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Neutrophils have long been considered as short-lived, rudimentary cells of the innate immune 

system with a mere role in acute inflammatory responses. The neutrophil’s antimicrobial 

behaviors - phagocytosing and releasing lytic enzymes and reactive oxygen species (ROS) 

- have traditionally been viewed as ‘nonspecific’, also damaging cells and tissues of the 

host1,2. Nonetheless, neutrophils are indispensable to prevent the invasion of the host’s 

body by pathogens. In humans, a decrease in the number of neutrophils leads to severe 

immunodeficiency3,4. Therefore, it is no surprise that conventional, broad-spectrum approaches 

to suppress neutrophil-dependent tissue damage have the drawback of impairing the host 

defense against infection5,6. Thus, what is the potential for therapeutic targeting of neutrophil 

activation? Can the inhibition of inflammatory neutrophil activation be applied in the clinic?

In contrast to the classical view of neutrophils as ‘nonspecific’ cells with a short lifespan, 

recent findings opened new perspectives that call for a reconsideration of the neutrophil as 

a valuable therapeutic target in inflammatory pathology. Research on control mechanisms 

that regulate destructive neutrophil responses illustrates the complexity of neutrophil 

signaling mechanisms and offers opportunities for selective intervention7,8. For example, it 

has long been believed that whatever activated a neutrophil strongly enough to release ROS 

also caused it to degranulate. However, inhibition of the Ca2+ increase in response to tumor 

necrosis factor (TNF) by a compound called neucalcin was found to blunt the oxidative burst, 

without blocking degranulation8. One tenet is that the neutrophil integrates information in 

response to environmental signals, with sophisticated circuits, to tune its responses to its 

spatial and temporal context. When one considers the versatility of neutrophil responses 

depending on the types of insult, it provides opportunities to specifically target one, but 

not all neutrophil functions. Neucalcin, for example, did not inhibit the oxidative burst by 

phagocytosis of bacteria, raising the possibility to inhibit the non-bacterial, inflammatory 

release of ROS, without affecting antimicrobial activity8. Understanding the mechanisms that 

control such integrative behavior is a challenge, but offers potential opportunities for selective 

pharmacological intervention, to both promote and restrain inflammation. Perhaps a promising 

approach would be blocking of individual neutrophil functions through controlled induction of 

selective regulatory mechanisms.

aCTIVaTIon of neUTRoPHIl s
In response to infection or injury, the host immune system initiates swift and robust inflammatory 

responses to restrict the spread of harmful agents. Inflammation will be launched when 

front-line defense cells, such as epithelial cells, macrophages and neutrophils, detect alarm 

signals. The sensing of pathogens and tissue damage through pattern recognition receptors 

(PRRs) activates the effector functions of neutrophils9. These include the production of ROS, 

lytic enzymes and antimicrobial peptides, as well as more recently described functions (see 

below)1,2,10. Neutrophils express a broad repertoire of PRRs, including all members of the Toll-like 

receptor (TLR) family, with the exception of TLR311; the sensor of N-formyl peptides, FPR112,13; 

and the C-type lectin receptor dectin 1 (also known as CLEC7A)14. TLRs are the prototypic and 

best-characterized PRR family and alert the immune system through recognition of relatively 

invariant microbial moieties, called pathogen-associated molecular patterns (PAMPs)15,16. 
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PAMPs include lipopolysaccharide (LPS), double-stranded (ds) RNA and many other bacterial 

and viral products. Also, antibody-tagged microorganisms are recognized by neutrophils via Fc 

receptors (FcRs).

fC ReCePToRs
FcRs are immune cell surface protein receptors that recognize the Fc part of antibodies and 

activate phagocytosis of antibody-tagged microorganisms as well as antibody-dependent cell-

mediated cytotoxicity (ADCC). Immune responses are often initiated by receptors containing 

an immunoreceptor tyrosine-based activation motif (ITAM), such as FcRs and dectin 117. Many 

neutrophil functions are mediated by ITAMs, including phagocytosis, cytokine production and 

superoxide release18. ITAMs are found in the cytoplasmic domains of certain transmembrane 

adaptors (such as the FcR common γ-chain (FcRγ) and DAP12) and generally transmit 

activating signals through the activation of spleen tyrosine kinase (SYK). Indeed, deletion of 

Syk in neutrophils results in reduced cytokine and superoxide release, and thus reduced host 

defense to bacterial infection19. ITAM-induced activation signaling pathways can combine with 

PRR pathways to elicit a vigorous cellular response and synergistically activate host defenses 

to clear infections. One characteristic example is the cooperation of TLR2 with dectin 1 to 

stimulate antifungal immunity20.

THe neUTRoPHIl In IMMUnIT Y
Neutrophils, one of the body’s main cellular components for the destruction of 

microorganisms, are undoubtedly considered as one of the major effectors during an 

inflammatory reaction. Indeed, a decrease in the number of neutrophils in the circulation leads 

to severe immunodeficiency in humans3. Neutrophils are the first cells to be delivered to sites 

of inflammation and possess multiple mechanisms for eliminating pathogens. Neutrophils 

can kill pathogens by multiple means, both intra- and extracellularly. When neutrophils 

encounter microorganisms, they phagocytose them. After the pathogens are encapsulated in 

phagosomes, the cells kill them using ROS or antibacterial proteins1,21. Antibacterial proteins are 

contained in specialized granules and released either into phagosomes or into the extracellular 

milieu. Also, activated neutrophils can trap and directly kill extracellular microorganisms by 

forming neutrophil extracellular traps (NETs). NETs are composed of core chromatin DNA to 

which histones and antimicrobial proteases, released from neutrophil granules, are attached22. 

In chronic granulomatous disease, neutrophils are not capable of forming NETs and show little 

antimicrobial activity23.

Although neutrophil recruitment and activation during infection is essential for protective 

immunity, neutrophil recruitment and the resulting inflammatory response may be detrimental 

and contribute to inflammatory pathology24,25. This is because neutrophils will release oxidants, 

proteases and antimicrobial proteins. Given the poor selectivity of these killing mechanisms 

towards a given target cell, it is no surprise that the neutrophil also damages cells and tissues 

of the host. In fact, neutrophil-mediated host tissue damage may eventually lead to severe 

complications, such as multiple organ failure25. Indeed, depletion of neutrophils protects 
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against LPS hepatotoxicity26, and mice that lack the antimicrobial proteins, neutrophil elastase 

and cathepsin G, are resistant to endotoxin shock27. More recently, LPS-activated platelets 

have been shown to bind to adherent neutrophils during systemic inflammation in sepsis 

and promote the release of NETs, which may lead to endothelial and tissue damage (FIG. 1, 

upper panel)28.

Also, the cooperation of neutrophils with platelets has an important role in vascular 

pathology, including atherosclerosis and thrombosis (FIG. 1, upper panel). Platelets induce NET 

formation following vessel damage and during systemic infection with Escherichia coli, which 

promotes coagulation29. Thus, by activating the coagulation cascade neutrophils can prevent 

spreading of pathogens, but can also promote vascular inflammation and thrombosis30,31.

In addition to their roles in the pathogenesis of sepsis, neutrophils have also been emerged 

as important players in chronic inflammation. For example, chronic obstructive pulmonary 

disease (COPD) and cystic fibrosis are characterized by a chronic neutrophilic inflammation. 

Accumulation of chemotactic molecules (such as leukotriene B4 and proline-glycine-proline) 

has been shown to perpetuate neutrophil recruitment and chronic lung inflammation32,33.

New perspectives have also been obtained on the function of neutrophils in autoimmunity. 

In systemic lupus erythematosus (SLE), the clearance of NETs from the circulation is impaired34 

and defective NET degradation could lead to a source of autoantigens, promoting the 

development of autoantibodies. Indeed, serum from SLE patients was shown to contain immune 

complexes composed of autoantibodies specific for NET-associated components (such as 

self-DNA, ribonucleoproteins and antimicrobial peptides)35,36. These immune complexes drive 

the uptake of self-DNA by plasmacytoid dendritic cells (pDCs) and the release of interferon-α 

(IFNα), a key hallmark of SLE, to further the autoimmune response against NET components 

(FIG. 1, middle panel).

Small-vessel vasculitis (SVV) is characterized by the presence of anti-neutrophil cytoplasmic 

antibodies (ANCAs). Neutrophils form NETs when exposed to ANCAs, such as autoantibodies 

against proteinase-3 (PR3), and deposition of NETs was found in kidney biopsies from patients 

with SVV, where they may be involved in the damage to glomerular capillaries37 (FIG. 1, lower 

panel). Also, released NETs contain the targeted autoantigens PR3 and myeloperoxidase (MPO), 

providing an additional source of autoantigens to perpetuate the autoimmune response in 

individuals with SVV.

ConTRol of IMMUne Cell aCTIVaTIon DURInG 
Infl aMMaTIon
Acute inflammatory reactions are important in host defense. However, if the initial response 

is dysregulated or overamplified, inflammation results in severe host tissue damage. Rigorous 

control of an inflammatory response is necessary to prevent neutrophil-mediated tissue 

damage during inflammation. The termination of inflammation is an active physiological process 

to protect the host from overt inflammation and the amplification of an acute inflammatory 

response towards chronicity. Resolution of inflammation is complex and neutrophils, acting 

at different levels, are part of the network that orchestrates the resolution of inflammation. 

Neutrophils contribute by multiple means: by stopping their own recruitment; by limiting their 
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figure 1. neTs are implicated in the onset of inflammatory and autoimmune diseases. (upper 
panel) Vascular inflammation and thrombosis: during systemic infection with Escherichia coli, Toll-like 
receptor 4 (TLR4)-expressing platelets present bound LPS to neutrophils and direct them to form 
neutrophil extracellular traps (NETs), which trap free bacteria. Release of NETs, however, also damages 
endothelium, and this causes vessel leakage28. In addition, NETs support immunothrombosis in several 
ways. NETs can promote activation of the coagulation cascade directly (presumably by means of their 
negatively charged surfaces) or indirectly (through binding to tissue factor). Also, NETs support the 
recruitment and activation of platelets. Together, these events can lead to vascular inflammation and 
thrombus formation29,31. (middle panel) Systemic lupus erythematosus (SLE): in SLE, neutrophils release 
NETs when exposed to autoantibodies against ribonucleoproteins (RNPs) and the antimicrobial peptide 
LL37 via FcγRIIB and surface-bound LL3735,36. Immune complexes (composed of these autoantibodies 
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own activation; by promoting their own death and removal from the tissue. Accumulating 

evidence also supports the existence of neutrophils with an anti-inflammatory pro-resolving 

phenotype, much like for monocytes. Indeed, during experimental endotoxemia in humans, 

a unique population of mature neutrophils that are CD62L low (compared to levels of CD62L 

before LPS administration) appears in the circulation38. These suppressive neutrophils were 

shown to exhibit impaired adhesion39 and to suppress T cell responses38. Also, there is a large 

mobilization of band-like immature neutrophils that are CD16 low (compared to CD16 high 

for their mature counterparts)40. These cells are less responsive to stimuli and show a smaller 

oxidative burst after LPS challenge.

Among the main endogenously derived pro-resolving compounds are lipid mediators, 

including neutrophil-derived lipoxin A4 (LXA4), resolvins and protectins produced by 

neutrophils and maresins produced by macrophages, all of which suppress neutrophil 

recruitment41,42. Other endogenous molecules that regulate neutrophil recruitment are still 

being discovered. For example, Del-1, an endogenous β
2
 integrin antagonist, has recently 

been shown to limit inflammatory cell recruitment43. Also, proteinaceous factors are involved 

in the resolution of inflammation44. Neutrophil-derived secretory leukocyte protease 

inhibitor (SLPI) suppresses the neutrophil oxidative burst and limits tissue proteolysis by 

blocking neutrophil elastase45. Neutrophils help recruitment of monocytes into inflamed 

tissue. Proteins, such as LL37 and cathepsin G, released from neutrophil granules, can 

modulate monocyte recruitment46,47. Apoptotic neutrophils also expose ‘find me’ signals 

that attract monocytes48. Finally, the delivered monocytes phagocytose dying neutrophils 

in the tissue.

InHIbIToRY ReCePToRs In THe ReGUl aTIon of 
Infl aMMaToRY ReaCTIons
Another newly discovered endogenous molecule that counteracts β

2
 integrin activation and 

neutrophil adhesion is the inhibitory receptor paired immunoglobulin-like type 2 receptor 

α (PILRα)49. PILRα contains two immunoreceptor tyrosine-based inhibitory motifs (ITIMs) 

in its intracellular part50. Pilra-/- mice are highly susceptible to endotoxin shock and suffer 

severe tissue damage accompanied by increased neutrophil accumulation. Antagonistic 

signaling crosstalk in neutrophils restrains the host inflammatory response and prevents 

collateral damage.

A distinct set of host inhibitory receptors signals through ITIMs, which recruit cellular 

phosphatases such as SH2 domain-containing protein tyrosine phosphatase 1 (SHP-1, also known 

as PTPN6), SHP-2 (also known as PTPN11) or SH2 domain-containing inositol-5-phosphatase 

and self-DNA) promote the uptake of self-DNA by plasmacytoid dendritic cells (pDCs) through the 
interaction between the autoantibodies and FcγRIIB. After transport into pDCs, self-DNA triggers TLR9 
activation and interferon-α (IFNα) release. IFNα, in turn, primes neutrophils to form more NETs. (lower 
panel) Small-vessel vasculitis (SVV): SVV is characterized by the presence of anti-neutrophil cytoplasmic 
antibodies (ANCAs). ANCAs stimulate the release of NETs by neutrophils and deposition of NETs may be 
involved in the damage to glomerular capillaries37.



14

1

G
en

er
a

l in
tr

o
d

u
c

tio
n

(SHIP)51,52. These phosphatases abrogate tyrosine phosphorylation events relayed by co-opted 

innate immune receptors53. The prototype amino-acid sequence of an ITIM is (I/V/L/S)xYxx(L/V) 

where x denotes any amino acid. Signal induction can be triggered by a range of signals, from 

the recognition of apoptotic cells to molecular mimicry of host ligands by microbes. Upon 

initiation of the inhibitory signal, the tyrosines within the ITIMs are phosphorylated by Src 

family kinases and thus provide docking sites for cellular phosphatases54,55.

Although the recruitment of cellular phosphatases to ITIMs is a hallmark of a canonical 

ITIM-mediated inhibitory signal, recent studies have identified alternative (non-canonical) 

ITIM signaling pathways that are independent of some of the core machinery components. 

For example, ITIM inhibitory signaling has been observed in the absence of SHP-1 and SHP-2, 

or the lipid phosphatase, SHIP56. Phosphatase-independent inhibitory signaling possibly 

occurs via interactions with SH2 domain-containing activating proteins (such as SYK and PI3K), 

depleting the association of these tyrosine kinases with activation signaling molecules57,58. ITIM-

containing receptors often, but not exclusively, interact with and attenuate ITAM-coupled 

receptors. Two examples are the co-option of TLR4 with the ITIM-bearing inhibitory receptor 

carcinoembryonic antigen-related cell adhesion molecule-1 (CEACAM1) to suppress LPS-

induced neutrophil responses59 and the abrogation of mast cell activation after engagement of 

the FcεR by the murine paired immunoglobulin-like receptor-B (PIR-B)60,61.

Mice with targeted disruption of inhibitory receptors develop sometimes fatal autoimmune 

disorders or excessive inflammation upon infection. Despite the significance of inhibitory 

receptors for immunity and homeostasis, only about 60 inhibitory immune receptors have 

been described to date, while a genome wide search for ITIMs revealed the existence of as 

many as 300 potentially expressed inhibitory receptors in the human genome62,63. Novel 

endogenous molecules (such as inhibitory receptors) that regulate neutrophil responses are 

constantly being discovered. New insights into the functional complexity of ITIM-bearing 

inhibitory receptors can reveal potential therapeutic targets and offer opportunities for 

selective intervention.

baCTeRIal sTRaTeGIes To oVeRCoMe InnaTe HosT 
Defense
Despite the significance of antagonistic receptor crosstalk by ITIM-bearing receptors for the 

normal function of the immune system, unwarranted outcomes may arise when pathogens 

undermine these same mechanisms. To promote their fitness successfully invading pathogens 

could exploit antagonistic pathways, leading to immune suppression. Several microorganisms 

hijack ITIM-containing receptors, which they can co-engage with activating innate immune 

receptors64–67. Molecular mimicry of host ligands by microbial molecules can activate 

inhibitory receptors. A characteristic example involves the capsular polysaccharide of Group 

B Streptococcus (GBS) that can bind sialic acid-binding immunoglobulin-like lectins (Siglecs) 

on neutrophils. Siglecs bind host sialylated glycans. The sialylated capsular polysaccharide of 

serotype III GBS mimics these host ligands and binds Siglec-9 to escape killing by neutrophils68. 

Also, the cell wall-anchored β-protein, a virulence protein of serotype Ia and III GBS strains, 

binds Siglec-5 to dampen neutrophil antimicrobial functions69.
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sCoPe of THIs THesIs
In this thesis, we aimed to better understand the role of the immune inhibitory receptor Signal 

Inhibitory Receptor on Leukocytes-1 (SIRL-1) in neutrophil functions. Inhibitory receptors play 

a crucial role in tailoring immune responses. SIRL-1 belongs to a family of transmembrane 

receptors, the Ig superfamily, and is mainly expressed on granulocytes and monocytes70. SIRL-1 

contains two ITIMs in its cytoplasmic domain and recruits the phosphatases SHP-1 and SHP-2 

in pervanadate-treated cells. However, it remains unclear which host ligand(s) associates with 

and regulates SIRL-1 function. Furthermore, physiological functions of the inhibitory receptor 

SIRL-1 in the immune response have not been studied.

Neutrophils express SIRL-1 on their surface and engagement of SIRL-1 attenuates 

degranulation induced by juxtaposed FcεRI, the ITAM-coupled IgE receptor, in a basophilic 

cell line. We investigated whether SIRL-1 could control one of the most important engines of 

destruction by neutrophils: the respiratory burst (Chapter 2). In addition to producing classical 

effector molecules, such as ROS and lytic enzymes, neutrophils can extrude NETs, a unique ability 

related to the pathogenesis of SLE. Therefore, we investigated the effect of SIRL-1 ligation on 

the release of NETs in a cohort of patients with SLE (Chapter 3). An intriguing question that has 

remained unanswered is whether SIRL-1 could affect signaling relayed by other receptors besides 

FcRs, such as TLRs. We evaluated SIRL-1-regulated suppression of neutrophil activation induced by 

receptors for other danger signals, such as TLRs (Chapter 4). To subvert the functions of PRRs or 

FcRs, bacterial pathogens use virulence factors to exploit inhibitory signaling and promote their 

adaptive fitness. This ingenious bacterial strategy of immune evasion is reviewed in Chapter 5. 

One way in which bacteria could undermine host defense is through molecular mimicry of host 

ligands by microbial structures to activate inhibitory receptors. We explored whether bacteria 

could have evolved to engage the immune inhibitory receptor SIRL-1 (Chapter 6).
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absTRaCT
ROS production is an important effector mechanism mediating intracellular killing of microbes 

by phagocytes. Inappropriate or untimely ROS production can lead to tissue damage, thus tight 

regulation is essential. We recently characterized Signal Inhibitory Receptor on Leukocytes-1 

(SIRL-1) as an inhibitory receptor expressed by human phagocytes. Here, we demonstrate 

that ligation of SIRL-1 dampens Fc receptor (FcR)-induced ROS production in primary human 

phagocytes. In accordance, SIRL-1 engagement on these cells impairs the microbicidal activity 

of neutrophils, without affecting phagocytosis. The inhibition of ROS production may result 

from reduced ERK activation, since co-ligation of FcRs and SIRL-1 on phagocytes inhibited 

phosphorylation of ERK. Importantly, we demonstrate that microbial and inflammatory stimuli 

cause rapid down-regulation of SIRL-1 expression on the surface of primary neutrophils and 

monocytes. In accordance, SIRL-1 expression levels on neutrophils in bronchoalveolar lavage 

fluid from patients with neutrophilic airway inflammation are greatly reduced. We propose 

that SIRL-1 on phagocytes sets an activation threshold to prevent inappropriate production of 

oxygen radicals. Upon infection, SIRL-1 expression is down-regulated, allowing microbial killing 

and clearance of the pathogen.
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InTRoDUCTIon
Neutrophils, monocytes and macrophages are professional phagocytes and have a crucial role 

in host defense through recognition, phagocytosis and elimination of invading pathogens1. 

Phagocytes are equipped with a range of receptors that recognize microbes and facilitate 

their uptake. These PRR include TLR and C-type lectins, which are critical in detecting invading 

microorganisms, resulting in activation of phagocytes and leading to production of inflammatory 

cytokines and chemokines to recruit and activate additional effector cells. Besides pathogen 

detection, microbicidal activity is a key function of phagocytes and is achieved through 

phagocytosis of the infectious agent, followed by fusion of the intracellular phagosome with 

lysosomal granules and ROS production2. The NADPH oxidase complex is responsible for ROS 

production in phagocytes, generating superoxide anion radicals (O
2
-•), which are dismutated 

to form H
2
O

2
. The lowered pH leads to enzyme activation in the phagosome3. Hypochlorous 

acids are formed by peroxidase enzymes which catalyze H
2
O

2
-dependent oxidation of chloride 

and bromide4,5. This phagocytic response is often initiated through activation of Fc receptors 

(FcRs) by Ig-opsonized bacteria6.

The key role of ROS in microbial killing is most apparent from the recurrent bacterial 

infections typical of chronic granulomatous disease (CGD). Patients suffering from this disease 

have mutations in the NADPH oxidase complex resulting in defective ROS production7 and 

frequently present with pneumonia and abscesses. ROS production in itself can also be harmful 

to the host, since part of the lysosomal granules and ROS may leak into the extracellular milieu 

during an immune response and cause severe tissue damage8. Besides ROS production during 

infection, inappropriate ROS production by phagocytes, for example triggered by non-specific 

antibody clustering, may aggravate autoimmune inflammatory diseases9 and can play a role in a 

wide variety of pathological conditions involving ischemia-reperfusion injuries, such as cardiac 

ischemia or trauma10. After an ischemic insult to the myocardium, neutrophils are recruited 

and damage endothelial cells through ROS production, proteases and cytokines11. Neutrophil 

influx is also thought to mediate tissue damage due to the release of microbicidal compounds 

in acute lung injury, such as in severe acute respiratory distress syndrome12,13. Finally, excess ROS 

production may play a role in other neutrophil-mediated diseases including chronic obstructive 

pulmonary disease and cystic fibrosis14,15. Activated neutrophils can thus cause harm in both 

infectious and sterile inflammation16 and the production of ROS requires tight regulation by the 

immune system.

We recently identified signal inhibitory receptor on leukocytes-1 (SIRL-1, encoded by 

vstm-1), an inhibitory receptor specifically expressed by human monocytes, neutrophils and 

eosinophils17. SIRL-1 contains two immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in 

the intracellular tail, which are crucial for its inhibitory function17. As with most ITIM-bearing 

receptors18,19, SIRL-1 can recruit the SH2-domain containing tyrosine phosphatases SHP-1 and 

SHP-217, which may mediate the inhibitory effect. Typically, ITIM-bearing receptors inhibit signals 

relayed by immunoreceptor tyrosine-based activating motifs (ITAMs). ITAMs are the principal 

mediators of signal transduction for various receptors, including FcRs and C-type lectins. In 

accordance with the established role for ITIM-bearing receptors in inhibiting ITAM signaling, 

we have previously demonstrated that SIRL-1 can fully inhibit FcεRI-mediated degranulation by 
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rat basophilic leukemia (RBL) cells17. However, the biological role of SIRL-1 on primary cells and 

the regulation of its expression have hitherto remained unclear. Here, we investigate the role 

of this phagocytic receptor in the regulation of ROS production.

ResUlTs
sIRl-1 stimulation inhibits Ros production in primary human phagocytes

Neutrophils and monocytes can express FcyRI, FcyRIIa and FcyRIII20. To test whether SIRL-1 

could modulate ROS production, we stimulated primary neutrophils using IV.3 mAb, which 

specifically recognizes FcyRIIa, together with anti-SIRL-1 (clone 1A5) mAb. This anti-SIRL-1 mAb is 

an efficient SIRL-1-specific agonist17. Concomitant SIRL-1 and FcyR stimulation led to a significant 

inhibition of ROS production in all donors tested (FIG. 1A and B). We next investigated whether 

SIRL-1 signaling could also inhibit FcyRIIa-induced ROS production in primary monocytes. 

Again, an inhibitory effect was found in most donors tested, although the extent of inhibition 

differed per donor (FIG. 1C). Multimeric FcαRI crosslinking has pro-inflammatory effects and 

induces ROS production21. To investigate if SIRL-1 stimulation could inhibit FcαRI-induced ROS 

production we stimulated isolated monocytes with IgA and anti-SIRL-l mAb. The plate bound 

IgA induced a robust ROS production, which again could be inhibited by SIRL-1 ligation in all 

donors tested (FIG. 1D). Together, these data demonstrate that SIRL-1 stimulation inhibits both 

FcyR- and FcαR-mediated ROS production in primary human phagocytes.

sIRl-1 inhibits fcR-induced Ros production and eRK phosphorylation

To investigate the mechanism underlying SIRL-1-mediated inhibition of FcR-induced ROS 

production we used the human myeloid cell line PLB-985 (further referred to as PLB), which 

can be induced to differentiate into either neutrophilic cells or monocytic cells as described 

in Materials and Methods. PLB cells differentiated into either monocytic or neutrophilic cells 

by VitD3 or dimethylformamide (DMF) respectively, express high levels of FcαR, lower levels 

of FcyRII, and no FcyRI and FcyRIII (Supporting Information FIG. 1A). PLB and differentiated PLB 

cells have no endogenous SIRL-1 expression (Supporting Information FIG. 1B). We found that PLB 

cells differentiated toward monocytes generated ROS in response to FcαR stimulation (FIG. 1E). 

ROS production was also observed after stimulation with IgG, although to a lower extent than 

found in IgA-stimulated PLB cells (Supporting Information FIG. 2A). Consistent with our results 

in primary cells, concomitant SIRL-1 and FcαR or FcyR stimulation inhibited ROS production 

in SIRL-1 transfected PLB cells (FIG. 1E, F and Supporting Information FIG. 2A), confirming that 

SIRL-1 inhibits both FcyR- and FcαR-mediated ROS production. In contrast to FcyR- and FcαR-

mediated ROS production, PMA-induced ROS production could not be inhibited by anti-SIRL-1 

mAb treatment (FIG. 1G). The natural ligand for SIRL-1 is not known. Without anti-SIRL-1 mAb 

incubation, WT PLB cells and PLB cells ectopically expressing SIRL-1 showed comparable ROS 

production after FcR stimulation (FIG. 1E), making the presence of an endogenous ligand in the 

culture unlikely.

We next examined if SIRL-1 could also inhibit intracellular ROS production, and again found 

that IgA-induced ROS production in SIRL-1 transfected PLB cells is inhibited by SIRL-1 stimulation 

(Supporting Information FIG. 2B).
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Since FcαR stimulation resulted in a more robust ROS production than FcyR stimulation, we 

chose to stimulate this receptor for further experiments with PLB cells. To determine the role 

of individual SIRL-1 ITIMs in the inhibitory effect, we transfected PLB cells with SIRL-1 tyr-phe 

mutants including mutation of the N-terminal ITIM (FY); the C-terminal ITIM (YF) and both 

Figure 1
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figure 1. sIRl-1 reduces Ros production in primary phagocytes and Plb cells. (A) Primary neutrophils 
were stimulated with IV.3 anti-human FcyRIIa together with anti-SIRL-1 mAb. Plot represents the 
background-corrected cumulative ROS production. A representative donor is shown. (B) Background 
H

2
O

2
 production in unstimulated samples was subtracted and area under the curve was subsequently 

calculated for all samples. A paired-samples T test was used to compare H
2
O

2
 production after stimulating 

FcyRIIa with anti-SIRL-1 or isotype control mAb. (n=5). (C, D) Isolated CD14+ monocytes were stimulated 
by (C) IV.3 anti-human FcyRIIa (n=4) or (D) polyclonal human IgA (hIgA) (n=3) and anti-SIRL-1 mAb (n=6 
in total). Data of 2 independent experiments are shown. The percentage of SIRL-1-mediated inhibition 
of ROS production was calculated as described in Materials and Methods and is indicated per plot. (E) 
Non-transfected and SIRL-1 transfected monocyte-differentiated PLB cells were stimulated with hIgA and 
anti-SIRL-1 mAb. A representative example is shown (n=3). (F) Inhibition of hIgA-induced ROS production 
by monocyte-differentiated PLB cells and PLB cells transfected with SIRL-1. Bars represent inhibition of 
anti-SIRL-1 compared with isotype control mAb treatment of the same cell line (n=3). (G) PMA-induced 
ROS production by SIRL-1 expressing PLB cells. ROS production after anti-SIRL-1 mAb or cIg treatment 
relative to PMA only treated cells is shown (n=3). (H) Inhibition of hIgA-induced ROS production by PLB 
cells transfected with wild type SIRL-1 (YY) and the mutants. Relative ROS production of SIRL-1 and SIRL-1 
tyr-phe mutants was compared with non-transfected PLB cells (n=3). An independent samples T test was 
used (*P≤0.05; **P≤0.01; ***P≤0.001). Data are shown as mean + SEM of the indicated number of samples 
and are representative of 3 experiments performed.
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ITIMs (FF). Comparable expression of all mutants was confirmed by flow cytometry (Supporting 

Information FIG. 3). SIRL-1 transfected PLB cells were differentiated toward either neutrophilic 

or monocytic cell lineages and subsequently stimulated with IgA combined with anti-SIRL-1 

mAb. Stimulation of either of the SIRL-1 single tyr-phe mutants (FY and YF) resulted in a partial 

inhibition of ROS production, whereas the FF mutant completely lost its inhibitory capacity 

(FIG. 1H). The lack of effect on the SIRL-1 FF mutant and WT PLB cells again confirmed that 

the anti-SIRL-1 mAb acts specifically through stimulation of SIRL-1. Altogether, SIRL-1 ITIM-

mediated signaling can inhibit FcαR- and FcyR-mediated ROS production in both neutrophilic 

and monocytic cell types, and both of the SIRL-1 ITIMs contribute to this effect.

The MAPK ERK is activated during the oxidative burst and can phosphorylate p47phox 22-24. To 

investigate the role of ERK in FcR-induced ROS production, we pre-incubated monocytic PLB 

Figure 2
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figure 2. sIRl-1 co-ligation inhibits fcαR-mediated eRK phosphorylation. (A) Monocyte-
differentiated PLB cells, expressing SIRL-1 YY, were pretreated with either DMSO or U0126 (50 µM) or 
with anti-SIRL-1 or isotype control mAb before stimulating with hIgA. The oxidative burst activity of PLB 
cells was measured for one hour. Percentage inhibition was calculated as described in Materials and 
Methods. Data were analyzed using a one-way ANOVA (***P≤0.001). Data are shown as mean + SEM of n=3 
and are representative of 3 experiments performed. (B) PLB cells expressing SIRL-1 YY (top) or SIRL-1 FF 
(bottom) were differentiated toward monocytes and treated with anti-FcαR and anti-SIRL-1 or anti-MHC I 
antibodies. ERK phosphorylation was assessed over time by western blot analysis using anti-phospho ERK 
and anti-ERK antibodies. Data shown are representative of 5 experiments performed.
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cells with U0126, an inhibitor of MEK that prevents ERK activation, and subsequently stimulated 

cells with IgA. Inhibition of MEK/ERK resulted in reduced FcαR-induced ROS production 

(FIG. 2A). We next investigated whether SIRL-1 could affect FcR-induced ERK activation. 

Monocytic PLB cells transfected with SIRL-1 were stimulated by FcαR clustering, resulting in 

ERK phosphorylation. Indeed, co-ligation of SIRL-1 in these cells considerably reduced ERK 

phosphorylation (FIG. 2B). As expected, PLB transfected with SIRL-1 FF did not demonstrate 

inhibition of ERK phosphorylation following FcαR and SIRL-1 clustering (FIG. 2B). Together, 

these results demonstrate that SIRL-1 can inhibit FcαR-induced ERK activation and that this 

requires functional ITIMs.

sIRl-1 inhibits killing of microbes without affecting phagocytosis

Since the oxidative burst is bactericidal, reduced ROS production due to SIRL-1 ligation 

could result in reduced killing of serum-opsonized Staphylococcus epidermidis by primary 

neutrophils. Neutrophil killing of S. epidermidis is dependent on ROS production and can be 

Figure 3
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figure 3. sIRl-1 stimulation hampers microbial killing. (A) Relative killing of S. epidermidis by human 
peripheral blood neutrophils, with or without co-incubation with either DPI or with anti-SIRL-1 or control 
mAb. Data were analyzed using a repeated measures ANOVA, adjusted for Bonferroni’s test (**P≤0.01). 
(B) Phagocytosis experiments were performed using FITC-labeled S. epidermidis to detect neutrophil-
interacting bacteria by flow cytometry. To discriminate between intracellular and extracellular bacteria, 
neutrophils were stained with anti-FITC-biotin followed by streptavidin-allophycocyanin. Example dot 
plots are shown. (C) Percentages of neutrophil-associated FITC-labeled S. epidermidis (combining 
intra- and extracellular bacteria) are shown for different treatments. (D) Percentage of intracellular FITC-
labeled S. epidermidis after anti-SIRL-1 or isotype control mAb treatment. Incubations at 4°C were taken 
as a control. (E) FITC mean fluorescence intensity (MFI) of intracellular FITC-labeled S. epidermidis after 
anti-SIRL-1 or isotype control mAb treatment. HPS is human pooled serum. (A, C-E) Data are shown as 
mean + SEM of 6 samples and are representative of 2-3 experiments performed.
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inhibited by the NADPH oxidase inhibitor diphenyleneiodonium chloride (DPI). Indeed, anti-

SIRL-1 mAb inhibited S. epidermidis killing to a similar extent as incubation with DPI (FIG. 3A). 

To exclude the possibility of a-specific FcR-mediated effects or cell aggregation through 

clustering of the anti-SIRL-1 mAb on the cell surface, part of the neutrophils were pretreated 

with an isotype control or an anti-MHC I mAb, both of which had no effect on killing (FIG. 3A 

and data not shown).

As the increased number of viable intracellular bacteria could also result from increased 

phagocytosis after SIRL-1 stimulation, we used FITC-labeled S. epidermidis to determine 

percentages of phagocytosed particles by flow cytometry (FIG. 3B). Heat-inactivated serum 

was used throughout to enable examining the effect of SIRL-1 stimulation on FcR-mediated 

interactions with bacteria specifically and exclude complement factors. The interaction 

between neutrophils and bacteria was greatly reduced without serum opsonization (FIG. 3B 

and C). Phagocytosis was increased by incubation at 37°C compared with that at 4°C (FIG. 3D), 

indicating that the bacterial uptake was actively regulated by phagocytes. No differences in 

percentages of phagocytosed S. epidermidis were observed after anti-SIRL-1 mAb stimulation 

of neutrophils compared with an isotype control mAb (FIG. 3D), nor was the mean bacterial 

load per cell different (FIG. 3E) as determined by FITC MFI. This suggests that the increased 

bacterial counts resulted from reduced microbicidal activity by neutrophils.

In conclusion, SIRL-1 reduces bacterial killing through inhibition of ROS production in 

human phagocytes.

sIRl-1 expression is lower on inflammatory monocyte subsets and down-regulated 

upon cell activation

To further investigate the role of SIRL-1 during infection we examined the regulation of its 

expression. A majority of CD14+ monocytes express high levels of SIRL-1, although a subset 

typically has low/intermediate SIRL-1 expression17. We previously reported that, in the absence 

of antibody-mediated SIRL-1 stimulation, monocytes that exhibit low/intermediate SIRL-1 

expression produce increased amounts of TNF-α upon stimulation after LPS or Curdlan 

treatment compared with that by monocytes with high SIRL-1 expression17. We now investigated 

whether the inverse correlation between SIRL-1 expression and TNF-α production could 

be explained by differential SIRL-1 expression by monocyte subsets. CD16+ monocytes are 

considered pro-inflammatory and increased numbers are found during acute inflammation, 

with these cells producing high levels of TNF-α upon LPS stimulation25. In agreement with 

published studies25, we found that 80-90% of the total monocyte population in peripheral blood 

consists of HLA-DR+CD14+CD16- cells, whereas smaller subsets consist of HLA-DR+CD14+CD16+ 

and HLA-DR+CD14-CD16+ monocytes (FIG. 4A, left panel). Further analysis of monocyte subsets 

for SIRL-1 expression revealed that CD16+ inflammatory monocytes had a lower expression of 

SIRL-1 than the CD14+CD16- population (FIG. 4A, right panel). Thus, SIRL-1 expression differs 

between monocyte subsets.

To investigate whether the expression of SIRL-1 is also regulated upon cellular activation, 

we analyzed SIRL-1 expression on CD14+ mononuclear cells and isolated neutrophils from 

peripheral blood after stimulation with Curdlan. Indeed, we observed a rapid down-regulation 

of SIRL-1 expression for both monocytes (FIG. 4B, left panel) and neutrophils (FIG. 4B, right 
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figure 4. sIRl-1 is differentially expressed by monocyte subsets and downregulated after phagocyte 
stimulation. (A) PBMCs were analyzed by flow cytometry. Monocytes were gated on base of forward and 
side scatter, cells positive for HLA-DR were further examined for CD16 and CD14 expression (left panel). 
Subpopulations of CD14-CD16+, CD14+CD16+ and CD14+CD16- cells were analyzed for SIRL-1 and HLA-DR 
expression (right). The grey-filled histogram represents the isotype control and showed comparable 
fluorescence intensity for all monocyte subsets. cIg stands for isotype control mAb. A representative 
example of 3 donors is shown. (B) PBMCs and neutrophils were gated on base of forward and side scatter, 
and monocytes were further gated on CD14 expression. Cells were stimulated with 100 µg/ml Curdlan and 
the intensity of SIRL-1 expression was determined at the indicated timepoints. A representative donor is 
shown. (C) PBMCs or (D) isolated neutrophils were stimulated with 100 µg/ml Curdlan, 1 µg/ml LPS, 1 µg/ml 
Pam3Cys or 1 × 103 U/ml TNF-α for the indicated timepoints. (C) Intensity of SIRL-1 expression was determined 
on CD14+ monocytes and SIRL-1 expression at t=0 was set on a hundred percent. (E) CD14+ monocytes or (F) 
isolated neutrophils were stimulated for four hours with the indicated concentrations of Curdlan, TNF-α or 
LPS. (C-F) Data are shown as mean + SEM of n=3 and are representative of 2 experiments performed.
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panel). To determine whether specific activation signals had a differential effect on SIRL-1 

expression, we stimulated mononuclear cells with Curdlan, Pam3Cys, LPS or TNF-α, and 

neutrophils with Curdlan or TNF-α and analyzed SIRL-1 expression. For both monocytes and 

neutrophils, all stimulations resulted in a rapid down-regulation of SIRL-1 expression (FIG. 4C 

and D). Although monocytes from all donors express SIRL-1, the levels are more variable than 

on neutrophils. Relative SIRL-1 expression levels are therefore shown for monocytes. SIRL-1 

expression progressively decreased up to four hours after addition of the stimulus in both 

monocytes and neutrophils (FIG. 4B-D), in a concentration-dependent manner (FIG. 4E and F). 

In conclusion, SIRL-1 expression is rapidly down-regulated upon activation of phagocytes by 

PRR or cytokines.

lung neutrophils have lower sIRl-1 expression than peripheral blood neutrophils 

during RsV-infection

To investigate whether differential SIRL-1 expression on neutrophils could be observed in 

vivo, we monitored SIRL-1 expression on both peripheral blood and airway neutrophils during 

infection. We obtained non-bronchoscopic BALF samples from neonates on mechanical 

ventilation as a consequence of severe RSV bronchiolitis and compared the expression of 

SIRL-1 on airway neutrophils present in these samples with peripheral blood neutrophils taken 

from the patient at the same time. We previously reported that SIRL-1 expression on peripheral 

blood neutrophils in neonates is comparable to adults26. Although most airway neutrophils 

expressed SIRL-1, the surface expression was significantly lower than on peripheral blood 

neutrophils (FIG. 5A-C). Further research will be necessary to exclude whether the observed 

downregulated surface expression is due to the inflammatory response or a result of neutrophil 

transmigration.

DIsCUssIon
Here we demonstrate that in human phagocytes SIRL-1 activation inhibits the oxidative burst. 

SIRL-1 stimulation results in decreased ROS-dependent microbicidal activity without affecting 

phagocytosis. Detection of bacterial products by PRR expressed on phagocytes, such as TLRs 

or C-type lectins, or activation of phagocytes by TNF-α all result in down-regulation of SIRL-1 

expression in vitro. Our data imply a role for SIRL-1 in setting the threshold for the oxidative 

burst in phagocytes, most likely to prevent damaging effects to tissues by inappropriate ROS 

production. Upon bacterial infection, when ROS production is required, PRR activation may 

result in down-regulation of SIRL-1 expression, allowing the cell to mediate intracellular killing. 

However, stimulation of cells via PRR does not lead to a complete loss of SIRL-1 expression in 

vitro. A low level of SIRL-1 expression remains detectable on the cell surface, indicating that 

SIRL-1 may still modulate ROS production. Controlled ROS production during infection would 

contribute to a balanced immune response.

Inhibitory receptors highly expressed on resting cells, such as SIRL-1, could be involved in 

providing a threshold for cell activation. To provide a threshold, the ligand would need to be 

broadly expressed, because expression of SIRL-1 without receptor stimulation does not result 

in inhibition (FIG. 1E). Most inhibitory receptors bind other transmembrane proteins. The 
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Figure 5
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figure 5. sIRl-1 expression is decreased on lung neutrophils during severe RsV infection. The 
expression of SIRL-1 was analyzed on matched samples of peripheral blood and lung neutrophils from 
mechanically ventilated RSV patients. (A) Peripheral blood neutrophils expressed high levels of SIRL-1, 
while lung neutrophils did not. Example flow cytometry plots are shown, placement of the quadrants is 
based on isotype controls. (B) Example histograms of SIRL-1 expression (black line histogram) compared 
with isotype control (grey-filled histogram) on peripheral blood and lung CD11b+CD16+ neutrophils 
are shown. (C) Time-matched blood and BALF samples were collected from nine patients. Percentage 
SIRL-1-positive cells was calculated by comparing with the isotype staining (quadrants in A). SIRL-1 
expression is lower on BALF neutrophils compared with blood neutrophils (p=0.038 in paired-samples 
Wilcoxon rank sum test). Data are shown as mean + SEM of 9 samples and are representative of at least 
3 experiments performed.

inhibitory receptors most comparable with SIRL-1 in expression pattern, CD200R, SIRP-α and 

Siglec-5, all have transmembrane ligands that are widely expressed by many cell types (CD200, 

CD47 and sialic acids respectively). In amino acid sequence SIRL-1 is most closely related to 

LAIR-1b. LAIR(-1/-2) recognizes both transmembrane and secreted collagens. The identification 

of SIRL-1 ligand would contribute to our understanding of SIRL-1 physiological function.

Modulation of inhibitory receptor expression upon cell activation is an important 

mechanism of regulation for inhibitory receptor function. Inhibitory receptors that are 

initially highly expressed may create an immune activation threshold, while receptors that are 
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upregulated after cell stimulation may function in the termination of the immune response. 

We observed that SIRL-1 is down-regulated by inflammatory stimuli in vitro. It remains to be 

determined whether this lower surface expression is a result of degradation, cleavage or 

internalization. Consistent with this observation, RSV infection resulted in down-regulation 

of SIRL-1 expression on neutrophils isolated from the lungs of neonates, although a role for 

transmigration in the down-regulation of neutrophil SIRL-1 expression cannot be excluded. RSV 

infection in infants is characterized by a large influx of neutrophils, making up no less than 93% 

of infiltrated leukocytes in the upper airway and 76% in the lower airway27-29. In vitro studies 

show that although RSV alone can damage respiratory epithelial cells to some extent, this effect 

is augmented by neutrophils30 and it seems that severe primary RSV disease is for a large part 

attributable to viral damage followed by an excessive innate immune response31. The decreased 

SIRL-1 expression on neutrophils during severe RSV infection may lead to augmented ROS 

production, which in turn contributes to disease pathology. The in vitro down-regulation of 

SIRL-1 by inflammatory cytokines (FIG. 4) suggests that SIRL-1 may also be important in sterile 

inflammation. A role for excessive neutrophil activation in lung damage has been suggested for 

severe asthma, chronic obstructive pulmonary disease, and mechanical ventilation32-34, it would 

be of interest to study SIRL-1 expression in these conditions.

Through what mechanism does SIRL-1 activation lead to reduced FcR-induced ROS 

production? Several steps in the signal-transduction pathway leading to phosphorylation 

and subsequent assembly of the phagocyte NADPH oxidase complex have been identified. 

We show that SIRL-1 inhibits the phosphorylation of ERK. Although the role of the MAPK ERK 

in the generation of the oxidative burst of neutrophils is not fully understood, it is activated 

during the oxidative burst and can phosphorylate p47phox 22-24. Previous studies have shown 

that MEK1/2 inhibitors LY294002 and U0126 could inhibit ROS production induced by fMLP 

stimulation of GM-CSF–primed cells35. Consistent with these data, we show the importance of 

MAPK ERK in FcαR-induced ROS production. The fact that SIRL-1 can not inhibit PMA-induced 

ROS production (FIG. 1G) suggests that SIRL-1 inhibits an early event in the signaling cascade 

leading to NADPH oxidase complex activation. Ligand-mediated activation of FcRs results in 

ITAM phosphorylation by Src family kinases, which also phosphorylate and activate Syk36. Syk is 

a central player in ITAM-mediated signaling, and activation eventually results in calcium influx, 

ROS production and phagocytosis, as well as cytokine production37. ITAM-mediated signals 

activate MAPK and the adaptor protein CARD9 through Syk, leading to cytokine production in 

myeloid cells. It is conceivable that SIRL-1 will also inhibit ROS production mediated by other 

ITAM-bearing receptors such as C-type lectins or TREMs, both of which play a role in bacterial 

recognition and signal through Syk38,39.

Surprisingly, we did not find a role for SIRL-1 in modulating IgA- or LPS-induced cytokine 

production in PLB cells or primary neutrophils and monocytes (data not shown), while ERK 

activation does contribute to both FcR- and LPS-induced cytokine production in phagocytes40. 

This may be explained by Syk-induced CARD9 activation, which can activate NF-κB40-42 and this 

pathway may compensate for the reduced activation of the ERK pathway. Further studies are 

required to pin-point precisely what signaling molecule downstream of SIRL-1 mediates its 

inhibitory action and how this interferes with ERK activation.
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In conclusion, the production of ROS by phagocytes is under tight regulation. SIRL-1 may function 

to increase the threshold of phagocyte activation, thus preventing ROS production in the absence 

of pathogen encounter. Excess ROS production may play an important role in the pathogenesis of 

diseases characterized by inflammation. Our data that local SIRL-1 expression is tightly regulated 

may point to an important role for SIRL-1 in the control of neutrophilic inflammation.

MaTeRIal s anD MeTHoDs
antibodies and cDna constructs

The SIRL-1-specific mAb 1A5 of the mouse IgG
1
 type has been described before17. The antibody 

was FITC-conjugated17 and biotin-conjugated for flow cytometry analysis. Biotin was from Pierce 

(Rockford, IL, USA), anti-CD14 and streptavidin Pe-Cy7 from Biolegend (San Diego, CA, USA). FITC- 

and biotin-conjugated mouse IgG
1
 isotype control mAb, anti-CD11b allophycocyanin, anti-FcyRII 

FITC, anti-FcαR PE and streptavidin-allophycocyanin were from BD Biosciences (San Jose, CA, USA). 

Anti-FcyRI FITC was from Immunotech (Prague, Czech Republic). Non-conjugated IgG
1
 isotype 

control mAb, anti-CD16 and anti-HLA-DR were from eBioscience (San Diego, CA, USA). Polyclonal 

human IgA from MP Biomedicals. IV.3 Anti-FcyRII was a kind gift from Dr. Leusen (UMC Utrecht, 

Utrecht, The Netherlands). Sheep anti-FITC-biotin was from Southern Biotech (Birmingham, 

AL, USA). Anti-phospho-ERK, anti-ERK antibodies and U0126 were obtained from Cell Signaling 

Technology (Danvers, MA, USA). Horseradish peroxidase-conjugated secondary antibodies were 

from Jackson ImmunoResearch Laboratories (Suffolk, UK). SIRL-1 cDNA constructs in retroviral pMX 

vectors were described before17 and comprise wild type SIRL-1 (YY) and SIRL-1 tyrosine-phenylalanine 

(tyr-phe) mutants of the N-terminal ITIM (FY); the C-terminal ITIM (YF) and both ITIMs (FF).

Cell lines

PLB-985 (referred to as PLB) is a human myeloid leukemia cell line originating from HL-60 

cells43, and was kindly provided by Dr. van den Berg (Sanquin, Amsterdam, The Netherlands). 

HL-60 cells were used for measurement of intracellular ROS production. HEK293T cells were 

used for retroviral transduction experiments. All cells were cultured in RPMI 1640 media 

(Gibco, Paisley, UK) supplemented with 10% FCS (Bodinco, Alkmaar, The Netherlands), and 

antibiotics. To obtain stable expression of SIRL-1 and SIRL-1 tyr-phe mutants, retroviral pMX 

vectors containing SIRL-1 cDNAs were packaged by the pCL-ampho system44 and virus was used 

to infect target cells. Transfected cell lines were sorted on a FACSAria to obtain comparable 

SIRL-1 expression. To induce maturation, PLB or HL-60 cells were seeded at a density of 2*105 

cells/ml in normal culture media supplemented with 0.65% (v/v) DMF (Sigma-Aldrich, Munich, 

Germany) for neutrophilic differentiation45 or with 50 nmol/L 1,25-dihydroxyvitamin D3 (VitD3) 

(Sigma-Aldrich) for monocytic differentiation46 for 4-5 days. Differentiated cells were analyzed 

for CD11b, CD14 and FcαR expression (Supporting Information Fig. 1B), and FcyRI, FcyRII, FcyRIII 

and FcαR expression (Supporting Information Fig. 1A).

Patients and healthy volunteers

For in vitro experiments peripheral blood was obtained from healthy adult volunteers. 

Neutrophils from both BALF and peripheral blood were gated on base of forward and side 



32

2

 SIR
L-1 b

Lu
n

t
S th

e pR
o

d
u

c
tIo

n
 o

f R
o

S

scatter using flow cytometry. CD16+CD11b+ neutrophils were analyzed for SIRL-1 expression. To 

study SIRL-1 expression on myeloid cells at the site of inflammation we included infants with 

RSV bronchiolitis, which comprises of a homogenous patient population without co-morbidity 

with a typical neutrophilic airway response27. We recruited nine consecutive previously healthy 

infants aged younger than one year who were mechanically ventilated for RSV bronchiolitis. 

We obtained peripheral blood, and non-bronchoscopic BALF by instillation and re-aspiration 

of 3 ml normal saline in the endotracheal tube within 36 hours after intubation, before normal 

routine bronchial toilet, which is a modification of a previously described technique47. All 

subjects or their caretakers gave written informed consent and protocols were approved by 

the institutional review board.

analysis of sIRl-1 expression on monocyte subsets, and activated monocytes and 

neutrophils

Human peripheral mononuclear cells and neutrophils were isolated by Ficoll-Histopaque-1119 

density gradient centrifugation. For experiments measuring ROS production, monocytes were 

isolated from mononuclear cells using a CD14-positive selection MACS kit (Miltenyi Biotec, 

Auburn, CA, USA), whereas monocytes within the total PBMC fraction were analyzed for flow 

cytometry-based experiments. Monocytes and neutrophils were gated on base of forward 

and side scatter using flow cytometry. To analyze monocyte subsets, cells positive for HLA-DR 

(excludes CD16-expressing neutrophils and NK cells) were further examined for CD16 and CD14 

expression. Monocyte subsets comprising CD14-CD16+, CD14+CD16+ and CD14+CD16- cells were 

analyzed for SIRL-1 expression. To analyze SIRL-1 expression on stimulated phagocytes, samples 

were incubated with TLR4 ligand LPS (1*10-6-1 µg/ml) (Sigma-Aldrich), Dectin-1 ligand Curdlan 

(1-100 µg/ml) (Wako biochemical, Neuss, Germany), TLR2 ligand Pam3Cys (0.1-10 µg/ml) (Bachem 

biosciences, Weil am Rhein, Germany) and TNF-α (250-4*103 U/ml) (Peprotech, London, UK) 

for monocytes, or with Curdlan (1-100 µg/ml) and TNF-α (250-4*103 U/ml) for neutrophils for 

0.5 hour to overnight at 37°C. Samples were stained with anti-SIRL-1 or an isotype control mAb, 

and with anti-CD14 for monocytes.

Measurement of naDPH oxidase mediated Ros production

ROS production was measured in isolated primary neutrophils and monocytes or neutrophilic 

or monocytic differentiated PLB or HL-60 cells stably transduced with SIRL-1 or SIRL-1 tyr-phe 

mutants. All experiments were performed using technical duplicates (primary monocytes and 

PLB cells) or triplicates (primary neutrophils). NADPH oxidase activity was, unless otherwise 

indicated, assessed as H
2
O

2
 formation and determined by Amplex Red (Molecular Probes, 

Breda, The Netherlands), which reacts with H
2
O

2
 to produce fluorescent resorufin in the 

presence of HRP (Sigma-Aldrich). The assay was performed in microfluor white plates from 

Thermo. Differentiated cells were resuspended in HEPES buffer (20 mM HEPES, 132 mM NaCl, 

6 mM KCl, 1 mM MgSO
4
, 1.2 mM KH

2
PO

4
, pH 7.4 supplemented with 0.5% human serum albumin 

(HSA) (Sigma), 1 mM Ca2+ and 5 mM D-glucose) containing 50 µM Amplex Red and 1 U/ml HRP 

and stimulated (1*106 cells/ml) with 5-20 µg/ml plate-bound human IgG, human IgA or IV.3 

anti-FcyRII, or 10 ng/ml PMA together with 5-25 µg/ml plate-bound anti-SIRL-1 or an isotype 

control mAb. Where indicated, cells were treated with 50 µM U0126, a cell-permeable MEK 
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inhibitor. Formation of H
2
O

2
 was measured directly from the start of stimulation, when cells 

were added to coated wells, and continued for one hour. Fluorescence was measured at one-

minute intervals (λ
Ex

/ λ
Em

 = 545/590 nm). Measurements were corrected for spontaneous H
2
O

2
 

production, as determined by incubation of cells in non-coated wells. The percentage of SIRL-

1-mediated inhibition of ROS production was calculated by subtraction of background H
2
O

2
 

production and subsequent calculation of the area under the curve of all samples. The AUC of 

IgA co-coated with an isotype control mAb was set at a hundred percent and compared with 

the AUC of IgA co-coated with anti-SIRL-1 mAb. Intracellular ROS production was measured 

using dihydrodichlorofluorescein diacetate (H
2
DCFDA) (Sigma). The intracellular cleavage 

product H
2
DCF can be oxidized to the fluorochrome 2’,7’-dichlorofluorescein (DCF). HL-60 

cells were incubated in loading buffer (PBS containing 10 mM D-glucose and 25 mM H
2
DCFDA) 

for 30 min under gentile agitation. Cells were washed, resuspended in loading buffer and added 

at 1*106 cells/well, after which DCF production was measured directly (λ
Ex

/ λ
Em

 = 485/527 nm) 

and continued for 90 min at 37°C. Coating of wells, controls and calculations were performed 

as for Amplex Red measurements.

Cellular activation and western blotting

PLB cells were washed twice with PBS and resuspended in RPMI without FCS before stimulation 

with anti-FcαR antibodies (5 µg/ml). Part of the cells were pretreated with 5 µg/ml anti-SIRL-1 

or anti-MHC I mAb of the same isotype for 30 min at 4°C and then stimulated with goat anti-

mouse F(ab’)
2
 fragments (20 µg/ml) for indicated times. Cross-linking of an anti-MHC-I mAb 

with goat anti-mouse F(ab’)
2
 fragments did not differ compared with results from experiments 

using isotype-matched IgG
1
. After stimulation, cells were lysed in lysis buffer (50 mM Tris-HCl 

(pH 7.5), 150 mM NaCl, 1% Triton-X100, 1 mM EDTA, 1 mM PMSF, 2.5 mM sodium orthovanadate, 

supplemented with protease inhibitor mixtures (Roche Applied Sciences, Almere, The 

Netherlands) on ice. Lysates were cleared at 14,000 rpm for 10 min and boiled before being 

subjected to SDS/PAGE followed by transfer to PVDF membranes which were probed with 

the indicated antibodies and the proteins were visualized by using the ECL reagent (Pierce, 

Rockford, IL, USA).

Phagocytosis assay

A stock of S. epidermidis was kindly provided by Dr. Ing. Van Kessel (UMC Utrecht, Utrecht, The 

Netherlands) and grown in LB. Part of the culture was resuspended in 0.1 M sodium carbonate 

buffer, pH 9.6 and incubated with 1 mg/ml FITC (Molecular probes) at 37°C for one hour. FITC-

labeled bacteria were washed twice with PBS and stored at -20°C for future use. The buffer used 

for phagocytosis assays consisted of RPMI supplemented with 0.05% HSA. Neutrophils were 

incubated with 20 µg/ml anti-SIRL-1 mAb, or as negative controls with 20 µg/ml anti-MHC I 

or an isotype control mAb for 20 min on ice. Samples were washed with PBS and bound mAb 

was cross-linked using a final concentration of 20 µg/ml goat anti-mouse F(ab’)
2
 fragments. 

Phagocytosis was assessed by flow cytometry. FITC-labeled S. epidermidis were opsonized with 

1% heat-inactivated human pooled serum and incubated with neutrophils for 15 min (MOI = 20), 

after which samples were placed on ice. To discriminate between intracellular and extracellular 

bacteria, neutrophils were stained with sheep anti-FITC-biotin followed by streptavidin-
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allophycocyanin. Percentages internalized bacteria were calculated by (percentage FITC+ 

allophycocyanin- cells) / (percentage FITC+ allophycocyanin+ cells) *100. The MFI of FITC+ 

allophycocyanin- cells was used as an indicator for the number of internalized bacteria.

bactericidal assay

For killing assays, neutrophils were resuspended in RPMI containing 2% FCS (heat-inactivated) 

and seeded into 96-well plates at 7.5 x 104 cells/well. In some assays the cells were treated 

with 10 µM diphenyleneiodonium chloride (DPI) (Sigma-Aldrich) for 20 min at 37°C to block 

NADPH oxidase activity. Logarithmic phase bacteria grown in LB were diluted in RPMI media 

supplemented with 10% heat-inactivated human pooled serum, incubated for 20 min at 37°C 

and added to the neutrophils at a MOI of 10 in RPMI supplemented with 2% heat-inactivated FCS 

final concentration and incubated for 10 min at 37°C before analysis. S. epidermidis were added 

and the bacteria and neutrophils were spun together at 500 x g for 5 min to initiate the assay. 

After incubation for the specified time, neutrophils were lysed with 0.1% Triton X-100, and the 

contents of the well were serially diluted and plated on LB agar plates for overnight incubation 

to enable enumeration of surviving bacteria. The percentage of killing was calculated as ((CFU 

control well)/(CFU experimental well)) x 100%. For killing assays performed in the presence of 

antibodies, 20 µg/ml of anti-SIRL-1 mAb or anti-MHC I mAb was added to purified neutrophils 

30 min before the assay. Bound mAb were cross-linked using a final concentration of 20 µg/ml 

goat anti-mouse F(ab’)
2
 fragments.

statistical analysis 

The indicated data were analyzed using SPSS 15.0 software (SPSS, Chicago, Illinois, USA). 

Appropriate tests were used depending on the nature and distribution of the data, and are 

indicated in the figure legends. A p-value of ≤ 0.05 was considered statistically significant.
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Supporting Figure 1
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figure 1. Plb maturation was confirmed by flow cytometric analysis of maturation markers. (A) PLB 
cells were matured with vitamin D3 (Vit D3) to induce a monocytic phenotype or with DMF to induce a 
neutrophilic phenotype and analyzed after 4-5 days for FcγRI, FcγRII, FcγRIII and FcαR expression. (B) 
PLB cells were matured with Vit D3 to induce a monocytic phenotype or with DMF to induce a neutrophilic 
phenotype and analyzed after 4-5 days for FcαR, CD11b, CD14 and SIRL-1 expression.
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Supporting Figure 2
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figure 2. expression of fcγRs and fcγR-mediated Ros production in Plb cells. (A) SIRL-1 transfected 
PLB cells were stimulated with 20 µg/ml plate-bound human IgG (hIgG) and 10 µg/ml anti-SIRL-1 or 
an isotype control mAb. Measurements were corrected for spontaneous H

2
O

2
 production. Plots 

represent the background-corrected cumulative ROS production with and without SIRL-1 cross-linking. 
Either neutrophilic differentiated or monocytic differentiated PLB cells were used (n=3 in total). The 
representative example shows ROS production in monocyte-differentiated PLB. (B) Intracellular ROS 
production using dihydrodichlorofluorescein diacetate (H

2
DCFDA). Wild type or SIRL-1 transfected 

PLB cells were stimulated with 10 µg/ml plate-bound human IgA and 25 µg/ml anti-SIRL-1 or an isotype 
control mAb. Percentage of inhibition (for calculation see Materials and Methods) by WT PLB and PLB 
SIRL-1 after anti-SIRL-1 mAb treatment relative to cIg mAb treated cells is shown. n=2 (neutrophilic) or 
n=3 (monocytic).
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Supporting Figure 3

Neutr.
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SIRL-1 expression

-SIRL-1 YY SIRL-1 FY SIRL-1 YF SIRL-1 FF

figure 3. all Plb cell lines show comparable expression of sIRl-1. Expression of SIRL-1 on PLB cells 
stably transfected with wild type SIRL-1 (YY) and SIRL-1 tyr-phe mutants including mutation of the 
N-terminal ITIM (FY); the C-terminal ITIM (YF) and both ITIMs (FF). Non-transfected PLB cells were taken 
as a control. Cells were matured toward either a neutrophilic phenotype or a monocytic phenotype. 
Cells were analyzed by flow cytometry after staining with anti-SIRL-1 or an isotype control mAb (open 
histograms and grey histograms respectively).
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absTRaCT
Neutrophil extracellular traps (NETs) have been implicated in the pathogenesis of systemic lupus 

erythematosus (SLE), since netting neutrophils release potentially immunogenic autoantigens 

including histones, LL37, human neutrophil peptide (HNP), and self-DNA. In turn, these NETs 

activate plasmacytoid dendritic cells resulting in aggravation of inflammation and disease. How 

suppression of NET formation can be targeted for treatment has not been reported yet.

Signal Inhibitory Receptor on Leukocytes-1 (SIRL-1) is a surface molecule exclusively 

expressed on phagocytes. We recently identified SIRL-1 as a negative regulator of human 

neutrophil function. Here, we determine whether ligation of SIRL-1 prevents the pathogenic 

release of NETs in SLE.

Peripheral blood neutrophils from SLE patients with mild to moderate disease activity 

and healthy donors were freshly isolated. NET release was assessed spontaneously or after 

exposure to anti-neutrophil antibodies or plasma obtained from SLE patients. The formation of 

NETs was determined by microscopic evaluation using DNA dyes and immunostaining of NET 

components, as well as by live cell imaging.

We show that SLE neutrophils spontaneously release NETs. NET formation is enhanced 

by stimulation with antibodies against LL37. Inhibition of nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase activity and MEK-ERK signaling prevents NET release in response 

to these antibodies. Signaling via the inhibitory receptor SIRL-1 was induced by ligation with 

anti-SIRL-1 specific antibodies. Both spontaneous and anti-neutrophil antibody-induced 

NET formation is suppressed by engagement of SIRL-1. Furthermore, NET release by healthy 

neutrophils exposed to SLE plasma is inhibited by SIRL-1 ligation.

Thus, SIRL-1 engagement can dampen spontaneous and anti-neutrophil antibody induced 

NET formation in SLE, likely by suppressing NAPDH oxidase and MEK-ERK activity. Together, 

these findings reveal a regulatory role for SIRL-1 in NET formation, potentially providing a novel 

therapeutic target to break the pathogenic loop in SLE.
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InTRoDUCTIon
Systemic lupus erythematosus (SLE) is a chronic relapsing-remitting autoimmune disease 

with pleiotropic, at times life-threatening, clinical manifestations. SLE has a prevalence of 20 

to 150 people per 100,000 individuals. The disease is characterized by a permanent state of 

immune stimulation, leading to the accumulation of autoantibodies targeting double-stranded 

DNA (dsDNA) as well as other nuclear antigens. The presence of type I interferon-producing 

plasmacytoid dendritic cells is a hallmark of SLE1. Moreover, neutrophils have recently received 

attention as these cells can form neutrophil extracellular traps (NETs) which may serve as a 

source of autoantigens and be involved in diverse disease manifestations, especially nephritis2-5.

SLE patients produce autoantibodies against antimicrobial peptides present in NETs such 

as human neutrophil peptide (HNP) and the antimicrobial peptide LL372. Exposure to these 

autoantibodies in turn stimulates neutrophils from SLE patients to release NETs which gives 

the immune system access to antigenic DNA resulting in perpetuation or even aggravation 

of disease. Though the molecular events that control the formation of NETs are largely 

unknown, a role for the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase was 

suggested in the induction of NETosis by anti-ribonucleoprotein (RNP) antibodies of SLE 

patients3. How suppression of NET release can be exploited as a treatment strategy remains 

to be determined6.

The inhibitory receptor Signal Inhibitory Receptor on Leukocytes-1 (SIRL-1) is an 

immunoreceptor tyrosine-based inhibitory motif (ITIM)-bearing membrane protein expressed 

by human phagocytes7. SIRL-1 is capable of recruiting Src homology 2 domain-containing 

tyrosine phosphatases SHP-1 and SHP-2 and functions as a negative modulator of innate 

immune cell effector mechanisms. Engagement of SIRL-1 dampens signaling of the MEK-ERK 

pathway, resulting in suppressed FcR-mediated generation of reactive oxygen species (ROS)8.

Given the role of SIRL-1 as a suppressor of neutrophil function and the new perspective 

that dysregulated NET formation perpetuates SLE pathogenesis, we reasoned that SIRL-1 could 

control the release of NETs in SLE. Here, we show that SIRL-1 ligation suppresses NET formation 

by peripheral neutrophils from SLE patients and healthy neutrophils stimulated with anti-

neutrophil antibodies. We also demonstrate that engagement of SIRL-1 can inhibit the release 

of NETs by healthy neutrophils exposed to SLE plasma.

ResUlTs
anti-ll37 antibody-induced neT formation depends on naDPH oxidase activity and 

MaPK signaling

Upon incubation of peripheral blood neutrophils from healthy donors with anti-neutrophil 

antibodies against LL37 and HNP, we observed significant formation of NETs, while no 

extracellular DNA was released when neutrophils were incubated with control IgG (FIG. 1A and B).

Myeloperoxidase (MPO) and neutrophil elastase (NE) are granular proteins that associate 

with NETs9-11. The presence of decondensed extracellular DNA that stains positively for these 

granular markers is consistent with the process of NET formation and is distinct from necrosis. 

Immunostaining revealed that none of these NET constituents were released when cells were 
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incubated for 3 h with irrelevant control IgG, while the nuclei retained a normal, condensed 

shape (FIG. 1C, top panels). After stimulation with anti-LL37 antibodies for 3 h (FIG. 1C, middle 

and bottom panels), staining for nuclear and granular components was no longer clearly 

separated and neutrophils released extracellular structures where NE, MPO and DNA colocalize. 

Quantification of MPO- and NE-stained areas confirmed that significant release of MPO and NE 

occurred in response to anti-LL37 antibodies (FIG. 1D), similar to the release of extracellular 

DNA stained with Sytox Green (FIG. 1B).

NET release induced by anti-RNP antibodies derived from SLE patients was previously shown 

to depend on the formation of ROS3. We now show that pharmacological inhibition of NADPH 

oxidase activity by incubation with DPI also blocks NET release by neutrophils stimulated with 
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figure 1. localization of MPo and ne on extracellular Dna upon neT release in response to anti-
neutrophil antibodies. (A) Fluorescence imaging of healthy neutrophils cultured with 10 µg/ml control 
IgG, 10 µg/ml anti-LL37 antibody, 10 µg/ml anti-HNP antibody or 25 ng/ml PMA as positive control and 
stained for total DNA with Hoechst 33342 (left panels) and extracellular DNA (Sytox Green, right panels) 
after 3 h of incubation. Scale bars, 50 µm. (B) Quantification of NET release by healthy neutrophils using 
fluorescence microscopy. The density of extracellular DNA (stained with Sytox Green) over the image 
area after 3 h of incubation with control IgG (n=4), anti-LL37 antibody (n=4), anti-HNP antibody (n=3) 
or PMA (n=3) is shown as mean±SD. **p<0.01; ***p<0.001, ANOVA (adjusted for Dunnett’s test). (C) 
Immunostaining for NET components (green, myeloperoxidase (MPO); red, neutrophil elastase (NE); 
blue, DNA). The experiment was repeated three times with neutrophils from independent donors, with 
similar results. Scale bars, 10 µm. Figures show details of larger fields of view, that were used to quantify 
NET NE and NET MPO density. Original magnification 20x. (D) Quantification of NET release using 
fluorescently conjugated NET-specific antibodies (either anti-MPO or anti-NE antibodies). The MPO- and 
NE-stained areas are shown as mean±SD (n=3). *p=0.0498; ***p=0.0006, Student’s t test.
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antibodies against LL37 (FIG. 2A and B). MAPK signaling is often involved in activation of the 

NADPH oxidase. Moreover, the MEK-ERK signaling pathway has been implicated in NET release 

triggered by PMA12. Neutrophils did not release NETs in the presence of U0126 (FIG. 2A and B), a 

selective inhibitor of MEK activity, demonstrating the involvement of specific cellular signaling 

in this process of neutrophil death. Thus, activity of the NADPH oxidase and MEK-ERK sinaling 

are required for anti-LL37 antibody-induced NET formation.

engagement of sIRl-1 suppresses anti-ll37 antibody-induced neTosis in healthy 

controls and individuals with sle

As we previously showed that engagement of SIRL-1 abrogates signaling of the MEK-ERK 

pathway and suppresses the formation of ROS in neutrophils8, we hypothesized that SIRL-1 

dampens the release of NET-DNA in response to antibodies targeting LL37. Indeed, ligation 
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figure 2. naDPH oxidase activity and MaPK signaling are required for neT formation in response 
to antibodies against ll37. Healthy neutrophils were pretreated for 30 min with or without the NADPH 
oxidase inhibitor DPI (10 µM) or U0126 (50 µM), a specific mitogen-activated protein/extracellular signal-
regulated kinase kinase (MEK) inhibitor, before incubation with anti-LL37 antibodies for 3 h. DMSO 
was used as vehicle control. (A) One out of three independent experiments is shown. NET release is 
determined by staining for DNA and visualized by fluorescence microscopy. Scale bars, 50 µm. (B) The 
amount of NET-DNA is quantified as in FIG. 1B. Mean±SD of three independent donors is indicated. 
**p<0.01, ANOVA (adjusted for Dunnett’s test).
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of SIRL-1 with mAbs on the surface of neutrophils from healthy controls before addition of 

antibodies against LL37 suppressed NET formation to background levels (FIG. 3A).

Neutrophils isolated from SLE patients with active disease were shown to be more prone 

to undergo NETosis than healthy neutrophils2. In our group of SLE patients (Table 1) with mild 

to moderate disease activity, 4 out of 13 individuals showed increased NET release in response 

to anti-LL37 antibodies compared to controls (FIG. 3A). The extent of NET induction differed 

between patients. SIRL-1 ligation dampened NET formation by SLE neutrophils in response to 
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figure 3. ligation of sIRl-1 suppresses both spontaneous and anti-ll37-triggered neT release by 
sle neutrophils. (A) Healthy (HD) or SLE neutrophils were incubated with anti-LL37 antibodies with 
or without pretreatment with anti-SIRL-1 mAb. NET-DNA release was quantified after 3 h in multiple 
experiments by fluorescence microscopy to reflect the area covered by extracellular DNA (as described 
in FIG. 1B). HD, mean±SEM of four independent donors is shown. **p=0.0014, paired Student’s t test. 
SLE, mean±SEM is shown (medium, n=11; anti-LL37, n=13). *p=0.0117; **p=0.0052, paired Student’s t test. 
(B) Representative images of anti-LL37-stimulated SLE neutrophils with or without SIRL-1 ligation stained 
for extracellular DNA (Sytox Green, left panels) and total DNA (Hoechst 33342, right panels). Scale bars, 
50  µm. (C) Correlation of spontaneous and anti-LL37 antibody-induced NET formation by neutrophils 
from individuals with SLE. r2=0.4413; p=0.0258, Pearson’s correlation test. (D) Flow cytometry analysis 
of SIRL-1 surface expression on freshly purified neutrophils from healthy donors and SLE patients. 
Representative histograms (grey filled, isotype-matched antibody; white dotted, anti-SIRL-1 mAb) are 
shown. (E) Results from multiple independent donors (HD; n=6, SLE; n=7) are given. Average mean 
fluorescence intensity of each group±SD is indicated, Student’s t test.
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Table 1. Patient characteristics and ongoing treatment*

age Gender sleDaI
Disease activity 
at visit: organ

dsDna 
(IU/ml) ena Medication

History of 
nephritis

46 f 8,0 serology, alopecia, 
kidney (dysmorphic 
erythrocytes)

75,0 SS-A, SS-B, 
nucleosomes, 
PM-Scl

HCQ, Aza, 
Pred (10mg)

yes

46 f 2,0 serology 0,0 SS-A, SS-B HCQ no

33 f 2,0 serology 100,0 none none no

53 f 2,0 serology 80,0 none HCQ, Aza, 
Pred (10mg)

yes

39 f 2,0 serology 12,0 none HCQ, Pred 
(7,5mg)

no

39 f 7,0 serology, 
hematology, skin

200,0 SS-A, histones, 
nucleosomes, 
Sm, RibP

HCQ, Aza, 
Pred (5mg)

no

58 f 0,0 none 0,6 SS-A HCQ, Aza, 
Pred (5mg)

yes

32 f 4,0 serology, skin 25,0 SS-A, SS-B, 
histones, Sm, 
RibP

Aza, Pred 
(5mg)

yes

51 f 6,0 serology, kidney 
(dysmorphic 
erythrocytes)

1,8 none Aza, Pred 
(5mg)

yes

36 f 4,0 serology 65,0 none Aza, Pred 
(10mg)

yes

53 f 3,0 serology, 
hematolgoy

8,9 SS-A, SS-B HCQ no

27 f 5,0 serology, 
hematology, skin

3,6 SS-A HCQ no

55 f 4,0 serology 22,0 none MMF, Pred 
(10mg)

yes

30 f 2,0 serology 39,0 none Pred (5mg) yes

21 f 4,0 serology 75,0 histones, Sm HCQ, Aza, 
Pred (10mg)

yes

52 m 3,0 serology, 
hematology

8,9 none HCQ, Aza, 
Pred (10mg)

no

51 f 4,0 serology 16,0 SS-A, 
nucleosomes

HCQ, MTX 
(15mg)

no

*SLEDAI: SLE disease activity index, dsDNA: double-stranded DNA, ENA: extractable nuclear antigens, Sm: 
Smith antigen, SS-A: Sjoegren Syndrome Antigen A, SS-B: Sjoegren Syndrome Antigen B, PM-Scl: Polymyositis-
Scleroderma, RibP: Ribosomal antigen P, HCQ: Hydroxychloroquine, Aza: Azathioprine, Pred: Prednisone, MMF: 
Mycophenolate Mofetil, MTX: Methotrexate
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anti-LL37 antibodies by 54% (p=0.0052) (FIG. 3A and B). Furthermore, SLE neutrophils from this 

mild to moderate patient group spontaneously released increased amounts of NETs without 

in vitro stimulation (FIG. 3A). In our study, we were able to establish a positive correlation 

(r2=0.4413; p=0.0258) between the level of NETosis at baseline and the amount of NET-DNA 

released in response to antibodies targeting LL37 (FIG. 3C). Importantly, engagement of SIRL-1 

on the surface of SLE neutrophils also reduced the amount of spontaneous NET formation by 

ex vivo neutrophils from SLE patients by 35% (p=0.0117) (FIG. 3A).

We found no difference in the surface expression of SIRL-1 between healthy and ex vivo 

SLE neutrophils (FIG. 3E and D), supporting the idea of targeting SIRL-1 as a potential way of 

suppressing neutrophils and the release of NETs in SLE.

ligation of sIRl-1 prevents the release of neT-Dna in response to plasma from sle 

patients

Given the previously reported presence of NET-inducing autoantibodies circulating in SLE 

patients2, we sought to determine whether engagement of SIRL-1 on healthy neutrophils 

suppresses the release of NETs in response to plasma from SLE patients. Exposure of healthy 

neutrophils to SLE plasma in the presence of DNA dyes revealed the formation of NETs (FIG. 4A 

and Video S1). Importantly, SIRL-1 ligation on the surface of healthy neutrophils prevented the 

induction of NETosis in response to SLE plasma by 59 to 76%, depending on the neutrophil 

donor (FIG. 4B and C).

DIsCUssIon
Despite the recognition of the contribution of NETs to autoimmunity, suppression of NET 

formation in pathologic settings remains largely unaddressed. Previously, NET formation was 

shown in paediatric SLE and in adults with active disease2,3. Here, we show that also in SLE 

patients with mild to moderate disease activity, neutrophils release NETs spontaneously and 

upon incubation with anti-neutrophil antibodies. Most importantly, we describe for the first 

time a role for SIRL-1, an ITIM-bearing inhibitory receptor, in the regulation of immunogenic 

NET release by primary human neutrophils in SLE.

In our study, we used antibodies targeting LL37 as a NET-inducing stimulus in most 

experiments, since autoantibodies against LL37 were shown to circulate in SLE patients and to 

stimulate isolated neutrophils to release NETs2. We now show that engagement of the inhibitory 

receptor SIRL-1 strongly prevents the formation of NETs by SLE neutrophils upon exposure to 

these antibodies. Importantly, NET release induced by SLE plasma was also suppressed by SIRL-1 

ligation, albeit slightly less efficient, possibly due to other factors in plasma. Plasma-induced 

NET formation may mimic the positive feed-back loop occurring in patients with SLE, and 

underscores the potential of the regulation of pathogenic NET release through engagement 

of SIRL-1. The endogenous molecule that binds SIRL-1 is not known to date. Insights into the 

identity of this ligand might further broaden our understanding on the role of SIRL-1 in ensuring 

a normal physiological balance.

In SLE, neutrophils do not circulate as a single population. Recent work highlights the 

presence of a unique subset of neutrophils in SLE patients, named low-density granulocytes 
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figure 4. engagement of sIRl-1 prevents neTosis in response to sle plasma. (A) NET release from 
healthy neutrophils exposed to SLE plasma visualized as extracellular DNA (Sytox Green) by live cell 
imaging (Video S1) (neutrophils are blue; NETs are green). Individual frames are shown. Scale bar, 10 µm. 
(B) Representative images of netting healthy neutrophils in response to SLE plasma with or without 
ligation of SIRL-1. Scale bars, 50 µm. (C) Results from multiple independent donors are given. Neutrophils 
from 4 healthy donors were cultured for 3 h with 20% plasma from either nonautologous healthy controls 
(n=4) or individuals with SLE (n=5 or 6) in the presence or absence of anti-SIRL-1 mAb. NET formation was 
analyzed by fluorescence microscopy and the amount of NET-DNA quantified. Average density of each 
pooled group±SEM is shown. ***p<0.0001, paired Student’s t test.

(LDGs). In particular, Villanueva et al. reported that LDGs show increased ability to release 

NETs4. Whether ligation of SIRL-1 suppresses the formation of NETs by other neutrophil subsets 

remains to be determined and should be the focus of future research.

Our current experiments demonstrate that NET formation in response to anti-LL37 

antibodies is dependent on NADPH oxidase. Binding of antibodies to LL37 may cause the 

formation of immune complexes on the surface of neutrophils. Garcia-Romo et al. showed 

that NETosis induced by anti-RNP antibodies depends on binding to FcγRIIa and the 

formation of ROS3. Our findings support the common involvement of this enzyme complex in 

NET formation in response to anti-neutrophil antibodies. Interestingly, in earlier studies, we 

demonstrated SIRL-1 to suppress FcR-mediated ROS generation8. SIRL-1 may thus suppress 

NET formation by negatively regulating FcR-induced NADPH oxidase activity. In the present 

study, we also observed the requirement for MEK-ERK signaling in anti-LL37 antibody-

induced NET release, which was previously shown to be involved in PMA-induced NET 
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formation12. Our data further establish an important role for this pathway in NET signaling. 

Previously, we showed that ligation of SIRL-1 results in suppression of this signaling pathway 

triggered by FcR crosslinking. Keshari et al. recently suggested that ERK activation during 

PMA-induced NET release occurred downstream of the generation of ROS13. Whether SIRL-1 

signaling directly regulates ERK activation or via inhibition of NADPH oxidase activity remains 

to be determined.

Crucial roles for MEK-ERK signaling, NE and ROS in the molecular events leading to the 

release of NETs have been proposed. Although likely not specific, molecules interfering with 

these subcellular mechanisms might represent potential strategies to modulate NET formation. 

Alternatively, inhibition of NET formation by specifically targeting molecules on the neutrophil 

surface may be considered in the treatment of SLE. NETs have been implicated in the pathology 

of SLE nephritis5, but may play a role in several other SLE manifestations as well. As NETs induce 

endothelial damage4, a role for NETs in premature atherosclerosis seen in SLE patients is 

probable. Thus, our findings may form the basis of novel therapeutic intervention strategies 

through SIRL-1 in SLE. To evaluate the true potential of SIRL-1 ligation to modulate NET release 

and abrogate autoimmune responses and tissue damage in vivo, the generation of a mouse 

model would proof to be a valuable tool. Also, the development of molecules that specifically 

interfere with SIRL-1 signaling will become indispensable.

MaTeRIal s anD MeTHoDs
Patient information

This study was undertaken after the approval of the Medical University of Utrecht institutional 

review board. All patients and healthy controls gave written informed consent. Seventeen 

patients meeting the ACR criteria for SLE13 were enrolled in the study. Sixteen patients were 

female (94%). Sex-matched healthy controls were used. Disease activity was measured 

according to the SELENA-SLEDAI score at the day of blood collection14. Patients had mild to 

moderate disease activity with the SELENA-SLEDAI ranging from 0-8 and a mean SLEDAI of 3.6 

(± 2 SD). Mostly, disease activity consisted of an elevated titer of dsDNA antibodies. Specific 

patient characteristics including medication are listed in Table 1.

neutrophil isolation

Human normal-density neutrophils were isolated from heparinized venous blood of healthy 

donors or SLE patients by density gradient centrifugation with Histopaque 1119 (Sigma Aldrich) 

and Ficoll (Amersham Biosciences). Plasma was collected and used for stimulation of neutrophils. 

If not stated otherwise, cells were resuspended in RPMI 1640 medium supplemented with 2% 

heat-inactivated FCS. Neutrophils (5 x 105) were seeded on uncoated glass for live cell imaging 

or glass coverslips for fluorescence microscopy pretreated with 0.001% poly-L-lysine (Sigma 

Aldrich). Incubations were performed at 37ºC in the presence of 5% CO
2
.

stimulation and inhibition of neT formation

Neutrophils were stimulated with anti-LL37 (10 µg/ml; Hycult biotech), anti-HNP (10 µg/ml; 

Novus Biological), 10 µg/ml irrelevant surface-binding control antibodies (anti-MHCI; in-house) 
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or 25 ng/ml PMA (Sigma Aldrich) as described previously2. Previous experiments (results 

not shown) confirmed that the use of irrelevant surface-binding control antibodies did not 

differ from that of nonbinding isotype-matched IgG
1
 (eBioscience). Plasma from SLE patients 

and healthy controls was used at a concentration of 20% to induce NET formation. In some 

experiments, neutrophils were incubated with inhibitors 30 min before stimulation. The NADPH 

oxidase inhibitor diphenylenoiodonium (DPI; Sigma Aldrich) was used at 10 µM and the MEK 

inhibitor U0126 (Cell Signaling Technology) at 50 µM. DMSO was used as vehicle control. Where 

indicated, neutrophils were incubated at 4ºC with 10 µg/ml anti-SIRL-1 (clone 1A5) or irrelevant 

control antibodies followed by 20 µg/ml goat anti-mouse F(ab’)
2
 fragments (SouthernBiotech) 

for 30 min prior to the induction of NET formation.

Quantification of extracellular neT-Dna

Cells were stimulated to induce the release of NETs. After 3 h, cells were stained with Sytox 

Green (0.5 µM; Invitrogen), a cell-impermeable DNA dye, gently washed, fixed with 4% 

paraformaldehyde (PFA) and stained with Hoechst 33342 (1 µM; Invitrogen). For quantification 

of NET release, at least 4 fields of view (each 659 x 659 µm) per condition were captured using 

a 20x objective lens. NETs were quantified using previously described methodology15. In short, 

the area of positive Sytox staining for each microscopic field was measured by analyzing 

the images using ImageJ software (NIH). Contrast was adjusted to minimize background 

autofluorescence and a fluorescent threshold was set to result in positive staining only. The 

same contrast and fluorescence threshold were applied to all images from all conditions within 

the experiment. The Sytox-positive pixel counts were divided by the total number of pixels of 

thresholded 8-bit images using ImageJ software, and expressed as the percentage of image 

area covered by positive fluorescence staining in each field of view.

Immunostaining and quantification of released neT constituents

Neutrophils were seeded on glass coverslips treated with 0.001% poly-L-lysine, allowed 

to settle, and treated with anti-LL37 antibodies (10 µg/ml) or irrelevant control antibodies 

(10 µg/ml). Myeloperoxidase (MPO) and neutrophil elastase (NE) were immunostained as 

described elsewhere9. After 3 h, cells were fixed with 4% PFA, permeabilized with 0.25% Triton 

X-100 in PBS, blocked (1% BSA and 0.1% Tween 20 in PBS) and incubated overnight with primary 

antibodies anti-MPO (ab45977; Abcam); anti-NE (sc-9518; Santa Cruz Biotechnology), which were 

detected with F(ab’)
2
 fragments of secondary antibodies coupled to Alexa Fluor 488 (Molecular 

Probes) or DyLight 594 (Jackson ImmunoResearch Laboratories). For DNA detection, Hoechst 

33342 was used. Specimens were mounted in Fluoromount-G (SouthernBiotech) and analyzed 

with a UPlanSApo 20x/0.75 air objective on a widefield inverted microscope (IX71; Olympus). 

To quantify the release of NET constituents, the same fluorescence threshold was applied to 

all images from all conditions within the experiment. The MPO-stained (green channel) and 

NE-stained (red channel) areas were measured using ImageJ software.

Microscopy

Fixed cells were imaged using an Olympus IX71 widefield inverted microscope with a UPlanSApo 

20x/0.75 air objective in Fluoromount-G (SouthernBiotech). Two or three of the appropriate 
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band pass excitation filters (360/40, blue channel; 490/20, green channel or 555/28, red channel) 

were used in succession and fluorescence in blue, green and red channels was visualized with 

the appropriate emission filters. To minimize differences in fluorescence, the same exposure 

times for excitation filters were applied between experiments. Typical exposure times for 

fluorescence channels are as follows. For immunostaining of NET components: blue channel 

(DNA, 150 ms), green channel (MPO, 250 ms) and red channel (NE, 200 ms). For quantification 

of extracellular NET-DNA: blue channel (Hoechst, 200 ms), green channel (Sytox Green, 

100 ms). Fluorescence was detected using a Photometrics EMCCD 1024 x 1024 pixel camera and 

Softworx acquisition software. Images were processed using ImageJ.

flow cytometry

For measurement of SIRL-1 expression, human neutrophils (1 x 105) in PBS supplemented with 

10% BSA were stained with anti-SIRL-1 or isotype-matched control antibodies conjugated to 

FITC, in the dark for 30 min at 4ºC. Neutrophils were then washed twice and finally resuspended 

in PBS supplemented with 10% BSA. Fluorescence was read on a BD FACS Calibur flow cytometer 

(BD Biosciences) and analyzed using CellQuest software (BD Immunocytometry Systems).

live cell imaging

NET release was followed as described elsewhere17. In short, 2-5 x 105 neutrophils were labelled 

with 1 µM Hoechst 33342 in RMPI 1640 medium (phenol red-free) supplemented with 10mM 

Hepes and seeded into culture plates equipped with glass bottoms (Mattek). To record the 

presence of extracellular DNA, the medium contained Sytox Green at a concentration of 0.5 µM. 

Neutrophils were stimulated with 20% SLE plasma and monitored at 37ºC on a microscope 

(LSM720; Carl Zeiss) with a Plan-Neofluar 40x/0.6 objective over a period of 3 h. Every minute, 

a set of two images (blue and green fluorescence) was obtained. Laser excitation at 405 and 

488nm was used in succession and fluorescence in blue and green channel was visualized 

with the appropriate filters. Exposure time for both wavelengths was 60 ms. The system was 

controlled by the Zen 2009 software (Carl Zeiss). Individual frame overlays and videos were 

processed using ImageJ software.

statistical analysis

Measurements were analyzed in GraphPad Prism 5. Paired Student’s t test or Student’s t test 

were used to compare 2 samples. The comparison of 3 samples was performed by ANOVA 

and Dunnett’s multiple comparison tests. Correlation was established by two-tailed Pearson’s 

correlation test. Correlation coefficient (r2) and significance (p) are given in the figure.
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sUPPoRTInG onlIne InfoRMaTIon
Video s1. neTs are released by healthy neutrophils in response to sle plasma

Time lapse of NET formation (related to FIG. 4A in which individual frames are shown) shows 

that NETs detected with Sytox Green, a cell-impermeable, DNA-specific dye, are released 

when neutrophils are exposed to SLE plasma. Using fluorescence microscopy neutrophils (blue 

– labelled with Hoechst 33342) were visualized releasing NET-DNA (green – dyed with Sytox 

Green) within 3 h.
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absTRaCT
Immune complexes (ICs), a hallmark of diverse autoimmune diseases, are considered important 

triggers of inflammation-associated tissue damage. Cell surface receptors for ICs, known as 

Fc receptors (FcRs), play crucial roles in IC-induced inflammation. ICs trigger neutrophils to 

release neutrophil extracellular traps (NETs) in a FcR-dependent manner. Neutrophils and NET 

release are considered to be involved in the core pathogenesis of various inflammatory and 

autoimmune diseases. On the other hand, NETs are essential in innate protective immunity. 

Previously, we proposed a role for Signal Inhibitory Receptor on Leukocytes-1 (SIRL-1), an 

inhibitory receptor containing immunoreceptor tyrosine-based inhibitory motifs (ITIMs), in 

the control of IC-induced NET release in systemic lupus erythematosus (SLE). To asses potential 

efficacy and safety of SIRL-1 agonists as therapeutics, it is vital to understand what other 

neutrophil functions are suppressed by SIRL-1. We found that signaling through SIRL-1 attenuated 

NET release in response to serum-opsonized Staphylococcus aureus and monosodium urate 

(MSU) crystals, but not in response to bacterial products or PMA. NET release upon challenge 

with serum-opsonized S. aureus and MSU crystals was very rapid as opposed to other stimuli. 

This early NET formation required signaling through FcRs, but did not depend on the NADPH 

oxidase. In agreement, engagement of SIRL-1 did not affect the oxidative burst induced by MSU 

or upon phagocytosis of S. aureus. Importantly, intracellular killing of bacteria by neutrophils 

was not affected by SIRL-1. Therefore, SIRL-1 engagement blunts early NET release, without 

impairing intraphagosomal antibacterial activity. Uncoupling individual neutrophil functions 

raises the promising opportunity to tilt the balance against NET-associated collateral tissue 

damage, while preserving most of the neutrophil antibacterial activity.
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InTRoDUCTIon
In response to infection, innate immune cells mount a rapid inflammatory response to protect 

the host from spreading of invading pathogens. Neutrophils have long been considered to play 

a crucial role in host immune defense1,2. Neutrophils swiftly infiltrate sites of infection where 

they phagocytose and kill pathogens, clearing the host from infection. Given their importance 

in inflammation, neutrophils are armed with a load of granules containing cytotoxic molecules. 

The generation of reactive oxygen species (ROS) and the release of antimicrobial peptides 

are essential for neutrophil antimicrobial activity3,4. As an additional mechanism of pathogen 

elimination, neutrophils release decondensed chromatin to form neutrophil extracellular 

traps (NETs)5. NETs are extracellular networks that contain DNA, histones, and antimicrobial 

peptides, like neutrophil elastase (NE) and myeloperoxidase (MPO). NETs have been shown to 

trap and kill bacteria and fungi.

Despite the significance of neutrophils in immune defense against pathogens, dysregulated 

or overamplified neutrophil activation can lead to severe host tissue damage6,7. The release 

of NETs is initiated by Toll-like receptor (TLR) or Fc receptor (FcR)-mediated activation of 

neutrophils followed by the production of ROS5,8,9. This process is characterized by activation 

of the NADPH oxidase complex, NE and MPO8,10,11, disintegration of the nuclear envelope and 

mixing of NET constituents. Eventually, NETs are expulsed as the cell membrane ruptures8.

Evidence supports NET release as a vital host defense strategy. Some bacterial pathogens 

evolved DNase as a virulence factor to dismantle NETs and escape their trapping12–14. Therefore, 

NETs may play a positive role by limiting infection. However, as a result of exposure to self-DNA 

and the extracellular presence of potentially damaging granule proteins such as NE, NETs may 

also have pathological consequences through detrimental bystander damage. Indeed, NETs 

are related to a variety of inflammatory conditions, including sepsis, vascular inflammation 

and autoimmune diseases15–20. Serum from systemic lupus erythematosus (SLE) patients was 

shown to contain immune complexes (ICs) composed of autoantibodies specific for NET-

associated components (such as self-DNA, ribonucleoproteins and antimicrobial peptides)18,19. 

The deposition of ICs is a hallmark of several autoimmune diseases and is considered a key 

trigger of inflammation in these conditions. Indeed, ICs trigger activation of neutrophils 

releasing more NETs19, creating a perpetuating loop at the core of SLE pathogenesis. Also, in 

small-vessel vasculitis autoantibodies against neutrophil components drive neutrophils to form 

NETs. Therefore, strategies for the inhibition of NET release in non-infectious conditions may 

be beneficial21,22.

The ITIM-bearing immune inhibitory receptor, Signal Inhibitory Receptor on Leukocytes-1 

(SIRL-1) is a member of the Ig superfamily, and is exclusively expressed on myeloid cells, 

including neutrophils, eosinophils and monocytes23–25. Signaling through SIRL-1 attenuates 

FcR-mediated ROS production in human monocytes and/or neutrophils24. Also, we recently 

demonstrated that ligation of SIRL-1 abrogates NET release in response to autoantibodies25. 

An important question that remains unanswered is whether targeting of SIRL-1 under non-

bacterial, inflammatory conditions would impair neutrophil antimicrobial activity.
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figure 1. ligation of sIRl-1 impairs neT formation to challenge with MsU and serum-opsonized 
Staphylococcus aureus. (A-C) Fluorescence microscopy of NETs. Neutrophils were either left 
unstimulated (A) or incubated with serum-opsonized HK S. aureus (MOI 10) (B) or 100 µg/ml MSU (C) for 
180 min, and then stained with Sytox Green (left panels) or Hoechst 33342 (right panels). Additionally, 
neutrophils were pre-incubated with control IgG (upper panels) or anti-SIRL-1 mAb 1A5 (lower panels), 
followed with goat anti-mouse F(ab’)

2
 fragments. Images are representative of three independent 

experiments for each stimulus. Scale bar, 50 µM. (D) Quantification of Sytox Green fluorescence among 
neutrophils left untreated (UT) or challenged with non-opsonized, serum-opsonized HK S. aureus 
(MOI 10) or anti-LL37 mAb (10 µg/ml) for 30 or 180 min (n = 3 donors per group). Neutrophils were pre-
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ligation of sIRl-1 differentially attenuates neT formation

We first addressed the selectivity of SIRL-1-mediated inhibition of NETs. No NETs were 

formed when unstimulated neutrophils were exposed to anti-SIRL-1 mAb (FIG. 1A). As we 

have previously shown25, NET formation by neutrophils exposed to antibodies targeting 

the antimicrobial peptide LL37 was abrogated by ligation of SIRL-1 (FIG. 1D). Engagement of 

SIRL-1 on the surface of neutrophils reduced NET formation in response to serum-opsonized 

heat-killed (HK) Staphylococcus aureus (FIG. 1B and D). Similar to serum-opsonized bacteria, 

monosodium urate (MSU)-induced NET release was suppressed by signaling through SIRL-1 

(FIG. 1C and E), while ligation of SIRL-1 did not affect uptake of MSU crystals by neutrophils 

(FIG.  1F). No difference was observed when NETs were stimulated with the potent protein 

kinase C (PKC) activator PMA (FIG. 1E). The formation of NETs was minimal after stimulation with 

the TLR4 agonist lipopolysaccharide (LPS) or non-opsonized S. aureus and was not significantly 

different when SIRL-1 was engaged on the surface of neutrophils (FIG. 1D and E). Together, 

our data indicate that SIRL-1 inhibits the release of NETs only in response to distinct signals. 

The selectivity of SIRL-1 signaling for DNA release may indicate that distinct cellular processes 

trigger NET formation.

serum-opsonized Staphylococcus aureus and MsU crystals induce early release of 

neTs

To further characterize NET formation and visualize NETs after their release from neutrophils, 

we developed a high throughput method that uses live-cell imaging through two different 

fluorescence channels. First, neutrophils were loaded with Hoechst 33342, a dye that labels 

nuclear DNA. Second, to detect the appearance of NETs, we used the cell-non-permeable 

DNA-binding dye Sytox Green. In viable neutrophils Sytox Green can not enter into the cell and 

bind its target. When NETs emerge or cells die, Sytox Green can bind and fluorescence becomes 

detectable. In unstimulated neutrophil cultures, a small number of cells became permeable for 

Sytox Green (FIG. 2E), likely as a result of cell death and loss of plasma membrane integrity.

We activated neutrophils and monitored them by live-cell imaging for 210 min. Upon 

stimulation with PMA, the cells (blue) were still viable after 90 min because they excluded Sytox 

Green (green) (FIG. 2A). By 120 min of stimulation, progressively more cells lost their condensed 

incubated with isotype-matched cIgG (open bars) or anti-SIRL-1 mAb 1A5 (closed bars). Data are pooled 
from three independent experiments (mean ± SD) and shown relative to Sytox Green fluorescence after 
incubation with opsonized HK S. aureus for 180 min. *p < 0.05 (paired Student’s t-test). (E) Quantification 
of Sytox Green fluorescence among neutrophils left untreated (UT) or incubated for 30 or 180 min with 
25 ng/ml PMA, 100 µg/ml MSU or 100 ng/ml LPS (n = 3 donors per group), as indicated in the figure. 
Neutrophils were pre-incubated with isotype-matched cIgG (open bars) or anti-SIRL-1 mAb 1A5 (closed 
bars). Data are pooled from three independent experiments (mean ± SD) and shown relative to Sytox 
Green fluorescence after incubation with PMA for 180 min. *p < 0.05 (paired Student’s t-test). (F) Flow 
cytometry analysis of MSU uptake by neutrophils. Uptake of MSU (100 µg/ml) was followed over time, 
assessed by a change in side scatter. Neutrophils were pre-incubated with isotype-matched cIgG (open 
bars) or anti-SIRL-1 mAb 1A5 (closed bars), followed with goat anti-mouse F(ab’)

2
 fragments.
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figure 2. neutrophils rapidly release neTs when challenged with MsU crystals and serum-opsonized 
Staphylococcus aureus. (A-E) Neutrophils were stained with a nuclear dye (blue), which stains live 
cells, and incubated in culture medium containing Sytox Green (green), after which cells were followed 
over time with live-cell imaging. Neutrophils were challenged with 25 ng/ml PMA (A), viable S. aureus 
(multiplicity of infection [MOI] 10) (B), viable serum-opsonized S. aureus (MOI 10) (C), 100 µg/ml MSU 
(D), or left untreated (UT) (E). Depicted for each time point are extracellular DNA staining (left panels), 
nuclear staining (middle panels) and overlays of fluorescence (right panels). Experiment was performed 
once. (F) NET-DNA quantification, assessed as Picogreen fluorescence, of neutrophils stimulated for 180 
min with increasing amounts of PMA, MSU, heat-killed (HK) S. aureus or LPS as indicated in the figure, 
presented as relative fluorescence unit (RFU). Results are depicted as mean ± SD of four independent 
experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (ANOVA, adjusted for Dunnett’s test). (G, H) Real-time 
quantification of extracellular DNA (reflecting NETs) over 180 min, assessed as Sytox Green fluorescence 
and presented as RFU, when neutrophils were either left untreated (■) or exposed to 25 ng/ml PMA (), 
100 µg/ml MSU (□), viable S. aureus (MOI 10) (●) or viable serum-opsonized S. aureus (MOI 10) (○). (G) 
One representative example of five experiments is shown. (H) Results are pooled from five independent 
experiments and represented as mean ± SD. Extracellular DNA was significantly higher after infection (left 
panel) with serum-opsonized S. aureus (gray bars), compared to exposure to non-opsonized bacteria 
(closed bars). ***p < 0.001 (ANOVA, adjusted for Bonferroni’s test). PMA induced the release of NET-DNA 
only after 120 min of stimulation (middle panel). MSU crystals triggered the release of NETs as early as 
60 min following exposure (right panel). **p < 0.01, ***p < 0.001 (ANOVA, adjusted for Dunnett’s test).
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nuclear material and released NET-DNA, assessed as Sytox Green fluorescence. Most neutrophils 

challenged for 180 min showed decondensed chromatin and formed NETs. With similar kinetics, 

exposure of neutrophils to viable S. aureus resulted in an increase of Sytox Green fluorescence 

120 min after challenge (FIG. 2B). In contrast, neutrophils exposed to serum-opsonized S. aureus 

released a higher amount of NETs that was detectable as early as 60 min after challenge (FIG. 2C). 

Inflammatory activation of neutrophils with MSU caused the formation of a robust amount of NETs 

(FIG. 2D) that increased with time, as early as 60 min after exposure. To confirm that Sytox Green 

fluorescence in these live-cell recordings was a result of NET release, rather than cell death, we 

further characterized the formation of NETs using previously established methodology. First, we 

compared the release of NETs in response to different amounts of MSU, the TLR agonist LPS, and 

HK S. aureus with that of PMA. DNA released in the supernatant was quantified using Picogreen 

as described previously8. As reported before by others, MSU, LPS, HK S. aureus and PMA induced 

significant NET formation by neutrophils after 180 min in a concentration-dependent manner 

(FIG. 2F). In addition, we monitored in real-time the release of NETs using a Sytox Green-based 

plate assay, previously reported to be usable to quantify NET formation26 (FIG. 2G). In each case, 
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figure 3. neT release in response to MsU crystals and serum-opsonized Staphylococcus aureus 
depends on signaling by fcRs. (A-E) Quantification of NET release over 180 min, assessed as Sytox 
Green fluorescence and presented as relative fluorescence unit (RFU) at the indicated time points, 
when neutrophils were either challenged with 100 µg/ml MSU (A), serum-opsonized S. aureus (MOI 10) 
(B), non-opsonized S. aureus (MOI 10) (C), 25 ng/ml PMA (D) or left untreated (UT) (E) in the absence 
(open bars) or presence of 20 µg/ml hIgG Fc fragments (closed bars) or the NADPH oxidase inhibitor DPI 
(10 µM; gray bars). Results are pooled from four independent experiments and represented as mean ± SD.  
*p < 0.05, **p < 0.01, ***p < 0.001 (ANOVA, adjusted for Dunnett’s test).
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figure 4. engagement of sIRl-1 does not impair the neutrophil oxidative burst by phagocytosis 
of bacteria. (A, B) ROS production was measured over time (180 min), assessed as DCF fluorescence 
in untreated neutrophils (○) or stimulated with serum-opsonized HK S. aureus (MOI 10) in the absence 
(■) or presence (□) of 10 µM DPI. In (A), one representative example is shown and data represented as 
relative fluorescence unit (RFU). (B) Experiments were repeated three times with similar results. Results 
are depicted as the area under the curve (AUC) of DCF fluorescence over 180 min and represent mean 
± SD. *p < 0.05 (paired Student’s t-test). (C, D) Neutrophils were either left unstimulated (● or ○) or 
challenged with serum-opsonized HK S. aureus (MOI 10) in the absence (■) or presence (□) of 20 µg/ml 
hIgG Fc fragments. (C) One representative example is shown. (D) Experiments were repeated three 
times and results represent mean ± SD. **p < 0.01 (paired Student’s t-test). (E, F) Neutrophils were either 
left unstimulated (● or ○) or stimulated with serum-opsonized HK S. aureus (MOI 10) in the absence 
(■) or presence (□) of anti-SIRL-1 mAb 1A5. In (E), one representative example is shown. (F) Experiments 
were repeated five times with similar results. Neutrophils were challenged with serum-opsonized HK S. 
aureus (MOI 10) in the absence (open bars) or presence of isotype-matched cIgG (closed bars), anti-SIRL-1 
mAb 1A5 (light gray bars) or anti-SIRL-1 F(ab’)

2
 fragments (dark gray bars). Results are shown as mean ± 

SD. (G) ROS production was measured over time (60 min), assessed as Amplex Red fluorescence when 
neutrophils were stimulated with anti-CD32 mAb in the absence (■) or presence (□) of anti-SIRL-1 mAb 
1A5. Alternatively, neutrophils were exposed to 100 µg/ml MSU crystals in the absence (●) or presence 
(○) of anti-SIRL-1 mAb 1A5. Experiment was performed once and data are presented as RFU. (H-J) ROS 
production was measured over time (60 min), assessed as DCF fluorescence in neutrophils challenged 
with MSU. (H) Dose-response of neutrophils stimulated with increasing amounts of MSU as indicated 
in the figure. DCF fluorescence was measured over time and results are presented as AUC of DCF 
fluorescence over 60 min and represent mean ± SD of two independent experiments. DCF fluorescence 
in neutrophils that were either left untreated (UT) (● or ○) or stimulated with MSU in the absence (■) or 
presence (□) of anti-SIRL-1 mAb 1A5. One representative example is shown in (I) and data are presented 
as RFU. (J) Results are depicted as the AUC of DCF fluorescence over 60 min and are shown as mean ± SD 
of two independent experiments.
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the release of NETs observed by life-cell imaging corresponded to an increase in fluorescence 

measured by plate assay and the non-permeable DNA-binding dye Sytox Green. PMA and non-

opsonized bacteria induced NET release only detectable 120 min following stimulation (FIG. 2H, left 

and middle panel). Since bacterial DNA of HK bacteria interfered with the signal (data not shown), 

we challenged the neutrophils with live bacteria in this assay. Quantification of NETs showed that 

viable serum-opsonized S. aureus and MSU induced more and faster NETs than stimulation with 

non-opsonized bacteria or PMA (FIG. 2H, left and right panel). Thus, NET formation in response to 

diverse stimuli occurs with different kinetics, suggesting the involvement of distinct mechanisms.

early neT release in response to serum-opsonized Staphylococcus aureus and MsU 

depends on signaling by fcγRs, but does not require naDPH oxidase activity

IC-mediated NET formation is dependent on FcR triggering. The role of FcγRs in NET formation 

to challenge with MSU and serum-opsonized bacteria has not been demonstrated yet. We 

challenged neutrophils with MSU and serum-opsonized S. aureus in the presence of hIgG Fc 

fragments to block FcRs and followed the release of NETs in real-time using the non-permeable 

dye Sytox Green. Addition of Fc fragments did not affect unstimulated cells or neutrophils that 

had been challenged with non-opsonized bacteria or PMA (FIG. 3C-E). However, blocking of 

FcγRs reduced NET formation in response to MSU and serum-opsonized S. aureus (FIG. 3A 

and B).

Figure 5
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figure 5. sIRl-1 engagement does not affect intracellular bacterial killing by neutrophils. (A) Total 
killing of serum-opsonized viable Staphylococcus epidermidis. Neutrophils were exposed to serum-
opsonized S. epidermidis (MOI 10) in the presence of 10 µM DPI (closed bar) or 100 U/ml DNase (gray 
bar) or in the absence of any blocking agent (UT) (open bar). Surviving bacteria were enumerated 
by colony counting and data are presented as number of colony forming units (CFU) relative to the 
UT control. Results are depicted as mean ± SD of three independent experiments. *p < 0.05 (ANOVA, 
adjusted for Dunnett’s test). (B, C) Intracellular killing of serum-opsonized bacteria evaluated using a 
gentamicin protection assay. In (B), neutrophils were pre-incubated with control IgG (open bars) or anti-
SIRL-1 mAb 1A5 (closed bars), followed with goat anti-mouse F(ab’)

2
 fragments, before challenge with 

serum-opsonized viable S. epidermidis, Staphylococcus aureus, Klebsiella pneumoniae or Salmonella 
typhimurium (MOI 10). Data are presented as number of CFU relative to the IgG control for each bacterial 
strain and results are depicted as mean ± SD of three independent experiments. (C) Alternatively, 
neutrophils were pretreated with 10 µM DPI before addition of serum-opsonized viable S. epidermidis. 
Data are presented as number of CFU relative to untreated control and results are depicted as mean ± SD 
of four independent experiments. **p < 0.01 (Student’s t-test).
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There are conflicting reports on the function of the NADPH oxidase complex and the 

generation of ROS in the release of NETs. In our study, pretreatment of neutrophils with 

diphenyleneiodonium (DPI), an inhibitor of the NADPH oxidase, did not affect the release of 

NETs after challenge to MSU, serum-opsonized and non-opsonized S. aureus (FIG. 3A-C). In 

contrast, DPI abolished PMA-induced NET formation (FIG. 3D) as reported8. Together, these 

data demonstrate that MSU and serum-opsonized bacteria activate neutrophils at least in part 

through cell surface FcγRs, which leads to the release of NETs through a process that does not 

require NADPH oxidase activity.

engagement of sIRl-1 does not affect the neutrophil antimicrobial oxidative burst

We previously reported that SIRL-1 regulates the oxidative burst in response to direct FcR 

triggering24. To explore the consequence of SIRL-1 engagement on the response of neutrophils 

to bacteria, we monitored in real-time the production of ROS in neutrophils when challenged 

with S. aureus. Minimal ROS production was observed over time when neutrophils were not 

stimulated, which was only slightly increased when neutrophils were exposed to non-opsonized 

S. aureus (FIG. 4A and data not shown). Incubation with serum-opsonized bacteria significantly 

increased ROS production, which was inhibited by DPI and by blocking of FcγR (FIG. 4A-D).

As we have shown before, ligation of SIRL-1 inhibited anti-CD32-induced ROS production 

(FIG. 4G). In contrast, SIRL-1 engagement on the surface of neutrophils did not affect the 

generation of ROS triggered by serum-opsonized bacteria (FIG. 4E and F). Thus, although ROS 

production elicited by serum-opsonized S. aureus depends on engagement of FcRs, signaling 

through SIRL-1 did not affect the neutrophil oxidative burst when challenged with bacteria. 

Similarly, MSU-induced ROS production could not be inhibited by SIRL-1 (FIG. 4G-J).

Thus, signaling through SIRL-1 did not block ROS production but inhibited NET formation 

after stimulation with serum-opsonized bacteria or MSU (FIG. 1). Together, these data suggest 

that the FcR-dependent oxidative burst and NET release are distinct cellular processes, and that 

SIRL-1 signaling links to the release of NETs, without affecting the oxidative burst.

signaling through sIRl-1 does not impair intracellular bacterial killing by 

neutrophils

The oxidative burst is essential for intracellular killing of bacteria by neutrophils, while NETs 

have been proposed to trap and kill bacteria extracellularly. We previously reported that 

SIRL-1 mediates inhibition of bacterial outgrowth upon incubation with neutrophils24. In 

this experimental set-up, bacterial outgrowth is inhibited by the sum of NET-formation and 

intracellular killing. Indeed, when bacteria-triggered NETs were degraded with DNase, the 

killing of bacteria was diminished (FIG. 5A). In addition, pretreatment of neutrophils with 

DPI reduced bacterial killing. Since DPI did not block NET formation when neutrophils were 

exposed to serum-opsonized bacteria (FIG. 3 and 4), the effect of NADPH oxidase on bacterial 

killing is most likely attributed to a direct bactericidal activity of ROS, rather than through ROS-

dependent NET release.

We next performed an in vitro gentamicin protection assay. In this set-up, extracellular 

bacteria are removed, excluding a role for NETs in the impairment of bacterial outgrowth, 

while NADPH oxidase activity remains necessary (FIG. 5C). In this setting ligation of SIRL-1 did 
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not impair neutrophils to kill serum-opsonized bacteria after phagocytosis (FIG. 5B and C). 

In conclusion, our results demonstrate that SIRL-1 signaling fails to suppress the bactericidal 

oxidative burst and does not affect the intraphagosomal killing capacity of neutrophils.

DIsCUssIon
By extruding NETs, neutrophils can help to prevent spreading of pathogens, but can also 

promote vascular inflammation and thrombosis, and a delicate balance is required to maintain 

homeostasis and prevent host tissue injury. We previously demonstrated that engagement of 

SIRL-1 suppresses the release of NETs in response to autoantibodies, present in the circulation 

of patients with SLE25. The effect of signaling through SIRL-1 on other receptors for danger 

signals, such as TLRs, has remained unclear.

We now show that ligation of SIRL-1 attenuated NET release when neutrophils were 

challenged with antibody-opsonized bacteria, but not when exposed to bacterial components 

such as LPS. Most likely, this is due to selective inhibition of FcR signaling after binding of 

antibody-opsonized bacteria, because the formation of NETs was diminished in the presence of 

hIgG Fc fragments. hIgG Fc fragments failed to completely block the release of NETs, suggesting 

that additional receptors (including FcαRs) or more complex mechanisms of activation are 

involved. SIRL-1 ligation does not block phagocytosis of serum-opsonized bacteria24. Thus, 

signaling through SIRL-1 may link to NET release downstream of FcR internalization.

Challenge with antibody-opsonized bacteria provoked activation of the neutrophil NADPH 

oxidase in a FcR-dependent manner. Importantly, signaling through SIRL-1 did not affect the 

bacteria induced neutrophil antimicrobial oxidative burst, as opposed to IC-induced ROS 

production24. To exclude the possibility of FcR-mediated effects, control experiments were 

performed. We generated F(ab’)
2
 fragments of the anti-SIRL-1 mAb to cross-link SIRL-1. Using 

this method of activating SIRL-1, we observed no differences compared with the experiments 

using intact Abs (FIG. 4F). Both TLR and FcR signaling can initiate ROS production through 

activation of the NADPH oxidase27,28. When challenged with opsonized bacteria, other PRRs 

(including TLRs) play a supportive role in eliciting an oxidative burst in neutrophils. Indeed, TLR 

signaling has been shown to synergistically cooperate with FcRs in the killing of intracellular 

bacteria via promoting assembly and thus activity of the NADPH oxidase complex27. We propose 

that signaling through SIRL-1 is only capable of suppressing the oxidative burst in neutrophils 

depending on the inflammatory environment.

Bacterial activation of the NADPH oxidase is an important effector mechanism for neutrophil 

antimicrobial activity. Engagement of SIRL-1 did not block the oxidative burst by phagocytosis 

of opsonized bacteria and therefore did not affect the intracellular bactericidal activity of 

neutrophils as judged in vitro by a gentamicin protection assay. In contrast, SIRL-1 did inhibit 

the release of NETs when neutrophils were challenged with opsonized bacteria. These findings 

provide opportunities to selectively target NET formation through SIRL-1, without impairing 

intraphagosomal killing by neutrophils.

We also observed that antibody-opsonized bacteria and MSU cause a more rapid release 

of NETs (as early as 60 min following challenge) than non-opsonized bacteria and PMA. Most 

likely, optimal NET formation requires synergistic signaling through multiple receptors. In a 
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recent study, Aleyd et al. have shown that IgA enhances NET release via FcαRI after exposure 

of neutrophils to IgA-opsonized S. aureus9. Intriguingly, we found that early NET release did 

not require NADPH oxidase activity. Several groups have demonstrated that the formation of 

NETs in response to bacteria and MSU requires the activity of the NADPH oxidase complex8,9,29. 

Others, however, showed that neutrophils are capable of releasing NETs independent of ROS 

production when challenged with the same stimuli30,31. This process of NET formation occurs in 

the first 30-60 min after neutrophil activation through a vesicular mechanism, without lysis of 

the neutrophil15,31,32.

To evaluate NET release in non-infectious inflammatory activation, we exposed neutrophils 

to MSU crystals. Deposition of MSU crystals causes a prevalent inflammatory condition, 

called gout. Several studies demonstrated that MSU crystals induce NET formation by 

neutrophils29,30,33,34. MSU induces inflammatory neutrophil activation through the cooperative 

engagement of FcγRIII and CD11b35. We observed the appearance of NETs after exposure of 

neutrophils to MSU, and NET formation was abrogated in the presence of hIgG Fc fragments. 

Also, signaling through SIRL-1 suppressed NET release in response to MSU crystals. Recently, 

Schauer et al. proposed the existence of MSU-induced anti-inflammatory NET aggregation36. 

When exposed to MSU crystals, the authors observed that NETs aggregate under high 

neutrophil densities. Aggregated NETs degrade cytokines and chemokines through serine 

proteases, suggesting a role for these NETs in the resolution of neutrophilic inflammation. 

Thus, depending on cell densities, neutrophils release pro-inflammatory NETs or form anti-

inflammatory aggregated NETs. The neutrophil densities used in our study are five times lower 

than the low density condition used by Schauer et al., suggesting that SIRL-1 suppresses the 

release of pro-inflammatory NETs. It would be intriguing to test the effect of SIRL-1 crosslinking 

on MSU-induced NET release under various neutrophil densities.

Several interesting questions remain unanswered. To date, the mechanism that mediates 

selective inhibition of NET formation that is independent of NADPH oxidase activity is not clear. 

Recently, it was suggested that basophils are capable of forming extracellular DNA traps (ETs), 

despite the absence of any functional NADPH oxidase in these cells37. The same study showed 

that the release of ETs by basophils, instead, requires the production of mitochondrial ROS. 

More detailed studies will elucidate the inhibitory signaling pathways underlying the negative 

control by SIRL-1. In addition, it is still an open question what effect engagement of SIRL-1 might 

have in vivo. The findings by Schauer et al. strongly support the urge for the development of a 

suitable mouse model for SIRL-1, which is currently unavailable.

Nonetheless, even at this stage, our observations raise the promising opportunity to inhibit 

non-infectious, inflammatory NET release, without impairing the neutrophil antimicrobial 

oxidative burst. Moreover, with the advent of antibiotics targeting SIRL-1 during systemic 

infection might tilt the balance against inadvertent NET-mediated tissue damage (including 

endothelial injury and thrombosis). Further development of specific agonists for SIRL-1 will be 

of interest for the treatment of various inflammatory conditions associated with overamplified 

NET release, such as gout, vascular inflammation and thrombosis.

Selective inhibition of one, but not all FcR-mediated inflammatory neutrophil responses 

by an ITIM-bearing inhibitory receptor is unprecedented. Here, we demonstrated that 
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engagement of SIRL-1 abrogated the formation of NETs induced by FcR triggering, but not NET 

formation in response to bacterial components. In addition, signaling through SIRL-1 did not 

impair bacterial activation of the neutrophil oxidative burst.

MaTeRIal s anD MeTHoDs
Isolation of human neutrophils

Neutrophils were isolated from peripheral blood that was obtained from healthy donors using 

Ficoll-Histopaque (GE Healthcare; Sigma Aldrich) density gradient centrifugation, after which 

erythrocytes were lysed in ammonium chloride buffer. If not stated otherwise, freshly purified 

cells were resuspended in RPMI 1640 (Life Technologies) supplemented with 2% heat-inactivated 

(HI)-FCS (referred to as RPMI 2% hereafter). A low concentration of HI-FCS (60 min, 70°C) was 

used, since FCS contains heat-stable nucleases that can break down NETs38. Blood samples 

were collected according to the guidelines of the Medical Ethical Committee of the University 

Medical Center Utrecht (Utrecht, The Netherlands). All donors gave informed consent.

Culture of bacteria

Staphylococcus aureus (Wood 46 strain), Staphylococcus epidermidis, Klebsiella pneumoniae, 

and Salmonella typhimurium (all provided by J. van Strijp, University Medical Center Utrecht, 

Utrecht, The Netherlands) were grown to exponential phase in Luria-Bertani (LB) broth medium. 

Bacteria were quantified by measuring A
600

. Bacteria were washed twice with chilled PBS (10 min, 

4,000 rpm) and resuspended in PBS. Bacteria were heat-killed (HK) at 70°C for 60 min. HK and 

live bacteria were opsonized (30 min, 37°C) with 10% HI human serum (HIHS). After inactivation 

and opsonization, bacteria were resuspended in RPMI 2%. HK or live bacteria were used to detect 

ROS, in NET release experiments or to evaluate neutrophil antibacterial activity.

When neutrophils were challenged with bacteria, cells and bacteria were spun together at 

500 × g for 5 min before incubation at 37°C for the indicated times.

Isolation and quantification of neTs

2 × 105 Neutrophils (in phenol red-free RPMI 1640, without FCS) were challenged with 

increasing amounts of phorbol myristate acetate (PMA; Sigma Aldrich), monosodium urate 

(MSU) crystals (provided by P. Naccache, Université Laval, Québec, Canada), HK S. aureus or 

lipopolysaccharide (LPS from Salmonella typhosa; Sigma Aldrich) for 180 min. NETs released 

by activated neutrophils were digested with micrococcal nuclease (500 mU/ml; Worthington 

Biochemical Corp.). Nuclease activity was stopped with 5mM EDTA. NETs in culture supernatants 

were quantified using Picogreen dsDNA detection kit (Life Technologies) according to the 

manufacturer’s instructions. Extracellular DNA was measured in a fluorometer (FLUOROSCAN; 

Thermo Scientific) at 480 nm excitation, 520 nm emission.

live-cell imaging

After isolation, neutrophils were allowed to settle for 30 min. Neutrophils were resuspended in 

RPMI 1640 medium (phenol red-free) supplemented with 10 mM Hepes and 2% HI-FCS. 1 × 105 

neutrophils were stained with Hoechst 33342 (1 µM; Life Technologies) and seeded into wells 
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of a black 96-well clear-bottom plate (Costar) pretreated with 0.001% poly-L-lysine (Sigma 

Aldrich). The medium contained Sytox Green (1 µM; Life Technologies). Cells were stimulated 

with PMA (25 ng/ml), MSU (100 µg/ml), live S. aureus (multiplicity of infection [MOI] 10) or 

serum-opsonized live S. aureus (MOI 10) and recorded at 37°C on an ArrayScanTM XTI HCA 

Infinity Configuration microscope (Thermo Scientific) with a 10x Plan-neofluar objective (Zeiss) 

over a period of 180 min. Every 10 minutes, a set of two images (blue; ex/em 350/461 nm, and 

green; ex/em 350/461 nm fluorescence) was taken with a 14-bit cooled X1 CCD camera. The 

system was controlled by the Cellomics vHCS software (Thermo Scientific). Individual frame 

overlays were prepared using similar software.

fluorescence microscopy of neTs

Neutrophils were seeded on circular glass coverslips, pretreated with 0.001% poly-L-lysine, in 

24-well plates (5 × 105 cells/well). Neutrophils were stimulated with serum-opsonized or non-

opsonized HK bacteria (MOI 10) for 30 and 180 min. Alternatively, neutrophils were stimulated 

with PMA (25 ng/ml), MSU (100 µg/ml) or LPS (100 ng/ml). Where indicated, neutrophils were 

incubated for 30 min at 4°C with anti-SIRL-1 mAb (clone 1A5; 10 µg/ml) or isotype-matched 

control IgG (10 µg/ml; eBioscience), followed by 20 µg/ml goat anti-mouse F(ab’)
2
 fragments 

(SouthernBiotech) before challenge of neutrophils. After incubation, extracellular DNA was 

stained with Sytox Green (0.5 µM). Cells were gently washed and fixed for 15 min at room 

temperature with 4% paraformaldehyde. Coverslips were stained with Hoechst 33342 (1 µM) 

to visualize cells. Fixed cells were imaged using an Olympus IX71 widefield inverted microscope 

with a UPlanSApo 20×/0.75 air objective (Zeiss) in Fluoromount-G (SouthernBiotech). NETs 

were quantified using previously described methodology25.

Quantitative fluorometric analysis of neT release

After isolation, neutrophils were resuspended in RPMI 1640 medium (phenol red-free) 

supplemented with 10 mM Hepes, 2% HI-FCS and 1 µM Sytox Green. Neutrophils (1 × 105) were 

incubated in white 96-well plates (Thermo Scientific) in the presence of PMA (25 ng/ml), 

MSU (100 µg/ml), live S. aureus (MOI 10) or serum-opsonized live S. aureus (MOI 10). Where 

indicated, neutrophils were preincubated with purified hIgG Fc fragments (20 µg/ml; Bethyl 

Laboratories) for 30 min at 4°C to block FcγRs. Alternatively, neutrophils were pretreated with 

the NADPH oxidase inhibitor diphenyleneiodonium (DPI; 10 µM; Sigma Aldrich) for 30 min at 

37°C. Extracellular DNA was measured every min for 180 min in a preheated fluorometer at 37°C 

at 480 nm excitation, 520 nm emission.

Ros production

To monitor intracellular ROS production in real-time, isolated neutrophils were allowed to 

settle (60 min, 37°C) and cells (1 × 105) were preloaded for 20 min at 37°C with the fluorescent 

probe dichlorofluorescein diacetate (DCF; 10 µM; Sigma Aldrich). After incubation, cells were 

washed and carefully resuspended in RPMI 2% supplemented with 10 µM DCF in white 96-well 

plates. Cells were stimulated with MSU (50 to 200 µg/ml), serum-opsonized or non-opsonized 

HK S. aureus (MOI 10). When indicated, purified hIgG Fc fragments (20 µg/ml) were added to 

neutrophils for 20 min at 4°C to block FcγRs. Alternatively, neutrophils were pretreated with 
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10 µM DPI for 30 min at 37°C. Where mentioned, plates were coated with 10 µg/ml anti-SIRL-

1 mAb (clone 1A5), anti-SIRL-1 F(ab’)
2
 fragments or isotype-matched control IgG overnight at 

4°C. Plates were washed three times with PBS before addition of labeled neutrophils. Cells were 

measured every 5 min for the indicated times in a preheated fluorometer at 37°C at 480 nm 

excitation, 520 nm emission.

Alternatively, NADPH oxidase activity was assessed using an Amplex Red enzymatic 

fluorescence assay as previously described24. In short, neutrophils were resuspended in HEPES 

buffer, supplemented with 50 µM Amplex Red and 1 U/ml HRP (Sigma), seeded in white 96-well 

plates at 1 × 105 cells/well and stimulated with 100 µg/ml MSU or 10 µg/ml plate-bound IV.3 anti-

FcγRII mAb. When indicated, plates were coated with 10 µg/ml anti-SIRL-1 mAb (clone 1A5) or 

isotype-matched control IgG overnight at 4°C. Plates were washed three times with PBS before 

addition of neutrophils. ROS production was measured every min for the indicated times in a 

preheated fluorometer at 37°C at 545 nm excitation, 590 nm emission.

Gentamicin protection assay

Neutrophil bactericidal activity was measured using a gentamicin protection assay. Neutrophils 

were seeded in 96-well plates at 1 × 104 cells/well in triplicate for each condition. Cells were 

incubated with serum-opsonized live bacteria (MOI 10) for 15 min at 37°C to allow phagocytosis 

to occur. After 15 min, gentamicin (Sigma Aldrich) was added to the medium at 100 µg/ml for 

20 min to kill extracellular bacteria. Neutrophils were washed three times with chilled PBS and 

lysed with 0.1% Triton X-100 in sterile water for 15 min at room temperature. Various dilutions 

were plated directly onto LB agar plates and colonies were counted after overnight incubation 

at 37°C. Where mentioned, neutrophils were incubated for 30 min at 4°C with 10 µg/ml anti-

SIRL-1 mAb (clone 1A5) or isotype-matched control IgG, followed by 20 µg/ml goat anti-mouse 

F(ab’)
2
 fragments before exposure of neutrophils to serum-opsonized bacteria. Otherwise, 

neutrophils were pretreated with 10 µM DPI for 30 min at 37°C before addition of bacteria.

extracellular bacterial killing

Neutrophils were resuspended in RPMI 2% and seeded in 96-well plates at 7.5 × 104 cells/

well. Serum-opsonized bacteria were added at a MOI 10 and neutrophils were incubated at 

37°C for 30 min. To show that NETs were important in extracellular killing, incubations were 

performed in the presence of 100 U/ml of DNase 1 (Worthington) to destroy NETs. To evaluate 

the contribution of NADPH oxidase in bactericidal activity, neutrophils were pretreated with 10 

µM DPI for 30 min at 37°C before addition of bacteria. After 30 min, neutrophils were lysed with 

0.1% Triton X-100 in sterile water for 15 min at room temperature. Various dilutions were plated 

directly onto LB agar plates and colonies were counted after overnight incubation at 37°C.

MsU uptake by neutrophils

Neutrophils were incubated under gentle agitation with 100 µg/ml MSU at 37°C for the indicated 

times. Uptake of MSU crystals was evaluated by flow cytometry (FACSCalibur; BD Biosciences). 

Where mentioned, neutrophils were incubated for 30 min at 4°C with 10 µg/ml anti-SIRL-1 mAb 

(clone 1A5) or isotype-matched control IgG, followed by 20 µg/ml goat anti-mouse F(ab’)
2
 

fragments before exposure of neutrophils to MSU.
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statistical analysis

Statistical analysis was performed using GraphPad Prism version 6 software (GraphPad Software). 

If not stated otherwise, data are shown as mean ± SD. Statistical differences were determined 

using (paired) Student’s t-test (2 groups), or with two-way ANOVA with Dunnett’s or Bonferroni’s 

post hoc (more than 2 groups). A p value < 0.05 was considered statistically significant.
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absTRaCT
An innate immune response is essential for survival of the host, yet excessive inflammation 

can result in harmful complications. Inhibitory pathways evolved to limit host responses 

and prevent inflammatory pathology. In turn, bacteria have developed diverse strategies 

to exploit these inhibitory mechanisms to avoid host defense. Here, we discuss select 

mechanisms of inhibitory signaling for homeostatic regulation of immune activation and 

how bacteria undermine these regulatory mechanisms. The recent literature discussed here 

indicates that bacteria subvert host defense for their own benefit by exploiting inhibitory 

mechanisms in several ways: by expression of ligands that mimic host ligands (‘molecular 

mimicry’); by expression of virulence factors that directly trigger inhibitory pathways 

and/or that convert inhibitory signaling intermediates into active agonists to hijack effector 

functions. Understanding how bacteria manipulate inhibitory signaling may provide promising 

opportunities to counteract these evasion strategies and tip the balance in favor of the host.
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The function of the immune system is to prevent the invasion of the body by non-self. First-line 

defense cells (including epithelial cells, neutrophils, macrophages and dendritic cells) sense the 

presence of invading bacterial pathogens through pattern recognition receptors (PRRs)1. PRRs 

respond to conserved bacterial components, referred to as pathogen-associated molecular 

patterns (PAMPs), and provide signals that elicit innate antimicrobial and inflammatory responses 

and launch adaptive immunity for the control of infection2. Toll-like receptors (TLRs) are the 

prototypical and best-studied PRR family3. In addition, sentinel cells are equipped with a number 

of receptors that bind opsonized bacterial surfaces. Scavenger receptors, immunoglobulin 

receptors (FcRs), complement receptors and lectin receptors fine tune signaling through PRRs 

to tailor the appropriate cellular response4–6. If the initial host response is over-amplified, acute 

inflammation results in host tissue damage and can eventually result in severe complications, such 

as multiple organ failure7. Therefore, the immune system evolved inhibitory control mechanisms 

that dampen unwarranted host responses and prevent collateral tissue damage that can occur 

as a side effect of immune activation8. Inhibitory signaling helps to maintain an optimal balance 

between immune defense and pathology resulting from dysregulated inflammation.

Bacterial replication and associated disease can result when bacteria successfully 

circumvent, counteract or resist immune sensing, signaling or antimicrobial functions9,10. 

The innate host defense is the first to be encountered by bacteria. Also, the innate response 

instructs the subsequent development of an adaptive immune response. Therefore, the innate 

immune system is often the target of immune evasion or modulation by bacterial pathogens9. 

Recent reviews have covered general immune evasion strategies of bacteria9,11,12. Here we focus 

on bacterial immune evasion through the manipulation of inhibitory control mechanisms.

InHIbIToRY sIGnalInG
Many inhibitory receptors exert their effect by interfering with intracellular signaling 

induced by activating bacteria-sensing innate receptors (including TLRs and FcRs). Inhibitory 

receptors attenuate these activating receptors directly or through their downstream signaling 

intermediates13 (FIG. 1). Inhibitory receptors contain sequence motifs in their intracellular tails 

to recruit signaling molecules. The most common inhibitory motif is the immunoreceptor 

tyrosine-based inhibitory motif (ITIM). Engagement of ITIM-bearing receptors results in ITIM 

tyrosine phosphorylation and recruitment of cellular phosphatases containing Src homology 2 

(SH2) domains, such as SHP-1, SHP-2 and SHIP-114,15. Next, recruited phosphatases act on 

their respective targets to abolish signaling initiated by activating receptors16–18. Typically, 

this inhibitory regulation results from co-crosslinking of inhibitory and bacteria-recognizing 

activating receptors (for example if the bacteria expresse ligands for both receptors)19–21. Many 

ITIM-bearing receptors belong to the immunoglobulin superfamily (IgSF). The majority of 

IgSF members are cell surface molecules and their extracellular Ig domains generally mediate 

recognition, often of cell surface ligands. Many members of the IgSF use intracellular ITIMs 

to attenuate tyrosine kinase-driven signaling and dampen cellular responses. Differential 

expression patterns, diversity in the number of ITIMs, as well as the cellular signaling 

intermediates recruited, may indicate differences in functions.
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figure 1. negative modulation of inflammatory responses against non-self by ITIM-bearing 
inhibitory receptors. Invasion of the host by bacteria results in the appearance of DAMPs. These danger 
signals are sensed by pathogen recognition receptors (PRRs), including TLRs, on the surface of sentinel 
cells. Bacteria can be opsonized with antibodies and are recognized by cell surface Fc receptors (FcRs), 
associated with the immunoreceptor tyrosine-based activation motif (ITAM)-containing FcRγ chain. FcRs 
generally transmit activating signals through activation of the protein tyrosine kinase SYK, while diverse 
signaling cascades (such as activation of MAPK, NF-κB and PI3K) are relayed by PRRs. The inflammatory 
response against non-self aids to combat invading bacteria. On the other hand, the antibacterial 
response needs to be controlled to prevent collateral tissue damage. Inhibitory receptors often possess 
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) within their intracellular tails. Following 
receptor engagement, tyrosine residues within the ITIMs are phosphorylated and become docking sites 
for cytosolic protein tyrosine phosphatases, such as SHP-1, SHP-2 or SHIP. These negative regulatory 
proteins terminate activating signals delivered by PRRs and/or ITAM-containing FcRs and contribute 
to dampening of the inflammatory response. MAPK, mitogen-activated protein kinase; NF-κB, nuclear 
factor κB; PI3K, phosphoinositide 3-kinase.

Growing evidence also supports a role for immunoreceptor tyrosine-based activation 

motif (ITAM)-associated receptors in mediating inhibitory signals. ITAMs are found in the 

cytoplasmic domains of certain transmembrane adaptors, such as the FcR common γ chain 

(FcRγ) in myeloid cells, and generally mediate activating signals through the recruitment and 

activation of the protein tyrosine kinase SYK. However, ITAM-mediated cell activation requires 

high-avidity ligation of the ITAM-coupled receptors. In contrast, low-avidity ligation of these 

receptors generates inhibitory signals, such as activation of the tyrosine phosphatase SHP-122,23. 

An ITAM that is functioning in an inhibitory mode is referred to as an ITAMi23. Inhibitory 

crosstalk by ITAMi has become increasingly apparent, including in the regulation of signaling 

by heterologous receptors such as TLRs24.
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InHIbIToRY sIGnalInG HelPs To PReVenT Infl aMMaToRY 
PaTHoloGY
The broad family of ITIM-bearing receptors and their physiological significance for immunity 

and homeostasis will not be covered in detail in this review. Instead, we will focus on inhibitory 

mechanisms in different steps of the immune response and their exploitation by bacterial 

pathogens to favor their survival in the host.

Inhibitory signaling modulates recruitment and migration of immune cells

The initiation of an inflammatory process is characterized by the recruitment of defense cells to 

the site of infection. Neutrophils accumulate at high numbers in inflamed tissue and contribute 

to tissue damage in septic shock25. It is therefore important to understand how neutrophil 

infiltration is restricted. Neutrophil recruitment is initiated by chemotactic activation of 

β
2
  integrins that mediate adhesion and migration into the inflamed tissue26. This process 

depends on a conformational change of β
2
 integrins from low to high binding affinity to their 

ligand ICAM-1 on endothelial cells. Recent work by Wang et al. demonstrated that the inhibitory 

paired immunoglobulin-like type 2 receptor α (PILRα) expressed by neutrophils suppresses 

chemoattractant-triggered activation of β
2
 integrins27 through the recruitment of SHP-1 and 

SHP-2 phosphatases to the two intracellular ITIM domains28. PILRα associates with several host 

ligands such as CD99, neuronal differentiation proliferation factor-1, collectin 12  and Herpes 

simplex virus-1 glycoprotein B29–31 in a sialic acid-dependent manner. Consequently, loss of 

PILRα expression in Pilra-knockout mice results in enhanced binding of neutrophils to ICAM-1 

after stimulation with fMLP. Also, Pilra-/- mice suffer from severe LPS-induced endotoxin shock, 

associated with increased neutrophil accumulation in damaged tissues.

Evidence suggests that signal regulatory protein α (SIRPα) has an important role in 

limiting neutrophil migration during inflammation32,33. SIRPα acts as a receptor for the broadly 

expressed ‘self’ molecule CD4734. CD47 binding triggers ITIM phosphorylation and subsequent 

recruitment and activation of the cellular phosphatases SHP-1 and SHP-235–37. Also, cleavage of 

SIRPα ITIMs in human neutrophils, but not monocytes was associated with active inflammation38. 

Correspondingly, in mice loss of SIRPα ITIMs in neutrophils occurs during inflammation 

and correlates with enhanced neutrophil tissue infiltration38. Finally, deletion of SIRPα ITIMs 

enhances transmigration of neutrophils and neutrophil-associated tissue damage38.

Inhibitory signaling dampens immune cell activation

Activation of sentinel cells needs to be limited to limit host damage. Receptors belonging to 

different families have been implicated in dampening the inflammatory response. The sialic 

acid-binding Ig-like lectins (Siglecs) receptor family is characterized by sialic acid-dependent 

ligand recognition39. Most CD33-related Siglecs (including Siglec-5, Siglec-9 and the murine 

Siglec-E) contain one or more ITIMs in their intracellular tail and are involved in the regulation 

of inflammatory activation of defense cells, mainly via recruitment and activation of SHP-1 

and SHP-2, although other SH2-containing signaling effectors can contribute39. Recognition 

of pathogens by PRRs or other innate receptors eventually results in activation of sentinel 

cells and effector functions (including cytokine expression, oxidative burst and bacterial 
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killing). Inhibitory mechanisms regulating effector functions have been observed in studies 

of cytokine production and cellular activation. Although not demonstrated in all studies, it 

is likely that the intracellular ITIMs and the recruitment of cellular phosphatases are crucial 

for inhibitory signaling. In macrophages, overexpression of Siglec-9 was shown to suppress 

TLR-induced cytokine production (such as TNF-α and IL-6) following LPS or peptidoglycan 

stimulation40. These effects were abolished when the critical tyrosine residues in the ITIMs 

of Siglec-9 were mutated. Recently, Boyd et al. have demonstrated that ligation of murine 

Siglec-E (the orthologue of Siglec-9) attenuates the production of cytokines, TNF-α and IL-6, 

by macrophages in response to LPS stimulation41.

Several members of the carcinoembryonic antigen-related cell adhesion molecule 

(CEACAM) family of proteins are important regulators of inflammation42. For example, CEACAM1 

transduces inhibitory signals in diverse sentinel cells, including neutrophils and dendritic 

cells43,44 by recruiting the phosphatases SHP-1 and SHP-2 to its cytoplasmic tail in an ITIM-

dependent manner. This has been demonstrated in the context of LPS-mediated TLR4 signaling 

in neutrophils. Following LPS stimulation, the protein tyrosine kinase SYK is phosphorylated 

and associates with TLR4 in neutrophils45. Phosphorylated SYK can, in turn, be regulated by 

phosphatases SHP-1 and/or SHP-246. A recent study found that LPS stimulation also results in 

ITIM phosphorylation of CEACAM1, recruitment of SHP-1 and suppression of SYK activation47. 

Indeed, Ceacam1-/- neutrophils show enhanced activation of SYK and hyper production of the 

cytokine IL-1β.

In addition to TLRs, sentinel cells are equipped with FcRs that bind opsonized bacterial 

surfaces. FcRs signal through ITAMs. We and others have demonstrated that activation 

of FcR function is controlled by ITIM-bearing receptors19–21,48. One such receptor is Signal 

Inhibitory Receptor on Leukocytes-1 (SIRL-1), which attenuates the oxidative burst in response 

to FcR triggering in an ITIM-dependent manner, most likely through the suppression of 

ERK1/2 activation48.

baCTeRIal PaTHoGens ManIPUl aTe InHIbIToRY 
sIGnalInG To esCaPe HosT Defense ResPonses
Both Gram-positive and Gram-negative bacteria evolved microbial strategies to hijack inhibitory 

signaling and dysregulate the innate immune defense for their own benefit. Distinct microbial 

tactics can be organized in common themes. We discuss the ways in which bacteria can 

co-engage diverse host inhibitory receptors (sometimes through molecular mimicry of host 

ligands) and interfere with intracellular inhibitory signaling by virulence proteins. These diverse 

strategies enable bacteria to modulate host defense at various steps in the innate response.

bacteria engage inhibitory ITIM-bearing receptors

Several microorganisms target ITIM-bearing receptors, which they can co-ligate with targeted 

PRRs (FIG. 2a), to prevent immune clearance. The resulting juxtaposition of ITIM-bearing 

receptors with the targeted activating receptors (such as TLRs) induces inhibitory crosstalk 

that suppresses cellular activation and/or phagocytosis. For example, various bacteria express 

CEACAM-specific adhesins to attach to epithelial cells49–51. In addition, these bacterial pathogens 
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may exploit the immunosuppressive capacity of CEACAM152–55. For example, Moraxella 

catarrhalis ubiquitous surface protein A1 (UspA1) binds and activates human CEACAM1 on 

epithelial cells, inhibiting TLR2 signaling56. The inflammatory and antimicrobial responses in 
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Figure 2figure 2. bacterial pathogens evade host defense responses by manipulating inhibitory signaling. 
(A) Moraxella catarrhalis, Neisseria meningitidis, Group B Streptococcus and Staphylococcus aureus 
evolved specific virulence factors to engage inhibitory receptors, which co-ligate with and attenuate 
pattern recognition receptor (PRR) signaling. (B) Escherichia coli escapes macrophage receptor with 
collagenous structure (MARCO)-dependent killing through hijacking of inhibitory ITAM signaling. Non-
opsonized E. coli binds to FcγRIII with low affinity and induces weak phosphorylation of the FcR common 
γ chain (FcRγ), leading to recruitment of SHP-1. In turn, SHP-1 dephosphorylates PI3K and abrogates 
MARCO-dependent phagocytosis. (C) During infection with the bacterium enteropathogenic E. coli 
(EPEC), the intimin receptor (Tir) translocates into the epithelial cell. The intracellular tail of EPEC Tir 
recruits host cell phosphatases SHP-1 and SHP-2. As a result, the activation of TRAF6 is inhibited, and 
EPEC-induced expression of pro-inflammatory cytokines is suppressed. (D) Upon infection, Helicobacter 
pylori translocates the ITIM-containing virulence protein, CagA, into host cells, and CagA-SHP-2 
interactions lead to dephosphorylation of epidermal growth factor receptor (EGFR). This abrogates 
human β-defensin 3 (hBD3) synthesis and enhances bacterial survival. (E) Salmonella and Yersinia secrete 
protein tyrosine phosphatase, SptP and YopH respectively. SptP targets the protein tyrosine kinase SYK 
in mast cells and suppresses degranulation. During in vivo infection, YopH targets the signaling adaptor 
SLP-76 in neutrophils. This leads to reduced calcium responses and IL-10 production.
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the respiratory tract to M. catarrhalis strongly depend on TLR257. Co-ligation of CEACAM1 with 

TLR2 disrupts TLR-mediated phosphorylation of the p85α subunit of PI3K and signaling through 

the PI3K-AKT pathway, resulting in decreased release of IL-8 and GM-CSF by epithelial cells. 

This affects the recruitment and activation of neutrophils in response to pulmonary infections. 

Thus, these findings identified a strategy by which bacteria exploit CEACAM1 to colonize 

pulmonary epithelium.

Another bacterium that exploits CEACAM1 to modulate immunity is Neisseria gonorrhoeae, 

a sexually transmitted pathogen that causes urogenital infection. Ligation of CEACAM1 by 

N. gonorrhoeae opacity-associated protein (Opa) directly suppresses the activation and 

proliferation of CD4+ T cells in response to activating stimuli (including bacterial infection, 

exposure to IL-2 and ligation of the T cell receptor)52 through recruitment of SHP-1 and SHP-258. 

Although symptomatic gonorrhea is characterized by an intense inflammation, cytokine and 

antibody responses to N. gonorrhoeae are low and show no development of memory59,60. The 

above insights might explain the paucity of specific immunity.

Siglecs regulate host defense functions via interactions with sialic acid. Bacterial pathogens 

exploit this function by expressing their own sialic acid and overcome inflammatory responses 

by engaging inhibitory Siglecs. Group B Streptococcus (GBS), an important cause of neonatal 

infections, targets two ITIM-bearing Siglecs, Siglec-5 and Siglec-9, to suppress host defense 

in a sialic acid-dependent or -independent manner, depending on the GBS serotype. The 

sialylated capsular polysaccharide of serotype III GBS mimics host sialylated glycans and binds 

Siglec-961, and the cell wall-anchored β-protein of serotype Ia and III GBS strains binds Siglec-562. 

GBS engagement of ITIM-bearing Siglec-5 or Siglec-9 activates inhibitory SHP-2-dependent 

signals that interfere with cellular activation. This inhibits several host antimicrobial functions, 

including phagocytosis, induction of the oxidative burst, and formation of extracellular 

traps, allowing GBS to escape killing by monocytes and/or neutrophils in vitro. In a recent 

study, it was shown how targeting of Siglecs by GBS influences infection in vivo. GBS targets 

murine Siglec-E (the orthologue of human Siglec-9) suppressing NF-κB and MAPK activation 

in a manner dependent on SHP-1 recruitment, thereby attenuating GBS-induced phagocyte 

inflammatory responses63. Complementary, Siglec-E-deficient macrophages show enhanced 

bactericidal activity against GBS in vitro. Depending on the route and dose of infection, this 

can either result in enhanced survival or accelerated mortality, reflecting the fine balance 

between protective immunity and inflammatory pathology. In vivo, mice lacking Siglec-E clear 

GBS more quickly than wild-type mice, following low dose GBS challenge. Taken together, the 

above studies show that GBS mimicry of sialic acid can blunt host defense responses through 

engagement of inhibitory Siglecs (such as Siglec-9) on sentinel cells to promote GBS survival 

and virulence.

Co-activation of another ITIM-containing receptor, the murine PIR-B, by Staphylococcus 

aureus counteracts TLR-induced inflammatory responses in mouse macrophages64. Deletion 

of PIR-B in mouse macrophages enhances TLR-mediated cytokine release (TNF-α and IL-6) 

in response to S. aureus. In addition, the human PIR-B orthologues, Ig-like transcript 2 (ILT2) 

and ILT5, bind S. aureus. Whether bacteria hijack inhibitory signaling through the ILT receptors 

remains to be elucidated. In another study, Nakayama et al. reported that S. aureus targets 
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PIR-B through the essential cell wall component lipoteichoic acid (LTA) to blunt ERK1/2 and 

inflammasome activation, and subsequent IL-6 and IL-1β release in response to the bacteria65. In 

agreement, Pirb-knockout mice show enhanced inflammatory responses following challenge 

with S. aureus and are better at clearing the bacteria. Together, these findings suggest that 

S. aureus targets PIR-B through LTA to promote its fitness.

bacteria hijack inhibitory ITaM signaling

Recent studies indicate that bacterial pathogens hijack ITAMi signaling as a means to subvert 

defense responses initiated by sentinel cells. Specifically, Escherichia coli binds FcγRIII 

directly in an antibody-independent manner, and this low-avidity interaction induces FcRγ 

phosphorylation, followed by SHP-1 recruitment. SHP-1 dephosphorylates PI3K, which is 

thereby unable to support MARCO-mediated phagocytosis of E. coli66 (FIG. 2b). Consequently, 

mice deficient in FcγRIII or FcRγ have increased survival rates in models of sepsis, and this is 

attributed, in part, to their enhanced ability to clear E. coli. Thus, E. coli can overcome the 

inflammatory response through manipulation of the FcγRIII-FcRγ signaling complex, resulting 

in severe consequences during sepsis 23. These findings add to those for GBS and S. aureus 

targeting Siglecs and PIR-B respectively, both ITIM-bearing receptors.

bacteria adopt host inhibitory signaling

The above-mentioned examples include strategies where bacterial cell surface proteins directly 

interact with ITIM-containing host receptors. Another strategy commonly used is interference 

with intracellular signaling of activating receptors by virulence factors mimicking host ITIMs or 

resembling host tyrosine phosphatases.

Evasion of host defense by mimicking host ITIMs

Enteropathogenic E. coli (EPEC) uses a strategy where it injects bacterial intimin receptor 

(Tir) into the epithelial cell membrane67 (FIG. 2c). The extracellular part of Tir is engaged by 

the bacterial surface ligand intimin, while the intracellular part of Tir contains a region with 

similarity to host ITIMs. The bacterial Tir ITIMs recruit the host tyrosine phosphatases SHP-1 

and SHP-268, and enhance its binding to TRAF6. The ubiquitination and activation of TRAF6 

is inhibited, and EPEC-induced expression of pro-inflammatory cytokines is suppressed. The 

ITIMs of the EPEC Tir protein also recruit the cellular lipid phosphatase SHIP-2 to regulate cellular 

actin-dependent processes69. ITIMs have also been identified in Helicobacter pylori bacterial 

proteins, such as Tir and CagA, which interfere with host defense mechanisms70,71. Epithelial 

cells secrete a broad variety of antimicrobial defensin peptides, including human β-defensin 

3 (hBD3). Recent work showed that H. pylori is highly susceptible to hBD3, and that human 

epithelial cells express hBD3 in a manner dependent on epidermal growth factor receptor 

(EGFR) after H. pylori infection72. To counteract this defense mechanism, H. pylori translocates 

the virulence protein CagA into host epithelial cells (FIG. 2d). Upon tyrosine phosphorylation of 

CagA ITIM-like motifs, SHP-2 is recruited, resulting in dephosphorylation of EGFR intracellular 

domains, abrogating hBD3 synthesis and increasing bacterial survival. These observations 

demonstrate an essential function of CagA-SHP-2 interactions for the suppression of a host 

innate immune response.
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Bacterial virulence factors that resemble host protein tyrosine phosphatases

Recent studies revealed another means adopted by Salmonella and Yersinia to evade innate 

immune defense. These bacterial pathogens contain virulence factors that share homology 

with host protein tyrosine phosphatases and target central signaling mechanisms of tyrosine 

phosphorylation to shut down host innate immune cells (FIG. 2e).

The role of mast cells in the defense against Salmonella is still debated. One study has proposed 

that mast cells contribute to S. typhimurium clearance73. However, other research has shown that 

TNF enhances the growth of Salmonella during severe S. typhimurium infection74. Recently, Choi et 

al. demonstrated that Salmonella secretes a protein tyrosine phosphatase, SptP, which suppresses 

mast cell degranulation75. Tyrosine phosphorylation is critical in degranulation, and SptP targets 

SYK, the essential upstream protein tyrosine kinase for degranulation. In vivo, suppressed mast cell 

activation entails reduced recruitment of neutrophils to combat the bacteria. However, infection 

with a Salmonella strain lacking SptP shows increased neutrophil recruitment and clearance of 

bacteria in vivo. Another Gram-negative human pathogen, Yersinia, contains a homologous 

phosphatase YopH. Neutrophils are recruited to the site of Yersinia infection. In addition, YopH 

suppresses phagocytosis and calcium flux in human neutrophils76–78. Recently, it was shown that 

YopH targets the crucial signaling adaptor SLP-76 in neutrophils during in vivo infection, leading to 

reduced calcium responses and IL-10 production79. In agreement, depletion of neutrophils allows 

the growth of a mutant lacking YopH following infection of mice. This suggests that YopH is critical 

for suppressing neutrophil bactericidal functions to enhance survival of Yersinia.

ConClUsIon
Inhibitory signaling in the immune system is essential to modulate pathogen-sensing signals, 

to allow the host to shape an appropriate immune response, and to dampen unwarranted 

host responses leading to collateral tissue damage. However, bacteria have evolved different 

strategies to successfully instigate these regulatory mechanisms. Through molecular mimicry 

of host ligands, bacterial pathogens directly activate host inhibitory receptors. In addition, 

bacteria can subvert host immune responses through virulence factors that have evolved to 

neutralize inflammatory signal transduction. These virulence proteins often share homology 

with host inhibitory signaling intermediates. Also, they can directly interact with these 

intermediates to undermine host defense and promote their adaptive fitness. Most of the 

escape strategies discussed in this review still await confirmation in animal models.

Since the first description of an ITIM in FcγRIIB over 15 years ago, many inhibitory receptors 

are still being discovered by the presence of intracellular inhibitory motifs. To date, genomic 

and proteomic informatics revealed more than 800 novel ITIM-bearing proteins80,81, and many 

of them still await demonstration of function. Clearly, bacteria have evolved sophisticated 

strategies to manipulate host inhibitory receptors, allowing evasion of immune defense 

mechanisms. Insight in these strategies is crucial to design strategies to control infection. In an 

era of growing resistance to antibiotics, blocking of subverted host receptors or counteracting 

the virulence factors involved affords promising approaches to overcome immune evasion by 

pathogens. Also, studying the mechanisms of bacterial manipulation of inhibitory signaling 

may provide useful insights on the functional roles of novel ITIM-bearing receptors.
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absTRaCT
Bacteria have developed a broad range of strategies to modulate innate immune responses, 

thereby evading host defenses. One such strategy is the functional engagement of inhibitory 

receptors on the surface of innate immune cells. We recently demonstrated that ligation of 

Signal Inhibitory Receptor on Leukocytes-1 (SIRL-1) negatively regulates specific phagocyte 

functions. Here, we report that the important neonatal pathogen, Group B Streptococcus 

(GBS), binds SIRL-1 in a protein-dependent manner. Loss of capsule expression enhances the 

interaction of GBS with SIRL-1. Ectopic expression of SIRL-1 confers binding of GBS to HL-60 

cells. Importantly, GBS binding to SIRL-1 suppresses the oxidative burst of human neutrophils, 

resulting in increased bacterial survival. Thus, engagement of SIRL-1 by GBS modulates 

neutrophil defense mechanisms, representing a novel way of bacterial immune escape.
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InTRoDUCTIon
As front-line defense cells, neutrophils initiate innate immune responses by recognizing 

pathogens, phagocytosing them, and secreting inflammatory mediators1. Neutrophils, the 

most abundant leukocytes, can eliminate pathogens by multiple means, both intra- and 

extracellularly2. While the antimicrobial functions of neutrophils are extensively studied, less is 

understood about mechanisms regulating their inflammatory responses. Neutrophil activation 

must be tightly regulated; insufficient responses leave the host susceptible to infection, and 

exaggerated responses may result in severe systemic inflammation or autoimmunity3. Given the 

importance of counter-regulatory systems to limit neutrophil responses and avoid unwanted 

damage to host cells and tissues, pathogenic microbes can subvert such mechanisms to 

promote their own survival within the body4.

Immune responses are often positively regulated by a variety of receptors containing an 

intracellular immunoreceptor tyrosine-based activation motif (ITAM) in their cytoplasmic tail, 

including Fc receptors (FcRs)5. Many immune responses can be mediated by ITAMs, such as 

phagocytosis, cytokine production and superoxide release6. Conversely, activated immune 

responses are negatively regulated by immunoreceptor tyrosine-based inhibitory motif 

(ITIM)-containing receptors5,7. ITIM-bearing receptors often, but not exclusively, interact with 

and inhibit ITAM-coupled receptors8. Pathogens can interfere with this receptor crosstalk 

by targeting host ITIM-bearing receptors. Therefore, it is of particular interest to identify 

host ITIM-bearing receptors subject to microbial hijacking, particularly those receptors with 

key roles in regulating leukocyte activation. Blockade of pathogen binding to ITIM-bearing 

receptors might offer new strategies for controlling infection.

One way in which pathogens could circumvent host immune responses is by directly binding 

to and signaling through ITIM-bearing inhibitory leukocyte receptors, as has recently been 

shown for several important human pathogens. For example, the prominent neonatal pathogen 

group B Streptococcus (GBS) can bind to sialic acid-binding immunoglobulin-like lectins 

(Siglecs) on leukocytes9,10 in a sialic acid-dependent or -independent manner. This leads to the 

inhibition of several leukocyte antimicrobial functions, and this allows GBS killing by neutrophils. 

Signal Inhibitory Receptor on Leukocytes-1 (SIRL-1), another ITIM-containing receptor, is 

highly expressed on neutrophils11. Recently, we have shown that SIRL-1 engagement suppresses 

the formation of superoxide by neutrophils, resulting in diminished bactericidal activity12. We 

hypothesized that bacteria could have evolved mechanisms to bind and signal through SIRL-1, 

leading to inhibition of neutrophil activation. Indeed our experimental data point to the capacity 

of GBS to interact with SIRL-1 as an additional mechanism of innate immune subversion.

ResUlTs
hsIRl-1 interacts with Gbs through a cell wall expressed protein

We assessed binding of hSIRL-1-Fc chimeric proteins to a highly encapsulated serotype III WT 

GBS isolate (strain COH1) and an isogenic capsule-deficient mutant (strain HY106) by flow 

cytometry. hSIRL-1-Fc efficiently bound to the cell surface of the capsule-deficient mutant in 

a dose-dependent manner (FIG. 1A). The loss of hSIRL-1-Fc binding in the WT encapsulated 
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GBS strain (FIG. 1B and C) suggested the polysaccharide capsule caused steric hindrance or 

masking of the bacterial binding factor. To validate the specificity of the binding interaction, 

we first showed that binding of hSIRL-1-Fc to GBS was significantly stronger than hIgG Fc 

fragments alone (FIG. 1D). hSIRL-1-Fc binding to GBS was partially abrogated by addition of 

the anti-hSIRL-1 antibody clone 1A5, but not an irrelevant isotype control antibody (FIG. 1E), 

confirming the specificity of the interaction. This result indicated that the monoclonal antibody 

clone 1A5 could be used to block the binding of GBS to hSIRL-1 in functional assays. To further 

confirm that binding of hSIRL-1 to GBS was Fc-independent, we evaluated binding of His-

tagged recombinant hSIRL-1 (hSIRL-1-His) to both the WT and isogenic acapsular mutant GBS 

strains. Since hLAIR-1 is homologous to hSIRL-1, we used hLAIR-1-His as a control His-tagged 

recombinant protein. Although some binding of hLAIR-1 was observed, hSIRL-1-His bound 

significantly stronger to the capsule-deficient type III GBS mutant than hLAIR-1-His (FIG. 1F). 

In line with the binding of hSIRL-1-Fc chimeric proteins, no interaction of hSIRL-1-His was 

observed with the WT GBS parent strain. Anti-hSIRL-1 antibody clone 1A5 significantly blocked 

the interaction of hSIRL-1-His with the GBS surface, confirming binding specificity (FIG. 1G). Of 

note, another antibody against hSIRL-1, clone 3D3, did not interfere with hSIRL-1-His binding to 

the GBS surface (FIG. 1G).

figure 1. Gbs interacts with hsIRl-1 through a 50-kD cell wall-anchored protein. (A) The capsule-
deficient GBS mutant (HY106) interacts with hSIRL-1-Fc chimeric protein in a concentration-dependent 
manner as analyzed by flow cytometry. Absolute percentages of hSIRL-1-Fc bound GBS HY106 are shown 
for 0.5, 1, 10 and 50 µg of hSIRL-1-Fc. Results are the mean + SEM of three independent experiments and 
statistical differences are reported relative to PBS control. ***p<0.001, one-way ANOVA (adjusted for 
Dunnett’s test). (B) hSIRL-1-Fc (50 µg) binding to the highly encapsulated WT GBS serotype III (COH1) 
and the isogenic capsule-deficient ΔCpsD mutant (HY106). Open histogram is control, filled histogram 
represents hSIRL-1-Fc binding. Representative histograms of GBS cell surface bound hSIRL-1-Fc are shown. 
Each histogram shows cell number as a function of relative fluorescence obtained for 10,000 events per 
population. (C) Percentages of GBS positive for hSIRL-1-Fc binding. Data are the mean + SEM of three 
independent experiments. Statistical differences are indicated. ***p<0.001, one-way ANOVA (adjusted for 
Bonferroni’s test). ns, non significant. (D) Binding of hSIRL-1-Fc or hIgG Fc fragments only (10 µg) to GBS 
HY106 as analyzed by flow cytometry. Mean + SEM of three independent experiments is shown. *p<0.05, 
Student’s t test. (E) Blocking of GBS binding to hSIRL-1 by anti-hSIRL-1 antibodies (clone 1A5). hSIRL-1-Fc 
chimeras (10 µg/ml) were pre-incubated with anti-hSIRL-1 or isotype control IgG, and relative binding was 
determined. Values are mean + SEM of relative binding, normalized for control levels of binding to hSIRL-1-Fc 
(n=3). Statistical differences are reported relative to hSIRL-1-Fc control binding. **p<0.01, one-way ANOVA 
(adjusted for Dunnett’s test). (F) Binding of hSIRL-1-His or hLAIR-1-His (50 µg) to WT GBS strain COH1 and the 
capsule-deficient mutant (HY106) as measured by flow cytometry. The absolute percentages of GBS bound 
to His-tagged recombinant proteins are shown. Data are the mean + SEM of three independent experiments. 
Statistical differences are indicated. *p<0.05, ***p<0.001, one-way ANOVA (adjusted for Bonferroni’s test). 
ns, non significant. (G) Similar experiments were performed with or without pre-incubation of hSIRL-1-His 
with increasing amounts of anti-hSIRL-1 antibodies (clone 1A5 or 3D3). Values are mean + SEM of relative 
binding, normalized for control levels of binding to hSIRL-1-His. Statistical differences are reported relative 
to hSIRL-1-His control binding. *p<0.05; **p<0.01, one-way ANOVA (adjusted for Dunnett’s test). (H) Binding 
of hSIRL-1-Fc chimeras (50 µg) to GBS HY106 after treatment with trypsin to determine protein-dependent 
binding. Data are shown as the mean + SEM of three independent experiments. Statistical differences are 
indicated. **p<0.01, Student’s t test. (I) Far Western blotting of GBS whole cell lysates from strains COH1 and 
HY106. The analysis identified a ~ 50-kD specific hSIRL-1 binding protein in both the WT type III strain, as well 
as in the isogenic capsule-deficient mutant.
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The observation that hSIRL-1-Fc binding was lost when serotype III GBS is encapsulated, 

suggests that the interaction does not occur with the capsular polysaccharide, but rather with 

a membrane-bound surface factor. Indeed, binding of hSIRL-1 to the isogenic capsule-deficient 

mutant HY106 was eliminated by trypsin treatment (FIG. 1H), indicating that hSIRL-1 interacts 

with a cell wall expressed protein (or a post-translationally modified protein, e.g. lipoprotein 

or glycoprotein).

As a first step toward identifying the GBS surface protein(s) mediating interaction with 

hSIRL-1, we prepared whole GBS cell lysates of both GBS WT and acapsular mutant strains 

and examined the binding of soluble hSIRL-1-His to GBS proteins by Far Western blotting. 

Recombinant hSIRL-1 interacted with a GBS protein of an apparent molecular mass of 50 kD 

found in lysates of both parent and mutant serotype III GBS strains (FIG. 1I). These results again 

suggest that the binding of hSIRL-1 to a GBS surface protein is impaired by expression of GBS 

capsule. Recombinant hLAIR-1-His did not interact with this protein, excluding nonspecific 

interactions with the His-tag of the recombinant proteins (FIG. 1I).

hsIRl-1 is a receptor for Gram-positive bacteria

The capsule-deficient mutant HY106 is a genetically modified GBS strain. To test whether SIRL-1 

binds to WT GBS, we assessed binding to multiple clinical GBS isolates of different serotypes. 

Indeed, hSIRL-1-Fc chimeras bound WT GBS clinical strains of all serotypes tested (FIG. 2A). 

Furthermore, hSIRL-1 interacted with a 50-kD protein in whole cell lysates of all GBS serotypes 

in Far Western blotting (FIG. 2B).

In addition to several GBS strains, hSIRL-1-Fc bound the Gram-positive bacteria S. pyogenes 

(Group A Streptococcus, GAS) and S. aureus, but did not efficiently bind to the surface of the 

Gram-negative E. coli (FIG. 2A). Thus, SIRL-1 may be able to bind to a number of Gram-positive 

bacteria.

Interaction of Gbs with cell surface-expressed hsIRl-1

To verify whether GBS binds to hSIRL-1 expressed on the surface of eukaryotic cells, we used 

HL-60 cells ectopically expressing hSIRL-1 (hSIRL-1/HL-60). These cells expressed hSIRL-1 on 

their surface (FIG. 3A) and using flow cytometry we showed that bacteria efficiently adhered to 

hSIRL-1/HL-60 cells (FIG. 3B and C). Parental HL-60 cells bound GBS to a low degree, presumably 

through interaction of GBS with other surface molecules. To test whether SIRL-1 signaling 

was required for binding, we used HL-60 cells expressing a mutant form of hSIRL-1 lacking 

the central tyrosines of both ITIMs (hSIRL-1 FF), which completely blocks signaling through 

hSIRL-111,12. Expression levels of hSIRL-1 FF were essentially equivalent to those of native hSIRL-1 

on HL-60 cells (FIG. 3D). As shown in FIG. 3E, mutation of the functional cytoplasmic ITIMs did 

not alter binding of GBS. Attachment of GBS to hSIRL-1 expressing HL-60 cells was dependent 

on hSIRL-1, as anti-hSIRL-1 antibody significantly blocked the binding (FIG. 3F).

To correlate binding to uptake by human neutrophils, we incubated neutrophils with 

serum-opsonized GBS for 15 minutes at 37°C, killed extracellular bacteria with antibiotics, and 

lysed neutrophils to quantify internalized bacteria for enumeration. In the presence of anti-

hSIRL-1 blocking antibody, neutrophils were less capable of phagocytosing GBS (FIG. 3G). Thus, 

SIRL-1 facilitates binding to and phagocytosis of GBS by human cells.
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Gbs signals through hsIRl-1 and suppresses neutrophil oxidative burst

To evaluate whether GBS is capable of inducing functional ligation of hSIRL-1, we constructed 

2B4 NFAT-GFP reporter cells expressing a chimeric protein consisting of the extracellular domain 

of hSIRL-1 and the transmembrane and intracellular domain of CD3ζ. Receptor engagement of 

cells expressing the hSIRL-1-CD3ζ chimera, but not the parental cells or cells expressing hLAIR-

1-CD3ζ chimera as an irrelevant control, by plate-bound total GBS cell lysates or anti-hSIRL-1 

antibodies induced GFP expression (FIG. 4A). GBS thus expresses a ligand that is capable of 

triggering hSIRL-1 signaling.

Neutrophils are highly specialized innate immune cells that recognize and kill microbes. 

Upon activation by live GBS, neutrophils produce reactive oxygen species (FIG. 4B). We assessed 

whether the engagement of hSIRL-1 by GBS would affect the oxidative burst. Neutrophils 

interacting with serum-opsonized GBS in the presence of anti-hSIRL-1 blocking antibodies 
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Figure 2figure 2. hsIRl-1 binds to Gram-positive bacteria. (A) Binding of hSIRL-1-Fc chimeras (50 µg) to an 
exponentially grown culture of several GBS strains belonging to different serotypes (Ia, Ib, III and V), 
S. pyogenes, S. aureus and E. coli, as analyzed by flow cytometry. The absolute percentages of bacteria 
bound to hSIRL-1-Fc are depicted. Data are the mean + SEM of three independent experiments. (B) Far 
Western blotting of GBS whole lysates from different serotypes. Proteins were transferred to PVDF 
membrane and probed with His-tagged hSIRL-1 or hLAIR-1.
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figure 3. Gbs binds to cell expressed sIRl-1. (A) hSIRL-1 expression on parental HL-60 cells and HL-60 
cells stably expressing hSIRL-1 as analyzed by flow cytometry. Filled histogram is FITC-conjugated 
control mIgG

1
, open histogram represents FITC-conjugated anti-hSIRL-1 1A5 monoclonal antibodies. 

(B) Adherence of FITC-labeled GBS to HL-60 cells as measured by flow cytometry. Representative 
histograms are shown. (C) Percentage of binding at increasing MOIs was quantified by flow cytometry. 
Data are represented as mean + SD of three independent experiments. Statistical differences are 
indicated. ***p<0.001, one-way ANOVA (adjusted for Bonferroni’s test). (D) hSIRL-1 expression on HL-60 
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generated a stronger oxidative burst, indicating that GBS can attenuate neutrophil phagocyte 

functions through engagement of hSIRL-1 (FIG. 4B and C).

DIsCUssIon
In this study, we provide evidence that GBS binds and activates the ITIM-bearing receptor 

SIRL-1, and that representative strains from several different GBS serotypes interact with hSIRL-

1-Fc. Among GBS strains tested, only the highly encapsulated strain WT strain (COH1) does not 

bind SIRL-1, whereas genetic disruption of capsule expression results in high levels of hSIRL-1 

binding. These findings suggest that the capsule hinders interaction with hSIRL-1 and masks 

the bacterial surface ligand that interacts with hSIRL-1. GBS is capable of regulating capsule 

expression in response to changing host environments during different stages of infection13–15. 

Capsule expression attenuates invasion of epithelial and endothelial cells. It is interesting to 

speculate that the interaction of GBS with SIRL-1 is part of this dynamic process and becomes 

highly relevant during particular stages of infection. As shown in Figure 1D, at least part of the 

binding of hSIRL-1-Fc to GBS is mediated through the Fc part of the chimeric proteins, most 

likely by interacting with bacterial Fc-binding proteins. This probably explains why the anti-

hSIRL-1 antibody clone 1A5 only partially abrogated SIRL-1-Fc binding to the GBS surface.

We demonstrate that GBS can engage hSIRL-1 expressed on the surface of HL-60 cells 

and human neutrophils and this interaction can be blocked using anti-hSIRL-1 monoclonal 

antibodies. We correlated binding to uptake of GBS by neutrophils. Blocking the interaction 

of GBS with hSIRL-1 using anti-hSIRL-1 antibody, we recovered significantly less intracellular 

bacteria from neutrophils. Although the incubation time was short, we can not exclude that 

the reduced recovery results from increased bacterial killing, instead of reduced phagocytosis. 

Indeed, by blocking the interaction of GBS with SIRL-1, neutrophils generate a stronger oxidative 

burst, which may result in enhanced killing.

SIRL-1 contains two ITIMs that can be phosphorylated and recruit SHP-1 and SHP-2. These 

phosphatases play a role in negative regulation of cellular activation. Also, we have recently 

shown that ligation of SIRL-1 suppresses FcR-induced superoxide formation12 and dampens 

the release of NETs by neutrophils16. Using reporter cells expressing SIRL-1, we show that GBS 

is capable of inducing signaling through SIRL-1. Furthermore, using blocking anti-hSIRL-1 

cells expressing wt hSIRL-1 or mutated hSIRL-1 lacking the tyrosines in both ITIMs (hSIRL-1 FF). Filled 
histogram is FITC-conjugated control mIgG

1
, open histogram represents FITC-conjugated anti-hSIRL-1 

1A5 monoclonal antibodies. (E) Adherence of FITC-labeled GBS to HL-60 cells expressing wt hSIRL-1 or 
hSIRL-1 FF. Percentage of adherence was quantified by flow cytometry. The mean percentage + SD of 
three independent experiments are shown. (F) Blocking of GBS adherence to HL-60 cells expressing 
SIRL-1 by anti-hSIRL-1 antibodies (clone 1A5). Percentage of interaction was quantified by flow cytometry. 
Results are shown as mean + SD (n=3) of relative binding, normalized for control levels of binding at 
MOI of 100. Statistical differences are reported relative to FITC-labeled GBS control binding. *p<0.05; 
***p<0.001, one-way ANOVA (adjusted for Bonferroni’s test). (G) Phagocytic uptake of GBS by human 
neutrophils in the presence of anti-hSIRL-1 antibodies (1A5). Data are presented as mean recovered 
colony forming units (CFU) + SD. Each experiment was performed in triplicate and repeated four times 
with similar results. ***p<0.001, paired Student’s t test.
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figure 4. Gbs functionally engages hsIRl-1 and attenuates human neutrophil oxidative burst 
through the receptor. (A) Parental NFAT-GFP reporter cells or reporter cells transfected with hSIRL-1-
CD3ζ or hLAIR-1-CD3ζ were incubated overnight with immobilized GBS lysates, anti-mouse-CD3, anti-
SIRL-1 or anti-LAIR-1 mAbs or medium, and GFP expression was analyzed by flow cytometry. Percentage 
of GFP+ cells is indicated. Results are depicted as the mean + SD of three independent experiments. 
***p<0.001, ANOVA (adjusted for Bonferroni’s test). (B) Neutrophil oxidative burst in the presence of 
anti-hSIRL-1 antibodies (1A5) was measured using flow cytometry analysis. Representative histograms of 
neutrophils undergoing oxidative burst in response to GBS in presence (open histograms) or absence of 
anti-hSIRL-1 antibodies (filled histograms) are shown. (C) Percentage of DCF+ cells is indicated. Data are 
shown as the mean + SEM of five independent experiments. p=0.0076. paired Student’s t test.

antibodies, we demonstrate that the interaction between GBS and SIRL-1 directly inhibits the 

oxidative burst of human neutrophils in response to serum-opsonized GBS.

The GBS molecule that binds to SIRL-1 remains to be identified. However, experiments using 

trypsin-treated bacteria suggest that SIRL-1 binds to a (modification on a) trypsin-sensitive cell 

wall-anchored protein expressed by GBS, and other Gram-positive bacteria. In line with this 

observation is the fact that loss of capsule expression enhanced, rather than abrogated the 

interaction. Future research is required to identify the GBS molecule involved and open up the 

possibility of counteracting this mechanism of immune subversion.
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GBS, a Gram-positive bacterium, is the most common cause of bacterial infection among 

newborns17. Despite prevention with prophylactic intrapartum antibiotics, GBS infections remain 

a leading cause of neonatal mortality18, being the most frequent cause of sepsis and meningitis 

in the human newborn. Surviving newborns often suffer from developmental disabilities. GBS 

infections also affect pregnant women and the elderly17. Antibiotic-resistant GBS are emerging 

among isolates19,20. To explore alternative paradigms for anti-infective therapy, a promising 

approach may be to counteract the subversion of host regulatory receptors by the pathogen.

Other successful human pathogenic microbes, including Moraxella catarrhalis, Neisseria 

meningitides and S. aureus, have been shown to hijack ITIM-bearing receptors resulting in the 

induction of inhibitory signals that suppress cellular activation21–23. An appropriate animal model 

in which SIRL-1 is expressed is ultimately needed to substantiate our findings, but currently not 

available. Continued research and the generation of a suitable animal model is essential in 

order to develop approaches that counteract immune subversion by pathogen-ligated SIRL-1. 

Indeed, antibody blockade of hijacked SIRL-1 might offer promising options for controlling 

GBS infection.

MaTeRIal s anD MeTHoDs
bacteria

GBS clinical WT isolates of serotypes Ia (strains A909 and 515), Ib (strain H36B), III (strains COH1 

and NEM316) and V (strain NCTC 10/84), Streptococcus pyogenes (strain 5448), Staphylococcus 

aureus (Wood 46 strain; provided by J. van Strijp, University Medical Center Utrecht, Utrecht, 

The Netherlands) and Escherichia coli (strain DH5α), were propagated in Todd-Hewitt broth 

(Sigma Aldrich) supplemented with 1% yeast extract (THY) at 37°C to logarithmic growth phase 

(OD
600

 ~ 0.5). The capsule-deficient mutant HY106 is a derivative of the highly encapsulated 

COH1 strain. HY106 was generated by single-gene allelic replacement of the polysaccharide 

capsule synthesis protein (ΔCpsD), a gene essential for type III capsule expression in GBS24. 

To remove surface proteins, bacteria were incubated with 0.5% trypsin plus EDTA in PBS for 

30 minutes at 37°C and washed five times with PBS.

Generation of monoclonal antibodies

Monoclonal antibodies specific against SIRL-1 were generated as described previously11. In 

addition to the previously described clone 1A5 (mIgG
1
) we obtained a second SIRL-1-specific 

monoclonal antibody 3D3 (mIgG
2a

). The antibodies were purified from hybridoma supernatant 

using a HiTrapTM protein G column (GE Healthcare).

Cell lines

HL-60 and 2B4 T cell hybridoma cells were maintained in complete RPMI 1640 (RPMI 1640 

supplemented with 10% fetal calf serum (FCS) and the appropriate amounts of penicillin and 

streptomycin). HL-60 cells expressing hSIRL-1 were generated as described previously12. Briefly, 

for construction of expression vectors the coding region of SIRL-1 was inserted into pMXs as 

described before11 and include wild-type SIRL-1 (wt) and SIRL-1 tyrosine-phenylalanine mutants 

of both ITIMs (FF). HL-60 cells were infected with retroviruses expressing SIRL-1 cDNA in the 
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presence of 6 µg/ml polybrene. Transfected cell lines were sorted on a FACSAria to obtain cells 

with equivalent expression levels of SIRL-1. The expression of SIRL-1 was confirmed by flow 

cytometry using FITC-labeled anti-hSIRL-1 monoclonal antibodies (clone 1A5).

fluorescent labeling of bacteria

GBS was cultured to log-phase, and washed twice with PBS. Live GBS were labeled with 

fluorescein isothiocyanate (FITC, 0.5 mg/ml, Molecular Probes) for 30 minutes at 4°C, followed 

by washing three times with PBS. Labeling efficiency was confirmed by flow cytometry.

Gbs adherence and phagocytosis assay

FITC-labeled GBS were added to HL-60 cells (1 x 105/well) at 4°C in RPMI 1640 at the indicated 

multiplicity of infection (MOI), centrifuged to initiate contact, and allowed to interact with 

GBS for 60 minutes at 4°C (to prevent phagocytosis) under gentle agitation. Cells were washed 

twice with PBS, and adherence to HL-60 cells was analyzed by flow cytometry. In blocking 

experiments, HL-60 cells were incubated with 10 µg/ml anti-SIRL-1 blocking antibodies (clone 

1A5) for 30 minutes at 4°C before addition of GBS. Phagocytosis assays were performed with 

human neutrophils and opsonized GBS by pre-incubation in 10% heat-inactivated human 

serum (HIHS) for 30 min. Human neutrophils were prepared as previously described16 using 

density gradient centrifugation with Histopaque 1119 (Sigma Aldrich) and Ficoll (Amersham 

Biosciences). Bacteria were added to human neutrophils at a MOI of 10, centrifuged to initiate 

close contact, and incubated for 15 minutes at 37°C. To kill extracellular bacteria, 100 µg/ml of 

gentamicin was added for 30 minutes. Neutrophils were washed, lysed, and intracellular bacteria 

were enumerated using serial dilution plating. In specific assays, neutrophils were pre-incubated 

with 10 µg/ml anti-SIRL-1 blocking antibodies for 30 minutes at 4°C before addition of GBS.

sIRl-1 binding to bacteria

Log-phase GBS cells were collected by centrifugation, washed twice in PBS and then fixed in PBS 

containing 1% paraformaldehyde for 20 minutes at 4°C. Fixed bacteria were washed twice with 

PBS and incubated for 30 minutes at 37°C with different amounts of hSIRL-1-Fc chimeric proteins 

(0.5, 1, 10 and 50 µg), hIgG-Fc fragments only (10 µg), or PBS in 100 µL (final volume). Thereafter, 

bacteria were washed, incubated in PBS with PE-conjugated mouse anti-hIgG Fc (BioLegend) for 

30 minutes at 4°C, washed and analyzed by flow cytometry on a BD FACS Calibur flow cytometer. 

Binding of hSIRL-1-Fc chimeric proteins to other bacteria was evaluated in a similar way. In blocking 

experiments, hSIRL-1-Fc chimeric proteins were pre-incubated with the indicated amounts of anti-

hSIRL-1 monoclonal antibodies (clone 1A5) for 30 minutes at 4°C. In other binding experiments, 

fixed bacteria were incubated with 50 µg recombinant His-tagged hSIRL-1 or His-tagged hLAIR-1, 

followed by Alexa Fluor 647-conjugated anti-His secondary antibodies. Binding was analyzed by 

flow cytometry. In blocking experiments, hSIRL-1-His was pre-incubated with increasing amounts 

of anti-hSIRL-1 monoclonal antibodies (clone 1A5 or clone 3D3).

Gbs cell lysates and analysis of sIRl-1 binding by far Western blotting

Log-phase bacteria were collected by centrifugation, washed with PBS, and total cell lysates 

were prepared by mutanolysin treatment (600 U/ml mutanolysin (Sigma Aldrich) in 50 mM 
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Tris-HCl (pH 6.8) supplemented with 10 mM MgCl
2
), followed by five freeze-thaw cycles, and 

centrifugation at 4°C. Supernatants were collected and separated by SDS-PAGE under non-

reducing conditions, and transferred to PVDF membranes, blocked with 5% bovine serum 

albumin (BSA) in Tris-buffered saline supplemented with 0.1% Tween-20 (TBS-T), probed with 

10 µg/ml recombinant His-tagged hSIRL-1 or His-tagged hLAIR-1 and HRP-conjugated anti-His 

secondary Ab, and then detected with ECL reagent.

Reporter cell assay

2B4 T cell hybridoma cells, stably transduced with an NFAT-GFP reporter with or without 

hSIRL-1-CD3ζ or hLAIR-1-CD3ζ, were analyzed as described previously25. In brief, 96-well 

MAXIsorp flat-bottom plates (Nunc) were coated overnight at 4°C with 100 µg GBS protein 

lysates, 10 µg/ml anti-mouse CD3 (eBioscience), anti-hSIRL-1 (clone 1A5) or anti-hLAIR-1 (clone 

8A8) antibodies. Plates were washed three times with PBS, 5 x 104 2B4 cells were added to 

each well in 200 µL medium and incubated overnight at 37°C. GFP expression was analyzed by 

flow cytometry.

neutrophil functional assay

Neutrophils were labeled with 20 µM dichlorofluorescein diacetate (DCF) for 20 minutes at 

37°C. HIHS-opsonized GBS was added at a MOI of 10 and incubated for 30 minutes at 37°C in 

the presence or absence of blocking antibodies (10 µg/ml, clone 1A5). Oxidative burst was 

measured by flow cytometry.

statistical analysis

Results were analyzed using GraphPad Prism 5. Paired Student’s t test or Student’s t test were 

used to compare two samples. The comparison of three or more samples was performed by 

one-way ANOVA with Dunnett’s or Bonferroni’s post tests. Statistical significance was accepted 

at p < 0.05.
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The function of the immune system is to prevent invasion of the body by non-self. Central to 

this function is the ability to kill. The neutrophil is one of the body’s main cellular components 

for the destruction of microorganisms. This feature makes the neutrophil as fascinating as it 

is indispensable. Neutrophils have long been considered simple rudimentary killers. This view 

began to change the last 10 years, when novel and unexpected functions of neutrophils were 

discovered. Neutrophils have been proposed to participate in protection against intracellular 

pathogens such as viruses1–3. They have been shown to tailor the adaptive immune response 

by modulation of various cell types, including plasmacytoid dendritic cells4–6 and T cells7–9. 

Finally, neutrophils were found to be involved in non-infectious pathological processes, such 

as atherosclerosis10–12, thrombus formation13–17 and ischemic/reperfusion injury18. Many of 

these pathological processes appear to be related to their unique ability to release neutrophil 

extracellular traps, even in the absence of infection.

The constantly emerging information on novel biological functions of neutrophils and 

how they exert these functions may lead to novel approaches for the treatment of neutrophil-

mediated diseases. The main goal is to target neutrophils to suppress collateral tissue 

damage. Unfortunately, classical strategies of anti-inflammatory therapy against neutrophils 

have their hazards. Blocking neutrophil recruitment into inflamed tissues (for example with 

antibodies directed against adhesion molecules) is expected to resemble leukocyte-adhesion 

deficiency19, a set of syndromes that impair host defense against infection20. Similarly, inhibition 

of phagocyte oxidase will mimic chronic granulomatous disease. The drawback of blocking 

individual neutrophil enzymes21,22 is the redundancy of the underlying inflammatory pathways.

Novel inhibitory pathways for controlling neutrophil functions might provide a way around 

the drawbacks of conventional neutrophil-targeted therapy. Endogenous immunoreceptor 

tyrosine-based inhibitory motif (ITIM)-bearing inhibitory receptors that regulate neutrophil 

inflammatory responses are only recently being discovered. To give a few examples, paired 

immunoglobulin-like type 2 receptor-α (PILRα) was shown to counteract β
2
 integrin activation 

and neutrophil infiltration during sepsis23. Pilra-/- mice are highly susceptible to endotoxin 

shock and suffer from severe neutrophil-associated tissue damage after challenge with 

lipopolysaccharide (LPS). The inhibitory C-type lectin receptor (CLR) Clec12a (also known as 

MICL), acting through its newly identified ligand monosodium urate (MSU) crystals, was shown 

to halt neutrophil recruitment in vivo during MSU-induced non-infectious inflammation24. 

Another danger signal (in addition to MSU crystals), high mobility group box 1 (HMGB1) was 

recently shown to form a complex with the CD24 sialoglycoprotein and sialic-acid-binding 

immunoglobulin-like lectin (Siglec)-1025. Mice lacking Siglec-G (the murine orthologue of Siglec-

10) show enhanced inflammatory responses and tissue damage during sterile inflammation 

compared to wild-type mice. These findings raise the possibility of suppressing the neutrophil 

damaging power by targeting inhibitory receptors in non-infectious, inflammatory conditions.

sIRl-1  Is  an InnaTe ReCePToR
This thesis focuses on the role of Signal Inhibitory Receptor on Leukocytes-1 (SIRL-1) in the 

modulation of neutrophil functions. In 2010, SIRL-1 was first described as an immune inhibitory 

receptor26. SIRL-1 is a member of the Ig superfamily, containing an extracellular Ig-like domain 
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and two intracellular ITIMs. Upon receptor engagement, the tyrosine residues within these 

ITIMs are phosphorylated and provide docking sites for cellular SH2-domain containing 

phosphatases SHP-1 and SHP-2. SIRL-1 is exclusively expressed on myeloid cells, including 

neutrophils, eosinophils and monocytes. To date, the ligand(s) that interacts with SIRL-1 

remains unknown. In one study, Guo et al. proposed a role for VSTM1-v2 in promoting the 

differentiation and activation of Th17 cells27. VSTM1-v2 is a splice variant of SIRL-1 that lacks the 

transmembrane domain, suggesting that VSTM1-v2 represents a secreted protein with cytokine 

activities. Moreover, VSTM1-v2 shares an intact extracellular domain with SIRL-1. These findings 

suggest the existence of a “counter-receptor” on T cells and raise more questions: do the 

variants bind the same ligand (or counter-receptor), and does VSTM1-v2 act as an antagonist of 

SIRL-1? Future studies will answer these questions and help to understand the function of SIRL-1.

sIRl-1  ReGUl aTes THe oXIDaTIVe bURsT
Engagement of SIRL-1 attenuates degranulation induced by juxtaposed FcεRI, the ITAM-

coupled IgE receptor, in a basophilic cell line26. In Chapter 2, we show that signaling through 

SIRL-1 suppresses the oxidative burst in response to Fc receptor (FcR) triggering in an ITIM-

dependent manner. Mutation of the tyrosine residues within the ITIMs results in a loss of 

the inhibitory function of SIRL-1. The oxidative burst is one of the most important engines of 

destruction by neutrophils. Phagocyte oxidase (phox) is the main reactive oxygen intermediate 

(ROI)-producing enzyme expressed by neutrophils. Phox belongs to the broadly distributed 

family of NADPH oxidases (NOXs), enzymes that convert molecular oxygen into superoxide28. 

Deficiencies of phox lead to death from infection. Thus, the production of ROI by phox is an 

essential microbicidal mechanism29.

Many immune responses are mediated through FcRs, such as phagocytosis, cytokine 

production and superoxide release30. We propose that SIRL-1 selectively modulates the 

oxidative burst, since ligation of SIRL-1 does not affect phagocytosis or cytokine production. 

FcRs generally transmit activating signals through the activation of spleen tyrosine kinase (SYK). 

Indeed, deletion of Syk in neutrophils results in reduced cytokine and superoxide release, and 

thus reduced host defense to bacterial infection31. Also, activated SYK can be regulated by 

tyrosine phosphatases like SHP-1/232. The exact molecular mechanism(s) that underlies the 

selective suppression of the oxidative burst through SIRL-1 signaling remains unclear. FcR-

triggered activation of SYK leads to downstream stimulation of Rac, PKC and PI3K, which in 

turn promote assembly and thus activity of the NADPH oxidase complex33–41. Rac and PKC are 

required for FcR-mediated phagocytosis42,43. On the other hand, phagocytosis of immune 

complexes (ICs) does not depend on PI3K44,45. Thus, the PI3K pathway may link to activation of 

phox downstream of FcR internalization. It would be intriguing to test whether crosslinking of 

SIRL-1 could selectively suppress PI3K signaling (see below). In addition, the involvement of the 

intracellular ITIMs and cellular phosphatases in inhibitory signaling through SIRL-1 remains to be 

demonstrated in primary neutrophils. Other inhibitory receptors, such as leukocyte associated 

immunoglobulin-like receptor-1 (LAIR-1) and signal regulatory protein α (SIRPα), have been 

demonstrated to regulate the oxidative burst in cell lines46,47. For example, SIRPα attenuates the 

oxidative burst by down-regulation of gp91phox, a key component of phox46.
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Furthermore, we demonstrate that signaling through the MEK-ERK pathway is required for 

the FcR-induced oxidative burst, and that engagement of SIRL-1 abrogates phosphorylation of 

ERK. The role of MAPK signaling in the activation of phox is still a matter of debate. El Benna et 

al. have shown that phox can be phosphorylated by MAPK p38 and ERK48. However, others have 

shown that the oxidative burst does not require MAPK signaling49.

Because inhibition of neutrophil inflammatory functions is of great interest for treating 

inflammatory conditions, SIRL-1 might be a potential therapeutic target in acute and chronic 

inflammatory disorders. Many questions remain unanswered, including what is the identity 

of the molecular target of SIRL-1. However, the foregoing observations afford promising 

opportunities for selective intervention.

sIRl-1  MoDUl aTes neUTRoPHIl Infl aMMaToRY 
fUnCTIons In DIsease
In addition to producing classical effector molecules, such as ROS and lytic enzymes, neutrophils 

can extrude neutrophil extracellular traps (NETs)50. Recent studies related the release of NETs 

to a unique role for neutrophils in dendritic cell (DC) activation during the pathogenesis of 

systemic lupus erythematosus (SLE)5,6. Characteristic features of SLE, an IC-mediated systemic 

autoimmune disease characterized by auto-antibodies against nuclear antigens, include the 

chronic activation of plasmacytoid DCs (pDCs) leading to constitutive secretion of type  I 

interferons such as IFNα51 and the presence of circulating low-density granulocytes (LDGs) 

reminiscent of immature neutrophils52,53. Two recent studies on human patients shed light on 

an unprecedented role of pDCs, type I interferons and neutrophils in the core pathogenesis 

of SLE5,6. Sera from SLE patients have been described to contain ICs of NET-derived self-DNA 

and the antimicrobial peptides LL37 and human neutrophil peptide. Type I interferons and ICs 

trigger further activation of neutrophils releasing more NETs5, creating a vicious cycle at the 

core of SLE pathogenesis. These findings are in line with the observation that the degradation 

of NETs by DNase I, which is found in healthy human serum, is impaired in a subset of SLE 

patients54. This deficiency is correlated with the presence of NET-specific auto-antibodies and 

more frequent development of lupus nephritis. In addition, NETs can be potent activators of 

complement, further exacerbating disease55. In a previous study the presence of NET formation 

was also demonstrated in autoimmune small vessel vasculitis56.

FcγRs and NADPH activity are required for IC-induced neutrophil activation and NET 

formation6. SIRL-1 regulates the FcR-induced oxidative burst (Chapter 2). Therefore, we 

investigated the effect of SIRL-1 ligation on the release of NETs in a cohort of patients with SLE. 

We found that engagement of SIRL-1 blunts NET formation when neutrophils are exposed to 

antibodies against the antimicrobial peptide LL37 (Chapter 3). Since SLE neutrophils are primed 

in vivo, they spontaneously release more NETs ex vivo, compared to neutrophils from healthy 

donors. Also, spontaneous NET release by neutrophils from SLE patients is attenuated when 

SIRL-1 is engaged on the surface of these cells. NET-inducing auto-antibodies are present in 

plasma from patients with SLE and signaling through SIRL-1 abrogates the formation of NETs in 

response to SLE plasma.
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An aberrant neutrophil subset has been proposed to play an important role in SLE 

pathogenesis. Relative to lupus and control neutrophils, these LDGs have heightened capacity 

to form NETs, releasing increased amounts of bactericidal proteins and auto-antigens, including 

LL-37 and self-DNA57. Through the release of NETs, LDGs have enhanced capacity to damage 

endothelial cells and to drive IFNα production by pDCs. It would be intriguing to evaluate 

whether ligation of SIRL-1 could suppress NET release by LDGs to break this vicious loop at the 

core of SLE pathogenesis and suppress autoimmune responses and tissue damage in SLE.

The aforementioned studies suggest a role for neutrophils in the very early phases of 

autoimmune pathogenesis through triggering of type I interferon production by pDCs. Several 

open questions, however, need to be addressed. It is generally believed that NET release 

requires NADPH oxidase activity58. Indeed, we show that the NADPH inhibitor, DPI blocks the 

formation of NETs when neutrophils are exposed to anti-LL37 antibodies (Chapter 3). Therefore, 

SLE pathogenesis is expected to rely on the presence of this enzyme. Deficiency of the NADPH 

oxidase component Nox2 exacerbates, rather than ameliorates disease pathogenesis in lupus-

prone mice59. These findings argue against a role for NETs in SLE pathogenesis. However, it can 

not be excluded that the observed phenotype is a direct consequence of lacking a functional 

NADPH oxidase. This issue is further complicated by a mechanism of NET formation that is 

independent of the NADPH oxidase proposed by other recent studies45,60,61 (see below). In line 

with these observations, Chen et al. recently demonstrated that IC-induced NET release did 

not differ in mice lacking the NADPH oxidase component gp91phox and wild-type counterparts45, 

suggesting that the requirement for NADPH oxidase is context-dependent. The deficiency in 

Nox2 was on the background of lupus-prone mice, while gp91phox deficiency was in the context 

of wild-type mice. Thus, the importance of NADPH oxidase to NET formation remains to be 

further addressed.

The formation of NETs is part of the innate immune response, which is known to exert both 

beneficial and unwanted effects on the host. Therefore, under conditions of non-infectious, 

inflammatory responses or severe sepsis (situations in which the detrimental consequence 

of NET formation outweighs its antimicrobial function), it may be recommended to interrupt 

the inflammatory cascade, thus blocking associated diseases such as thrombosis. On the 

other hand, NETs are very efficient tools to bind and kill pathogens, and a general inhibition 

of their production might cause a severe immunodeficiency. Disintegration of DNA in NETs by 

exogenous DNase has been shown to be protective in several pathological conditions associated 

with excessive NET formation. Also, neutralizing NET-associated proteins, especially histones, 

has been demonstrated to provide protection in various in vivo models with exaggerated 

NET release. Removing NETs by DNase has been suggested to improve disease outcome in 

SLE patients55. NETs also prime T cells by lowering their activation threshold through direct 

contact9. Since T cell activation plays a central role in the development of autoimmune diseases 

such as SLE and vasculitis, DNase treatment of NETs will likely disrupt T cell activation, and as 

such may be recommended as a co-treatment of these conditions. NETs are present in the 

lungs of patients with transfusion-related acute lung injury (TRALI)62. In mice, NET targeting 

with DNase as well as anti-histone antibody can decrease lung oedema and increase survival in 

experimental TRALI63. Involvement of NETs in different in vivo models for thrombosis has been 
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clearly demonstrated by several groups14,15,17,64, and interference with histones (for example 

with an anti-histone antibody) and degradation of NETs by exogenous DNase can prevent 

thrombus formation15,17.

A subset of SLE patients is hardly able to degrade NETs, and they are positive for either 

DNase I inhibitor or antibodies against NET components that prevent access of DNase I to 

NETs54. In these situations administration of DNase may not be sufficiently effective. Moreover, 

more than 20 different tissue damaging proteins have been identified which are bound to DNA 

in NETs65,66, which will complicate the neutralization of NET-associated bystander damage. 

Therefore, inhibition of NET formation may be recommended. However, an interventional 

mechanism that merely and specifically inhibits NET release has not been discovered yet.

sIRl-1  as a PoTenTIal TaRGeT In neUTRoPHIl-baseD 
anTI-Infl aMMaToRY THeRaPY
Clearly, strategies for the elimination of NETs in non-infectious conditions may be beneficial. 

However, evidence supports NET release as a vital host defense strategy, limiting infection. 

Understanding control mechanisms that inhibit inflammatory neutrophil activation, without 

impairing antimicrobial activity, holds therapeutic promise. In Chapter 3, we describe that 

SIRL-1 downmodulates neutrophil activation and NET release when exposed to ICs. An 

intriguing question that has remained unanswered is whether SIRL-1 could affect neutrophil 

responses induced by other receptors for danger signals, such as TLRs. In Chapter 4, we 

show that neutrophils release NETs when challenged with MSU crystals, the TLR4 agonist 

LPS, Staphylococcus aureus and serum-opsonized S. aureus. In addition, we demonstrate that 

NET formation in response to MSU crystals and serum-opsonized S. aureus requires signaling 

through FcRs, but does not depend on the activity of phox.

To date, two major mechanisms of NET release have been proposed. In the first mechanism, 

neutrophils undergo a slow cell death program (referred to as NETosis) that lasts 120-240 min50. 

First, the nucleus loses its typical lobulated shape. Then, the nuclear membranes disintegrate 

and chromatin decondenses into the cytoplasm of the intact cell where it mixes with the 

granular contents. Finally, the plasma membrane breaks and the NETs are released. This 

process requires ROS that is generated by phox58,67. Death-mediated NETosis is also dependent 

on the action of neutrophil proteases. Myeloperoxidase (MPO) and neutrophil elastase (NE) 

synergize to degrade histones and drive chromatin decondensation68,69. Interestingly, Pilsczek 

et al. have described an alternative early rapid mechanism for NET release that takes 5-60 min 

after challenge with S. aureus60. Neutrophils rapidly expulse their nuclear content via vesicular 

secretion, yielding NETs and live cytoplasms that continue to digest bacteria. This strategy of 

NET formation depends on TLR2 and complement factor 3 (C3), and mice lacking either of these 

proteins are not capable of forming NETs following infection with S. aureus70. These findings 

highlight the importance of opsonization for bacteria-triggered NET release70. Importantly 

however, TLR3 ligands and C3a are not sufficient to provoke the release of NETs by neutrophils 

in vitro. This suggests that additional receptors or more complex mechanisms of activation are 

involved. Interestingly, we observe a robust formation of NETs by isolated neutrophils as early 

as 30-60 min after challenge with antibody-opsonized S. aureus. A pharmacological inhibitor 
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of phox activity does not impair NET release in response to antibody-opsonized bacteria. 

In contrast, blocking of FcγRs attenuates NET formation following exposure to antibody-

opsonized S. aureus. Therefore, we propose that antibody-opsonization and triggering of 

FcγRs contributes to the mechanism of early NET release. Recently, it was shown that IgA-

coated S. aureus enhances the formation of NETs via FcαR71. We found that ligation of SIRL-1 

attenuates the early release of NETs when neutrophils are challenged with antibody-opsonized 

bacteria, but does not affect NET formation in response to bacterial components such as 

LPS (Chapter 4). We propose that NET release is regulated through SIRL-1 via modulation of 

signaling by FcRs, while SIRL-1 does not affect TLR-induced neutrophil responses.

In addition, the alternative mechanism of NET release provides a means of neutrophil 

multitasking for rapid extracellular antimicrobial activity, while maintaining the capacity for 

phagocytosis70. We found that SIRL-1 blunts early NET release, without blocking the oxidative 

burst by phagocytosis of opsonized S. aureus and killing of intracellular bacteria by neutrophils. 

These findings raise the tempting possibility of targeting SIRL-1 to selectively inhibit the 

inflammatory release of NETs and tilt the balance against the tissue damaging power of NETs, 

while preserving the neutrophil ROS-dependent antimicrobial activity against S. aureus. This 

could be highly relevant during systemic inflammation in sepsis, where NETs have been shown 

to cause endothelial damage72.

In Chapter 2, we describe that triggering of FcRs on its own is able to induce an oxidative 

burst, and that SIRL-1 dampens this neutrophil response. When challenged with opsonized 

bacteria, other PRRs (including TLRs) play a supportive role in eliciting an oxidative burst in 

neutrophils. Indeed, TLR signaling has been shown to cooperate with FcRs in the killing of 

intracellular bacteria via promoting assembly and thus activity of the NADPH oxidase complex73. 

Most likely, signaling through SIRL-1 is not capable of suppressing the synergistic activation 

of the oxidative burst in neutrophils. In addition, we describe in Chapter 2 that antibody-

crosslinking of SIRL-1 abrogates killing of serum-opsonized bacteria. It should be emphasized 

that we evaluated total killing (both intracellular and extracellular) here, which is at least in part 

mediated through the bactericidal activity of NETs. Presumably, the effect of SIRL-1 results from 

inhibition of NET release, and thus killing of extracellular bacteria. In contrast, in Chapter 4, we 

demonstrate that engagement of SIRL-1 does not affect intracellular killing on its own, which 

only requires the oxidative burst, and not NET-mediated killing.

Moreover, the selectivity of SIRL-1-regulated suppression for DNA release suggests that 

distinct FcγR-dependent cellular processes trigger NET formation (FIG. 1), whereas the 

appearance of NETs in the absence of phox activity both in vitro and in vivo challenges the 

dogma that the oxidative burst is required for this process74. We describe that SIRL-1 does 

not impair phagocytosis of antibody-opsonized bacteria (Chapter 2), nor does it affect 

FcγR-dependent uptake of MSU crystals (Chapter 4). Also, signaling through SIRL-1 does 

not block the neutrophil oxidative burst in response to these danger signals. In addition, it 

has been clearly demonstrated that activation of SYK is a prerequisite for the FcR-triggered 

oxidative burst in neutrophils31. Another study in vitro, suggests that PI3K downstream of 

FcγR-mediated phagocytosis engages signals necessary specifically for NET release, without 

affecting uptake of ICs45. On the other hand, SYK and Src inhibitors block the uptake of ICs 
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and therefore the formation of NETs. Together, these findings suggest that engagement of 

SIRL-1 may not abrogate signals engaged by activation of SYK, but rather act on distinct parallel 

signaling intermediates, such as PI3K. An intriguing question that still remains open is what is 

the underlying mechanism of signaling through SIRL-1.

Finally, we describe that ligation of SIRL-1 abrogates the release of NETs to challenge with MSU 

crystals. Accumulation of MSU crystals causes a prevalent inflammatory arthritis, called gout. 

Neutrophils play a major role in the pathogenesis of gout and several groups have demonstrated 

that neutrophils release NETs when exposed to MSU crystals75–78. In a recent study, Neumann 

et al. identified MSU as a ligand for the ITIM-bearing inhibitory CLR Clec12a24. MSU is a DAMP 

related to cell death, and inflammatory MSU triggers activation of SYK through engagement 

of FcγRs and CD11b in neutrophils79. SYK-dependent ROS production in response to MSU is 

Dead cell
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Integrin
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Figure 1
figure 1. Representation of the negative control of inflammatory neutrophil activation against 
danger signals by sIRl-1. Cell death and infection lead to the appearance of danger signals, alarming 
the immune system for the presence of damaged self and non-self, respectively. Front-line defense 
cells, such as neutrophils, sense these signals and mount an inflammatory response. Bacteria can be 
opsonized with antibodies and thus are recognized through cell surface Fc receptors (FcRs) and other 
pathogen recognition receptors (PRRs), including TLRs, on neutrophils, leading to effective neutrophil 
antimicrobial responses. Immune complexes (ICs) and monosodium urate (MSU) crystals provoke 
activation of neutrophils via FcγRs, which causes the release of NETs in a ROS-independent manner. 
SIRL-1 selectively inhibits NET formation in response to FcR triggering, presumably through recruitment 
of protein tyrosine phosphatases to the phosphorylated ITIMs. Antibody-opsonized bacteria and MSU 
crystals also elicit ROS production through SYK activation. This SYK-dependent pathway appears not to 
be affected by negative modulation through SIRL-1. The exact mechanism underlying selective inhibition 
of NET release by SIRL-1 remains to be elucidated.
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enhanced in the absence of Clec12a24. We observe that the MSU-induced oxidative burst is not 

affected by SIRL-1. This points to a different mode of action between these two ITIM-bearing 

receptors. In vivo, Clec12a-/- mice show augmented neutrophil infiltration to the peritoneal 

cavity after administration of MSU24. In addition, infiltration of neutrophils during non-infectious 

inflammation in response to dead cells is enhanced in the absence of Clec12a. MSU crystals are 

reported to trigger IL-1β release through inflammasome activation80. This pathway, however, 

appears not to be affected by Clec12a. It would be intriguing to evaluate whether engagement 

of SIRL-1 could suppress the inflammasome-driven secretion of IL-1β. Recently, Schauer et 

al. proposed a role for MSU-induced NET aggregation in limiting inflammation through the 

degradation of cytokines and chemokines81. The authors observed that MSU crystals trigger 

aggregation of NETs only under conditions of high neutrophil densities (1 × 108 cells/ml). In 

low-density cultures, however, NET release occurs without aggregation of NETs. Aggregated 

NETs degrade cytokines and chemokines through serine proteases (including proteinase 3 and 

NE), suggesting that aggregated NETs promote the resolution of neutrophilic inflammation. 

Indeed, Ncf1** mice that lack the ability to form NETs show exacerbated inflammation that 

was reduced by transfer of aggregated NETs. Ncf1** mice carry a single mutation in neutrophil 

cytosolic factor 1, a subunit of the Nox2 complex, that completely abrogates production of 

ROS by Nox282,83. Thus, depending on cell densities, neutrophils release pro-inflammatory NETs 

or form anti-inflammatory aggregated NETs when exposed to MSU crystals. The neutrophil 

densities used in our study are five times lower than the low density condition used by Schauer 

et al., suggesting that SIRL-1 suppresses the release of pro-inflammatory NETs. In addition, 

MSU-induced NET aggregation was attenuated in Ncf1** mice, indicating that ROS are required 

for aggregated NET formation. On the other hand, NADPH inhibitors did not block the release 

of NETs in our study, suggesting that distinct cellular processes trigger NET formation. It 

would be intriguing to test the effect of SIRL-1 crosslinking on MSU-induced NET release under 

various neutrophil densities. Together, we propose that targeting of SIRL-1 might be a potential 

therapeutic target, not only in SLE but also in chronic inflammatory conditions such as gout.

The findings presented here demonstrate that SIRL-1 is capable of selectively regulating 

neutrophil functions, depending on the type of activating signal. As such, SIRL-1 might 

be a promising therapeutic target to restrain inflammatory neutrophil activation, without 

completely impairing neutrophil antimicrobial activity.

sIRl-1  as a TaRGeT foR IMMUne eVasIon
The physiological significance of inhibitory receptor crosstalk for immunity and homeostasis 

is evident. Undesirable outcomes, however, may arise when pathogens take control over 

these same regulatory mechanisms. This ingenious microbial strategy of immune evasion is 

reviewed in Chapter 5. One way in which pathogens could undermine host defense is through 

molecular mimicry of host ligands by microbial structures to activate inhibitory receptors. 

In Chapter 6, we show for the first time that the bacterial pathogen, Group B Streptococcus 

(GBS), is able to functionally engage SIRL-1 through a bacterial surface factor. If GBS in parallel 

evolved a bacterial factor that allows functional engagement of SIRL-1, in this scenario, it may 

be structurally related to the host ligand. It has been demonstrated that GBS engages ITIM-
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bearing inhibitory Siglecs using its sialylated capsular polysaccharide (CPS)84. Siglecs evolved 

to recognize self through interaction with host sialic acids (Sias)85. We observed that the loss 

of capsule expression in GBS does not lead to a failure of binding SIRL-1, but rather enhanced 

the interaction. Also, we provide evidence that interaction with SIRL-1 occurs with another 

nonsialylated bacterium, Group A Streptococcus. These findings suggest that SIRL-1 does not 

recognize CPS Sias. In addition, it has been shown that some GBS serotypes evolved a protein 

ligand, the β protein that allows functional engagement of Siglec-586. To date, the bacterial 

factor that mediates the interaction with SIRL-1 remains to be identified.

We demonstrate that GBS directly interacts with SIRL-1 on the surface of eukaryotic cells, 

including neutrophils. Furthermore, using reporter cells, we show that a bacterial factor of 

GBS is capable of functionally engaging SIRL-1. Although not addressed here, it is likely that 

engagement of SIRL-1 by GBS leads to tyrosine phosphorylation within the ITIMs and recruitment 

of negative regulatory phosphatases. More detailed studies will clarify the cytosolic inhibitory 

signaling pathways resulting from functional engagement of SIRL-1 by GBS.

We show that blocking the interaction of GBS with SIRL-1 increases neutrophil ROS 

production by bacterial recognition. At the moment, we can not rule out whether this is merely 

a result of blocking the uptake of GBS, and therefore the production of ROS. On the other hand, 

in Chapter 2, we describe that SIRL-1 does not impair phagocytosis of antibody-opsonized 

bacteria, suggesting that SIRL-1 engages signals necessary specifically for neutrophil effector 

functions, without affecting uptake of opsonized GBS. Moreover, it should be emphasized here 

that antibody-crosslinking with plate-bound anti-SIRL-1 antibodies (not affecting activation of 

the oxidative burst by opsonized bacteria, as performed in Chapter 4) differs in experimental 

set-up from blocking the interaction of GBS with SIRL-1 using soluble antibodies (enhancing 

the production of ROS in response to GBS). In sum, we demonstrate the presence of a bacterial 

ligand that engages SIRL-1 and find that this interaction affects neutrophil responses against 

GBS. Many inhibitory receptors are continuously being discovered, and future research might 

identify additional hijacked host inhibitory receptors. In Chapter 6, we found that LAIR-1 bound 

to the surface of a capsule-deficient GBS mutant. LAIR-1 binds collagen and collagen-like 

molecules47. It is tempting to speculate that GBS might interact with another immune inhibitory 

receptor, LAIR-1, through a collagen-like surface factor. On the other hand, LAIR-expressing 

reporter cells failed to functionally respond to GBS, suggesting that LAIR-1 may merely 

function as an adhesion molecule for a GBS adhesin. Future research will clarify the nature of 

this interaction.

ConClUDInG ReMaRKs
In this thesis, we investigated the regulation of neutrophil inflammatory functions by surface 

expressed SIRL-1. Our knowledge on the role of SIRL-1 sets the stage to revoke the view that 

neutrophils are merely destructive cells that act too blindly. Instead, the insights we gained in 

this thesis support the idea that neutrophils hold unique therapeutic promises in settings of 

intense interest to immunologists, to both promote and restrain inflammation. We found that 

engagement of SIRL-1 selectively suppresses the oxidative burst induced by triggering of FcRs, 

without affecting other neutrophil responses such as cytokine production and phagocytosis. 
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In addition to producing classical effector molecules, including ROI and cytokines, neutrophils 

can extrude NETs. NET formation is associated with bacterial clearance, but also with SLE. 

We found that ligation of SIRL-1 suppresses the release of NETs in response to ICs, circulating 

in patients with SLE. Moreover, we propose that SIRL-1 signaling selectively abrogates the 

formation of NETs mediated through FcR triggering, but not NET release in response to 

bacterial components. This suggests that targeting SIRL-1 might represent a potential strategy 

for the elimination of NETs in non-infectious conditions, leaving neutrophil antimicrobial 

activity unaffected. In addition, we found that the Gram-positive bacterium GBS engages SIRL-1, 

thereby suppressing neutrophil oxidative burst. This represents a novel way of immune escape 

and affords opportunities for intervention during GBS infections.
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neDeRl anDse saMenVaT TInG
Het onderzoek in dit proefschrift heeft zich gericht op de remmende immuunreceptor “Signal 

Inhibitory Receptor on Leukocytes-1” (kortweg: SIRL-1) en de rol van deze receptor in de 

regulatie van het gedrag van neutrofielen.

Wat volgt is een korte samenvatting over dit onderzoeksgebied en het proefschrift, 

begrijpelijk voor ieder die het belang van de bevindingen wil vatten.

neUTRofIelen bInnen HeT IMMUUnsYsTeeM
Het immuunsysteem voorkomt de overname van ons lichaam door indringende organismen, 

zoals bacteriën en virussen. Dit uiterst verfijnde geheel wordt onderverdeeld in het aangeboren 

en verworven immuunsysteem. De aangeboren verdediging is de eerste die pathogenen 

tegenkomen. De respons van deze aangeboren verdediging wordt ook wel “onsteking” 

genoemd. De aangeboren immuunrespons stuurt vervolgens de ontwikkeling van een 

verworven immuunreactie.

Eerste-lijns verdedigingscellen (zoals neutrofielen en monocyten/macrofagen) herkennen 

de aanwezigheid van indringende pathogenen met behulp van bepaalde receptoren op het 

oppervlak van deze cellen, bijvoorbeeld Fc receptoren. Fc receptoren binden aan het Fc 

gedeelte van antilichamen en zetten de cel aan tot actie tegen de pathogeen. Antilichamen 

zijn eiwitten die het lichaam aanmaakt ter bescherming tegen indringende organismen. Tijdens 

een infectie worden bacteriën door antilichamen herkend.

Neutrofielen staan centraal in dit proefschrift en vormen, met een dagelijkse productie tot 2 

x 1011 cellen, het overgrote deel van de circulerende witte bloedcellen in de mens. Als antwoord 

op een infectie (of schade), leidt het immuunsysteem een snelle en robuste ontstekingsreactie 

in, teneinde de verspreiding van het indringende organisme tegen te gaan. Deze respons wordt 

voornamelijk gekarakteriseerd door de migratie van witte bloedcellen vanuit de bloedbaan 

naar de geïnfecteerde (of beschadigde) plaatsen van het lichaam.

Eens aangekomen op de plaats delict, trachten neutrofielen de indringende pathogenen 

op verschillende manieren te vernietigen. Wanneer neutrofielen een microorganisme 

tegenkomen en herkennen (onder meer door middel van de reeds genoemde Fc receptoren), 

zullen zij deze “opeten”, ook wel fagocytose genoemd (fago- is afgeleid uit het Grieks en 

betekent zoveel als “eten”). Nadat een pathogeen door een neutrofiel is opgenomen, dood 

de cel de pathogeen door de aanmaak van zuurstof radicalen of anti-bacteriële eiwitten. Anti-

bacteriële eiwitten oefenen hun functie uit binnen de cel. Anderzijds kunnen deze eiwitten ook 

door de neutrofiel uitgescheiden worden en pathogenen buiten de cel bestrijden. Bovendien 

kunnen neutrofielen de inhoud van de cel uitspugen en een soort net vormen waarin bacteriën 

gevangen en gedood worden.

bal ans
Acute onstekingsreacties zijn dus van groot belang voor ons lichaam ter bescherming tegen 

pathogenen. Echter, wanneer de initiële respons aanhoudt of ontspoort (in dit geval spreken 

we ook wel van een chronische ontstekingsreactie), kan een ontsteking resulteren in ernstige 
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weefselschade in het lichaam. Dit, aangezien de anti-bacteriële wapens van de neutrofiel 

(zuurstof radicalen, anti-bacteriële eiwitten en de vangnetten) weinig specificiteit vertonen 

tegen pathogenen en onze eigen cellen niet gespaard blijven in de strijd tegen indringende 

microorganismen. Daarom zijn binnen het immuunsysteem remmende controle mechanismen 

geëvolueerd. Deze onderdrukken ontstekingsreacties en voorkomen op die manier 

collaterale schade aan het lichaam, als gevolg van een ontspoorde immuunrespons. Kortweg, 

remmende signalen helpen om een optimale balans te bewaren tussen immuundefensie en 

aandoeningen als gevolg van ongecontroleerde ontsteking. Een remmend signaal wordt aan 

de verdedigingscel doorgegeven met behulp van remmende immuunreceptoren (ook wel 

inhibitoire receptoren genoemd). Ondanks dat het belang van deze receptoren binnen het 

immuunsysteem vanzelfsprekend is, worden zij pas recentelijk beschreven in de controle van 

de neutrofiel.

Doel Van HeT onDeR ZoeK besCHReVen In DIT 
PRoefsCHRIf T
Door onderzoek naar inhibitoire immuunreceptoren te doen, kunnen we meer leren over de rol 

van deze receptoren in de regulatie van het optreden van neutrofielen tijdens een ontsteking. 

Daarom kan dit onderzoek bijdragen aan de verbetering van behandelingen tegen ontstekings- 

en auto-immuun ziekten. Remmende signalering binnen het immuunsysteem is een snel 

groeiend onderzoeksgebied met veelbelovende therapeutische implicaties. De aanwending 

van inhibitoire receptoren in de strijd tegen kanker werd door het tijdschrift “Science” 

uitverkozen als doorbraak van het jaar 2013. Dit illustreert de kracht van inhibitoire receptoren.

Hoofdstuk 2

De rol van SIRL-1 in het gedrag van neutrofielen is onduidelijk. In hoofdstuk 2 laten we zien dat 

SIRL-1 de vorming van zuurstof radicalen na binding van Fc receptoren kan beïnvloeden, een 

proces dat eerder bij andere inhibitoire receptoren gezien is.

Om het effect van SIRL-1 op de aanmaak van zuurstof radicalen na binding van Fc 

receptoren te bestuderen, hebben we PLB cellen, die normaal geen SIRL-1 hebben, voorzien 

van SIRL-1 op het oppervlak van de cel. Deze cellen zijn eenvoudig te stimuleren door binding 

van Fc receptoren. Als de cellen gestimuleerd worden via Fc receptoren, zien we een effectieve 

aanmaak van zuurtof radicalen. Echter, dezelfde stimulatie wordt sterk beïnvloed door SIRL-1 

en beduidend minder zuurstof radicalen worden op dat moment door de cel gevormd.

Ditzelfde blijkt te werken met bepaalde immuuncellen (neutrofielen en monocyten) direct 

geïsoleerd uit humaan bloed. Binding van Fc receptoren op het oppervlak van deze cellen leidt 

tot de vorming van zuurstof radicalen. Opnieuw, deze functie wordt geremd door SIRL-1. De 

aanmaak van zuurstof radicalen is één van de voornaamste middelen waarmee neutrofielen 

bacteriën vernietigen. Als gevolg hiervan lijken er minder bacteriën door neutrofielen gedood 

te worden wanneer SIRL-1 de vorming van zuurstof radicalen remt. Belangrijk is het gegeven 

dat SIRL-1 geen invloed lijkt te hebben op de hoeveelheid bacteriën, die door neutrofielen 

worden opgenomen.
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Inhibitoire receptoren bezitten een aantal gemeenschappelijke domeinen in het 

intracellulaire gedeelte die remmende signalen aan de cel doorgeven. De beïnvloeding van de 

aanmaak van zuurstof radicalen door SIRL-1 lijkt volledig afhankelijk te zijn van deze specifieke 

eiwit domeinen. Om deze afhankelijkheid te verhelderen hebben we gebruik gemaakt van het 

DNA van SIRL-1. Het DNA codeert voor een reeks aminozuren, die samen een eiwit vormen, 

in dit geval SIRL-1. Door zeer kleine veranderingen (mutaties) te maken, blijken een aantal 

aminozuren essentieel te zijn voor de remmende werking van SIRL-1.

Het precieze mechanisme, hoe de vorming van zuurstof radicalen door SIRL-1 gereguleerd 

wordt, is nog niet duidelijk. De experimentele data suggereren tot nu toe dat bepaalde signalen 

in de cel, die leiden tot de aanmaak van zuurstof radicalen, door SIRL-1 worden afgezwakt.

Deze studie laat zien dat SIRL-1 wel degelijk in staat is om het gedrag van immuuncellen te 

beïnvloeden. Dit zou kunnen verklaren hoe SIRL-1 bijdraagt aan de regulatie van het optreden 

van immuuncellen tijdens een ontsteking.

Hoofdstuk 3

Een andere manier, naast de aanmaak van zuurstof radicalen, waarop neutrofielen berusten om 

bacteriën te bestijden is de vorming van een soort net waarin bacteriën gevangen en gedood 

worden. Wanneer neutrofielen bacteriën herkennen, spugen zij de inhoud van de cel uit en 

vormen daarmee een vangnet buiten de cel. Echter, wanneer dit proces niet tijdig gestopt 

wordt en neutrofielen blijven doorgaan met de aanmaak van deze vangnetten, kan dit veel 

problemen veroorzaken. In systemische lupus erythematosus (SLE) is gezien dat neutrofielen, 

en daarmee de vorming van die vangnetten, onstpoord zijn. De overmatige aanwezigheid 

van deze vangnetten zorgt ervoor dat het lichaam antilichamen aanmaakt, die gericht zijn 

tegen lichaamseigen factoren (in dit geval dus niet tegen indringende organismen). Op deze 

manier gaat het immuunsysteem zich tegen het eigen lichaam richten, waardoor schade in het 

lichaam onstaat.

In hoofdstuk 3 hebben we beschreven dat SIRL-1 de aanmaak van deze vangnetten door 

neutrofielen kan remmen. Op basis van fluorescentie microscopie, waarbij we de vangnetten 

kunnen aankleuren en zichtbaar maken, blijkt dat bepaalde antilichamen neutrofielen 

aanzetten tot de vorming van deze vangnetten. Deze antilichamen worden aangetroffen in de 

bloedbaan van patiënten die aan SLE lijden. Ditzelfde blijkt te werken met plasma van deze 

patiënten. Belangrijk is het gegeven dat wanneer neutrofielen niet in staat zijn om zuurstof 

radicalen aan te maken, zij geen vangnetten vormen na blootstelling aan deze antilichamen. 

Op basis van onze bevindingen in hoofdstuk 2, doet dit vermoeden dat SIRL-1 de aanmaak van 

de vangnetten kan bëinvloeden.

We kunnen inderdaad aantonen dat SIRL-1 de vorming van deze vangnetten tegengaat. 

Als neutrofielen gestimuleerd worden met antilichamen of plasma van patiënten, zien we de 

aanmaak van de vangnetten. Echter, SIRL-1 is in staat de vorming van de vangnetten op dat 

moment af te remmen.

Voorkomen van de overmatige aanmaak van deze vangnetten maakt het mogelijk de 

reactie van het immuunsysteem tegen het eigen lichaam te stoppen. Op deze manier zou SIRL-1 

een rol kunnen spelen in de aanpak van SLE.
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Hoofdstuk 4

Dit hoofdstuk is een vervolg op hoofdstuk 3. Het dogma bestaat dat inhibitoire 

immuunreceptoren selectief specifieke signalen afzwakken, onder meer deze doorgegeven 

door Fc receptoren. In hoofdstuk 4 hebben we gekeken naar de mogelijke interactie van 

SIRL-1 met factoren, andere dan antilichamen, die neutrofielen aanzetten tot de vorming van 

de vangnetten. Zo maken neutrofielen de vangnetten aan wanneer zij in contact komen met 

bacteriën en uraatkristallen. Uraatkristallen worden teruggevonden in de gewrichten van 

patiënten met jicht en veroorzaken daar een chronische ontsteking. Bacterie-antilichaam 

complexen (dit zijn bacteriën waaraan antilichamen gebonden zijn) en uraatkristallen worden 

onder meer herkend door Fc receptoren, die op het oppervlak van neutrofielen aanwezig zijn. 

Fc receptoren kunnen fagocytose van deze factoren bemiddelen.

We hebben met behulp van fluorescentie microscopie gekeken naar de vorming van vangnetten 

door neutrofielen na blootstelling aan verschillende factoren. Als de cellen kort (30  minuten) 

gestimuleerd worden met bacterie-antilichaam complexen of uraatkristallen, zien we een veel 

effectievere aanmaak van de vangnetten dan bij ongestimuleerde neutrofielen of neutrofielen 

blootgesteld aan bacteriën die niet door antilichamen gebonden zijn (evenals wanneer blootgesteld 

aan andere factoren, zoals de antilichamen beschreven in hoofdstuk 3). Deze “snellere” vorming van 

de vangnetten lijkt afhankelijk te zijn van de binding aan Fc receptoren, maar onafhankelijk van de 

aanmaak van zuurstof radicalen (in tegenstelling tot de vangnetten beschreven in hoofdstuk 3).

Als we kijken naar het effect van SIRL-1 op de aanmaak van de vangnetten, dan blijkt dat 

de “snellere” vorming van de vangnetten door SIRL-1 geremd wordt. Echter, SIRL-1 beïnvloedt 

nauwelijks de vorming van de vangnetten wanneer neutrofielen worden gestimuleerd met de 

andere factoren.

Wanneer neutrofielen blootgesteld worden aan bacterie-antilichaam complexen of 

uraatkristallen vormen de cellen zuurstof radicalen. Belangrijk is het gegeven dat dezelfde 

aanmaak van zuurstof radicalen niet lijkt geremd te worden door SIRL-1. Deze experimentele 

data laten zien dat, in tegenstelling tot eerdere ideeën (hoofdstuk 2), SIRL-1 geen effect 

heeft op de vorming van zuurstof radicalen door neutrofielen na herkenning van bacterie-

antilichaam complexen. Ook de vangnetten vormen een middel waarmee neutrofielen 

bacteriën vernietigen. Wanneer we deze vangnetten ontmantelen, overleven inderdaad meer 

bacteriën. Kortom, minder bacteriën zouden door neutrofielen gedood worden wanneer SIRL-1 

de vorming van de vangnetten remt, eerder dan de aanmaak van zuurstof radicalen.

Deze studie suggereert dat SIRL-1 selectief bepaalde gedragingen van de neutrofiel 

beïnvloedt, maar geen effect heeft op andere. Het precieze onderliggende mechanisme, hoe 

SIRL-1 selectief inspeelt op specifieke functies van de neutrofiel, is nog niet duidelijk. Niettemin 

biedt dit gegeven mogelijkheden om via SIRL-1 in te spelen op specifieke gedragingen van de 

neutrofiel in ziekten, waarbij deze een rol spelen.

Hoofdstuk 5

In hoofdstuk 5 behandelen we een aantal inhibitoire mechanismen in verschillende stappen van 

een (aangeboren) immuunreactie en gaan we na hoe bacteriën deze naar hun hand kunnen 

zetten om hun eigen overleving in de gastheer te bevorderen.
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Hoofdstuk 6

Hoofdstuk 6, waarin we voor het eerst beschrijven dat bacteriëen aan SIRL-1 kunnen binden, 

vloeit voort uit hoofdstuk 5. Eén manier waarop bacteriën kunnen inspelen op remmende 

mechanismen is namelijk door aan inhibitoire receptoren te binden en aldus een remmend 

signaal aan de cel door te geven om deze te onderdrukken.

Om de binding van bacteriën aan SIRL-1 na te gaan, hebben we HL-60 cellen gebruikt. Deze 

cellen hebben normaal geen SIRL-1 en binden weinig bacteriën. Echter, wanneer we dezelfde 

cellen voorzien van SIRL-1 op het oppervlak van de cel., binden zij beduidend meer bacteriën.

Verder laten we zien dat bacteriën niet enkel binden aan SIRL-1, maar tevens op deze manier 

een signaal aan de cel kunnen doorgeven. Hiervoor hebben we gebruik gemaakt van cellen die 

een fluorescent licht uitstralen, wanneer er door middel van SIRL-1 een signaal aan de cel wordt 

doorgegeven. Wanneer we deze cellen blootstellen aan bacteriën gaan zij inderdaad oplichten.

Bacteriën kunnen op deze manier de verdedigingsmechanismen van de neutrofiel 

onderdrukken en aldus aan de ontstekingsreactie ontsnappen. De exacte wijze waarop 

bacteriën SIRL-1 binden is nog niet duidelijk. De experimentele bevindingen suggereren tot 

nu toe dat een bepaalde factor op het oppervlak van de bacterie deze binding bewerkstelligt.

Conclusie

De bevindingen, die in dit proefschrift beschreven staan, helpen ons om een beter 

inzicht te verkrijgen in de bijdrage van SIRL-1 aan de controle van neutrofielen tijdens een 

ontstekingsreactie. De inzichten die we in dit proefschrift hebben verkregen ondersteunen 

de idee dat inhibitoire receptoren op neutrofielen unieke kansen zouden kunnen bieden voor 

de bestrijding van ontstekingsziekten. In het bijzonder biedt het specifieke karakter van de 

werking van SIRL-1 veelbelovende mogelijkheden als behandelingsstrategie.

Belangrijk is de bevinding dat GBS, en andere bacteriën, SIRL-1 kunnen binden. Op deze 

manier zouden deze pathogenen hun voordeel kunnen halen uit het remmende karakter van 

SIRL-1 en zichzelf kunnen beschermen tegen aanvallen van neutrofielen. Deze kennis houdt 

veelbelovende consequenties in voor de bestrijding van infectieziekten. In een tijdperk, waarin 

resistentie tegen antibiotica alsmaar toeneemt, dringen alternatieve strategiën zich op. Diepere 

inzichten in de interactie tussen bacteriën en SIRL-1 zullen ons toelaten nieuwe methoden te 

ontwikkelen om de voortdurende strijd met deze pathogenen aan te gaan.

Omdat SIRL-1 niet aanwezig is in de muis, is het wenselijk om in de toekomst te kunnen 

beschikken over een muismodel waarin cellen voorzien werden van humaan SIRL-1. Het zou 

dan bijvoorbeeld mogelijk worden om daadwerkelijk na te gaan of de eigenschappen van SIRL-1 

toepasbaar zijn in de bestrijding van aandoeningen zoals SLE. Op dezelfde manier zou men 

kunnen kijken naar het effect van de interactie tussen bacteriën (zoals GBS) en SIRL-1 op de 

overleving van deze pathogenen in de muis. Een grote stap voorwaarts binnnen het onderzoek 

rond SIRL-1 zal bovendien gezet kunnen worden wanneer we te weten komen welke biologische 

factor(en) aan SIRL-1 bindt.

Deze onderzoeken zullen zorgen voor een beter begrip over de rol van SIRL-1 binnen het 

immuunsysteem en mogelijk bijdragen aan nieuwe inzichten ter behandeling van gerelateerde 

aandoeningen.
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