with 
blocking antibodies against CR3 (10μg/ml IB4 and 10μg/ml 44A) and neutrophils from kindlin3-defi cient 
patients with unopsonized A. fumigatus conidia (2.5*105 neutrophils, E:T 1:200) or serum-opsonized 
hyphae (5*105 neutrophils). The percentage of viability is measured with the MTT-assay and calculated 
relative to incubation of Aspergillus without neutrophils. N=3-8. Mean ± SEM. * P < 0.05, compared to 
untreated control neutrophils.
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it appeared that these CGD neutrophils were still able to recognize Aspergillus hyphae 

effectively, as indicated by their ability to fi rmly bind and spread over these hyphal 

structures (data not shown).

It has been proposed that NET formation depends on NADPH oxidase activity and is 

involved in the control of Aspergillus infection (26). Neutrophils from healthy controls 

showed massive NET formation in response to PMA (Video S1), whereas CGD neutro-

phils did not respond at all (Figure 3B,C). When control neutrophils were incubated 

with Aspergillus hyphae, fi rst the hyphae showed a brisk burst of picogreen-positive 

DNA-staining as an indication of membrane permeability and hyphae killing, followed 

only later by a small number of neutrophils that become positively stained for DNA 

(Video S2). Thus we demonstrated a difference in the time-course between the early 

cytotoxic response of neutrophils and late cellular DNA staining in only a few neutro-

phils at much delayed time points.

The lack of the massive release or leakage of cellular DNA observed with PMA-

activated neutrophils, and the absence of such release with CGD neutrophils was 

further studied with Aspergillus fumigatus as a stimulus. Although hyphal killing 

was absent with these cells (Figure 3A), the CGD neutrophils could still form NETs in 

response to Aspergillus hyphae, as quantifi ed by confocal imaging and supported by 

scanning EM (Figure 4A,B, Supplemental Figure 1).

To formally prove that NET formation under our conditions did not contribute 

whatsoever to the killing process, we incubated control neutrophils stimulated with 

Aspergillus hyphae in the presence of active recombinant DNAse, which resulted in 

a complete reduction in NET formation (Figure 4B). However, the addition of DNAse 

did neither affect conidial germination overnight nor the killing effi ciency of Aspergil-

lus hyphae as determined during different time points (Figure 4C). Thus, PMA only 

induces an oxidase-dependent mechanism of NET formation, whereas Aspergillus 

hyphae seem to be able to also induce non-oxidase-dependent NETs.

Nonetheless, the fi nding that fi rst the Aspergillus hyphae becomes DNA positive due 

to ROS-mediated effects, breaks down, and only thereafter some of the neutrophils 

seem permeable for the DNA-binding dye, indicates that NETs do not have a role in 

neutrophil-mediated killing of Aspergillus. This fi nding is reinforced by the lack of any 

killing defect when NET formation was prevented by concomitant DNAse incubation 

during the killing process.

When the NADPH oxidase system is active, hydrogen peroxide (H2O2) is generated and 

is converted with a chloride anion (Cl-) by myeloperoxidase (MPO) into the highly toxic 

hypochlorous acid(HOCl) (36). We used the peroxidase-selective and potent inhibitor 

4-aminobenzoic acid hydrazide (4-ABAH) to block the chlorination activity of MPO 

(36). Neutrophils incubated with 4-ABAH showed a complete defect in the killing of 



C
hapter 10 

218

Figure 3. The killing of A. fumigatus hyphae depends on ROS production by the NADPH oxi-
dase system and MPO
(A) Neutrophils from healthy controls, untreated or treated with the MPO inhibitor ABAH(10 �M) and 
from CGD patients or MPO defi cient patients were co-cultured with serum-opsonized A. fumigatus 
hyphae (5*105 neutrophils) or unopsonized conidia (2.5*105 neutrophils, E:T 1:200) and the viability 
was assessed with the MTT assay afterwards . (B) Neutrophils from controls and CGD patients were 
stimulated with PMA for 3 hours and NET formation was visualized by staining for DNA (blue), MPO 
(red) and elastase (green) by CLSM, magnifi cation 60x, 37°C Hepes-buffered saline solution (Zeiss, The 
Netherlands). (C) Neutrophils from healthy controls and from CGD patients were incubated with DNAse 
(100 U/ml) and stimulated with PMA for 3 hours and NET formation was quantifi ed by by CLSM, mag-
nifi cation 60x, 37°C Hepes-buffered saline solution (Zeiss, The Netherlands). The percentage of viability 
is measured with the MTT-assay and calculated relative to incubation of Aspergillus without neutrophils. 
N=3-8. Mean ± SEM. * P < 0.05, compared to untreated control neutrophils.
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Aspergillus hyphae, while the neutrophils could normally prevent the germination 

of conidia (Figure 3A). To confi rm these results we investigated the neutrophils from 

patients with different MPO mutations (Supplemental Table). The neutrophils from the 

patient with a complete MPO-defi ciency were totally impaired in Aspergillus hyphae 

killing, whereas the cells with a partial MPO defi ciency showed a 50% reduction in 

hyphae killing (Figure 3A).

Thus, toxic ROS generated by both NADPH oxidase and MPO activity is essential for 

extracellular killing of Aspergillus hyphae, whereas intracellular inhibition of conidial 

germination depends only on non-oxidative killing mechanisms.

Inhibition of conidial germination involves non-oxidative killing mechanisms 

including iron-sequestration by lactoferrin 

Whereas A. fumigatus hyphae killing by neutrophils required both the NADPH oxidase 

and MPO, the inhibition of conidia germination appeared to be completely non-oxi-

dative in nature. A well-established alternative anti-microbial intracellular mechanism 

in neutrophils involves the mobilization and fusion of granules containing proteases 

and anti-microbial peptides (AMPs).

To address the role of granule fusion in neutrophils in Aspergillus killing, we used the 

intracellular Ca2+ chelator BAPTA-AM to inhibit the mobilization and fusion of the azu-

rophilic granules in neutrophils, which selectively requires intracellular Ca2+-signaling 

(Supplemental Figure 2) (37,38). Whereas inhibition of intracellular Ca2+-signaling had 

a profound effect on hyphae killing (Figure 5A), consistent with the release of MPO 

from azurophilic granules during extracellular killing, Aspergillus germination was in-

hibited normally, excluding a role for azurophilic granules in conidia killing (Figure 5A).

To more specifi cally identify the relevant granule-derived anti-microbial activity we 

investigated the role of individual neutrophil granule components using inhibitors 

against granule serine proteases and lactoferrin, as well-defi ned anti-microbial com-

ponents from the azurophilic and specifi c granules, respectively. While the protease 

inhibitors proved to be highly effi cient in reducing the proteolytic activity (Supple-

mental Figure 3), they had no effect on Aspergillus germination and hyphae killing 

(Figure 5A). However, the incubation of control neutrophils with lactoferrin enhanced 

specifi cally the inhibition of A. fumigatus conidia germination (Figure 5B). Inversely, 

the addition of FeSO4 to the cultures resulted in an impaired inhibition of A. fumigatus 

germination, without affecting the killing of hyphae (Figure 5B).

Thus, the non-proteolytic azurophilic granule component MPO appeared to be in-

volved in the killing of A. fumigatus hyphae, whereas lactoferrin derived from specifi c 

granules seemed to be more specifi cally involved in the inhibition of germination.
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Figure 4. A. fumigatus hyphae-induced NET formation 
(A) NET formation (white arrows) by control and by CGD neutrophils was visualized after 3 hour stimu-
lation with serum-opsonized A. fumigatus hyphae by staining for DNA (blue), MPO (red) and elastase 
(green) by CLSM, magnifi cation 60x, 37°C Hepes-buffered saline solution (Zeiss, The Netherlands). (B) 
Neutrophils from healthy controls were incubated with DNAse (100 U/ml) and from CGD patients were 
stimulated with serum-opsonized A. fumigatus hyphae for 3 hours and NET formation was quanti-
fi ed by by CLSM, magnifi cation 60x, 37°C Hepes-buffered saline solution (Zeiss, The Netherlands) (D). 
Neutrophils from healthy controls were incubated with unopsonized Aspergillus conidia (2.5*105 neu-
trophils, E:T 1:200) or serum-opsonized hyphae (5*105 neutrophils) in the presence or absence with 
DNAse (100U/ml) ); viability of the Aspergillus was measured by the MTT assay and relative to incubation 
without neutrophils. N=3-8. The MPO-defi cient patients were tested once in triplicate. Mean ± SEM. 
*P<0.05, compared to untreated control neutrophils.
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Signal transduction pathways in the killing of Aspergillus

We subsequently determined the signaling cascades involved in the killing routes.

First, we investigated the role of the signaling protein CARD9 previously shown to act 

downstream of the lectin binding receptor dectin-1 and CR3 (15,16). We investigated 

the neutrophils from patients with a CARD9 defi ciency (29). The CARD9-defi cient 

neutrophils showed a normal inhibition of Aspergillus germination and normal killing 

of hyphae (data not shown).

Secondly, we focused on FcγR signaling via the tyrosine kinase Syk to elicit a cytotoxic 

response (20). The incubation of control neutrophils with Aspergillus hyphae resulted 

Figure 5. Inhibition of conidial germination involves non-oxidative killing mechanisms includ-
ing iron-sequestration by lactoferrin 
Neutrophils from healthy controls were untreated and treated with BAPTA (15�M), inhibitors for elastase 
(5 �M), cathepsin-G (5 �M) or MMP2/9 (5 �M) and co-cultured with serum-opsonized A. fumigatus hy-
phae (5*105 neutrophils) or unopsonized conidia (2.5*105 neutrophils, E:T 1:200) and the viability was 
assessed with the MTT assay (A). Neutrophils were incubated with FeSO4 (1�g/ml) or lactoferrin (150 �g/
ml), stimulated with serum-opsonized A. fumigatus hyphae (2*105 neutrophils) or unopsonized conidia 
(1*105 neutrophils, E:T 1:500) (B). Viability of the Aspergillus was measured by the MTT assay and rela-
tive to incubation without neutrophils. N=3-8. The experiments with the partial- and complete-MPO 
defi cient patients were performed once in triplicate. Mean ± SEM. *P<0.05, compared to untreated 
control neutrophils.
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Figure 6. Syk, PI3K and PKC in the killing of A. fumigatus.
Untreated neutrophils and neutrophils treated with an inhibitor for Syk: R406 (2.5 μM), Bay 61-3606 
(180 μM), the PI3K inhibitor Wortmannin (100 nM), LY294002 (100 nM), and the pan-PKC inhibitor 
Go6983 (20 μM), PKC-βΙ/ΙΙ inhibitor (20 μM) or neutrophils from PKC-δ-defi cient patients M untill O 
were co-cultured with unopsonized A. fumigatus conidia (2.5*105 neutrophils, E:T 1:200) or serum-
opsonized hyphae (5*105 neutrophils) and the viability was assessed by the MTT assay afterwards, rela-
tive to incubation without neutrophils. N=3-8. Mean ± SEM. * P<0.05, compared to untreated control 
neutrophils.
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in the phosphorylation of Syk, determined by the induced expression of p-Syk in a time 

course in whole cell lysates by Western blot (Supplemental Figure 4). To assess the role 

of Syk signaling in the killing of Aspergillus, the pharmacological inhibitors R406 and 

Bay 61-3606 were used. Neutrophils incubated with R406 and Bay 61-3606 could 

normally prevent intracellular germination of Aspergillus conidia, but were impaired 

in the killing of Aspergillis hyphae (Figure 6). To evaluate the previously reported 

downstream signaling events of Syk, we used the PI3K inhibitors Wortmannin and 

LY294002. Incubation of control neutrophils with Aspergillus hyphae also induced 

PI3K activation, determined by the expression of p-AKT in a time course in whol cell 

lysates by Western blot (Supplemental Figure 4). The PI3K inhibitors prevented the 

neutrophil-mediated inhibition of Aspergillus germination (Figure 6). After incuba-

tion with Wortmannin or LY294002, the neutrophils failed to degrade the monolayer 

of Aspergillus hyphae (Figure 6), suggesting an involvement of neutrophil PI3K in 

both types of Aspergillus killing. Inhibition of Syk or PI3K resulted in an impaired ROS 

production by the NADPH oxidase system in response to Aspergillus hyphae (data not 

shown).

It has been reported that FcγRs signal via PKC in order to activate the NADPH oxidase 

system (22). Neutrophils treated with the pan-PKC inhibitor Go6983 were impaired in 

ROS production (data not shown). Neutrophils express in particular the isoforms PKC-α, 

γ

Figure 7. Neutrophil-mediated killing of A. fumigatus. Two independent and distinct neutro-
phil-mediated killing mechanisms of A. fumigatus conidia and hyphae were characterized. The 
killing of A. fumigatus hyphae involves IgG binding to FcγRs, signaling through Syk and PKC-α/β, 
and requires ROS formation by the NADPH oxidase and MPO system. PI3K signaling is essen-
tial in both pathways for the killing of A. fumigatus conidia and hyphae. The inhibition of A. 
fumigatus germination depends on CR3 binding, PI3K signaling and lactoferrin-mediated iron 
sequestration, but is independent of NADPH oxidase activation.
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PKC-β and PKC-δ (39). PKC-α and PKC-β are involved in ROS production, whereas the 

NADPH oxidase activity is intact in PKC-δ−defi cient neutrophil (22,39,40). Neutrophils 

treated with the PKC-βI/II inhibitor Ruboxistaurin and the pan-PKC inhibitor Go-6983 

treated neutrophils were impaired in the killing of Aspergillus hyphae (Figure 6). We 

also studied the neutrophils from three different patients, with a previously described 

mutation in the PRKCD gene, resulting in a PKC-δ−defi ciency (Supplemental Table 

1) (40). The PKC-δ−defi cient neutrophils demonstrated a normal Aspergillus hyphae 

killing (Figure 6). Thus, whereas only PI3K seems to be involved in the inhibition of 

Aspergillus germination, Syk, PI3K, PKC-α and PKC-β signaling are all essential for the 

processes involved in hyphae killing (Figure 6,7).

DISCUSSION

In the present study we investigated which neutrophil surface receptors, signaling 

pathways and cytotoxic mechanisms are involved in the host defense against Aspergil-

lus fumigatus. We identifi ed two distinct pathways for neutrophil-mediated killing of 

Aspergillus conidia and hyphae. The inhibition of Aspergillus conidia germination was 

dependent on the integrin CR3, PI3K signaling and a non-oxidative killing mechanism, 

involving lactoferrin-mediated sequestration of iron. The killing of Aspergillus hyphae 

exclusively involved the recognition of opsonizing antibodies by FcγRs, resulting in sig-

naling through Syk-PI3K-PKCα/β to activate the NAPDH oxidase complex to generate 

ROS and release MPO from the azurophilic granules at the same time. The neutrophil-

mediated cytotoxic mechanisms towards Aspergillus fumigatus conidia and hyphae 

were reproducable and confi rmed in experiments with another strain (Supplemental 

Figure 5 and 5B).

Notably, both the C-type lectin receptor dectin-1 and the signaling protein CARD9 

were dispensable in the cytotoxic response towards A. fumigatus. Enhanced sus-

ceptibility to Aspergillus infections has been demonstrated both in dectin-1- and 

CARD9-defi cient mice (9,11,12). Human patients with dectin-1 and CARD9 defi ciency 

predominantly suffer from mucocutaneous or invasive Candida infections, but invasive 

Aspergillus infections have not been reported (14,29,41). We also found that neutro-

phils isolated from CARD9-defi cient patients are impaired in the killing of Candida, 

whereas Aspergillus killing is unaffected (16). These results demonstrate the different 

neutrophil-mediated killing mechanisms towards these two fungal species.

The integrin CR3 can act as an alternative C-type lectin receptor for β-glucans on 

human neutrophils (17). Neutrophils treated with blocking antibodies against CR3, 

or kindlin3-defi cient neutrophils (defective in CR3 signaling), were impaired in the 

ability to refrain the ingested unopsonized Aspergillus conidia from outgrowth into 
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extracellular tissue-destructive hyphae. CR3 can recognize both β-glucans and the 

deposition of iC3b (42). However, once the conidia have germinated and form hy-

phae, human neutrophils did not bind or kill unopsonized Aspergillus hyphae. This 

change in recognition may be explained by the cell wall composition changes during 

hyphenation, i.e. β-glucans are masked and mannans predominate at the surface (5). 

As a consequence, neutrophil killing of hyphae was CR3-independent and completely 

relied on the binding of antibodies to FcγRs, demonstrating the distinct conidial and 

hyphae killing mechanisms.

CR3 and FcγRs are both known to signal via Syk, PI3K and PKC to elicit a cyto-

toxic response (20). The incubation of control neutrophils with Aspergillus resulted 

in the activation of Syk and PI3K. It is unclear whether these signaling molecules 

are involved in Aspergillus killing at the level of recognition, phagocytosis, or the 

release of toxic components, either into the phagosome or extracellularly. PKC-α, 

and –β are known to be involved in ROS production, and we previously demonstrated 

that PKC-δ−defi cient neutrophils have an intact NADPH oxidase activity (40). In line, 

PKC–β inhibition resulted in impaired Aspergillus hyphae killing, and PKC-δ-defi cient 

neutrophils normally killed Aspergillus hyphae. In a mouse model, Syk defi ciency 

resulted in susceptibility to aspergillosis (11). We found that Syk as well as PKC were 

only essential in hyphae killing, whereas PI3K signaling was also involved in the inhibi-

tion of Aspergillus conidia germination, which has not yet been reported to date. 

Although binding to the hyphae for extracellular killing was unimpaired by the small 

compound inhibitors tested, we found that these signaling proteins were involved in 

the activation of the NADPH oxidase system for ROS production. This confi rmed the 

data obtained in a recent murine model by Boyle et al (43). A critical role for ROS 

production in neutrophils is illustrated by the high prevalence of Aspergillus infec-

tions in CGD patients (23). When neutrophils isolated from patients with CGD were 

incubated with Aspergillus conidia, they showed normal inhibition of germination 

but completely defective killing of Aspergillus hyphae. The relatively normal killing of 

Aspergillus conidia by CGD neutrophils may explain that not all CGD patients suffer 

from invasive aspergillosis although environmental spores are ubiquitously present. 

However, when conidia escape the control by innate immune cells, hyphae may form.

We excluded a role of NETs in Aspergillus killing. First, the presence of DNAse during 

the killing process completely prevented any NET formation, but had no effect what-

soever on hyphae killing or inhibition of Aspergillus germination by human neutro-

phils. Conversely, although we confi rmed that CGD neutrophils did not form NETs in 

response to PMA, CGD neutrophils were able to form NETs in response to Aspergillus 

hyphae, albeit less exuberantly than normal neutrophils, but did not contribute to 

fungal killing. Our observations are supported by an Aspergillus pneumonia model in 

mice, showing that NETs are actually formed but do not play a role in killing (44). Also, 
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isolated NETs from human neutrophils were reported to be unable to kill Aspergillus 

hyphae (45).

Our results indicate that the extracellular Aspergillus fumigatus hyphae killing 

is dependent on ROS production, whereas the intracellular inhibition of conidial 

germination is completely NADPH oxidase-independent and involves the lactoferrin-

mediated binding of iron. Intracellular calcium-chelation by BAPTA showed inhibition 

of azurophilic degranulation, and concomitantly blocked Aspergillus hyphae killing 

completely, while leaving the inhibition of germination unaffected. Whereas the selec-

tive inhibitors of proteases and MMPs did not affect hyphae killing or conidia germina-

tion. In contrast to the defective Aspergillus hyphae killing, as reported before (46), we 

are now the fi rst to demonstrate that MPO does not play a role in conidia killing - as 

indicated by normal inhibition of germination of Aspergillus conidia by neutrophils 

incubated with a potent and selective MPO inhibitor or cells from a patient with a 

complete MPO defi ciency. In mice, it has been demonstrated that MPO defi ciency 

results in increased susceptibility to pulmonary aspergillosis (47). This has not been 

reported in humans, but it should be emphasized that complete MPO defi ciency – in 

contrast to partial MPO defi ciency – has been diagnosed worldwide in a few patients 

only and it is assumed to be extremely rare (48).

Immunity against Aspergillus infection depends on several aspects. Considering 

that even completely MPO-defi cient neutrophils, which fail in hyphae killing, may 

still be effective at the level of conidia killing to prevent any Aspergillus hyphenation 

from occurring (49), in case of CGD patients the overall line of defense is vulner-

able. These patients may be already undermined by recurrent or chronic disease, thus 

offering the Aspergillus conidia a better opportunity to germinate. And once the 

Aspergillus conidia have germinated, CGD neutrophils are not capable to cope with 

the hyphae, resulting in invasive aspergillosis. Moreover, the adaptive immunity will 

also contribute to containing Aspergillus fumigatus, as illustrated by the prevalence 

of pulmonary aspergillosis in AIDS patients with normal neutrophil counts and very 

low CD4 T cell numbers (50). In addition, patients with hyper-IgE syndrome caused by 

STAT3 mutations may suffer from severe aspergillosis, although their neutrophils show 

normal conidia and hyphae killing of Aspergillus fumigatus (data not shown). In these 

patients, the lack of CD4+ Th17 cells result in both defective G-CSF and chemokine 

induction for neutrophil recruitment, and T-cell-induced AMP release from bronchial 

epithelial cells (51).

In summary, we characterized distinct mechanisms used by the neutrophil in the 

host defense against Aspergillus fumigatus conidia and hyphae (Figure 7), provid-

ing more detailed insights into the antifungal killing capacity of human neutrophils. 

The results offer a comprehensive explanation for the role of neutrophils in the host 

defense against Aspergillus fumigatus. Furthermore, they may help in the develop-
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ment of novel immunotherapeutic strategies to reduce mortality and morbidity in 

immunocompromised patients suffering from invasive aspergillosis.
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Supplemental Table. Clinical features of the patients. The clinical features of patients A to L includ-
ing the genetic mutations in CLEC7A, FERMT3, CYBB, NCF1, NCF2, MPO and PRKCD

Supplemental Figure 1. A. fumigatus -induced NET formation by healthy controls and CGD 
patients. Neutrophils from healthy controls and CGD patients were stimulated for 180 minutes 
with A. fumigatus hyphae and assessed by scanning electron microscopy (SEM). Results are 
representative of three independent experiments.
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Supplemental Figure 2. The mobilization of granules by BAPTA-treated neutrophils.
Neutrophils from healthy controls and BAPTA-treated (15 mM) neutrophils were stimulated with cyto-
chalasin-B (5 mg/mL)/fMLP (1 mM) or PAF (1 mM)/fMLP (1 mM) and the plasma membrane expression of 
CD63 (azurophilic granule marker) and CD66b (specifi c granule marker) were measured by fl ow cytom-
etry. Results are means ± SEM of at least three independent experiments. * P < 0.05.
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Proteolytic activity was measured with untreated neutrophils and neutrophils treated with an elastase 
inhibitor, cathepsinG inhibitor or MMP2/9 inhibitor (all: 15 mM) by DQ-Green BSA assay. The prote-
ases cause an increase in fl uorescence, expressed in relative fl uorescence units (RFU), upon the loss of 
auto-quenching of the substrate. In particular, the release of neutrophil granule-derived protease activ-
ity was determined by incubating neutrophils (2.5×106/ml) with DQ-Green BSA (10 μg/ml, Molecular 
Probes). Upon stimulation with cytochalasinB (5 mg/mL)/fMLP (1 mM) the fl uorescence was monitored 
at 120-second intervals for 1 hour by SPECTRAFluor Plus plate reader (Tecan). The RFU obtained with the 
inhibitors was calcutated relative to the RFU from the untreated neutrophils set at 100%. Results are the 
mean of one experiment in triplicate.
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Supplemental Figure 4. Aspergillus-induced Syk and PI3K activation
Neutrophils (5×106/ml) were incubated IVIG (5 mg/mL, Sanquin) or serum-opsonized Aspergillus hyphae 
for 0,1,2,6,12 and 30 minutes at 37°C . To determine Syk and PI3K activation, whole cell lysates were 
stained for phospho-Syk, phospho-AKT and the household protein GAPDH, and analysed by Western 
blot. Representative Western Blot for 2 independent experiments with in total 3 healthy donors.
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Supplemental Figure 5B. Neutrophil-mediated killing of Aspergillus fumigatus strain Af35 as 
an alternative test strain
Control neutrophils were untreated, treated with anti-CR3 (10μg/ml IB4 and 10μg/ml 44A), anti-FcgR-I, 
-II and –III (10 μg/ml), Wortmannin (100 nM), R406 (2.5 μM), DPI (10 μg/ml), GO6983 (20 μM) and the 
neutrophils from a CGD patient E were incubated with serum-opsonized Aspergillus hyphae or conidia, 
derived from an alternative strain (AfS35, prof. dr. Dominik Hartl, Tubingen, Germany) and the viability 
was measured with the MTT-assay. In case of the CGD patient, N=1. Results are means ± SEM. N=2-3. 
* P < 0.05.

Supplemental Figure 5. Neutrophil-mediated killing of Aspergillus fumigatus strain Af35 as an 
alternative test strain
Neutrophils from healthy controls were incubated with serum-opsonized Aspergillus hyphae or conidia, 
derived from an alternative strain (AfS35, prof. dr. Dominik Hartl, Tubingen, Germany) and the viability 
was measured with the MTT-assay. Results are means ± SEM. N=2-3. * P < 0.05.
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ABSTRACT 

Granulocyte transfusions are used to treat neutropenic patients with life-threatening 

bacterial or fungal infections that do not respond to anti-microbial drugs. Donor 

neutrophils that have been mobilized with granulocyte-colony stimulating factor (G-

CSF) and dexamethasone are functional in terms of antibacterial activity, but less is 

known about their fungal killing capacity. We investigated the neutrophil-mediated 

cytotoxic response against C. albicans and A. fumigatus in detail. Whereas G-CSF/

dexamethasone-mobilized neutrophils appeared less mature as compared to neutro-

phils from untreated controls, these cells exhibited normal ROS production by the 

NADPH oxidase system and an unaltered granule mobilization capacity upon stimula-

tion. G-CSF/dexamethasone-mobilized neutrophils effi ciently inhibited A. fumigatus 

germination and killed Aspergillus and Candida hyphae, but the killing of C. albicans 

yeasts was distinctly impaired. Following normal Candida phagocytosis, analysis by 

mass spectrometry of purifi ed phagosomes after fusion with granules demonstrated 

that major constituents of the antimicrobial granule components, including Major 

Basic Protein (MBP), were reduced. Purifi ed MBP showed candidacidal activity, and 

neutrophil-like Crisp-Cas9 NB4-KO-MBP differentiated into phagocytes were impaired 

in Candida killing. Together, these fi ndings indicate that G-CSF/dexamethasone-

mobilized neutrophils for transfusion purposes have a selectively impaired capacity 

to kill Candida yeasts , as a consequence of an altered neutrophil granular content.
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INTRODUCTION

The intensifi ed use of chemotherapy and immunosuppressive treatment modalities 

and related neutropenia results in increased morbidity and mortality due to bacterial 

and fungal infections1;2. Invasive fungal infections in particular are characterized by 

mortality rates up to 90%, and this is in a large part due to the growing resistance to 

antifungals(1-3). Granulocyte transfusions are administered to critically ill patients with 

neutropenia or neutrophil dysfunction and infections that do not respond to antimi-

crobial therapy(4;5). Granulocyte-colony stimulating factor (G-CSF) and dexamethasone 

treatment of donors increases the yield of granulocytes for transfusion (GTX), but it 

also recruits a distinct pool of neutrophils from the bone marrow with an altered gene 

expression profi le(6). We previously found that certain genes known to be involved 

in the antifungal immune response were downregulated in G-CSF/dexamethasone-

mobilized neutrophils(6). However, it is not known whether this altered gene expres-

sion profi le also impacts the cytotoxic response against the clinically relevant fungal 

pathogens, Aspergillus fumigatus and Candida albicans.

In general, human neutrophil killing mechanisms include Reactive Oxygen Spe-

cies (ROS) production by the NADPH oxidase system and non-oxidative cytotoxic 

mechanisms(7;8). G-CSF has been shown in vitro to enhance neutrophil chemotaxis, 

phagocytosis and NADPH oxidase activation(9;10), whereas dexamethasone exerts im-

munosuppressive effects on human and murine neutrophil function(11;12). We and oth-

ers have shown that neutrophils from G-CSF/dexamethasone-treated donors display 

prolonged survival rates, intact NADPH oxidase activation and a normal antimicrobial 

response against gram-positive and gram-negative bacteria(13-16). Nevertheless, G-CSF-

mobilized donor neutrophils have been reported to contain reduced levels of e.g. 

lactoferrin, derived from the specifi c granules, as compared to neutrophils from un-

treated controls(17). During granulopoiesis granular proteins are synthesized, and when 

released by the mature neutrophil these proteins employ cytotoxic activity or limit 

the availibility of nutrients for the pathogen(7;18). These granule-dependent cytotoxic 

mechanisms are pivotal in the host defense against fungal pathogens. It has, for in-

stance, been shown that the human neutrophil inhibition of A. fumigatus germination 

depends on specifi c granule-derived lactoferrin, which mediates the sequestration of 

iron(19). Granular extracts from human neutrophils, containing in particular Cathepsin 

G and Major Basic Protein (MBP), but also azurocidin and defensins, demonstrated 

candidacidal activity(20;21). Previously, we found that genes involved in the antifungal 

response, including the gene that encodes for CARD9, were downregulated in the 

G-CSF/dexamethasone-mobilized neutrophils(6). Human CARD9 defi ciency is charac-

terized by invasive fungal infection and impaired neutrophil candidacidal activity(22).
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In the present study we have investigated the killing of fungi by G-CSF/dexametha-

sone-mobilized neutrophils in detail. Our results demonstrate that G-CSF/dexameth-

asone-mobilized neutrophils have immature characteristics, produce normal amounts 

of ROS, effi ciently inhibit A. fumigatus germination and kill their hyphae. However, the 

killing of C. albicans was substantially impaired in G-CSF/dexamethasone-mobilized 

neutrophils relative to their normal counterparts. Analyses of the phagosomes after 

fusion with granules revealed reduced levels of antimicrobial proteases, including 

MBP, in G-CSF/dexamethasone-mobilized neutrophils. Interestingly, MBP is required 

for the killing of Candida and contributes to the observed killing defect in G-CSF/

dexamethasone-mobilized neutrophils.

MATERIALS AND METHODS

Cell isolation and study approval 

Heparinized venous blood was collected from healthy granulocyte donors, with or 

without G-CSF/dexamethasone treatment. Donors received G-CSF (600 �g subcuta-

neously) and dexamethasone (8 mg orally), 16 to 20 hours before blood donation. The 

study was approved by the Sanquin Research Ethical Medical Committee (Amsterdam, 

The Netherlands) and in accordance with the Declaration of Helsinki (version Seoul 

2008).

The granulocytes were isolated by centrifugation of heparin-blood over isotonic 

Percoll with a specifi c density of 1.076 g/ml and after lysis of the erythrocytes with 

isotonic NH4Cl-KHCO3-EDTA solution resuspended in Hepes-buffered saline solution 

(Hepes-buffer) (22).

Killing of microorganisms 

The microbicidal activity of granulocytes was assessed for Candida albicans (strain 

SC5314) and a clinical isolate of Aspergillus fumigatus. The microorganism were grown 

under aerobic conditions at 30°C for 7 days on potato dextrose agar (Aspergillus) 

(Neogen,Lansing,Michigan, USA) or overnight in Luria Bertani Broth (LB) (Candida).

Hereafter, the Aspergillus yeasts were collected by centrifugation, washed twice in 

PBS and resuspended in RPMI 1640 medium (Life,Bleiswijk,The Netherlands). Opsoni-

sation was performed with 10% v/v human pooled serum for 15 min, at 37°C. For 

the neutrophil-mediated inhibition of germination, the same number of Aspergillus 

yeast cells were incubated with an increasing number neutrophils (0.25, 0.5, 1.0 

or 1.5 *105 cells/ml, E:T 1:2000, 1:1000, 1:500 or 1:350, respectively) in a 96-well 

plate overnight at 37°C in RPMI 1640 medium containing L-glutamine and 10% (v/v) 

FCS (Life). Subsequently, the neutrophils were lysed in water/NaOH, pH 11.0 and 
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incubated with MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide; 

thiazolyl blue) (Sigma). After addition of acidic isopropanol (0.04 M HCl) the optical 

density was measured in the plate reader at 570 nm (Tecan, Männedorf, Switzerland) 

and the A. fumigatus hyphae viability was calculated as compared to the incubation 

without neutrophils (i.e. 100%). To assess the A. fumigatus and the C. albicans hyphae 

killing, neutrophils (0-1 x105 cells) were cultured for one hour (Aspergillus) or 2 hours 

(Candida) on a preformed monolayer at 37 °C. Hereafter, the cells were lysed in water/

NaOH, pH 11.0 and incubated with MTT. The absorbance of the acidic isopropanol-

diluted samples was measured on the plate reader (Tecan) and the viability calculated 

as a percentage of the viability after incubation without neutrophils.

To determine the neutrophil killing of Candida, the yeasts were collected by centrifu-

gation, washed twice in PBS and resuspended in Hepes-medium. After opsonisation 

with 10% (v/v) pooled serum for 15 min, at 37°C, the Candida was added at a ratio 

of 4 : 1 neutrophil (5x106 cells/ml). At the desired time points, 100-μl samples were 

diluted in 2.5 ml of water/NaOH, pH 11.0. At the end of the incubation period, the 

number of viable microorganisms in each sample was determined by the pourplate 

method in LB agar. The colony-forming units (CFU) were determined after overnight 

incubation at 37°C, and the percentage of killing was calculated as described(22).

The recombinant proteins for the candidacidal experminents were Major Basic Pro-

tein (MBP) (kind gift from prof. G.J. Gleich,Utah, USA, recombinant protein produced 

in our lab) and Major Basic Protein Homologue (recombinant protein produced in our 

lab, detailed methodology in the supplemental data).

Immunostaining and FACS analysis 

The expression of surface-bound receptors on granulocytes was assayed in total leu-

kocyte samples by fl ow cytometry (FACS), with the commercially available antibodies 

against human-CD11b (clone 44A, ATCC, Rockville, MD, USA), CD32 (clone AT10, 

AbD Serotec, Oxford, UK), CD16 (clone 3G8, BD Pharmingen, Breda, the Netherlands), 

EMR3 (clone 3D7, AbD, Puchheim, Germany), CXCR4 (Clone 44717, R&D systems, 

Oxon, UK) and gp91phox (clone 7D5, MBL, Woborn, MA, USA). As a secondary anti-

body, Alexa488-rabbit-anti-mouse-Ig (Molecular Probes, Bleiswijk, Netherlands) was 

used. Samples were analyzed on an LSRII fl ow cytometer equipped with FACSDiva 

software (BD). Cells were gated based on their forward and side scatter, and 10,000 

gated events were collected per sample.

Degranulation assays

Neutrophils (2×106/ml) were incubated in Hepes buffer at 37ºC in a shaking water-

bath before adding the (priming) agents PAF (1 μM, 5 minutes, Sigma, Steinheim, 

Germany) or cytochalasin B (5 μg/ml, 5 minutes, Sigma) were added. Subsequently, 
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the cells were stimulated with fMLP (1 μM, Sigma, 15 minutes). After stimulation, the 

cells were put on ice, washed with Hepes buffer once, and subsequently stained with 

antibodies against neutrophil granule markers: CD63-PE (IgG1, 435); CD66b-FITC 

(IgG1, CLB-B13.9). Data are expressed as mean fl uorescence intensities (MFI). The 

cells were analyzed on an LSRII fl ow cytometer equipped with FACSDiva software 

(BD). The release of elastase and lactoferrin was evaluated with ELISA kits (HyCult 

Biotechnology) according to the manufacturer’s instructions. The proteolytic activity 

was determined by incubating neutrophils (2.5×106/ml in Hepes-buffer) with DQ-

Green BSA (10 μg/ml, Molecular Probes). Upon stimulation with cytochalasin B (5 μg/

ml, Sigma)/ fMLP (1 μM) the fl uorescence was monitored at 30-second intervals for 

1 hour by infi nitiPRO2000 plate reader (Exitation 485 nm; Emission 535 nm) (Tecan).

Statistics

Statistical analysis was performed with GraphPad Prism version 6.00 for Windows 

(GraphPad Software, San Diego, CA, USA). MS data were analyzed with Proteome 

Discoverer Software (Thermo Scientifi c, version 1.4), Scaffold (Proteome Software, 

version 4.0) and MaxQuant (FDR set at 0.05 and S0.6, version 1.4.1.2). Data were 

evaluated by paired, two-tailed student’s t-test, two-way ANOVA with post hoc Bon-

ferroni test and by the Mann-Whitney test. The results are presented as the mean ± 

SEM, as indicated. Data were considered signifi cant when p<0.05.

Supplemental methods

Detailed methodology of the supplemental fi gures is described in the Supplemental 

Materials.

RESULTS 

G-CSF/dexamethasone treatment recruits immature neutrophils with normal 

NADPH oxidase activity and granule mobilization capacity

Previously, we found that the G-CSF/dexamethasone-mobilized neutrophils demon-

strated an altered gene expression profi le, and this could either be due to the recruit-

ment of a relatively immature population of neutrophils or direct gene-regulatory 

effects of G-CSF/dexamethasone. A single administration of subcutaneous G-CSF 

is combined with an oral dose of dexamethasone to obtain an optimal number of 

neutrophil mobilization for transfusion(23).

We isolated neutrophils from healthy donors treated with G-CSF and dexametha-

sone, which resulted in a ~10-fold increase in circulating neutrophils (Supplementary 

Figure S1). The chemokine receptor CXCR4 involved in neutrophil retention in the 
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bone marrow was reduced on the surface of G-CSF/dexamethasone-mobilized neu-

trophils as compared to control neutrophils (Figure 1A, left panel)(24). The G-CSF/

dexamethasone-mobilized neutrophils demonstrated band-shaped nuclei as com-

pared to the multilobular nuclei observed in neutrophils from healthy controls (Figure 

1A, right panel). The G-CSF/dexamethasone-mobilized neutrophils also showed low 

surface expression of the late neutrophil maturation markers EMR3 and CD16, but 

normal levels of the early myeloid maturation markers CD11b and CD32, when com-

pared to expression levels on circulating neutrophils from untreated controls (Figure 

1A, left panel). Given the fact that the proteins involved in the antimicrobial functions 

of neutrophils, including the NADPH oxidase and the different intracellular granules, 

are gradually formed during granulopoiesis(18), it was of interest to assess these in 

G-CSF/dexamethasone-mobilized neutrophils. Surface expression of gp91phox, i.e. the 

Figure 1. Maturation and NADPH oxidase activity in G-CSF/dexamethasone-mobilized neutro-
phils 
(A) Neutrophils from untreated controls or G-CSF/dexamethasone-treated controls were stained for the 
expression of maturation markers EMR3, CXCR4, CD16, CD32, CD11b and the NADPH oxidase compo-
nent gp91phox by fl ow cytometry, left panel. Morphological characteristics were assessed on a cytospin, 
right panel. The arrows indicate a multi-lobular control neutrophil or a band-shaped G-CSF/dexameth-
asone-mobilized neutrophil. (B) To measure the production of hydrogen peroxide, control and G-CSF/
dexamethasone-mobilized neutrophils were stimulated with various stimuli: zymosan, serum-treated 
zymosan, phorbol-12-myristate-13-acetate (PMA), or platelet-activating factor (PAF) followed by formyl-
Met-Leu-Phe (fMLP), in the presence of Amplex Red and horseradish peroxidase. Results are means ± 
SEM, N=5. * P < 0.05 compared to untreated controls.
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catalytic plasmamembrane component of the NADPH oxidase enzyme complex, was 

normal when detected with the mAb 7D5 (Figure 1A). Also the functional NADPH 

oxidase activity upon cell activation was comparable between control and G-CSF/

dexamethasone-mobilized neutrophils (Figure 1B)(14).

Furthermore, the mobilization of azurophilic granules was measured by the mem-

brane expression of CD63 and the release of elastase and MPO upon stimulation 

with cytochalasin-B/fMLP (Figure 2A-C). The mobilization of specifi c granules was 

evaluated by the membrane expression of CD66b and the release of lactoferrin upon 

stimulation with PAF/fMLP (Figure 2D,E). The overall serine protease activity in the 

extracellular medium was determined (i.e. DQ BSA fl uorescence upon proteolytic 

cleavage) (Figure 2F). All were found to be intact in G-CSF/dexamethasone-mobilized 

neutrophils as compared to normal neutrophils. Finally, immuno-EM analysis demon-

strated the normal appearance and frequency of myeloperoxidase (MPO)-positive azu-

rophilic granules in the G-CSF/dexamethasone-mobilized neutrophils (Supplementary 

Figure S2). Therefore, it appears that although the G-CSF/dexamethasone-mobilized 

neutrophils show signs of immaturity with respect to their nuclear morphology and 

the expression of certain surface markers, both the NADPH oxidase activity and the 

presence and mobilization of azurophilic and specifi c granules-markers appeared to 

be unaltered.

Figure 2. The mobilization and proteolytic activity of azu-
rophilic and specifi c granules 
Neutrophils from untreated controls and G-CSF/dexametha-
sone-treated donors were stimulated with cytochalasin-B/fMLP 
or PAF/fMLP, and the plasma membrane expression of CD63 
(A) as well as the extracellular concentration of elastase, MPO 
(B-C) (azurophilic granule markers) and CD66b as well as lacto-
ferrin (specifi c granule markers) (D,E) were measured by fl ow 
cytometry or ELISA. (F) Proteolytic activity was measured in 
the extracellular medium of untreated neutrophils and G-CSF/
dexamethasone-mobilized neutrophils upon stimulation with 
cytochalasin-B/fMLP, PAF/fMLP or in TX-100 cell lysate by DQ-
Green BSA assay. Results are means ± SEM, N=5.
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Antifungal activity by G-CSF/dexamethasone-mobilized neutrophils

Next, we determined directly the cytotoxic capacity against A. fumigatus and C. albi-

cans. Invasive infections starts with the germination of yeasts into hyphae that enables 

them to invade tissues and spread via the bloodstream, which forms the basis for 

their pathogenicity(25). Therefore, we assessed both the intracellular killing of yeasts 

by neutrophils, which functions to prevent germination, as well as the extracellular 

destruction of preformed hyphae.

The neutrophils from G-CSF/dexamethasone-treated donors normally inhibited the 

A. fumigatus germination after overnight incubation with the yeasts as compared 

to untreated controls (Figure 3A). The G-CSF/dexamethasone-mobilized neutrophils 

also effi ciently degraded a monolayer of preformed A. fumigatus hyphae (Figure 3B). 

A preformed monolayer of C. albicans hyphae was also as effectively degraded by the 

G-CSF/dexamethasone-mobilized neutrophils as control neutrophils did (Figure 3C). 

However, we observed that G-CSF/dexamethasone-mobilized neutrophils showed a 

clear and distinctive defect in both the short-term (2 hours) and long-term (20 hours) 

killing of the C. albicans yeasts as compared to the neutrophils from untreated controls 

(Figure 3D-F). In addition, the G-CSF/dexamethasone-mobilized neutrophils were less 

able to inhibit the C. albicans yeast germination in an overnight assay (Figure 3G). 

This defect in yeast killing could not be explained by changes in the phagocytic capac-

ity, since the phagocytosis and killing of both unopsonized and serum-opsonized C. 

albicans yeasts was completely normal (Figure 3H).

We assessed whether the in vivo treatment with G-CSF or dexamethasone seperately 

could be held responsible for the Candida killing defect of the G-CSF/dexamethasone-

mobilized neutrophils. Neutrophils were isolated from healthy donors treated with G-

CSF or dexamethasone separately, each of which resulted in a ~7- or ~2-fold increase in 

circulating neutrophils respectively (Supplementary Figure S1). When compared to the 

neutrophils from untreated controls, we observed that the dexamethasone-mobilized 

neutrophils were not impaired in the killing of C. albicans yeasts or any of the other 

fungal killing tests performed (Figure 3I), whereas the neutrophils from G-CSF-treated 

donors showed a signifi cant C. albicans killing defect (Figure 3I), although not exactly 

to the same extent as in case of donor-derived neutrophils mobilized with both G-CSF 

and dexamethasone (Figure 3I).

Taken together, a selective C. albicans yeast killing defect was observed for G-CSF/

dexamethasone-mobilized neutrophils, whereas these neutrophils showed a normal 

cytotoxic response against the Aspergillus yeasts and hyphae, as well as against pre-

formed Candida hyphae.
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Figure 3. The killing of A. fumigatus and C. albicans by mobilized neutrophils
Untreated neutrophils from healthy controls or G-CSF/dexamethasone-treated donors were co-cultured 
overnight with Aspergillus fumigatus yeasts (A) or with a preformed hyphae monolayer (B), and the 
viability was assessed with the MTT assay and calculated as a percentage of the viability after incuba-
tion without neutrophils. (C) Control and G-CSF/dexamethasone-mobilized neutrophils were incubated 
with a C. albicans preformed hyphae monolayer, and the viability was assessed with the MTT assay. 
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Candida-induced phagosome formation 

To obtain further insight into the Candida yeast killing defect of G-CSF/dexamethasone-

mobilized neutrophils upon normal phagocytosis, we decided to explore the contents 

of the Candida phagosome in more detail. Under normal conditions of phagocytosis 

the granules fuse with the phagosome containing internalized pathogens, thereby 

creating a cytotoxic environment for the degradation of microbes(26;27). To determine 

the cytotoxic composition of the phagosome after fusion with granules, we mag-

netically labeled Candida yeast, and - after synchronized phagocytosis and lysis of the 

neutrophils - we isolated the phagosomes and measured their composition by Mass 

Spectrometry, according to a previously reported method(28).

First, confocal analyses confi rmed that the isolated phagosomes after granule fusion 

were highly positive for Candida (green), MPO (red) and elastase (yellow) (Supple-

mentary Figure S3A). Secondly, kinetic analyses showed that number of elastase 

peptides in Candida phagosomes similarly increased with time, which confi rmed the 

normal phagocytosis by G-CSF/dexamethasone-mobilized neutrophils and indicates 

phagosomal maturation (Figure 3H, S3B,C).

Comparison of the G-CSF/dexamethasone-mobilized and control neutrophil 

Candida-phagosomes after fusion with granules for some of the known components 

showed a similar expression of e.g. the membrane-expressed integrin CR3 (CD11b/

CD18, αMβ2) (Supplementary Figure S3C), which is critically involved in the recogni-

tion, uptake and killing of C. albicans8. This is clearly consistent with the comparable 

phagocytosis of Candida yeasts by G-CSF/dexamethasone-mobilized and control neu-

trophils (see above). In addition, cytochrome b558 of the NAPDH oxidase system was 

identifi ed (Supplementary Figure S3C), which reinforces the normal ROS production 

upon uptake of Candida yeasts. Finally, the phagosomes after fusion with granules 

also contained a variety of components that were derived from the various granules 

in neutrophils, i.e. MPO (azurophilic), elastase (azurophilic), lactoferrin (specifi c) and 

MMP9 (gelatinase) (Supplementary Figure S3C), and there appeared to be no differ-

ences in the fusion of these granules with the phagosome upon comparison of G-CSF/

dexamethasone-mobilized and control neutrophil phagosomes.

Neutrophils from healthy controls or G-CSF/dexamethasone-treated donors were incubated with serum-
opsonized (D) or unopsonized (E) C. albicans yeast for 2 hours, and the long-term (20 hours) (F) killing 
was determined as the percentage of viable Candida yeasts relative to incubation without neutrophils by 
a colony-forming unit assay. (G) Control and G-CSF/dexamethason-mobilized neutrophils were overnight 
incubated with Candida yeasts and the clusters of hyphae were quantifi ed by confocal microscopy. (H) 
Control neutrophils and G-CSF/dexamethasone-mobilized neutrophils were incubated with unopsonized 
(□) or serum-opsonized (○) C. albicans yeasts -FITC, and the phagocytosis was determined by confocal 
microscopy. The percentage of phagocytosis is the number of FITC-positive neutrophils relative to the 
total number of neutrophils. (I) Neutrophils from untreated controls and donors treated with G-CSF, 
dexamethasone or both were incubated with C. albicans yeasts , and the short-term (2 hours) killing was 
determined. Results are means ± SEM, N=3-12 * P < 0.05 compared to untreated controls.
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We subsequently evaluated whether there were differences in the phagosomal 

composition between G-CSF/dexamethasone-treated donors and untreated controls 

that could potentially explain the observed killing defect in G-CSF/dexamethasone-

mobilized neutrophils. In total 11 neutrophil-derived proteins were identifi ed to be 

signifi cantly decreased in the G-CSF/dexamethasone-mobilized phagosomes after fu-

sion with granules (Figure 4). The neutrophil-derived proteins that we observed to be 

decreased in the G-CSF/dexamethasone-mobilized phagosomes have been described 

to be involved in various aspects of cellular innate immunity, including cytotoxic activity, 

vesicular fusion, pro-infl ammatory activation and actin-fi lament rearrangement (Table 

1)(20;29-32). In the G-CSF/dexamethasone-mobilized phagosomes after fusion with gran-

ules, 79 proteins were signfi cantly upregulated, including 65 Candida-derived proteins 

and 14 proteins of human origin. Several of these host proteins are known to be 

involved in vesicular traffi cking and as a negative regulator of phagosomal formation, 

e.g. Rap1A and Rab27A (Supplementary Table 1)(33;34).

  

           

          

 

 
 

 

 

   

 

 

 

  

 

  

Figure 4. Distinct composition of the G-CSF/dexamethasone-mobilized neutrophil phagosomes 
after fusion with granules
(A) Neutrophils from healthy controls and G-CSF/dexamethasone-treated donors were stimulated with 
C. albicans for 45 minutes, the phagosomes were isolated and analyzed by Mass Spectrometry. The 
proteins that were signifi cantly decreased in the phagosomes from the G-CSF/dexamethasone-treated 
donors as compared to untreated controls are shown in the heat map. The red boxes show upregulated 
and green downregulated proteins in G-CSF/dexamethasone-mobilized phagosomes compared to con-
trols. (B) The differentially expressed proteins between the control and G-CSF/dexamethasone-mobilized 
phagosomes are depicted in a volcano plot. N=5, FDR = 0.05 and S = 0.6
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Figure 5. MBP candidacidal activity and impaired Candida killing by neutrophil-like NB4 MBP-
KO cells
(A) Overnight incubation of Candida with purifi ed MBP or with buffer only, and assessment of germina-
tion by microscopy. (B) Recombinant MBP (50 ng/ml), MBPH (50 ng/ml) or buffer only were incubated for 
2 hours with Candida and the viability was determined by the colony-forming unit assay. (C) Neutrophil-
like NB4-WT, NB4-scrambled or NB4 MBP-KO cells were incubated with C. albicans yeasts , and the per-
centage of viable Candida yeasts was calculated relative to incubation without cells by a colony-forming 
unit assay. (D) Neutrophil-like NB4-WT or NB4 MBP-KO cells were incubated with C. albicans hyphae, 
and the viability was calculated relative to incubation without cells by the MTT assay. (E) Neutrophil-like 
NB4-WT or NB4 MBP-KO cells were incubated with A. fumigatus conidia, and the germination was de-
termined as the percentage of viable A. fumigatus hyphae relative to incubation without cells by a MTT 
assay. Results are means ± SEM, N=2-3, *P < 0.05.
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We focused on the most pronounced differences between the G-CSF/dexameth-

asone-mobilized and control phagosomes after fusion with granules. The proteins 

Major Basic Protein (MBP, PRG2) and Major Basic Protein homolog (MBPH, PRG3) were 

virtually absent in the G-CSF/dexamethasone-mobilized phagosomes after fusion 

with granules (Figure 4). MS analyses of whole cell neutrophil lysates demonstrated 

that MBP, MBPH and EPX were also signifi cantly reduced in neutrophils from G-CSF/

dexamethasone-treated donors as compared to healthy controls (Supplementary 

Figure S4). Interestingly, MBP has a C-type lectin domain, and upon cleavage of the 

propeptide, becomes cytotoxic(35;36). Upon testing the candidacidal effect of MBP and 

MBPH in the absence of neutrophils, we found that incubation for 2 hours or overnight 

of purifi ed MBP or MBPH with Candida yeast resulted in strongly decreased yeast 

viability and germination (Figure 5A,B). The addition of MBP or MBPH did not affect 

the viability of A. fumigatus (Supplementary Figure S5). We used the Crispr-Cas9 

technique to generate MBP knock-outs in NB4 cells (NB4-MBP-KO), which become 

neutrophil-like upon stimulation with ATRA (Supplementary Figure S6)(37). Both the 

CRISPR technique and the knock-out of the protein MBP more in particular did not 

interfere with important cytotoxic responses, including the ROS production by the 

NADPH oxidase system and Candida phagocytosis (Supplementary Figure S6). The 

neutrophil-like NB4-MBP-KO cells demonstrated a complete Candida killing defect 

when compared to neutrophil-like NB4-WT or NB4 cells that were transfected with a 

scrambled construct against a non-mammalian protein (Figure 5C). The neutrophil-

like MBP knock-out cells normally killed Candida hyphae and inhibited the Aspergillus 

conidia germination as well as did the wild-type neutrophil-like NB4 cells (Figure 

5D,E). These experiments further indicate that the killing of Candida depends on the 

presence of MBP and MBPH in the phagosome to contribute to the cytotoxic activity.

DISCUSSION

In the present study we determined the cytotoxic activity against Candida albicans and 

Aspergillus fumigatus by neutrophils mobilized with G-CSF and dexamethasone for 

transfusion purposes. G-CSF/dexamethasone-mobilized neutrophils effi ciently inhib-

ited A. fumigatus germination and killed both the Aspergillus and Candida hyphae. 

However, the early and late killing of C. albicans yeasts were impaired by G-CSF/

dexamethasone-mobilized neutrophils relative to normal neutrophils. Analyses of the 

phagosomes after fusion with granules revealed reduced levels of antimicrobial pro-

teases, including MBP, in G-CSF/ dexamethasone-mobilized neutrophils. Interestingly, 

MBP was required for the killing of Candida and contributes to the observed killing 

defect in G-CSF/dexamethasone-mobilized neutrophils.
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G-CSF has been shown in vitro to enhance neutrophil functions in terms of chemotaxis, 

phagocytosis and NADPH oxidase activation(9;10), whereas dexamethasone has immu-

nosuppressive effects(11;12). Incubation of neutrophils with dexamethasone prevents A. 

fumigatus hyphae killing and the addition of G-CSF restores the defect(12). We found 

that the neutrophils from the G-CSF/dexamethasone-treated donors normally killed a 

monolayer of Aspergillus hyphae. An explanation for this discrepancy in results could 

be that Roilodes et al. added the dexamethasone in vitro, whereas the donors in our 

study were treated with a single dose of dexamethasone and/or G-CSF overnight in 

vivo. It has been described that neutrophils from donors treated for 5 consecutive days 

with G-CSF demonstrated normal MPO levels but decreased lactoferrin levels(17). The 

neutrophil-mediated inhibition of Aspergillus yeasts germination depends on iron-

sequestration by lactoferrin(19). After one day of donor pretreatment we found normal 

levels of both MPO and lactoferrin in the G-CSF/dexamethasone-mobilized neutrophil 

phagosomes. In line with this observation the G-CSF/dexamethasone-mobilized 

neutrophils were completely able to inhibit the germination of A. fumigatus. The 

neutrophil killing of Aspergillus hyphae depends on ROS production by the NADPH 

oxidase system(38). Both the ROS production and A. fumigatus hyphae killing was nor-

mal by the G-CSF/dexamethasone-mobilized neutrophils. The G-CSF/dexamethasone-

mobilized neutrophils showed an effective cytotoxic response in the inhibition of A. 

fumigatus germination and the killing of the hyphae.

The G-CSF/dexamethasone-mobilized neutrophils were able to phagocytose C.albicans, 

but showed a clear defect in the intracellular killing. Analyses of the Candida-phago-

somes revealed that several proteins were reduced in the G-CSF/dexamethasone-

mobilized cells, whereas the afore-mentioned granule markers lactoferrin, MPO and 

elastase were found in comparable levels to controls. The most signifi cant differences 

were MBP and MBP homolog (MBPH), present in controls and virtually absent in G-

CSF/dexamethasone-mobilized phagosomes after fusion with granules and in whole 

G-CSF/dexamethasone-mobilized neutrophils. Since G-CSF/dexamethasone treatment 

recruits an immature pool of neutrophils, some granule components, including MBP, 

may not have been fully synthesized. MBP is mostly known as a marker for eosinophils. 

Borregaard et al. already reported that MBP(H) is also present in various granules of 

neutrophils(39), while we have now confi rmed by Immuno-EM analysis that neutrophil 

granules do contain MBP (Supplementary Figure S7). Both MBP and MBPH have been 

demonstrated to desintegrate membranes and exert antimicrobial activity(35;36). Gabay 

et al investigated the antimicrobial properties of purifi ed granule-derived proteins and 

found that MBP is one of the most potent candidacidal proteins, e.g. it is 70-fold more 

toxic as defensins are(20). Purifi ed human MBP also displayed strong in vitro inhibition 
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of Candida germination under our conditions, which confi rmed its fungicidal activity. 

Moreover, in a knock-out cell model to support the role of MBP, the neutrophil-like 

NB4-MBP-KO cells were found to be completely impaired in Candida killing without 

any effect on phagocytosis and ROS production. The results in this neutrophil-like cell 

model confi rmed that MBP is involved in Candida killing.

In addition to MBP(H), the analyses of the phagosomes identifi ed several other pro-

teins that were signifi cantly decreased in the G-CSF/dexamethasone-mobilized phago-

somes after fusion with granules. Eosinophil peroxidase (EP)) is not strictly eosinophil 

specifi c(39) and found to be differentially expressed between G-CSF/dexamethasone-

mobilized and control neutrophils, as well as in their phagosomes after granule fusion 

(Figure 4). Peroxidase activity is important, as neutrophils from MPO-defi cient patients 

fail to kill Candida(21). Although no difference in the major azurophil granule protein 

MPO was detected, we cannot exclude a contribution of EPO to the observed Candida 

killing defect in the G-CSF/dexamethasone-mobilized cells. The hormone resistin and 

its receptor adenylyl cyclase-associated protein 1 (CAP1) were also decreased in the 

G-CSF/dexamethasone-mobilized phagosomes after fusion with granules. Resistin 

is produced by granulocytes upon activation and has pro-infl ammatory effects(29). 

However, Candida killing improved only slightly when resistin was added, and was 

observed in both control and G-CSF/dexamethasone-mobilized neutrophils (Supple-

mentary Figure S8). The G-CSF/dexamethasone-mobilized phagosomes after fusion 

with granules showed also reduced levels of the calcium-binding protein grancalcin 

and lipocalin-2. Although little is known about their exact role in humans, neutrophils 

from the respective knock-out mice showed normal candidacidal responses(40;41).

The number of defensin-1 peptides were slightly decreased in the G-CSF/dexa-

methasone-mobilized phagosomes after fusion with granules (Supplementary Figure 

S3C). Defensins are derived from azurophilic granules and have been described to 

be cytotoxic for Candida albicans(20). Although MBP proteins (PRG2) contributes to a 

very large extent, it may be the combined reduction of granule-derived antimicrobial 

proteins in the G-CSF/dexamethasone-mobilized neutrophil phagosomes that aggra-

vates the Candida killing defect. It would be a relevant topic of future investigations 

to determine whether G-CSF or dexamethasone administration results in decreased 

expression of these granule-derived antimicrobial proteins.

Furthermore, the killing of Candida hyphae by the G-CSF/dexamethasone-mobilized 

neutrophils was normal. We have investigated the neutrophil-mediated killing mecha-

nisms of Candida yeasts and hyphae. It appeared that both the NADPH oxidase system 

and the phagosomal maturation are required for the neutrophil-mediated killing of 

Candida yeasts , whereas these toxic mechanisms are redundant in the killing of 

Candida hyphae (data not shown)(8). This may explain why G-CSF/dexamethasone-
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mobilized neutrophils show a selective killing defect for Candida yeasts but not hy-

phae.

In conclusion, we have investigated the killing of A. fumigatus and C. albicans by 

G-CSF/dexamethasone-mobilized neutrophils in detail. Our results demonstrate that 

G-CSF/dexamethasone-mobilized neutrophils produce normal amounts of ROS, ef-

fi ciently inhibit A. fumigatus germination and kill their hyphae. However, the killing of 

C. albicans yeasts was substantially impaired in G-CSF/dexamethasone-mobilized neu-

trophils relative to their normal counterpart. Analyses of the phagosomes after fusion 

with granules revealed reduced levels of antimicrobial proteins and most in particular 

MBP in G-CSF/dexamethasone-mobilized neutrophil phagosomes, which contribute 

to the observed Candida killing defect. In some occasions, the Candida yeast form 

plays also a critical role in fungal dissemination, e.g Candida glabrata yeasts do not 

form hyphae but cause severe infections(42). In critically ill neutropenic patients with a 

Candida sepsis, the indications for G-CSF/dexamethasone neutrophil transfusions may 

not alter, because these neutrophils are still capable to help kill the invasive Candida 

hyphae when antifungals seem ineffective.
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SUPPLEMENTAL MATERIALS AND METHODS

NADPH oxidase activity 

NADPH-oxidase activity was assessed as the release of hydrogen peroxide, determined 

by the Amplex Red method (Molecular Probes) by neutrophils stimulated with various 

stimuli: zymosan (1 mg/ml), serum-treated zymosan (STZ, 1 mg/ml), phorbol-12-

myristate-13-acetate (PMA, 100 ng/ml), platelet-activating factor (PAF) followed by 

formyl-Met-Leu-Phe (fMLP), in the presence of Amplex Red (0.5 μM) and horseradish 

peroxidase (1 U/ml). Fluorescence was measured at 30-second intervals for 20 minutes 

with the infi nitiPRO2000 plate reader (Tecan, Mannesdorf, Switzerland). Maximal 

slope of H2O2 release was assessed over a 2-minute interval.

Neutrophil phagocytosis of Candida conidia

The neutrophil phagocytosis of unopsonizes and serum-opsonized Candida conidia 

was assessed by confocal microscopy. During a 90-min incubation at 37°C of neutro-

phils and FITC-labeled Candida conidia, every 5 to 10 minutes a sample was measured 

on the EVOS Fluorescence Cell imaging system (Life Technologies, Bleiswijk, The 

Netherlands). Per sample 5 pictures were taken and the percentage of phagocytosis 

was determined based on the neutrophils with internalised Candida -FITC relative to 

the total number of neutrophils per fi eld.

Isolation of Candida phagolysosomes and neutrophils for Mass Spectrometry

For the isolation of Candida phagolysosomes we adapted a previously described 

method1. After the overnight culture of Candida under aerobic conditions at 30°C 

in Lysogeny Broth (LB), the conidia were labeled with biotin for 30 minutes at 37 °C 

(2 mg/ml Sulfo-NHS-LC-Biotin Thermo Scientifi c, Waltham, MA,USA). The biotinyl-

ated Candida conidia were washed with MACS buffer (2 mM EDTA, 0.5% albumin 

in PBS) and resuspended with Streptavidin MicroBeads (Miltenyi Biotec, Leiden, The 

Netherlands). The magnetically labeled Candida conidia were selected with a MACS 

Separation column (Miltenyi Biotec) and resuspended in Hepes buffer. Synchronized 

phagocytosis was induced after incubation with neutrophils (5x106 cells/ml) on melt-

ing ice for 20 minutes in round-bottom tubes (BD). This was followed by incubation 

in a 37 °C water bath (600 rpm) and samples were taken at t = 15, t = 45 and t = 90 

minutes, washed twice with PBS and resuspended in Mitobuffer (0.2 M EDTA, 0.25 M 

sucrose (Sigma), 10 mM TRIS (Life) supplemented with one tablet Protease Inhibitor 

Mix (PIM, Roche Applied Science, Indianopolis, IN, USA), 1 mM Pefablock (Roche 

Applied Science) and 1 mM di-isopropyl fl uorophosphate (DFP, Sigma). Samples were 

frozen for 10 seconds in liquid nitrogen and thawed at room temperature. 10 μl of 1M 

triethanolamine (Sigma) and 10 mg/ml digitonin were added, and samples were kept 
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on ice for 10 minutes. The cell wall was then disrupted with a potter homogenizer and 

the Candida phagolysosomes were isolated with a MACS column and resuspended 

in PBS. The Candida phagolysomes and percoll-isolated neutrophil cell pellets were 

frozen in liquid nitrogen and stored until use.

Sample preparation for Mass Spectrometry 

The neutrophil cell pellets (5-10 ×106) were lysed in 4% SDS, 100 mM DTT, 100 mM 

Tris.HCl pH 7.5 supplemented with HALT protease and phosphatase inhibitor cocktail 

(Thermo Scientifi c) and processed into tryptic peptides using the Filter Aided Sample 

Preparation method2. Peptides were desalted and concentrated using Empore-C18 

StageTips3 and eluted with 0.5% (v/v) acetic acid, 80 % (v/v) acetonitrile. Sample 

volume was reduced by SpeedVac and supplemented with 2 % acetonitrile, 0.1% TFA 

to a fi nal volume of 12 μl. For each sample, 3 technical replicates were analyzed by 

injecting 3 μl of the sample.

To analyse the phagolysosomes by Mass Spectrometry, the samples were con-

centrated in a SpeedVac (Thermo Scientifi c, Waltham, MA, USA) and were lysed by 

passing the volume through an insulin syringe (BD). With the BCA (bicinchoninic acid) 

protein assay kit (Thermo Scientifi c), the protein concentration was determined and 

5 μg of protein was used for sample preparation for mass spectrometry. Samples 

were sonifi ed with a Branson Sonifi er with double-stepped microtip and urea (Life 

Technologies) in 100 mM TrisHCl (pH = 8.5) was added to a fi nal concentration of 

8Mto ensure complete disruption of the phagolysosomes. The urea concentration 

was lowered with 50 mM ammonium bicarbonate (ABC,Sigma) and together with 

100 mM dithiothreitol (DTT, Thermo Scientifi c) incubated for 60 minutes at 25 °C. 

Then, 2.5 μl of 550 mM iodoacetamide (IAM, Thermo Scientifi c) was added for 30 

minutes at 25 °C in the dark. Finally, trypsin(Promega) was added overnight at 25°C 

in a ratio of 1:20 to digest the proteins. Trifl uoroacetic acid (TFA, Thermo Scientifi c) 

was added to acidify the samples (pH ≈ 2) and inactivate the trypsin. The peptides 

were subsequently purifi ed by solid phase extraction on octadecyl (C18) disks (3 M 

Empore, St. Paul, MN, USA). The eluate was concentrated by SpeedVac and formic 

acid (Thermo Scientifi c) was added to reach a concentration of 200 ng/μl. Three μl 

was injected in the Mass Spectrometer (Thermo Scientifi c, Orbitrap Fusion).

Mass spectrometry data acquisition 

Tryptic peptides were separated by nanoscale C18 reverse chromatography coupled 

on line to an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientifi c) via a nano-

electrospray ion source (Nanospray Flex Ion Source, Thermo Scientifi c). Peptides were 

loaded on a 20 cm 75–360 μm inner-outer diameter fused silica emitter (New Objec-

tive) packed in-house with ReproSil-Pur C18-AQ, 1.9 μm resin (Dr Maisch GmbH). The 
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column was installed on a Dionex Ultimate3000 RSLC nanoSystem (Thermo Scientifi c) 

using a MicroTee union formatted for 360 μm outer diameter columns (IDEX) and a 

liquid junction. The spray voltage was set to 2.15 kV. Buffer A was composed of 0.5 % 

acetic acid and buffer B of 0.5 % acetic acid, 80% acetonitrile. Peptides were loaded 

for 17 min at 300 nl/min at 5% buffer B, equilibrated for 5 minutes at 5% buffer B 

(17-22 min) and eluted by increasing buffer B from 5-15% (22-87 min) and 15-38% 

(87-147 min), followed by a 10 minute wash to 90 % and a 5 min regeneration 

to 5%. Survey scans of peptide precursors from 400 to 1500 m/z were performed 

at 120K resolution (at 200 m/z) with a 1.5 × 105 ion count target. Tandem mass 

spectrometry was performed by isolation with the quadrupole with isolation window 

1.6, HCD fragmentation with normalized collision energy of 30, and rapid scan mass 

spectrometry analysis in the ion trap. The MS2 ion count target was set to 104 and 

the max injection time was 35 ms. Only those precursors with charge state 2–7 were 

sampled for MS2. The dynamic exclusion duration was set to 60 s with a 10 ppm toler-

ance around the selected precursor and its isotopes. Monoisotopic precursor selection 

was turned on. The instrument was run in top speed mode with 3 s cycles. All data 

were acquired with Xcalibur software.

Mass spectrometry data analysis 

The RAW mass spectrometry fi les were processed with the MaxQuant computational 

platform, 1.5.2.8. Proteins and peptides were identifi ed using the Andromeda search 

engine by querying the human Uniprot database (downloaded February 2015). 

Standard settings with the additional options match between runs, Label Free Quan-

tifi cation (LFQ), and unique peptides for quantifi cation were selected. The generated 

‘proteingroups.txt’ table was fi ltered for potential contaminants, reverse hits and ‘only 

identifi ed by site’ using Perseus 1.5.1.6. The LFQ values were transformed in log2 

scale, the three technical replicates per experimental condition grouped and averaged 

based on the median, and proteins were fi ltered for at least three valid values in 

one of the experimental groups. Missing values were imputed by normal distribution 

(width=0.3, shift = 1.8), assuming these proteins were close to the detection limit. 

Quantitative signifi cance was performed using an adapted permutation-based false 

discovery rate (FDR) t test in Perseus 1.5.1.6 software using FDR 0.02 and S0 2.5.

Confocal microscopy

Neutrophils were incubated with Candida on cover glasses (Ø 12 mm, Thermo Scien-

tifi c) for 45 minutes at 37 °C and 5% CO2, after which the glasses were resuspended 

in 3.7% paraformaldehyde (PFA, Merck, Darmstadt, Germany) in PBS. For staining, 

the cells were permeabilized with a IntraPrep kit (Beckman Coulter), stained with 

Hoechst (Sigma) and with monoclonal antibodies against human Elastase (Abcam), 
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Myeloperoxidase (MPO) (Abcam) and MBP (Monosan, Uden, The Netherlands). Alexa 

Fluor F(ab’)2 fragments of IgG (633 nm or 563 nm, Life) were used as secondary 

antibodies. Hereafter, the cover slides were placed on microscope slides (76x26mm, 

Thermo Scientifi c). Confocal images were made on the Zeiss LSM 510 confocal micro-

scope (Zeiss, Jena, Germany).

Western blot analysis.

Analysis of protein expression was performed by Western blot. The following antibod-

ies were used for detection: polyclonal rabbit anti-human MBP (Abcam, Cambridge, 

UK) and monoclonal mouse anti human GAPDH (Merck).

Electron Microscopy 

Purifi ed neutrophils were fi xed in 2% (w/v) paraformaldehyde with 0.2% (w/v) glutar-

aldehyde and then processed for ultrathin cryosectioning. Cryosections (50 nm thick) 

were cut at −120°C with diamond knives (diatome) in a cryo-ultramicrotome (Leica, 

Vienna, Austria) and transferred onto carbon/formvar-coated copper grids. For im-

munolabelling, the sections were incubated for 10 min with 0.15 M glycine in PBS and 

for 10 min with 1% BSA in PBS to block free aldehyde groups and prevent aspecifi c 

antibody binding, respectively. Sections were incubated with anti-human MPO (DAKO) 

and 10 nm protein-A conjugated colloidal gold (EMlab, University of Utrecht) all in 1% 

BSA in PBS., and fi nally embedded in methylcellulose with 0.6% uranyl acetate, and 

examined with a CM10 electron microscope (Philips, Eindhoven, The Netherlands).

CRISPR knockout NB4 cells and differentiation into neutrophil-like cells

To generate NB4 cells knock out for MBP, we used the Zhang lab Optimized CRISP 

Design tool (http://crispr.mit.edu/) to determine the Cas9 target sites present in the 

coding sequence of MBP. A ds oligo (Invitrogen) was generated of several target se-

quences, with an additional G 5’ of the target sequence and specifi c BsmBI overhang. 

The oligo was then cloned into the BsmBI sites of pLentiCRISPR v2. The constructs 

were grown in E.coli Stbl3 and sequence verifi ed. Lentiviral particles were generated 

by transient cotransfection of 293T cells with pLentiCRISPRv2 – MBP ko, psPAX2 and 

pCMV-VSVg. The day after transfection, the cells were put on NB4 medium. Virus-

containing supernatant was harvested on day 2 and 3 after transfection and pressed 

through an 0.45 um fi lter, and 1 ml was used on 5*105 NB4 cells on two successive 

days. Transduced NB4 cells were selected with 1 μg/ml puromycin (Invivogen). Surviv-

ing cells were put on limiting dilution in a 96-wells plate at 0.5 cell / 150 μl, and 

growing clones were routinely maintained. Expression of MBP in these clones was de-

termined by Western blot. Transduction of NB4 cells with pLentiCRISPR v2 containing 

targetsequences 5’-tccacctttgagaccccttt -3’ or 5’-gggtgctaagacgctgcctg-3’ resulted in 
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clones that lacked expression of MBP. LentiCRISPR v2 was a gift from Feng Zhang 

(MIT, Cambridge, MA, USA, Addgene plasmid # 52961).4 NB4 scrambled (control 

cells) were generated by lentiviral transduction. Lentiviral particles were generated by 

transient cotransfection of 293T cells with pLKO.1puro scrambled (Sigma MISSION 

control SHC002), pMDLgp, pRSV-rev and pCMV-VSVg. The day after transfection, 

the cells were put on NB4 medium. Virus-containing supernatant was harvested on 

day 2 and 3 after transfection and pressed through an 0.45 uM, and 1 ml was used 

on 5*105 NB4 cells on two successive days. Transduced NB4 cells were selected with 

1 μg/ml puromycin (Invivogen). For the differentiation into neutrophil-like cells, the 

NB4 cells (fi nal concentration 1*106/mL) were cultured for 7 days at 37C in IMDM 

medium containing L-glutamine, Penicillin/Streptomycin and 20% FCS (Life, Bleiswijk, 

The Netherlands) and in the presence of 0.2 mM ATRA (Sigma). The differentiation 

into neutrophil-like cells was tested by the determination of the ROS production by 

the NADPH oxidase system in the Amplex Red assay (as decribed above).

Production of recombinant MBP and MBPH 

Human MBP and MBPH DNA sequences with a 3’ HPC4 tag (EDQVDPRLIDGK) were 

synthesized by Invitrogen. In addition, a thrombin cleavage site (SLVPR) was created 

in MBP between Q105 and T106. The fi nal sequence was cloned into pCDNA3.1+. 

Recombinant protein was produced in Freestyle HEK cells (Invitrogen) by transient 

cotransfection of pCDNA3.1+ - MBP /MBPH, pORF-p21, pORF-p27 and pSVLT, us-

ing 293Fectin (Invitrogen). Supernatant was harvested 3 days after transfection and 

fi ltered through 0,45 μM. Recombinant HPC4 tagged protein was purifi ed using Anti-

Protein C Affi nity Matrix (Roche), elution fractions containing protein were dialysed 

against PBS.
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Table S1. Distinct composition of the G-CSF/dexamethasone-mobilized phagosomes 

Receptor for antiproliferative factor (AVF)

Receptor involved in lipid transport

Required for nuclear membrane integrity

Lipid binding and transport

Signaling, vesicular trafficking

Metabolic processes

Signaling, transcription factor

RNA binding

Cellular Calcium signaling

Calmodulin binding, regulator cytoskeleton

Binds Actin, regulator cytoskeleton

Binds ATP, mediates LPS-induced inflammatory response

Required for granule docking, maturation and exocytosis

RNA binding

Neutrophils from healthy controls and G-CSF/dexamethasone-treated donors were stimulated with C. 
albicans for 45 minutes, the phagosomes were isolated and analyzed by Mass Spectrometry. The human-
derived proteins that were signifi cantly increased in the phagosomes from the G-CSF/dexamethasone-
treated donors as compared to untreated controls are listed in the table. Data from 5 GTX donors 
compared to 5 healthy controls.

Figure S1. G-CSF/dexamethasone treatment increased neutrophil counts 
The peripheral blood neutrophil counts from healthy controls, G-CSF/dexamethasone-treated donors 
(N=5), G-CSF-treated donors (N=2) and dexamethasone-treated donors (N=2).
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Figure S2. MPO-positive azurophilic granules in mobilized neutrophils
Neutrophils from healthy controls and GTX donors were stained for the expression of MPO and assessed 
by immuno-Electron Microscopy. The cytoplasmatic part is enlarged, as indicated with the black rect-
angle in the original image.
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Figure S3. Candida-induced phagosomal formation 
(A) The expression of Candida (green), elastase (yellow) and MPO (red) in the phagolysosomes was visu-
alized by confocal imaging. (B) The number of elastase peptides identifi ed by MS in the phagolysosomes 
from controls at 15, 45 and 90 minutes of incubation with Candida. (C) The numbers of peptides for 
the integrin CR3 (CD11b/CD18), elastase (azurophilic granule), MPO (azurophilic granule), lactoferrin 
(specifi c granule), MMP9 (gelatinase granule), cytochrome b558 and defensin-1,-3 (azurophilic granule) 
identifi ed in the control and GTX phagolysosomes by Mass Spectrometry. Results are means ± SEM, 
N=5. * P < 0.05.
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Figure S4. Decreased MBP(H) and EPX levels in G-CSF/dexamethasone-mobilized neutrophils 
Neutrophils from healthy controls and G-CSF/dexamethasone-treated donors were isolated and ana-
lyzed by Mass Spectrometry. MBP, MBPH and EPX were signifi cantly decreased in G-CSF/dexamethasone-
mobilized neutrophils as compared to control neutrophils, depicted in a volcano plot and graph. N=5

Figure S5. MBP(H) and the viability of Aspergillus fumigatus
Incubation of Aspergillus hyphae for 2 hours or overnight incubation of Aspergillus conidia with the 
purifi ed MBP (20-50 ng/ml), MBPH (20-50 ng/ml) or with the buffer only, and assessment of the viability 
relative to incubation without the buffer or recombinant proteins by a MTT assay. Results are means ± 
SEM, N=2, *P < 0.05
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Figure S6. Neutrophil-like NB4 MBP-KO cells and NAPDH oxidase activation 
(A) Protein MBP or GAPDH expression of the neutrophil-like NB4 WT and NB4 MBP-KO cells analyzed by 
Western blot. (B) The neutrophil-like NB4 WT, NB4 scrambled or NB4 MBP-KO cells were stimulated with 
PMA and the ROS production by the NAPDH oxidase system was measured in the Amplex Red assay. (C) 
Neutrophil-like NB4 WT or NB4 MBP-KO were incubated with C. albicans yeast-FITC, and the phagocy-
tosis was determined by fl ow cytometry. The percentage of phagocytosis is the number of internalised 
FITC-positive neutrophils relative to the total number of neutrophils. Results are means ± SEM, N=3.
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Figure S7. MBP-positive granules in neutrophils
Neutrophils from healthy controls were stained for the expression of MBP and assessed by immuno-
Electron Microscopy. The cytoplasmatic part is enlarged indicated with the black rectangle.
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Figure S8. Effect of Resistin on neutrophil-mediated Candida killing
Neutrophils from healthy controls or G-CSF/dexamethasone-treated donors were primed with Resistin 
(25 ng/ml), incubated with Candida yeast and the killing was calculated relative to incubation without 
neutrophils and assessed by the colony forming unit assay. Results are means ± SEM, N=3.
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ABSTRACT

Background

Buffy coat-derived granulocytes have been described as an alternative to the apher-

esis product from donors pretreated with dexamethasone and granulocyte-colony-

stimulating factor (G-CSF). The latter is obtained following a demanding and time-

consuming procedure, which is undesirable in critically ill septic patients. In contrast, 

buffy coat-derived products have a large volume and are often heavily contaminated 

with red cells and platelets. We developed a new pooled buffy coat-derived product 

with high purity and small volume, and performed a comprehensive functional char-

acterization of these granulocytes.

Study design and methods

We pooled ten buffy coats following the production of platelet concentrates. Saline 

0.9% was added to decrease the viscosity and the product was split into plasma, 

red cells and a residual “super” buffy coat. Functional data of these granulocytes 

were compared to those obtained with granulocytes from healthy controls and G-CSF/

dexamethasone pretreated donors.

Results

The buffy coat-derived granulocytes showed adhesion, chemotaxis, reactive oxygen 

species production, degranulation, NET formation and in-vitro killing of Staphylococcus 

aureus, Escherichia coli, Candida and Aspergillus species comparable to control and 

G-CSF/dexamethasone-derived granulocytes. Candida killing was superior compared 

to G-CSF/dexamethasone-derived granulocytes. Immunophenotyping showed also no 

differences, especially no signs of activation in the buffy coat-derived granulocytes. 

Viability was reduced. Buffy coats are readily available in the regular blood production 

process and would take away both the concerns to use growth factors and corticoste-

roids in healthy donors and the logistic burden around donor selection and apheresis 

procedures.

Conclusion

The product described appears a promising alternative for transfusion purposes.
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INTRODUCTION

Life-threatening bacterial and fungal infections are a major problem in patients with 

cancer. Reasons are intensifi ed chemotherapy regimens leading to prolonged severe 

neutropenia (<0.5x109/l neutrophils) and rising resistance against antibiotic and anti-

fungal agents. This results in mortality rates up to 90% in invasive fungal infections. 1-3 

Administration of donor granulocytes in addition to antibiotic and antifungal drugs to 

critically ill patients with refractory infections may be a last resort, but data from large 

randomized controlled trials demonstrating its benefi ts are lacking. Nevertheless, 

there are data suggesting less infection-related mortality in pediatric 4-10 and adult pa-

tients 11-16 when suffi cient numbers of granulocytes are transfused16 . To obtain these 

numbers for donation, donors are pretreated with granulocyte-colony-stimulating 

factor (G-CSF) and dexamethasone (GTX) for granulocyte mobilization from the bone 

marrow, 12-16 hours prior to leukapheresis. We previously showed that these granu-

locytes function well 17,18, although there is a signifi cant partial Candida killing defect 

observed19. Also, donor recruitment may be demanding, entails the risk of too few 

available donors and can be considered unethical in countries where patients or their 

families are responsible for their own donor recruitment among friends and family.

Donors undergo extensive medical investigation before pretreatment and are allowed 

to donate up to four times, whereas the recipients usually need more transfusions due 

to the short granulocyte lifespan combined with (often) prolonged neutropenia. To 

bypass any concerns to use growth factors and corticosteroids in healthy donors, 

the logistic burden and the reduced antifungal cytotoxicity, granulocytes from pooled 

buffy-coats (BCN) might be a good alternative source for transfusion. In some coun-

tries there is already a signifi cant increase in BCN requests20, BCN are readily available 

in the regular blood production process, and there is some evidence that BCN are an 

appropriate alternative to GTX for transfusion20.

This study provides a new buffy coat-derived transfusion product, with high purity 

and small volume. It builds upon the work of Bashir et al to use granulocytes from 

pooled buffy coats for transfusion and by our knowledge, it is the fi rst to offer an ex-

tensive comparison between the functionality of BCN, GTX and control granulocytes. 

We found that BCN functions are equivalent to those of GTX and controls, evidenced 

by adequate adhesive and chemotactic ability, oxidative (NADPH oxidase-dependent) 

and non-oxidative (granular) killing mechanisms and the activation status. Importantly, 

their main task, microbicidal killing, was unaffected and the cells - in contrast to the 

GTX granulocytes - showed a completely intact fungal killing. The reduced viability of 

BCN compared to GTX was expected, although it was normal when compared to con-

trol granulocytes. BCN form a potentially interesting alternative to GTX granulocytes.
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MATERIALS AND METHODS

Pooled buffy coat preparation, GTX donor pretreatment 

Two remainders from pooled buffy coats (5 buffy coats per pool), after the production 

of thrombocyte concentrates from overnight stored whole blood units (according to 

the methods as described by Bontekoe et al21) were pooled together in a bottom-and-

top (BAT) bag (Fresenius Kabi, Homburg, Germany) to obtain a suffi cient number of 

granulocytes. In total 250 ml NaCl 0.9% solution was added to decrease the viscosity 

of the mixture and improve the separation of blood components. The suspension was 

centrifuged for 4 minutes and 15 seconds at 1450 rpm (700 G) (Sorvall RC 12BP+, 

Thermo Scientifi c, Waltham, MA, USA) and separated in red cells, a ‘super’ buffy 

coat and a supernatant, with a Compomat G5 system (Fresenius Kabi, Bad Homburg, 

Germany).

Heparinized venous blood was collected from healthy control donors and from 

GTX donors who received 5 μg/kg body weight G-CSF subcutaneously and 8 mg 

dexamethasone orally 12-16 hours prior to donation.

The buffy coats and granulocyte concentrate samples from G-CSF/dexamethasone 

pretreated donors were obtained from healthy volunteer blood donors from Sanquin, 

the Dutch national blood bank. Written informed consent was obtained during the 

pre-donation procedure. The heparinized samples from healthy volunteer donors, 

after informed consent was given, were obtained via an internal system at Sanquin 

after consulting the Medical Ethical Committee from the Academical Medical Center 

Amsterdam. All these procedures are conducted in accordance with the 1975 declara-

tion of Helsinki as revised in 2013.

Granulocyte isolation and cell counts

Granulocyte isolation from healthy controls and G-CSF/dexamethasone pretreated 

donors was performed with a Percoll gradient with a density of 1.076 g/ml for the 

GTX and control granulocytes, and 1.074 g/ml for the BCN, as this last cell suspension 

is 18 hours old. Erythrocytes in the pellet were lysed with isotonic NH4Cl-KHCO3-

EDTA solution. Cells were resuspended in incubation medium (132 mM NaCl, 6 mM 

KCl, 1 mM CaCl2, 1 mM MgSO4, 1.2 mM potassium phosphate, 20 mM HEPES, 5.5 

mM glucose and 0.5% (w/v) human serum albumin, pH 7.4). Purity of the collected 

granulocyte s was >95%, as judged by cytospin.

Granulocyte counts were determined with an automated cell counter (Sysmex XT-

2000iV, Kobe, Japan), in 5- and 10-fold dilutions. Samples were taken before and 

after pooling, after irradiation and after component separation for the determination 

of cell recovery.
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Granulocyte function tests

Granulocyte immunophenotyping

The surface expression of several granulocyte antigens was assessed by direct fl ow 

cytometry (FACS), in which fl uorescein isothiocyanate (FITC)- or phycoerythrin (PE)- 

labelled monoclonal antibodies were used according to the manufacturer’s instruc-

tions. CD9, CD11b, CD18, CD55, CD59 and CD66b were from Sanquin (Sanquin 

Reagents, Amsterdam, Netherlands); EMR3, CD32, CD64 and CD177 were from AbD 

Serotec (Serotec, Oxford, UK); L-selectin and CD16 were from BectonDickinson (BD 

PharMingen, San Diego, CA, USA). Cells were used at a concentration of 5x106/ml. 

Per sample, 10,000 gated events were collected, and cells were gated based on their 

forward and side scatter.

Functional characteristics of isolated granulocytes

To assess granulocyte adhesion, cells were labeled with calcein-AM (1 μM fi nal con-

centration) (Molecular Probes, Leiden, Netherlands), incubated for 30 min. at 37 °C, 

and washed twice with phosphate-buffered saline (PBS). Calcein-labeled cells were 

resuspended in incubation medium at a concentration of 2x106/ml. Cells were incu-

bated with different stimuli in an uncoated 96-well Maxisorp plate (Thermo Fisher, 

Roskilde, Denmark) for 30 min at 37°C. After washing twice with PBS, Triton X-100 

(0.5% v/v) was added, and cell adhesion was assessed by measuring fl uorescence with 

the Infi nite F200-pro plate reader (Tecan, Männedorf, Switzerland).

Chemotaxis was measured with Fluoroblock inserts in a Falcon 24-well plate at a 

granulocyte concentration of 5x106/ml (Corning Inc., Corning, NY, USA), as described 

previous22.

NADPH oxidase activity after stimulation with zymosan (1 mg/ml), serum-treated 

zymosan (STZ, 1 mg/ml), phorbol-myristate acetate (PMA, 100 ng/ml) and Platelet Ac-

tivating Factor (PAF, 1 uM) followed by formyl-methionyl-leucyl-phenylalanine (fMLP, 1 

uM) (all from Sigma-Aldrich, St Louis, Mo, USA) as stimuli was assessed by measuring 

the hydrogen peroxide (H2O2) release with an Amplex Red kit at a granulocyte con-

centration of 1x106/ml (Life Technologies Carlsbad, CA, USA), as described before,22.

Protease release after degranulation was measured by degradation of fl uorescent 

DQ-green BSA (bovine serum albumin) (Life Technologies). Granulocytes at a concen-

tration of 2x106/ml were resuspended in Hepes buffer and incubated with DQ-BSA 

and 1 μM PAF or 5 ug/ml cytochalasin B for 5 min at 37°C. Then, the cells were 

stimulated with 1 μM fMLP or 100 ng/ml PMA (all stimuli were purchased from Sigma-

Aldrich, St. Louis, MO, USA). Also, an unstimulated control value and a 100% content 

value with Triton X-100 (1% w/v) were determined. Degranulation was assessed with 

the Infi nite F200-pro plate reader (Tecan).
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NET formation

250.000 Granulocytes were incubated on cover glasses (12 mm, Braunschweig, 

Germany) in a sterile 24-well plate (Nuclon Delta Surface, Thermo Fischer) at 37°C 

and 5% CO2 for 10 minutes, after which PMA (100 ng/ml) was added, and the cells 

were incubated for 3 hours at 37°C, 5% CO2. Cells were then fi xed with 3.7% (w/v) 

paraformaldehyde (PFA) in PBS. After overnight storage at 4°C cells were incubated 

with mouse anti-myeloperoxidase (MPO) (Abcam, Cambridge, UK) and rabbit anti-

elastase (neutrophil elastase, NE) (Sanquin) 1:500 in PBS/BSA for 30 minutes at room 

temperature. Then, the cells were washed with PBS/BSA and the NET components 

MPO, NE and DNA were stained red, green and blue, respectively, with secondary 

antibodies anti-mouse (Goat anti-Mouse 633 RD, 926-68070, Li-Cor, Bad Homburg, 

Germany) and anti-rabbit (Goat anti-rabbit IgG, 488, Life technologies) 1:500, and 

Hoechst (Sigma-Aldrich) 1:40,000. After 30 minutes, the cells were washed again 

and added on a coverglass with Mowiol® 4-88 (Sigma-Aldrich). NET formation was 

quantifi ed by confocal microscopy (TCS SP8, Leica, Wetzlar, Germany) as described 

earlier23. In short, for all groups (BCN, GTX, controls) at least 4 fi elds of 2922x2922 

μm were captured using a 40x objective lens. The same contrast was used for all 

images. Images from individual color channels (red for MPO, green for NE and blue for 

DNA) were exported to ImageJ (NIH). Contrast was adjusted to minimize background 

autofl uorescence and the same fl uorescent threshold was applied in all samples within 

the experiment. The MPO and NE stained areas were measured as the percentage of 

image area covered by positive fl uorescence staining per fi eld with ImageJ.

Microbial killing

Bacterial killing of both Gram-positive and Gram-negative pathogens by granulocytes 

was determined as described earlier24 . In short, Eschericia coli (strain ML-35) and 

Staphylococcus aureus (strain Oxford) were grown aerobically at 37°C in Luria Bertani 

(LB) Broth for three hours. Next, the pathogens were centrifuged, washed twice and 

resuspended on PBS at pH 7.4, after which they were resuspended in PBS and brought 

to an OD 600 of 1.0. The bacteria were opsonized with 10% (v/v) human pooled serum 

at 37°C for 15 minutes before incubation with granulocytes (5x106/ml) at a 5:1 ratio. 

At different timepoints, 50-μl samples were added to 2.5 ml of H2O/NaOH pH11, after 

which the samples were applied on LB Agar plates before overnight incubation. The 

next day, CFU’s were counted.

  Granulocyte killing of Candida albicans (strain SC5314) conidia was analyzed 

with the same method, although pathogens were now grown at 30°C, used at an 

OD625 of 0.2 and the killing assays were performed with both serum-opsonized and 

non-opsonized yeasts in a 4:1 ratio with granulocytes. Aspergillus fumigatus conidia 

(clinical isolate) were washed twice with PBS and resuspended in medium (RPMI-1640 
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without phenol red (Life Technologies)), with 10% (v/v) FCS and 2 mM glutamine). 

Thereafter, the conidia were incubated overnight at 37°C, 5% CO2 for hyphae out-

growth. The next day, hyphae were opsonized with 10% (v/v) human pooled serum for 

15 minutes at 37°C and granulocytes (0-1x105 cells) were incubated on the monolayer 

for 1 hour at 37°C. Granulocytes were lysed with H2O/NaOH pH11 and incubated with 

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue) for 

3 hours at 37 °C, 5% CO2. Acidic isopropanol (Isopropanol + 50mM HCl) was added 

and a plate reader (Infi nite F200-pro, Tecan) was used to measure the optical density 

at 570 nm.

Granulocyte viability

In a sterile 96-well plate, cells (2 x 106/ml) were incubated overnight at 37°C, 5% 

CO2 with either incubation medium or G-CSF (10 ng/ml). At desired timepoints, the 

percentage of viable cells was determined by Annexin-V (BD Pharmingen, Franklin 

Lakes, NJ, USA) and Hoechst (Sigma-Aldrich) staining and fl ow cytometry.

Statistics

After checking whether the data were normally distributed, a one-way ANOVA with 

post-hoc Tukey unpaired t-test was performed, comparing at all times two groups 

(e.g. BCN vs GTX, control vs BCN, control vs GTX). Data were considered signifi cant 

when p<0.05. Statistical analysis was performed with SPSS (IBM SPSS Statistics 23, 

Armonk NY)

RESULTS

Product characteristics

Since high numbers of granulocytes are essential for transfusion purposes16, we 

pooled 10 residual buffy coats from which we isolated the granulocytes. The BCN 

isolation occurred 18 hours after whole blood collection. We compared these BCN 

with GTX granulocytes and control granulocytes freshly purifi ed from healthy donors. 

Granulocyte counts in single buffy coats were 1.0±0.2 x 109 (N=9). One remainder 

from fi ve pooled buffy coats contained 3.8±1.5 x 109 granulocytes (N=20). After pool-

ing two remainders and generation of a new ‘super’ buffy coat, i.e. our transfusion 

product, the granulocyte yield was 5.6±1.5 x 109 granulocytes, with a mean volume 

of 56.1±6 ml (N=8; all counts are in mean±SD).

Normal expression of surface markers, adhesion and chemotaxis by buffy coat 

granulocytes
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BCN showed comparable expression of surface markers to controls, in contrast 

to GTX neutrophils. Immunophenotyping demonstrated a normal expression of the 

maturation marker EMR3, the adhesion molecule L-selectin (CD62L), the integrin CR3 

(CD11b/CD18) and the Fc-gamma receptors in BCN compared to fresh granulocytes, 

whereas on GTX granulocytes EMR3, L-selectin and Fc-gamma receptor IIIb (CD16) 

were reduced. DAF (CD55), CD66b, CD63 and CD64 were elevated in GTX compared 

to BCN and controls (Figure 1).

In line with the unaltered expression of CR3, CD16 and Fcɣ receptors, BCN normally 

adhered to various stimuli (Figure 2A). Chemotaxis was only slightly reduced towards 

the attractants C5a and IL-8, whereas the unstimulated BCN already demonstrated 

some activity (Figure 2B). Both adhesion and chemotaxis in GTX have been reported to 

be comparable to control granulocytes18. Also, no elevation of activation markers was 

seen on the cell membrane of BCN, which corresponds to the fact that no BCN activa-

tion is seen in degranulation and oxidase activity (Figures 2C and D, respectively).

Intact NADPH oxidase activity and degranulation in BCN

Granulocytes possess two major mechanisms for microbial killing. The NADPH oxidase 

system is an enzyme complex that produces Reactive Oxygen Species (ROS), used for 

the oxidative killing, whereas non-oxidative killing largely depends on the proteolytic 

content of granules. A third, not irrefutably proven killing mechanism is the formation 

of Neutrophil Extracellular Traps (NETs). Examination of H2O2 production by the NADPH 

oxidase system showed priming of fMLP-induced NADPH-oxidase activity by BCN (Figure 

2C). Granulocyte protease release, measured by the DQ-BSA assay, was comparable in 

buffy coat-derived granulocytes and fresh controls (Figure 2D). After PMA stimulation, 

NETs were formed equally in BCN, controls and GTX (Figure 3A and B).

Figure 1. Granulocyte immunophenotyping. Expression of various surface antigens on BCN was 
compared to granulocytes from healthy controls and granulocytes isolated after G-CSF/dexa-
methasone treatment of donors. Results are presented as MFI (mean ± SEM), signifi cant differ-
ences are indicated by * when p<0.05, ** when p<0.01 and *** when p<0.001. N=5-10.
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Candida killing is superior to that of GTX granulocytes 

The recognition of pathogens results in the activation of the NADPH oxidase system 

and non-oxidative killing mechanisms for microbicidal activity. Granulocyte-mediated 

killing of Gram-positive S. aureus, Gram-negative, E. coli, and the fungi C. albicans 

and A. fumigatus was tested.

The BCN showed a normal killing capacity of both E. coli and S. aureus, as compared 

to control- and GTX granulocytes (Figure 4A and B). A preformed A. fumigatus mono-

layer was as effi ciently degraded by the BCN as control and GTX granulocytes did 

(Figure 4C). Our group recently found that the GTX granulocytes showed a signifi cant 

defect of approximately 50% in the killing of non-opsonized and serum-opsonized 

Candida conidia19. BCN normally killed the non-opsonized and serum-opsonized 

Candida conidia when compared to control granulocytes (Figure 4D).

BCN survival as compared to GTX granulocytes

Upon release from the bone marrow, granulocytes have a half-life in the circulation 

of about 8-10 hours and a lifespan up to 5 days in the tissues, depending on ex-

Figure 2. Granulocyte functions. A) Granulocyte adhesion is presented as % adhesion towards 
different stimuli. B) Chemotaxis is presented as the maximal slope of cell migration towards 
different stimuli. C) H2O2 production by the NADPH oxidase system in nmol/106 granulocytes/
min. D) Granulocyte protease release after degranulation is shown in RFU/min. N=8. Results are 
presented as mean + SEM, with statistically signifi cant differences of p<0.05 listed with *, with 
** when p<0.01 and with *** when p<0.001.



C
hapter 12 

282

Figure 3. NET formation in response to PMA. A) Quantifi cation of NET release using fl uores-
cently conjugated MPO and NE antibodies, calculated by ImageJ. N=3 experiments, with 4 
fi elds/experiment analyzed. Results are presented as mean + SEM. B) Fluorescence imaging of 
NETs represented by MPO (red), elastase (NE, green) and DNA (blue) and a merge, are shown 
in BCN (left panel), control (middle panel) and GTX (right panel, made by confocal microscopy.

Table 1. Distinct composition of the G-CSF/dexamethasone-mobilized phagosomes after fusion 
with granules 

Protein Function

Major Basic Protein Homolog (MBPH) C-type lectin, cytotoxin

Resistin (RETN) Pro-infl ammatory

Poly(rC)-binding protein 1 (PCBP1) RNA binding

Serine/arginine-rich splicing factor 4 (SRSF4) RNA binding

Adenylyl cyclase-associated protein 1 (CAP1) Receptor resistin, fi lament dynamics

Lipocalin-2 (LCN2) Ferric siderophore, metalloprotease

Major Basic Protein (MBP) C-type lectin, cytotoxin

Eosinophil peroxidase (EPX) Peroxidase activity

Peptidoglycan recognition protein 1 (PGLYRP1) Peptidoglycan receptor

Vesicle-associated membrane protein 8 (VAMP8) Vesicular fusion

Grancalcin (GCA) Pro-infl ammatory

Neutrophils from healthy controls and G-CSF/dexamethasone-treated donors were stimulated with C. 
albicans for 45 minutes; subsequently, the phagosomes were isolated and analyzed by Mass Spectrom-
etry. The proteins that were signifi cantly decreased in the neutrophil phagosomes from the G-CSF/dexa-
methasone-treated donors as compared to untreated controls are shown. N=5, FDR = 0.05 and S = 0.6



C
hapter 12 

283

travascular activation by survival factors. Previous data showed considerably higher 

survival rates of GTX granulocytes 17,18,25. When the pooled neutrophil product has 

been prepared for use, the number of viable neutrophils is >95%, and comparable 

to the freshly isolated neutrophils or GTX neutrophil product currently used. After 

overnight incubation, GTX viability is generally superior to BCN, although not to a 

signifi cant extent (Figure 5A). BCN showed impaired overnight survival compared to 

control granulocytes after G-CSF incubation, whereas without G-CSF BCN survival 

was comparable to controls (Figure 5A). Survival pattern analysis showed higher sur-

Figure 4. Microbial killing of gram-negative and -positive bacteria and fungi.E. coliS. 
aureus’Aspergillus fumigatusCandida albicansppp
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vival rates in buffy coat-derived granulocytes with G-CSF incubation over fresh control 

granulocytes without G-CSF incubation (Figure 5B).

DISCUSSION

To the best of our knowledge, this is the fi rst study that directly investigates the fea-

sibility and function of buffy-coat-derived granulocytes (BCN) as an alternative for the 

G-CSF/dexamethasone-preactivated granulocyte transfusion product (GTX) under the 

same conditions tested. We have extended the work of Bashir et al. who investigated 

the buffy-coat derived product used in the UK20, where GTX-derived granulocytes 

are less frequently used due to legal limitations, in two ways. First, the UK pooled 

buffy coat-derived product is different from the product produced and characterized 

Figure 5. Granulocyte viability A) Granulocyte apoptosis with (black bars) or without (grey bars) 
overnight incubation with G-CSF, shown by AnnexinV/Hoechst staining on FACS. Data indicated 
as mean + SEM, N=5-9. B) Apoptosis in time of BCN incubated with G-CSF , BCN without G-CSF, 
fresh controls with G-CSF and without G-CSF, shown by Annexin V/Hoechst staining on FACS. 
N=2. Data shown as mean with statistically signifi cant differences of p<0.05 listed with *, with 
** when p<0.01 and with *** when p<0.001.
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in this study. Bashir et al. use a product made from the pooled buffy coats from 10 

whole blood donations, Platelet Additive Solution (PAS) and plasma, which results in 

a product with 1x1010 granulocytes in 200-250 ml. 26. This product is big in volume, 

high in platelet numbers and relatively high in red blood cells, while our end product 

from 10 residual buffy coats is low in platelets, which is a benefi t on itself when taking 

into account a recent publication on the safety of platelet transfusions27, low in red 

blood cells and has a volume of only 56 ml. Both Bashir’s pooled product and our 

product are 16-20 hours old when the transfusion product is being made. Second, the 

neutrophils are characterized in more detail. Bashir et al described granulocyte num-

bers, viability, chemotaxis, oxidative burst, E. coli-induced phagocytosis and cytokines 

in the supernatant. We added adhesion, degranulation, immunophenotyping, NET 

formation, bacterial and fungal killing. Especially assessing the microbial killing is of 

great importance in a product used in neutropenic patients. The product analyzed in 

the present study ensures an optimal use of the donor gift, as the buffy coats used are 

residual material after thrombocyte concentrate production. Our study demonstrates 

that BCN may be a promising alternative for GTX granulocytes in clinical settings, 

which is important as numbers of neutropenic patients are increasing, antibiotic 

and antifungal resistance is rising and some countries report a signifi cant increase in 

requests for buffy coat-derived granulocytes1-3,20,28.

The amount of granulocytes transfused is vital for the effect of the transfusion. The 

pooled buffy coats contain approximately 5.6 x 109 granulocytes, while GTX donors 

produce 1-5 x 1010 5,18,29,30. At least 1 x 1010 granulocytes are necessary to reduce 

infection-related mortality in adult patients with neutropenia or granulocyte dysfunc-

tion6,16,20,31-34 35 and 1.4-3 x 108 granulocytes/kg body weight is recommended for chil-

dren36. The biggest part of the granulocyte loss is due to the leukocyte reduction fi lter 

used during the production of the thrombocyte concentrate, which contains 3.4±0.7 

x 109 granulocytes (N=6, mean±SD). Whereas it is easy to fl ow these granulocytes 

back into the residual buffy coat, tests pointed out that these granulocytes probably 

have an activated phenotype shown by immunophenotyping and high unstimulated 

adhesion and chemotaxis and are thus not suitable for transfusion (data not shown). 

Despite the possible induction of HLA-antibodies, even in neutropenic patients37,38, we 

recommend transfusion of two bags of buffy coat-derived granulocytes over fl owing 

back the “fi lter neutrophils”. Doing this does not exceed the amount of donors and 

thus possible HLA antibody production compared to the Bashir product. This product 

showed similar HLA-alloimmunization rates compared to other studies39.

We showed that granulocyte basic functions (adhesion, chemotaxis, degranulation 

and NADPH oxidase activity), which are affected in aging granulocytes40,41 are well 

preserved in 18-hour-old BCN, compared to GTX and controls. . Earlier studies showed 

similar results for GTX granulocytes18. C5a- and IL-8-induced chemotaxis of BCN was 
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found to be slightly reduced, which may be a result of overnight whole blood storage 

and use of buffy coats for the production of thrombocyte concentrates prior to usage 

of the residual white cells. However, the impact of this chemotactic ability cannot be 

directly translated to the in-vivo situation. Also, the fMLP-induced NADPH-oxidase ac-

tivity seems to be elevated, which can be considered as a priming effect42-44. Whether 

this means that these cells are more dangerous or more benefi cial to the recipient is 

hard to predict. In fact, fl ow cytometry showed no signs of BCN activation as such, 

as the granulocyte activation markers CD11a, CD11b, CD16, CD18, L-selectin, CD63, 

CD64 and CD177 were comparable to control granulocytes. Together, the fi ndings 

suggest that BCN are primed, but not activated. In contrast, BCN had a normal expres-

sion of EMR3, while it is reduced in GTX granulocytes, suggesting that these GTX 

granulocytes have not reached full maturation yet upon release from the bone mar-

row. The same reasoning may explain the reduced L-selectin and CD16 expression and 

modest elevations of CD55, CD66b and CD64 on the surface of GTX granulocytes.

Both non-oxidative and oxidative bacterial and fungal killing mechanisms of BCN 

are comparable to control granulocytes. However, killing of Candida albicans conidia is 

signifi cantly impaired in GTX granulocytes19, while this pathogen is an important cause 

of neutropenic fever, sepsis and death, with mortality rates up to 40-60%45-47. This 

might be a result of the immaturity of the GTX granulocytes and – as a consequence 

- of differences in granular content relevant to Candida killing48-53. More specifi c, Ga-

zendam et al. showed that several antimicrobial granule proteins were reduced in GTX 

granulocytes, especially Major Basic Protein (MBP). This protein showed to be candida-

cidal, which was confi rmed by impaired Candida killing of neutrophil-like Crisp-Cas9 

NB4-KO-MBP cells. Aspergillus hyphae, on the other hand, are normally killed by GTX 

as well as by BCN. Thus, it appears that BCN kill the bacterial and fungal pathogens as 

effi ciently as control granulocytes do, whereas the GTX granulocytes show a selective 

defect in the killing of Candida albicans tested under similar conditions.

The survival pattern analysis showed reasonable survival of the buffy coat-derived 

cells after ex-vivo G-CSF incubation, which we hypothesize to mimic the situation 

after transfusion, as neutropenic patients are usually having increased G-CSF levels 

and/or receive daily G-CSF treatment to induce the in-vivo granulocyte production by 

endogenous hematopoiesis.

The combination of a lower granulocyte yield and a shorter lifespan is a possible 

disadvantage of BCN, because – as mentioned before – only transfusion of adequate 

amounts of well-functioning granulocytes is effective. Nevertheless, this can be re-

solved by transfusing more frequently, and/or more buffy pools. As remainders after 

production of buffy coat-derived platelet concentrates are readily available in the 

blood bank process, and the volume of the transfusion product is low (approximately 

56 ml), it is no problem to transfuse even two or more of these products.
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In conclusion, buffy coat-derived granulocytes show good functional performance, 

can be made readily available as a transfusion product during the regular blood cell 

production process, and would take away any concern to use growth factors and 

corticosteroids in healthy donors and the logistic issues around GTX production.
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WHEN NEUTROPHILS MEET MICROBES

Neutrophils are important cells in the prevention of invasive bacterial and fungal infec-

tion. Neutrophils derived from knock-out mice have emonstrated the role of pathogen 

recognition receptors (PRRs), signal transduction pathways and cytotoxicity in the anti-

microbial immune response. We have studied in this thesis the antimicrobial function 

of neutrophils from patients with novel primary immunodefi ciencies (PIDs), resulting 

in a susceptibility to bacterial and fungal infections. Experiments with these human 

“knock-out” neutrophils have expanded our knowledge about the role of PRRs and 

signaling in microbial killing in humans. Neutrophils have distinct mechanisms for the 

killing of S. aureus, E. coli, C. albicans or A. fumigatus conidia and hyphae (Figure 1). 

The formation of Neutrophil Extracellular Traps (NETs) is not required for the killing of 

C. albicans or A. fumigatus. G-CSF/dexamethasone-mobilized neutrophils used for 

transfusion purposes, are impaired in Candida yeast killing, but normally kill bacterial 

and fungal pathogens.

PATHOGEN RECOGNITION RECEPTORS

Neutrophils express soluble and membrane bound PRRs for the recognition of bacterial 

and fungal PAMPs, including C-type lectin receptors (CLRs), Toll-like receptors (TLRs), 

integrins and Fc-gamma receptors (FcγRs)1,2. We have determined the role of several 

PRRs in the microbial killing by human neutrophils (Chapter 9, 10, Figure 1), The hu-

man CLRs dectin-1 (CLEC7A), dectin-2 (CLEC4A) and mincle (CLEC4D) are expressed 

by neutrophils as highly homologous members of a large family of transmembrane 

proteins with carbohydrate recognition domains. The CLRs activate the cells following 

binding of their respective ligands in a highly selective fashion.

In experimental models, CLRs were shown to be essential in the murine neutrophil-

cytotoxic response towards Candida, and dectin-1 and dectin-2 towards Aspergillus3-7. 

In humans dectin-1 defi ciency is characterized by Chronical Mucocutaneus Candi-

diasis (CMC), and no bacterial or invasive fungal infections have been reported in 

these patients to date8. In the immunocompromised host, polymorphisms in dectin-1 

are associated with aspergillosis9. Neutrophils derived from dectin-1-defi cient patients 

are completely normal in the recognition and killing of both A. fumigatus and C. 

albicans10. This illustrates the different role ofdectin-1 on granulocytes from mice and 

men. Dectin-1 on human monocytes and dendritic cells is required for the production 

of cytokines and for the polarization of T cells to control the adaptive fungal immune 

response and to prevent CMC11,12.
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Dectin-2 and mincle, unlike dectin-1, associate with the γ chain of the FcγR and its 

ITAM domain to activate signal transduction pathways7,13. One recent report claims 

that only upon IL-6/IL-23 stimulation dectin-2 is upregulated on human neutrophils 

and is involved in the autocrine IL-17 production and cytotoxic response against A. 

fumigatus14. In contrast, we found under physiological conditions dectin-2 expression 

on neutrophils by western blot and fl ow cytometry15. HEK293 cells transfected with 

the dectin-2 or mincle receptors did not bind Candida conidia.10 We could not validate 

the potential blocking antibodies against dectin-2 or mincle, and dectin-2- nor mincle-

defi cient-patients have been identifi ed to date. Whether there is a role for dectin-2 or 

mincle on human neutrophils remains to be elucidated.

 The integrin CR3 is highly expressed on human neutrophils and is the major recep-

tor for the recognition of β-glucans16. Leukocyte Adhesion Defi ciency (LAD) patients, 

either defi cient in CR3 (LAD-I) or the CR3-activation protein kindlin3 (LAD-III), are 

susceptible to bacterial and invasive fungal infections17,18. The neutrophils from LAD 

patients demonstrate impaired phagocytosis and killing of C. albicans and A. fu-

migatus conidia10. CR3 is also able to bind iC3b-opsonized particles, which facilitates 

recognition and killing by neutrophils19. In serum, other opsonins, such as IgGs, are 

present. We have found that the neutrophil-mediated killing of Aspergillus hyphae 

strictly depends on the recognition of opsonizing IgGs by FcγRs and that complement 

nor CR3 is involved. In contrast, Candida and Aspergillus conidia are recognized and 

killed independently of opsonins10. Neutrophils from healthy controls are not able to 

kill unopsonized S. aureus and E. coli. LAD patients normally kill serum-opsonized S. 

aureus and E. coli (data not included in the thesis). Neutrophils are further armed with 

prestored soluble PRRs in their specifi c granules, including PTX3, which may facilitate 

the cytotoxic response against A. fumigatus20.

Furthermore, TLRs have been shown in mouse models to be involved in the immune 

response towards both bacterial and fungal pathogens. In humans, polymorphisms 

in TLRs have also been associated with bacterial and fungal infection. We did not 

investigate the role of single TLRs in the neutrophil-mediated microbial killing, but 

we have tested neutrophils from IRAK4-defi cient patients, which are defi cient in all 

neutrophil-expressed TLRs21. This will be discussed in the next section.

In summary, human neutrophils depend on the lectin-binding site of CR3 for the 

killing of unopsonized C. albicans and A. fumigatus conidia, but not on dectin-1. 

Even though complement activation on the membrane of microbes does occur, the 

neutrophil-mediated killing of serum-opsonized Candida, Aspergillus conidia and 

hyphae seems to depend strictly on the recognition of IgGs by FcγRs, and not on 

serum complement as such. The killing of S. aureus and E. coli by human neutrophils 

depends on serum-opsonization independently of CR3 (Figure 1).
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SIGNAL TRANSDUCTION PATHWAYS 

The recognition of PAMPs by PRRs results in the activation of signal transduction 

pathways to elicit a cytotoxic response. In response to yeast, the ITAM-like motif in the 

cytoplasmic tail of dectin-1 is phosphorylated, and Syk is recruited to activate CARD9 

for NFκB translocation and the production of cytokines22. CARD9-defi ciency has been 

associated in mouse models with susceptibility to bacteria, Candida and Aspergillus 

species23,24. In humans, the fi rst reports showed that CARD9-defi cient patients typi-

cally suffer from invasive Candida meningitis15,25. More recently, CARD9 defi ciency has 

been associated with deep dermatophytosis, fungal liver abcesses and colitis26-28. We 

found that the neutrophils from CARD9-defi cient patients are impaired in the killing 

of unopsonized Candida, resulting in the outgrowth of hyphae in an overnight ex 

vivo assay10 (chapter 2, 3 and 9). Opsonization of the Candida with IgGs or GM-CSF 

treatment of the neutrophils restored the observed killing defect in CARD9 defi ciency 

(Figure 2)10. Consequently, it might be that the Candida meningitis is caused by the 

Figure 1. Neutrophil-mediated killing mechanisms of Aspergillus and Candida spp.
The role of Pathogen Recognition Receptors (PRRs), signal transduction pathways and effector mecha-
nisms in the neutrophil-mediated killing of Aspergillus and Candida conidia or Aspergillus hyphae.
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lack of IgGs in the brain. Thus far, one CARD9-defi cient patient has been successfully 

treated with GM-CSF29. How GM-CSF or IgG treatment induces CARD9-independent 

Candida killing and whether GM-CSF administration represents an effective treatment 

in CARD9 defi ciency, still needs to be established.

Recently, neutrophilic myeloid-derived supressor cells (MDSC) have been suggested 

to be involved in a CARD9-dependent manner for the host defense against Candida 

but not Aspergillus infection30. However, the mechanism of such involvement remains 

unclear and cannot be easily distinguished from plain neutrophils. Sofar, two CARD9-

defi cient patients with aspergillosis have been identifi ed (chapter 4). The neutrophils 

derived from this patient showed a normal inhibition of Aspergillus germination and 

a normal killing of the hyphae. Moreover, bacterial killing by CARD9-defi cient neutro-

phils is also completely normal (chapter 2). This indicates that CARD9 has a different 

role in murine and human neutrophils for the killing of Aspergillus, and that CARD9 is 

selectively involved in the neutrophil-mediated antifungal cytotoxic response towards 

Candida but has no considerable if any role in the host defense against Aspergillus or 

bacteria10.

It has further been reported in a mouse model that Candida stimulation triggers 

dectin-1 and signals via PKCδ for the phosphorylation of CARD9 in murine bone 

*

Figure 2. GM-CSF treatment and IgG opsonization restores the CARD9-related Candida killing 
defect and normal killing of Aspergillus hyphae
(A) Untreated or GM-CSF-treated neutrophils from healthy controls and two unrelated CARD9-defi cient 
patients were co-cultured overnight with unopsonized or IgG-opsonized C. albicans, and the clusters 
of hyphae were assessed microscopically. The method and patient characteristics were previously de-
scribed10. (B) Neutrophils from healthy controls and two unrelated CARD9-defi cient patients were incu-
bated for one hour on a monolayer of serum-opsonized A. fumigatus hyphae. The A. fumigatus viability 
was measured with the MTT assay, and the percentage of viable Aspergillus hyphae was calculated 
related to the viability after incubation without neutrophils. Results are means ± SEM of at least three 
independent experiments. * P < 0.05.
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marrow-derived dendritic cells (BMDCs)31. We have studied the neutrophils from 

several PKCδ-defi cient patients who clinically suffer from autoimmunity and infec-

tions32,33. The neutrophils from PKCδ-defi cient patients are defective in both bacterial 

and Candida killing but normally kill Aspergillus conidia and hyphae34(chapter 6). 

Other PKC family members, PKCα and PKCβ, have been reported to be activated 

by FcγRs and regulate the generation of antimicrobial ROS by the NADPH oxidase 

system35. Neutrophils incubated with the PKCβ inhibitor ruboxistaurin are impaired in 

ROS production and fail to kill S. aureus, E. coli, C. albicans and Aspergillus hyphae 
10(unpublished data).

The integrin CR3 activates phosphoinositide 3-kinase (PI3K) upon β-glucan stimula-

tion36. Human neutrophils treated with the PI3K inhibitors wortmannin or LY294002 

are impaired in the killing of Candida and Aspergillus spp 10(chapter 9, 10). The role of 

PI3K in the bacterial killing needs to be determined.

Receptor-associated JAK kinases are able to phosphorylate the transcription factors 

STAT3 and STAT137-39. Patients with the hyper IgE syndrome (HIES) due to mutations in 

STAT3 suffer from aspergillosis and mucocutaneous candidiasis37,38. Gain-of-function 

(GOF)-STAT1 mutations result in autosomal-dominant CMC, autoimmunity or even 

an early-onset IPEX-like syndrome39 characterized by infl ammation of the skin. We 

found that neutrophils from HIES-patients with mutations in STAT3 showed a normal 

cytotoxic response against A. fumigatus and were slightly impaired in C. albicans kill-

ing, but not as strongly as CARD9-defi cient neutrophils (Figure 3). The Candida killing 

by GOF-STAT1 mutated neutrophils appeared to be normal (data not shown). The 

susceptibility to aspergillosis and CMC in STAT3 dominant-negative or GOF-STAT1 

mutations may result from the role of these transcription factors in lung epithelium 

homeostasis, as well as the defective Th1 and Th17 response and Aspergillus-mediated 

attraction of neutrophils39,40. The recently described STAT3-GOF mutation is associ-

ated with bacterial infections in particular41. The antimicrobial function of STAT3-GOF 

neutrophils would be an interesting topic of investigation.

Furthermore, TLRs signal through the kinase interleukin-1 receptor-associated 

kinase 4 (IRAK4) for the activation of NFκB, ERK(MAPK) an p38MAPK (MAPK3)42. 

Patients with an IRAK4 defi ciency are highly susceptible to pneumococci and other 

bacterial pathogens but do not suffer from fungal infections42. Neutrophils derived 

from IRAK4-defi cient patients demonstrated a normal killing of bacterial and fungal 

pathogens21. Interestingly, the proinfl ammatory cytokine response by IRAK4-defi cient 

monocytes and neutrophils in response to TLR ligands, but also to intact viable bacte-

rial and fungal pathogens (both unopsonized and serum-opsonized) was found to be 

completely abrogated (chapter 8; unpublished data).

Overall, human neutrophils depend on the signaling protein CARD9 for the killing of 

unopsonized Candida, and CARD9-defi ciency is characterized by invasive candidiasis. 
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Even though aspergillosis is found in only rare cases, CARD9 seems not involved in 

the human neutrophil-mediated cytotoxic response towards Aspergillus. The signal-

ing proteins PKC and PI3K are involved in Candida and Aspergillus killing by human 

neutrophils. PKCα/β are involved in the NADPH-oxidase-dependent and PKCδ in the 

NADPH-oxidase-independent neutrophil-mediated bacterial and fungal killing. STAT1 

signaling is important in the control of CMC, but is dispensable for Candida killing by 

human neutrophils. STAT3-defective neutrophils are impaired in Candida killing and 

normally kill Aspergillus. Although TLRs recognize fungal and bacterial PAMPs and 

signal through IRAK4, this TLR-mediated signaling pathway seems not to be involved 

in the neutrophil-mediated microbial killing, but instead in the production of cytokines 

by neutrophils and monocytes. (Figure 1)

CYTOTOXICITY: NADPH OXIDASE ACTIVITY AND NET FORMATION

The activation of signal transduction pathways elicits cytotoxic responses, including 

ROS production by the NADPH oxidase system, the formation of Neutrophil Extra-

cellular Traps (NETs) and the release of granula-derived proteases and microbicidal 

peptides43.

*

Figure 3. STAT3-defi cient neutrophil killing of Candida and Aspergillus spp.
(A) Neutrophils from healthy controls or AD-HIES-STAT3-defi cient patients were co-cultured overnight 
with unopsonized or IgG-opsonized C. albicans, and the inhibition of germination was assessed micro-
scopically10. In both patients, a V637M mutation in the STAT3 gene has been identifi ed. The clusters of 
Candida hyphae were quantifi ed by confocal microscopy. (B) Neutrophils from healthy controls and two 
AD-HIES-STAT3-defi cient patients were incubated for one hour on a monolayer of serum-opsonized A. 
fumigatus hyphae. The A. fumigatus viability was measured with the MTT assay, and the percentage of 
viable Aspergillus hyphae was calculated related to the viability after incubation without neutrophilsRe-
sults are means ± SEM of at least three independent experiments. * P < 0.05.
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Chronic Granulomatous Disease (CGD) is the fi rst primary immunodefi ciency 

identifi ed related to an impaired neutrophil cytotoxic response. When one of the 

cytosolic (p47phox, p67phox) or membrane-bound (gp91phox, p22phox) components of the 

NADPH oxidase system is lacking or non-functional, this results in failure to produce 

antimicrobial Reactive Oxygen Species (ROS)44-46. CGD patients suffer from recurrent, 

severe invasive bacterial and fungal infections47. Wu et al. demonstrated that in 

murine bone marrow-derived macrophages CARD9 regulates intraphagosomal ROS 

production in response to intracellular bacteria48. However, human CARD9-defi cient 

neutrophils produce normal amounts of ROS in response to fungal stimuli10(chapter 

2). Neutrophils from CGD patients show a normal cytotoxic response towards un-

opsonized Candida but fail to inhibit the growth of serum-opsonized Candida10. 

We found that neutrophils possess distinct mechanisms for the CARD9-dependent 

killing of unopsonized Candida and the NADPH oxidase-dependent killing of serum-

opsonized Candida10(chapter 9). CGD neutrophils are completely defective in the 

killing of A. fumigatus hyphae, whereas these cells normally inhibit the germination 

of A. fumigatus conidia (chapter 10). This suggests that once the Aspergillus conidia 

succeed in germinating into hyphae, CGD patients are at risk to develop aspergillosis. 

Most studies used heat- or formalin-killed pathogens as stimuli, resulting in controver-

sial results. Instead of these non-physiological stimuli, we use dintact viable pathogens 

and found that CGD-monocytes show a pro-infl ammatory by response towards fungi, 

but not towards bacterial species (chapter 8). This may indicate that the trigger of the 

infl ammatory status in CGD is largely caused by fungi and not bacteria.

Recently, a novel CGD subtype, p40phox defi ciency, has been identifi ed in only a 

few patients thus far49,50. The human p40phox-defi cient neutrophils show a defective 

ROS production to bacteria and a partial reduction in response to A. fumigatus and 

C. albicans (data not included in the thesis). In line, the p40phox-defi cient neutrophils 

are impaired in S.aureus killing, but normally kill C. albicans and A. fumigatus, such 

as colitis, . The p40phox-defi cient suffer from anti-infl ammatory organ involvement 

being one of the pathological symptoms such as colitis. The patients do not show 

recurrent bacterial or fungal infections as observed in the other, more classical CGD 

subtypes47,50. A distinct requirement of the NADPH oxidase components in response 

to bacterial and fungal pathogens seem to result in susceptibility to infl ammation but 

not infection in p40phox-defi cient patients.

In the last decade it has been proposed that neutrophils possess a novel cytotoxic 

mechanism by the formation of NETs, which are weblike chromatin structures deco-

rated with histones, granule-derived proteases and antimicrobial peptides51. Whether 

NETs are able to directly kill microbes is under debate. A study on a single CGD patient 

with aspergillosis suggests that gene therapy restored NET formation and resulted 
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in the resolution of the aspergillosis52. However, the recovery of the NADPH-oxidase 

activity in this CGD patient most likely resulted in the improved clinical condition. 

Subsequently, Bianchi et al. proposed that the calprotectin derived from the NETs is 

essential in the control of Aspergillus infection53. In contrast to these observations, 

DNAse treatment of neutrophils incubated with Aspergillus hyphae prevented NET 

formation without any effect on the killing (chapter 10). Neutrophils from MPO-

defi cient patients that were preactivated with PMA (and treated with cytochalasin B at 

the same time to prevent uptake of particles) are impaired in the inhibition of Candida 

germination54. These MPO-defi cient neutrophils are defective in NET formation, and 

the authors proposed that this contributes to the observed Candida infections in 

patients with MPO defi ciency54. On the other hand, neutrophils from patients with 

mutations in cathepsin C, resulting in the Papillon-Lefèvre syndrome (PLS), are defec-

tive in NET formation, but these patients do not show any susceptibility to bacterial or 

fungal infections55,56. We found that addition of DNAse to neutrophils has no effect 

on the cytotoxic response towards Candida10 (chapter 9). Mutations in NBEAL2 result 

in the Gray Platelet syndrome (GPS), which is characterized by a loss of α-granules 

in platelets, causing a bleeding disorder and eventually fatal bone-marrow fi brosis57. 

GPS neutrophils appeared to be impaired in NET formation (apart from being partially 

defi cient in their specifi c granule content as well). The GPS neutrophils normally kill 

bacterial and fungal pathogens, and the GPS patients are not noticeably susceptible 

to microbial infections (chapter 7).

To summarize, neutrophils with a defi ciency of the cytosolic p47phox or p67phox or 

the membrane-expressed gp91phox or p22phox components of the NADPH oxidase 

system are impaired in the killing of serum-opsonized Candida conidia and Aspergillus 

hyphae. The novel CGD subtype p40phox defi ciency demonstrates that these human 

neutrophils are impaired in bacterial-induced ROS production and bacterial killing, but 

only partly impaired in fungi-induced ROS production and fungal killing. Neutrophils 

from GPS patients are impaired in NET formation, but normally kill bacteria and fungi. 

Moreover, PLS and GPS patients are not susceptible to microbial infections, which 

suggests that NETs may not be strictly required in the human innate antimicrobial 

immune response, if involved at all (Figure 1).

CYTOTOXICITY: GRANULES

Furthermore, during granulopoiesis cytotoxic proteins and peptides are synthesized 

and stored in granules. These granular contents can be released by the mature neutro-

phil upon activation, which is a highly effective cytotoxic mechanism58. MPO derived 

from the azurophilic granules converts H2O2 into the highly toxic and antimicrobial 
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HOCl59. Neutrophils from MPO-defi cient patients are impaired in the intracellular 

killing of Candida conidia, and this may contribute to their susceptibility to fungal 

infections10,60. MPO-defi cient neutrophils are impaired in S. aureus killing, but these 

patients do not suffer from recurrent bacterial infections. The killing of Aspergillus 

hyphae by MPO-defi cient neutrophils was also defective, whereas the inhibition of 

Aspergillus germination was normal (chapter 10). Aspergillus infections have not been 

reported in MPO defi ciency61. This can be explained by the normal capacity to prevent 

Aspergillus germination or by the fact that a complete MPO defi ciency is extremely 

rare and the full clinical spectrum as yet unknown61.

The neutrophil azurophilic, specifi c and tertiary granules contain pathogen rec-

ognition receptors, opsonins, anti-microbial peptides, and proteases involved in the 

cytotoxic response58. Mutations in the endoplasmic reticulum transmembrane protein 

jagunal homolog type 1 (JAGN1), involved in vesicle transport, cause congenital 

neutropenia in humans and a paucity of granules62. The Jagn1 knock-out mouse has 

normal numbers of neutrophils but with a defi ciency of granules, which results in 

a neutrophil-mediated Candida killing defect and susceptibility to candidiasis63. A 

knock-out mouse of the serine proteases elastase and cathepsin G in the azurophilic 

granules demonstrates that these proteins are dispensable in the control of aspergil-

losis64. The recent identifi cation of a PLS patient reveals that the neutrophils lack the 

serine proteases without any susceptibility to fungal infection55. Human neutrophils 

treated with inhibitors against elastase and cathepsin G show a normal cytotoxic 

response against Candida and Aspergillus 10(chapter 9, 10). Incubation of neutrophils 

with the calcium chelator BAPTA with neutrophils resulted in the impaired mobiliza-

tion of azurophil granules, but not specifi c granules. BAPTA-treated neutrophils were 

defective in Aspergillus hyphae killing, but normally inhibited the germination of 

Aspergillus conidia. (chapter 10)

Neutrophils from GPS patients, with a defi ciency in the content of specifi c granules 

normally kill bacteria and fungi, apart from a slight delay in Aspergillus hyphae kill-

ing. The reason for the slight delay in Aspergillus hyphae killing could be that GPS 

specifi c granules are almost completely devoid of the soluble opsonin PTX3, possibly 

in addition to other contents, including lactoferrin, which is essential in the control 

of aspergillosis65,66 (chapter 10). An increase in neutrophil numbers overcomes the 

slight impairment in Aspergillus hyphae killing underscoring the fact that GPS patients 

are not known to suffer from Aspergillus. We found that the neutrophil-mediated 

inhibition of Aspergillus conidia depends on the sequestration of iron by lactoferrin.

Another immunodefi ciency related to the function of the granules is Familial Hemo-

phagocytic Lymphohistiocytosis type 5 (FHL-5), characterized by a defi ciency of the 

syntaxin-binding protein Munc18-2, which is required for fusion of granules with, but 

the membrane67,68. FHL-5 neutrophils were impaired in E. coli and C.albicans killing. 
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the killing of S. aureus and A. fumigatus hyphae was not severely impaired. This 

demonstrates that the granule-mediated killing is involved in E. coli and C. albicans 

killing, whereas the killing of S. aureus and A. fumigatus hyphae largely depends on 

NADPH oxidase activity. FHL-5 patients suffer from a complex syndrome, including 

macrophage activation, hemophagocytosis and a variety of infections that may or may 

not trigger the recurrent episodes of infl ammation and hemophagocyosis67,68.

Thus, we found that in particular the azurophilic granules including MPO are 

involved in neutrophil-mediated Candida and bacterial killing. Neutrophil-mediated 

Aspergillus hyphae killing depends on the NADPH oxidase activity and the chlorination 

by MPO. Lactoferrin and PTX3 derived from the specifi c granules contribute to the 

inhibition of Aspergillus germination (Figure 1).

GRANULOCYTES FOR TRANSFUSION PURPOSES

We have investigated the antimicrobial capacity of neutrophils for transfusion pur-

poses (chapter 11 and 12). In the current medical practice, friends and family from the 

patient are recruited to be granulocyte donors. These donors are treated with G-CSF/

dexamethasone for the mobilization and increase in the number of circulating neutro-

phils. We have previously shown that transcriptional activtivity of the genes involved in 

the innate immune response aredownregulated in G-CSF/dexamethasone-mobilized 

neutrophils, including CARD969. However, we subsequently found that the CARD9 

protein level – essential in Candida killing by human neutrophils – was still expressed 

at a normal level in G-CSF/dexamethasone-mobilized neutrophils as compared to 

control neutrophils. Nonetheless, the G-CSF/dexamethasone-mobilized neutrophils 

were clearly impaired in the killing of Candida conidia, yet normally killed bacteria 

and Aspergillus. Following normal Candida phagocytosis, analysis of purifi ed G-CSF/

dexamethasone-mobilized phagolysosomes by mass spectrometry demonstrated that 

major constituents of the antimicrobial granule components, including Major Basic 

Protein (MBP), were reduced. MBP has a lectin-binding domain and may therefore 

specifi cally recognize fungi. Purifi ed MBP showed candidacidal activity and neutrophil-

like NB4 cells in which MBP had been knocked out by Crisp-Cas9 technology  were 

impaired in Candida killing. The Candida hyphae killing was as effi cient by G-CSF/

dexamethasone-mobilized neutrophils as compared to control neutrophils. Thus, the 

GTX neutrophils may still be of some advantage in the treatment of critically ill pa-

tients with candidiasis. On the other hand, we found that granulocytes derived from 

pooled buffy-coats normally kill Candida, Aspergillus spp and bacterial pathogens. 

Since these neutrophils are readily accessible for transfusion purposes, it is an interest-

ing alternative for further research.
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CONCLUSIONS 

The identifi cation and studies of novel primary immunodefi ciencies in patients with a 

susceptibility to fungal infections has expanded our knowledge on PRRs and signal-

ing in neutrophil-mediated fungal and bacterial killing mechanisms (Figure 1). Data 

obtained in knock-out mouse models are different from those observed in humans.

Human neutrophils have distinct killing mechanisms for C. albicans, A. fumigatus, S. 

aureus and E. coli. Neutrophils depend on the lectin-binding site of CR3 and signaling 

through PI3K, Stat3 and CARD9 for the NADPH oxidase-independent killing of un-

opsonized Candida conidia. In contrast, killing of serum-opsonized Candida involves 

IgG recognition by FcγRs, signaling through Syk and PKC for the production of ROS 

by the NADPH oxidase system. The inhibition of Aspergillus germination depends also 

on CR3 recognition and Syk-, PI3K-signaling for the lactoferrin-mediated killing by 

neutrophils. Neutrophils strictly depend on IgG opsonization and recognition by FcγRs 

for the Syk- and PKC-mediated ROS production by the NADPH oxidase system and 

chlorination by MPO for the killing of Aspergillus hyphae. The neutrophil-mediated 

killing of Candida and Aspergillus is independent of NET formation. Neither CR3 

nor IRAK4 is involved in bacterial killing. Instead, the killing of S. aureus and E. coli 

depends on the signaling enzyme PKCδ for the activation of an yet unknown cytotoxic 

mechanism. The killing of S. aureus depends completely on NADPH oxidase activity 

and MPO, whereas the granular content is involved in E. coli killing.
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MICROBIËLE KILLING MECHANISMEN VAN DE NEUTROFIELE 
GRANULOCYT

Invasieve infecties met schimmels en bacteriën komen steeds vaker voor als gevolg van 

immunosuppressie bij voortgaande intensivering van huidige chemotherapie. Deze op-

portunistische infecties zijn moeilijk te behandelen en gaan gepaard met een hoge mor-

taliteit, 40-90%1,2. Zowel het aangeboren als verworven immuunsysteem zijn belangrijk 

in de afweer tegen schimmels en bacterieën. Enerzijds leiden defecten in de ontwik-

keling en functie van de T-helper-17 (Th17) cellen tot schimmelinfecties van de huid en 

slijmvliezen, waaronder Chronische Mucocutane Candidiasis (CMC), maar ook aspergil-

losis3-5. Anderzijds spelen neutrofi ele granulocyten de grootste rol in het voorkomen 

van invasieve infecties met bacteriën en schimmels. Neutropenie en dysfuncties van de 

neutrofi ele granulocyt, zoals bij patiënten met Chronisch Granulomateuze Ziekte (CGD), 

zijn predisponerende factoren voor een systemische schimmel en bacteriële infectie6. In 

de kliniek worden ernstig zieke patiënten met een neutropenie en een systemische in-

fectie, die niet goed op antimicrobiële medicatie reageren, behandeld met granulocyten 

transfusies. Vrienden en familieleden van de patiënt worden gevraagd om neutrofi ele 

granulocyten te doneren. Om een hoge concentratie circulerende neutrofi ele granulocy-

ten voor transfusie te krijgen worden de donoren behandeld met “Granulocyte-colony 

Stimulating Factor” (G-CSF) in combinatie met dexamethason. Deze voorbehandeling 

duurt een dag en is logistiek lastig. Een mogelijk alternatief zoals in andere landen 

wordt gebruikt zou de transfusie van neutrofi ele granulocyten afkomstig uit samen-

gevoegde bloedzakken van reguliere vrijwillige donoren zijn, zogenaamde “buffy-coat 

derived” granulocyten, welk direct verkrijgbaar zijn. Een studie heeft uitgewezen dat 

de neutrofi ele granulocyten van G-CSF/dexamethason-behandelde donoren een andere 

genetische opmaak hebben dan de neutrofi ele granulocyten van onbehandelde do-

noren. In deze G-CSF/dexamethason-gemobiliseerde neutrofi ele granulocyten komen 

genen minder tot expressie die een belangrijke rol spelen in de afweer tegen microben7. 

Een van deze genen is het CARD9 gen. In de laatste jaren is bekend geworden dat het 

signalerings eiwit CARD9, wat voornamelijk tot expressie komt in myeloïde cellen, een 

rol speelt in het voorkomen van invasieve infecties met schimmels in de hersenen, lever 

maar ook de darm. Welke mechanismen neutrofi ele granulocyten precies hebben om 

bacteriën en schimmels te killen en of CARD9 in dit cel type een rol speelt is niet in detail 

bekend. Studies met ‘knock-out’ muizen geven inzicht in deze routes. Desalniettemin, 

werkt het humane immuunsysteem niet precies hetzelfde als het immuunsysteem 

van de muis. Wij hebben in het proefschrift getracht meer inzicht te verwerven in de 

afweermechanismen van de neutrofi ele granulocyten in de mens, onder andere door 

het gebruik van cellen van patiënten met primaire immunodefi ciënties, zogenaamde 

humane ‘knock-out’ modellen.
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DE AFWEERMECHANISMEN VAN DE NEUTROFIELE GRANULOCYT

Neutrofi ele granulocyten zijn constant aanwezig in de bloedstroom en kunnen bij 

een infectie in de orde van miljarden cellen per dag worden gerekruteerd uit het 

beenmerg. Ook al leven zij, na vanuit het beenmerg in de circulatie te zijn gekomen, 

slechts kort voor 1 à 2 dagen, deze cellen zijn de meest potente effectorcellen van het 

aangeboren of “innate” afweersysteem en beschikken over zowel oxidatieve en non-

oxidatieve anti-microbiële killing mechanismen. Voor een goede cytotoxische respons 

heeft de neutrofi ele granulocyt verschillende “pattern recognition receptors” (PRRs) 

op de celmembraan om een heel spectrum van verschillende pathogenen te herken-

nen (Tabel 1)8. Na herkenning van het pathogeen vindt opname in het fagosoom 

plaats, dat vervolgens fuseert met protease-beladen korrels tot een fagolysosoom. In 

het fagolysosoom wordt het pathogeen gedegradeerd door de werking van reactieve 

zuurstof species, ROS zoals superoxide en waterstofperoxide, en door de werking van 

toxische proteases, antibacteriële peptiden en proteïnen uit de verschillende granules, 

die in grote getale latent aanwezig zijn in het cytoplasma van de granulocyt (Figuur 

1 en 2). In het proefschrift hebben wij onderzocht welke eiwitten een rol spelen in 

de herkenning, opname en de cytotoxische mechanismen van de humane neutrofi ele 

granulocyt in de immunologische reactie tegen C. albicans, A. fumigatus, E. coli en 

S. aureus. Ook hebben wij bepaald of granulocyten voor transfusie doeleinden een 

adequate microbiële killing vertonen.

Figuur 1. Het NADPH-oxidase enzym systeem
Overzicht van de vijf componenten van het NADPH-oxidase enzym systeem waarop de cytosolische 
eiwitten p40phox, p47phox en p67phox en de membraangebonden deel van het complex (cytochroom b558; 
p22phox-gp91phox) zichtbaar is. Als de neutrofi ele granulocyt geactiveerd wordt door een pathogeen trans-
loceren de cytosolische eiwitten naar het membraan en kan het complex electronen uit het cytoplasma 
overdragen en middels een enzymatische reactie zorgen voor de productie van ROS zoals superoxide 
anion (O2-) en het waterstofperoxide (H2O2). Aangepast van Roos et al28.
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PATHOGEEN HERKENNING 

Bacteriën en Candida albicans conidiën zijn als commensaal aanwezig op de huid en 

slijmvliezen. Aspergillus sporen komen het lichaam binnen via de ademwegen, met 

name in gebieden rijk aan akkerbouw zijn deze sporen in de lucht aanwezig. In het 

geval van een gecompromitteerd immuunsysteem kunnen de C. albicans en de A. 

fumigatus transformeren tot een fi lamenteuze vorm, en de hyfen zich verspreiden 

door de weefsels en bloedstroom. Dit dynamische proces is bepalend voor de patho-

geniciteit.9 

Neutrofi ele granulocyten brengen verschillende klasse receptoren tot expressie voor 

de herkenning van pathogenen (Tabel 1). Bacteriën worden herkend door de “Toll Like 

Receptors (TLRs)”, en suiker structuren aanwezig op schimmels worden met name 

herkend door de “C-type Lectin Receptors (CLRs)”. Fc-gamma receptoren (FcγR) 

herkennen geopsoniseerde pathogenen door immunoglobulinen en integrines zoals 

de “Complement Receptor 3 (CR3)” herkennen niet alleen complement geopsoni-

seerde pathogenen maar ook suikerstructuren. Een uitgebreid overzicht staat mooi 

verwoord in een recent overzichtsartikel8.

Patiënten met een immuunmodulerende variant in de genetische code voor de 

glucaan-receptor Dectin-1, een van de “CLRs”, hebben groter risico op lokale schim-

melinfecties zoals Chronische Mucocutane Candidiasis (CMC), of in het geval van 

immunosuppressie kans op uitgebreidere kolonisatie van het gastro-intestinale stel-

sel10,11. De neutrofi ele granulocyten van deze Dectin-1-defi ciënte patiënten vertonen 

Figuur 2. Electronenmicrosco-
pische afbeelding van een neu-
trofi ele granulocyt
Afbeelding van een neutrofi ele 
granulocyt, gemaakt met een Elec-
tronenmicroscoop. In het cytoplasma 
van de cel zijn de granules zichtbaar, 
waarin de anti-microbiële peptiden 
zijn opgeslagen. Na activatie van de 
cel fuseren deze granules met het 
fagosoom of het celmembraan en 
worden microben blootgesteld aan 
de betreffende componenten.
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een normale killing van Candida en Aspergillus (Hoofdstuk 9). Eén reden dat deze 

groep patiënten alleen last heeft van oppervlakkige schimmelinfecties kan zijn dat de 

rol van Dectin-1 in het cytotoxische mechanisme van de neutrofi ele granulocyt een 

minder belangrijke rol speelt. Mogelijk is deze receptor van directe betekenis voor de 

herkenning door andere typen afweercellen, zoals de dendritische cellen die aanwezig 

zijn in de huid. De dendritische cellen kunnen door middel van antigeenpresentatie en 

co-stimulatie de afweerreactie sturen, zoals de T-cel respons. Een gestoorde ontwik-

keling van de Th17 cellen is geassocieerd met CMC3,4,10. Als de infectie zich uitbreidt, is 

de neutrofi ele granulocyt essentiëel in het bestrijden van een invasieve candidiasis. De 

belangrijkste receptor van de neutrofi ele granulocyt in de herkenning en opname van 

β-glucanen en mannanen lijkt de integrine CR3 te zijn, en niet Dectin-112. CR3 wordt 

geactiveerd na stimulatie van de granulocyt door veranderingen zoals fosforylering van 

de cytoplasmatische uiteinden van de beide eiwit ketens waaruit de integrine bestaat 

(de alfaM en beta2 integrineketens, oftewel CD11b/CD18). Kindlin-3 is een cytoplas-

matisch eiwit dat betrokken is bij deze ‘inside-out’ activatie van CR3 op granulocyten 

– net zoals dat ook geldt voor de andere leden van de integrines, zoals bijvoorbeeld 

op lymfocyten en bloedplaatjes. Patiënten met een Kindlin-3-defi ciëntie lijden aan 

Tabel 1. De neutrofi ele granulocyt “Pattern Recognition Receptors” 

Lokatie Receptor Ligand

Toll Like Receptors TLR2 Fosfolipo-mannanen

TLR4 O-gelinkte mannanen
Lipopolysaccharides

TLR5 Flagellin

TLR9 DNA

C-type Lectin Receptors Dectin-1 β-1,3-glucanen

Dectin-2 α-mannanen

Mincle α-mannose 

Integrins CR3 β-1,6-glucanen, mannanen, C3

Fc-gamma receptors FcγR Mannanen

Receptor in oplossing Complement Mannanen, β-1,6-glucanen

Galectin-3 β-1,2-mannose 

Surfactant protein A Mannanen

De celwand van de Candida conidiën bestaat voor het grootste gedeelte uit β-glucanen (60%) en man-
nanen (40%).29 De β-glucanen worden onder andere herkend door de receptoren; Dectin-1, Mincle en 
de integrine CR3. De celwand van de hyfen bestaat echter voornamelijk uit mannaan residuen met als 
gevolg dat de β-glucanen gemaskeerd worden en zodoende niet herkend door het immuunsysteem. 
De receptoren TLR2, TLR4, Dectin-2 en de “soluble receptor” Galectin-3 kunnen de β-glucanen niet 
binden, maar juist deze buitenwand van mannanen wel goed herkennen.30 TLR4 en TLR5 binden lipo-
polysaccharides en fl agellin op de bacteriële celwand. TLR9 herkent DNA van microbiële organismen. 
Een uitgebreid overzicht staat in recent overzichtsartikel8.
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“Leukocyte Adhesion Defi ciency-1/variant” en hebben naast de bloedingsneiging 

door een gestoorde integrine functie op trombocyten, soms ook ernstige infecties 

waaronder systemische candidiasis13. Kindlin-3-defi ciënte neutrofi ele granulocyten 

blijken bij nader onderzoek inderdaad een zeer duidelijke stoornis in de herkenning en 

opname van Candida albicans maar ook Aspergillus fumigatus conidieën te hebben 

(Hoofdstuk 9 en 10). Wij vonden dat neutrofi ele granulocyten alleen de Aspergillus 

hyphae herkennen en killen in de aanwezigheid van immunoglobulinen door de FcγR 

(Hoofdstuk 10).

Samengevat, hebben wij gevonden dat neutrofi ele granulocyten gebruik maken 

van de integrine CR3 om Candida en Aspergillus conidieën te herkennen en te kil-

len, en niet dectin-1. Voor de killing van Aspergillus hyphae blijkt de herkenning van 

antilichamen door de FcγR de grootste rol te spelen.

SIGNALERINGSROUTES

De herkenning van een pathogeen resulteert via signaleringsroutes in een cytotoxische 

respons. Het is beschreven dat wanneer een ligand bindt aan de Dectin-1 receptor, 

in het cytoplasma van de cel het tyrosine kinase Syk gefosforyleerd en het complex 

CARD9-Bcl10-Malt1 geactiveerd wat leidt tot de translocatie van NF-κB en de produc-

tie van ontstekingbevorderende cytokines14. Een zeer recent beschreven immunodefi -

ciëntie is de zogenaamde CARD9-defi ciëntie15. Zoals hierboven beschreven is CARD9 

een signaleringseiwit in het cytosol van myeloïde cellen. Er zijn de laatste jaren een 

klein aantal patiënten geïdentifi ceerd met een defi ciëntie van het CARD9 eiwit en 

een invasieve Candida infectie, met name een Candida meningitis15. In een recente 

studie hebben wij aangetoond dat de CARD9-defi ciënte neutrofi ele granulocyten een 

defect vertonen in de killing van ongeopsoniseerde Candida albicans, wat leidt tot 

een invasieve candidiasis16 (Hoofdstuk 2 en 3). Het CARD9-gemedieerde cytotoxische 

mechanisme is niet afhankelijk van de vorming van ROS en van de degranulatie van 

de toxische proteases in het fagosoom. In tegenstelling tot studies met CARD9-

knockout-muizen modellen, hebben wij in dit proefschrift aangetoond dat CARD9 

in de humane neutrofi ele granulocyten geen rol speelt in de killing van bacteriëen en 

Aspergillus (Hoofdstuk 4).

Tevens hebben wij de neutrofi ele granulocyten van patienten onderzocht met een 

defi ciëntie van het signalerings eiwit Protein Kinase C (PKC)-δ. De PKC-δ-defi ciënte 

neutrofi ele granulocyten lieten een defect zien in de killing van met name E. coli en 

C. albicans (Hoofdstuk 6). Deze patienten vertonen klinisch een beeld van autoim-

muunziekten en een lichte gevoeligheid voor infecties.
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DE CYTOTOXISCHE MECHANISMEN

Na herkenning van het pathogeen en de opname in het fagosoom worden de verschil-

lende oxidatieve en non-oxidatieve anti-microbiële mechanismen in werking gesteld.

Eén van de cytotoxische mechanismen van de neutrofi ele granulocyt is door de pro-

ductie van ROS. Na activatie van de cel transloceren de cytosolische eiwitten p40phox, 

p47phox en p67phox naar het membraangebonden deel van het complex (cytochroom 

b558; p22phox-gp91phox en vormen zo het NADPH oxidase systeem (Figuur 1). Dit 

complex kan electronen uit het cytoplasma overdragen en middels een enzymatische 

reactie zorgen voor de productie van ROS zoals superoxide anion (O2-) en het water-

stofperoxide (H2O2). Het myeloperoxidase (MPO) uit de azurofi ele granules kan het wa-

terstofperoxide omzetten in het uiterst reactieve hypochloriet (HOCl). CGD patiënten 

hebben een defi ciëntie en een mutatie in het coderende gen van één van de eiwitten 

in het NADPH oxidase complex, bijvoorbeeld gp91-phox defi ciëntie in X-gebonden 

CGD, die leidt tot een defect in de productie van ROS, frequente bacteriële infecties 

en invasieve Aspergillus en Candida infecties6. De neutrofi ele granulocyten van CGD 

patiënten vertonen een duidelijk killings defect van met name serum-geopsoniseerde 

C. albicans conidieën, A. fumigatus hyphae, S. aureus en deels E. coli (Hoofdstuk 5, 

9 en 10). In de laatste jaren is er voor het eerst een aantal patiënten ontdekt met een 

p40phox -defi ciëntie17,18. De neutrofi ele granulocyten met een defi ciëntie van het p40phox 

eiwit zijn, in tegenstelling tot de neutrofi ele granulocyten met een defi ciëntie van de 

andere vier eiwitten, in staat om in reactie op de schimmels, Aspergillus en Candida, 

ROS te produceren en deze te killen (data niet opgenomen in het proefschrift). De p40 

phox –defi ciënte neutrofi ele granulocyten vertoonden echter wel een defect in de ROS 

productie in reactie op bacteriën en in de killing hiervan.

Een studie in muizen, laat zien dat de CARD9-knockout cellen minder ROS 

maken na infectie met een bacterie19. Wij vonden een normale ROS productie door 

CARD9-defi ciënte neutrofi ele granulocyten en met name een killingsdefect van onge-

sopsoniseerde Candida. Het blijkt uit onze studies dat de neutrofi ele granulocyten 

verschillende killings mechanismen bezitten voor de CARD9-afhankelijke killing van 

ongeopsoniseerde Candida en de ROS-afhankelijke killing van serum-geopsoniseerde 

Candida. (Hoofdstuk 9)

Verder hebben wij de ontstekings-bevorderende en -remmende cytokine reacties van 

de monocyten en neutrofi ele granulocyten van CGD patiënten onderzocht (Hoofdstuk 

10). CGD patienten hebben last van zowel de recidiverende infecties als infl ammatoire 

processen, met name in het gastro-intestinale stelsel. Het blijk dat de CGD monocyten 

en neutrofi elen een hogere hoeveelheid onstekingsbevorderende cytokines, zoals IL-6 

en IL-1β, produceren in reactie op met name schimmels en niet zozeer bacteriën, 

vergeleken met de cellen van gezonde controles. Een van de ontstekings-remmende 



N
ederlandse sam

envatting

319

cytokines, IL-10, werd minder geproduceerd door de monocyten van CGD patiënten. 

Het is een interessante hypothese voor verder onderzoek dat de samenstelling van de 

bacteriën en schimmels in de darmen invloed kan hebben op de gevoeligheid voor 

infl ammatie in CGD patiënten.

NON-OXIDATIEVE KILLING MECHANISMEN

Naast de oxidatieve killing mechanismen spelen de non-oxidatieve killing mechanis-

men een rol in de killing van Candida, Aspergillus sporen en E. coli. De neutrofi ele 

granulocyt heeft verschillende non-oxidatieve toxische eiwitten en peptiden die door 

degranulatie in het fagolysosoom of extracellulaire milieu worden uitgescheiden. 

Deze enzymen en anti-microbiële peptiden zijn opgeslagen in azurofi ele en deels in 

specifi eke granules in het cytoplasma (Figuur 2). Na activatie van de cel fuseren deze 

granules met het fagosoom of het celmembraan en worden microben blootgesteld 

aan de betreffende componenten.

Er zijn immuundefi ciënties beschreven met stoornissen in de ontwikkeling van het 

fagolysosoom en de degranulatie van toxische proteases. Het effect van degranulatie-

defecten kan onderzocht worden door de effectiviteit van de killing van pathogenen te 

bestuderen in bloedcellen van patiënten met familiare hemofagocyterende lymfohistio-

cytose (FHL). Deze eiwitten hebben gemeen dat ze betrokken zijn bij de korrelfusie en 

de release van cytolytische enzymen om de targetcellen gericht te elimineren. In geval 

van FHL-type 5 bijvoorbeeld hebben de patiënten een pathogene mutatie in het eiwit 

dat codeert voor het “Syntaxine Bindings Proteine-2” (STXBP2). Zodoende vertonen 

de cytotoxische T-cellen en de NK-cellen een defect in de degranulatie van de toxische 

proteases. Het klinische beeld is complex met onder andere bloedingsneigingen en 

andere complicaties zoals hemofagocytose en het macrofagenactivatiesyndroom met 

name ten gevolge van een defect in het beheersen van virale infecties. Ook treden re-

gelmatig frequente bacteriële gastro-intestinale infecties op. Deze eiwitten spelen ook 

in neutrofi ele granulocyten een rol in de fusie van de granules met het fagosoom en 

de plasmamembraan. Onze recente experimenten laten zien dat de FHL-5 neutrofi ele 

granulocyten een defect hebben in de killing van Staphylococcus aureus en Candida 

albicans, hetgeen past in de gedachte dat ook de non-oxidatieve killingsmechanismen 

actief betrokken zijn in de stappen van Candida killing door neutrofi ele granulocyten 

(Hoofdstuk 5). Een andere immunodefi ciëntie met een stoornis in de vorming van een 

fagolysosoom is het Chédiak-Higashi syndroom waarbij er een mutatie is in het gen dat 

codeert voor het Lyst eiwit (lysosomaal traffi cking regulatoreiwit). De cellen hebben 

sterk vergrote lysosomen die niet kunnen degranuleren. Het klinische beeld bestaat 

uit partieel albinisme, frequente infecties, een verhoogde kans op het ontstaan van 



N
ederlandse sam

envatting

320

een lymfoom en hemofagocyterende lymfohistiocytose (HLH). De neutrofi ele granulo-

cyten van deze patiënten vertonen een defect in de killing van Candida albicans, wat 

het belang van de degranulatie in de cytotoxische reactie ook bevestigd en illustreert.

Naast de proteolytsich actieve enzymen zijn er ook eiwitten aanwezig in de granules 

die de capaciteit hebben om voedingsstoffen te binden opdat deze niet meer beschik-

baar zijn voor het pathogeen. Lactoferrine is opgeslagen in de specifi eke granules en 

kan ijzer binden in het fagosoom.20 Een geïnfecteerde fagocyt kan ook de transport 

kanalen voor ijzer minder tot expressie brengen.21 Wij hebben bevestigd dat lactofer-

rine van belang is om de uitgroei van Aspergillus sporen tegen te gaan (Hoofdstuk 10). 

Ook het heterodimere eiwitcomplex Calprotectine (MRP8/14), dat zink kan binden in 

het fagosoom om uitgroei van de bacterie of schimmel te voorkomen22, kan een rol 

kunnen spelen.

Aan de andere kant hebben pathogenen ook diverse mechanismen ontwikkeld 

om te overleven in het fagosoom. Zo kan de pathogeen zelf catalase en superoxide 

dismutase produceren om oxidatieve killing tegen te gaan23. Ook kan de pathogeen 

zelf ijzer vrij maken door het transferrine en ferritine te reguleren 24. Tegelijkertijd 

past de pathogeen zijn metabolisme aan met een verhoogde aminozuur synthese en 

gluconeogenese die de overlevingskansen in het fagosoom vergroten.25 

In de laatste 10 jaar hebben de neutrofi ele granulocyten een nieuw afweermecha-

nisme toebedeeld gekregen, namelijk de formatie van “Neutrophil Extracellulair 

Traps” (NETs)26,27. NETs zijn web-achtige structuren bestaande uit DNA en bedekt met 

proteases uit de granules. Er zijn zowel oxidatieve als non-oxidatieve mechanismen 

beschreven die de neutrofi ele granulocyten gebruiken om NETs te vormen. Wij heb-

ben gevonden dat de neutrofi ele granulocyten van patiënten met het “Gray Platelet 

Syndrome”(GPS) een defi ciëntie hebben van verschillende eiwitten afkomstig uit de 

specifi eke granule en niet in staat zijn om NETs te vormen (Hoofdstuk 7). GPS patienten 

hebben klinisch last van bloedingsneigingen en een fatale fi brose van het beenmerg. 

Desondanks het defect in NET formatie, waren de GPS neutrofi ele granulocyten wel in 

staat zowel bacteriën als schimmels te killen. Ook hebben wij de NET formatie in vitro 

kunnen blokken met DNAse behandeling, hetgeen geen effect had op de killing van 

zowel Candida als Aspergillus. (Hoofdstuk 9 en 10) 

Samengevat hebben wij gevonden dat de oxidatieve killingsmechanismen met 

name van belang zijn voor de killing van geopsoniseerde- Candida conidiëen en 

-Aspergillus hyphae. De granules leveren ook een belangrijke bijdrage in de killing van 

A. fumigatus sporen, ongeopsoniseerde en geopsoniseerde C. albicans conidiëen en 

bacteriëen. De formatie van NETs lijkt geen rol te spelen in de microbiële killing door 

neutrofi ele granulocyten.
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GRANULOCYTEN VOOR TRANSFUSIE DOELEINDEN

Ernstig zieke patiënten met een neutropenie en een systemische infectie, die niet 

goed op antimicrobiële medicatie reageren, kunnen worden behandeld met granulo-

cyten transfusies. Om een hoge concentratie circulerende neutrofi elen in de donor te 

berwerkstelligen worden deze voorbehandeld met “Granulocyte-colony Stimulating 

Factor” (G-CSF) in combinatie met dexamethason. Een eerdere studie liet zien dat be-

langrijke genen voor de afweerrespons, zoals CARD9, minder tot expressie komen in 

G-CSF/dexamethason-gemobiliseerde neutrofi ele granulocyten7. Echter, CARD9 blijkt 

op eiwit niveau wel normaal aanwezig te zijn. Vervolgens hebben wij de antimicrobiële 

capaciteit van deze neutrofi ele granulocyten voor transfusie onderzocht (Hoofdstuk 

11 en 12). De G-CSF/dexamethason-gemobiliseerde neutrofi ele granulocyten ver-

toonden een normale killing van bacteriën en Aspergillus. De Candida conidia werden 

wel normaal opgenomen door de G-CSF/dexamethason-gemobiliseerde neutrofi ele 

granulocyten maar intracellulair niet gekilld. Nader onderzoek liet zien dat bepaalde 

granule componenten zoals het “Major Basic Protein” minder aanwezig is in de G-

CSF/dexamethason-gemobiliseerde fagolysosomen vergeleken met controle fagolyso-

somen. Experimenten hebben bevestigd dat het “Major Basic Protein” een direct 

toxisch effect heeft op de Candida. Gezien de G-CSF/dexamethason-gemobiliseerde 

neutrofi ele granulocyten wel een normale killing van Candida hyphae vertonen, kun-

nen zij alsnog effect hebben bij ernstig zieke patiënten met een Candida infectie. 

Het is gebleken dat de “buffy-coat-derived” neutrofi ele granulocyten zowel bacteriën 

als schimmels even goed kunnen killen als de neutrofi ele granulocyten van gezonde 

donoren. Het zou interessant zijn om dit alternatief voor transfusie doeleinden verder 

uit te zoeken.

CONCLUSIES

De neutrofi ele granulocyt is een van de belangrijkste effectorcellen in de killing van 

bacteriën en schimmels en het voorkomen van ernstige systemische infecties. 

De belangrijkste PRRs voor herkenning en opname van de Candida en Aspergillus 

conidiën, blijkt de integrine CR3 en voor de Aspergillus hyphae de IgG receptoren. 

Door herkenning worden er cytotoxische mechanismen waaronder de oxidatieve 

burst en de degranulatie van proteases in werking gesteld die voor een belangrijk 

deel de killing van bacteriën en schimmels bewerkstelligen. De formatie van NETs lijkt 

geen rol te spelen in de microbiële killing door neutrofi ele granulocyten. Recent is 

bekend geworden dat ook het signaleringseiwit CARD9 een kritische rol speelt in de 

afweer tegen Candida. Er zijn een aantal patiënten geïdentifi ceerd met een CARD9-
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defi ciëntie en een Candida meningitis. Naar aanleiding van deze recent gepubliceerde 

data kan worden geconcludeerd dat in het geval van een CARD9-defi ciëntie een 

stamceltransplantatie de enige therapie is. De G-CSF/dexamethason-gemobiliseerde 

granulocyten vertonen een specifi ek killings defect van Candida conidien wat vero-

orzaakt wordt door de afwezigheid van cytotoxische granule component “Major Basic 

Protein”. Neutrofi ele granulocyten van verschillende donoren samengebracht, “buffy-

coat-derived”, kunnen bacteriën en schimmels effi ciënt killen.

Mocht er in de praktijk sprake zijn van een sepsis zonder bekende oorzaak, zoals 

een chemotherapie-gerelateerde neutropenie, bevelen de auteurs het aan om de 

functie van de granulocyten te onderzoeken.
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