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a n  I n t r o d u c t I o n  to  I n h I b I to ry  r e c e p to r s

We are protected from external and internal dangers by our immune system. Immune 

responses need to be balanced to prevent uncontrolled inflammation and/or autoimmunity. 

Cell growth inhibition, apoptosis, and down regulation of receptor signals are all part of the 

inhibitory tools used by the immune system.  Cells of the immune system have both activating 

and inhibitory receptors which can transmit positive and negative signals to the cells to keep 

the host immune system in balance. Immune inhibitory receptors are essential for the immune 

system during inflammation and help the system to move from uncontrolled circumstances to 

the controlled condition that returns the system to homeostasis. These inhibitors shape the 

magnitude, quality, and durability of immune responses. An expanding number of immune 

inhibitory receptors has been documented. In this thesis, two inhibitory receptors are studied: 

CD200 receptor (CD200R) and LAIR-1.

m e c h a n I s m  o f  I n h I b I t I o n

The inhibitory receptor family can be subdivided into two groups, one group consisting of 

immunoglobulin (Ig)-super family inhibitory receptors, and the other group consisting of 

C-type lectin inhibitory receptors. Most inhibitory receptors can transmit inhibitory signals 

via an immunoreceptor tyrosine-based inhibition motif (ITIM) [1], present in the cytoplasmic 

domain of these molecules. The prototype 6–amino acid ITIM sequence is (Ile/Val/Leu/

Ser)-X-Tyr-X-X-(Leu/ Val), where X denotes any amino acid [2]. ITIMs were first identified in 

the intracellular part of FcγRIIb [3, 4]. ITIMs recruit downstream phosphatases, such ShP-1, 

ShP-2 (Src homology 2 domain tyrosine phosphatases) and ShIP (Src homology 2-containing 

inositol 5’-phosphatase)  as ShP-1, ShP-2 and ShIP that lead to the attenuation or abrogation 

of activation signals [5]. In addition to phosphatases, other molecules such as C-terminal Src 

kinase (Csk) also interact with phosphorylated ITIMs [6] to communicate signals.  

Phosphorylation of the tyrosines in the ITIMs is the fundamental signaling event for the 

function of these receptors. The term ITIM was introduced to designate molecular motifs that 

antagonize Immunoreceptor Tyrosine-based Activation Motif (ITAM)-dependent cell activation. 

Most immune cells express quite a lot of inhibitory immune receptors. The biological function 

of these inhibitory receptors is not redundant, as is shown in experimental studies using 

knockout mice for several B-cell inhibitory receptors [5, 7]. Mice deficient for different receptors 

show different phenotypes. FcγRII, CD22 and Paired immunoglobulin-like receptors B (PIR-B) 

deficient mice all have hyper-responsive B cells, but FcγRII and CD22 knockout mice generate 

autoantibodies [8-10]. This designates that diverse inhibitory receptors expressed on the same 

cell have different roles, emphasizing the importance of the individual inhibitory receptors [11].

Though ITIMs are observed as a universal feature of inhibitory receptors [2], immune 

inhibition is not distinctively mediated by recruitment of phosphatases to ITIMs. The most well-

known representative of this group is Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4), which is an 

inhibitor of T-cell activation. CTLA-4 contains two tyrosine residues that bind PP2A and ShP-2 

[12] through which it likely mediates its inhibitory function. however, its signaling mechanism 

remains controversial. Another example is CD5, an inhibitor of BCR and TCR signaling, which 
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does contain two putative ITIMs but these are dispensable for its function [13]. In addition, 

CD200R is an inhibitory receptor that does not contain ITIMs [14]. 

I n h I b I t I o n  t h r o u g h  l a I r- 1

Leukocyte-associated Ig-like receptor-1 (LAIR-1 or CD305) was identified and cloned in 1997. 

LAIR-1 is a type 1 transmembrane receptor which is constitutively expressed on the majority of 

human peripheral blood mononuclear leukocytes, including Natural killer (NK) cells, T cells, 

B cells, etc. LAIR-1 is a 32 kDa transmembrane glycoprotein with a single immunoglobulin-like 

domain and a cytoplasmic tail containing two immune receptor tyrosine-based inhibitory motifs 

[15]. The ligands for LAIR-1 are collagens. Collagens are the most abundant type of proteins, 

distributed far and wide in vertebrates and play crucial roles in development, morphogenesis, 

and tissue regeneration.  Collagens help to restructure the body after injury. Besides their 

mechanical properties, collagens activate platelets and mediate signaling events by binding 

to several cell surface receptors, such as integrins, discoidin domain receptors and LAIR-1 [16].

The collagen-binding domain of LAIR-1 was crystallized and its structure was solved to 1.8-Å 

resolution using molecular replacement [17]. LAIR-1 has two cytoplasmic ITIMs  that are critical for 

its inhibitory function [18]. Upon cross linking with monoclonal antibodies (mAbs) or collagen, ITIM 

tyrosine residues are phosphorylated which in turn Sh2 containing protein tyrosine phosphatases 

such as ShP-1, ShP-2, and Csk [19-21]  as a downstream protein to carry out inhibitory actions [22, 

23]. Cross linking with antibodies in vitro can inhibit the function of different cell types [24]. To 

investigate the function of LAIR-1 in in vivo [25] generated LAIR-/- mice. The mice do not show an 

overt clinical phenotype, but do have increased numbers of activated and effector/memory T 

cells as well as increased numbers of splenic B, regulatory T, and dendritic cells.

I n h I b I t I o n  t h r o u g h  c d 2 0 0 r

CD200R is an immune inhibitory receptor for CD200 (OX2) purified and characterized as a 

41- to 47-kDa cell-surface glycoprotein in 1982. CD200R was formerly designated as a myeloid 

receptor [26], being expressed on macrophages, granulocytes and DCs, but later we and others 

recognized that it is also expressed on T cells, B cells and NK cells [27-29]. CD200 and CD200R 

share sequence similarity, biological functions and structural comparisons with leukocyte 

membrane proteins such as CD2 and CD48 [29, 30].

CD200R is a unique inhibitory receptor, because its intracellular tail does not contain ITIMs. 

CD200R does contain three intracellular tyrosine residues. Mutation of all three tyrosines in the 

intracellular domain of the CD200R completely abrogates the inhibitory function [14, 31]. The 

most distal tyrosine is located in an NPxY motif. Subsequent ligation of the CD200R with its ligand 

CD200 through N-terminal Ig-like domain leads to phosphorylation of intracellular tyrosines, 

which then act as docking sites for the adaptor protein downstream of tyrosine kinase 2 (Dok 2). 

Dok2 binds to the third phosphotyrosine in the cytoplasmic tail of CD200R via its PTB domain. 

Subsequent phosphorylation of Dok2 results in the recruitment of Ras GTPase-activating protein 

(RasGAP), Nck, and Dok1. RasGAP hydrolyses RasGTP into the inactive form RasGDP, thereby 

inhibiting PI3K and Erk, resulting in inhibition of RasGAP activation. According to a recent study, 
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RASGAP is sufficient to suppress activating signals, such as Toll like receptor signaling, and in 

this way transiently modulate the excess activation of the immune system during inflammation. 

Knock down of these adaptor proteins [32] abrogates the inhibitory action of CD200R.

I n h I b I to ry  r e c e p to r s  I n  c a n c e r

Cancer is a class of diseases characterized by uncontrolled cell growth. Cancer harms the body when 

wrongly programmed cells divide uncontrollably resulting in tumors. Tumors can grow up and impede 

with other functional systems for instance digestive, nervous, lymphoid and circulatory systems. 

In due course they can discharge hormones that modify the body function in the wrong direction. 

Tumors that reside in one position and demonstrate limited growth are generally considered to 

be benign. When a tumor successfully spreads, invading and destroying other healthy tissues, this 

process is called metastasis, and the result is a serious condition that is very difficult to treat.

Inflammation plays a dual role in cancer. Effective anti-tumor responses can prevent 

outgrowth and spread of tumor cells. however, inflammatory mediators can also have a tumor 

promoting role in e.g. intestinal cancer, specifically in colitis-associated colorectal cancer 

[33]. The immune reactions to tumors depend on multiple factors such as tumor and tissue 

type, tumor immunogenicity, and potency of the immune response. In recent years inhibitory 

immune pathways have become therapeutic targets to reinforce anti-tumor responses and to 

develop beneficial strategies in cancer treatment. Blocking immunological check points could 

theoretically shift the balance of the response in the preferred anti-tumor direction. however, 

initiation of immunity can also result in stimulation of pro-tumorigenic inflammation. 

CTLA4 (Cytotoxic T-Lymphocyte Antigen 4), also known as CD152, plays a fundamental role 

in directing T cell regulation in the immune system. The blocking CTLA4 antibody ipilimumab 

figure 1. The expression pattern of CD200 and CD200R and the intracellular signaling partners of CD200R. When 
triggered by its ligand CD200, CD200R can recruit Dok2 and RasGAP that have a negative effect on Ras activation. 
(from  rygiel and meyaard, current opinion in Immunology, 2012)
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was FDA approved for use in progressive melanoma, being the first drug ever proven to prolong 

survival in stage IV melanoma [34, 35]. CTLA4 is only the first example in a growing list of promising 

immune therapies that aim to break tumor tolerance and enhance tumor-specific immunity. 

As expected, these non-specific immune modulatory therapies will also affect healthy tissue 

and result in side effects. The autoimmune toxicity of CTLA4 therapy is quite significant, albeit 

manageable with immunosuppressive agents such as corticosteroids. Lessons can be drawn from 

knockout mice; CTLA4 mice have a very severe spontaneous lymphoproliferative phenotype, 

while mice lacking some of the other pathways are comparatively healthy, unless challenged.

Tumors can misuse inhibitory receptors to escape the immune system. Programmed death-

1(PD-1) is expressed on the surface of immune cells, and its ligand programmed death ligand-1 

(PD-L1) can be expressed on cancer cells. When PD-1 and PD-L1 interact, this can stimulate inhibitory 

pathways, by which the immune system will be down-regulated and the cell can escape from killing 

[36]. PD-1 blocking antibodies were tested in patients with various cancers who had not responded 

to normal therapies.  When they were analyzed for tumor response and size, significant tumor 

reduction was seen in non-small cell lung cancer patients as well as  melanoma and kidney cancer 

patient [37]. Side effects were less than in patients in which the CTLA4 pathway was blocked.

figure 2. Model for CD200R signaling. Dok2 binds to the third phosphotyrosine in the cytoplasmic tail of 
CD200R via its PTB domain. Subsequent phosphorylation of Dok2 results in the recruitment of RasGAP, Nck, and 
Dok1. RasGAP hydrolyses RasGTP into the inactive form as GDP, thereby inhibiting PI3K and Erk. Dok1 interacts 
constitutively with Crk and recruits CrkL on tyrosine phosphorylation. CrkL subsequently inhibits phosphorylation 
of Dok2 by an unknown mechanism, resulting in inhibition of RasGAP activation (from mihrshahi et al. the 
Journal of Immunology 2010).
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Strong evidence for a role for CD200 in tumor progression comes from studies in patients. 

Expression of CD200 is an independent prognostic factor for multiple myeloma and acute 

myeloid leukemia predicting worse overall survival of these patients [38, 39] CD200 is over-

expressed on B cell chronic leukemias [40] hairy cell leukemias [41] and ovarian and melanoma 

cancers[42, 43]. Even if CD200 is not expressed on the primary tumor it can be induced during 

its progression, again supporting a function as enhancer of tumor cell survival. Metastatic 

CD200-negative squamous cell carcinomas (SCC) gain CD200 expression both in mice and men 

[44]. Similarly, CD200 expression increases on a breast cancer cell line transplanted to immune 

competent mice in contrast to immune deficient mice [45]. 

An antibody that blocks CD200-CD200R interaction is currently being evaluated in clinical 

trials (Alexion Pharmaceuticals, NCT00648739). It is supposed to reverse the suppression 

of CD200R expressing effector cells by blocking CD200 expressed on tumors and is thus 

restricted for use in CD200-expressing tumors. Unlike CTLA4-deficient mice, CD200 deficient 

mice do not have any apparent phenotype and develop autoimmune conditions only when 

challenged [46]. This may suggest that manipulating the CD200R pathway may be safer and 

results in less autoimmune consequences. however, an issue of concern is the response to 

microbial infections in treated individuals. Since Cd200−/− mice have increased inflammation 

and immune pathology after viral and bacterial infection, CD200–CD200R-blockade may result 

in similar problems when encountering common pathogens. 

I n h I b I to ry  r e c e p to r s  I n  v I r a l  I n f e c t I o n s 

Infections by pathogens initiate the immune system through a cascade of reactions which lead 

to clearance of the pathogen and control of the infection. This process involves activation but 

also control of the quality, magnitude and subsequent ‘silencing’ of the immune system as soon 

as the danger has subsided. Viruses and the host immune system co-evolve together. The virus 

must escape from the immune attack and ensure its replication, whereas the host needs to 

augment its antiviral response. however, at the same time the host must reduce forthcoming 

pathological effects of the immune response [47]. Infections with viruses can result in severe 

pathology, which may be due to both direct effects of viral infection and the indirect damage by 

the antiviral immune response [48]. Previous work demonstrates an essential role for immune 

inhibitory receptors in providing this control. In this thesis, we study the role of CD200R in 

immune homeostasis in coronavirus, influenza virus and RSV infection. 

m o u s e  h e pat I t I s  v I r u s  ( m h v )

Is a corona virus that gives an epidemic murine illness with high mortality, especially in colonies 

of laboratory mice. 

Corona viruses (CoVs) are enveloped single-stranded positive sense RNA viruses, belonging 

to the family Coronaviridae in the order Nidovirales. They are able to infect a wide variety of 

mammals as well as avian species. In general they cause respiratory and/or enteric infections, 

although some viruses may spread systemically. CoVs are of veterinary importance, but also a 

threat to mankind as demonstrated by the appearance of the severe acute respiratory syndrome 
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(SARS) -CoV. CoVs contain, in addition to a characteristic set of essential genes, several 

accessory genes. These latter genes are not essential for replication in vitro. however, the 

observed attenuation of deletion mutant viruses in their natural hosts indicates the functional 

significance of the accessory genes relates to their role in virus-host interaction, possibly by 

modulating the host immune response [49]. Indeed, several accessory gene products have 

been shown to function as type I interferon antagonist [50, 51]. however, the function of most 

accessory genes has not been elucidated to date. 

The immediate type I IFN response, initiated upon TLR7 triggering by viral RNA, is an 

essential part of the initial host-response to corona virus infection and in mice lacking this 

pathway massive viral replication is observed [52]. NK cells, most likely attracted by the 

chemokine CXCL10, are a second component of the innate immune response involved in 

viral clearance via the NK receptor NKG2D [53]. The role of the adaptive immune response in 

sustaining control of virus replication is evident from mice lacking T or B cells, which upon 

MhV infection eventually will also lead to death of all animals. Furthermore, antiviral T cell 

responses and possibly antibodies are held responsible for the immune pathology observed 

during central nervous system infection by corona viruses [54].

figure 3. The severe-acute-respiratory-syndrome coronavirus (SARS-CoV) The SARS-CoV genome encodes four 
structural proteins: spike (S), envelope (E), matrix (M) and nucleocapsid (N) and single-stranded RNA. (from ajai 
a. dandekar & stanley perlman nature reviews Immunology 2005).
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I n f l u e n z a  v I r u s e s

Influenza viruses of the family Orthomyxoviridae are classified into three different types: A, 

B, and C. Influenza A viruses infect a vast variety of avian and mammalian species including 

humans. In contrast, there is only one known subtype of influenza B virus that primarily infects 

humans, thus the pandemic potential of influenza B viruses is very low, although they can cause 

severe respiratory illness. Influenza C viruses cause mild respiratory illness in humans and some 

animals, and it has been the least studied type. 

During influenza virus infection the adaptive immune response is initiated by dendritic cells [55] 

migrating from the respiratory tract to the lung-draining mediastinal lymph nodes and spleen. There 

they stimulate the development of influenza- specific cellular immunity. Clearance of influenza virus 

from the lungs is dependent on antibodies produced by B cells and on CD8+ T cells [56].  

CD200 is an important host factor in the down-modulation of immune responses during 

influenza infection [57]. In our lab we investigated the role of T lymphocytes in the context 

of CD200 deficiency, demonstrating that cd200-/- mice show severe pathology in response to 

intermediate doses of influenza A virus. Importantly, the pathology in cd200-/- mice is associated 

with the presence of T cells. Depletion of T cells before viral challenge reduces the clinical 

disease course, even though it results in increased viral burden [58].Thus, the antiviral T cell 

response resembles a double-edged sword. Inadequate T cell responses will allow the virus to 

escape the immune control, whereas excessive T cell responsiveness will result in pathological 

side effects. The CD200-CD200R signaling thus plays a major role in the maintaining this 

balance during the influenza virus infection. 

r e s p I r ato ry  sy n c y t I a l  v I r u s  ( r s v )

Respiratory syncytial virus (RSV) is a negative-stranded, non-segmented RNA pneumovirus of 

the family Paramyxoviridae, and a common human pathogen that causes cold-like symptoms 

mostly in children and healthy adults. In infants and young children predisposed to respiratory 

illness, however, RSV infection is more likely to affect the lower respiratory tract (LRT), leading 

to pneumonia and bronchiolitis. RSV can be isolated from the majority of children hospitalized 

for bronchiolitis during the RSV season and is the most common respiratory virus in infants. The 

winter and spring months of November through April are the peak season of RSV infections in 

temperate climates, in tropical climates RSV outbreaks occur most frequently during the rainy 

season. RSV rapidly spreads through communities, infects most of the population within the 

first year of life, and re-infects individuals multiple times over the course of a lifetime.

Activation of neutrophils is an important feature of the host response to RSV infection. The 

inflammatory process in the airways of infants with RSV bronchiolitis is dominated by an intense 

neutrophil influx in both the lower and upper airways [59, 60]. Apart from that, in vitro studies 

have indicated that RSV infection results in the release of high concentrations of IL-6, IL-8 [61] 

and other pro-inflammatory molecules including TNFα [62] .
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I n h I b I to ry  r e c e p to r s  a n d  t l r s

TLRs are type 1 transmembrane receptors, consisting of N-terminal leucine-rich repeats (LRR) 

in the extracellular domain, a toll/interleukin (IL) (TIR) domain in the conserved C-terminal 

cytoplasmic domain and a transmembrane domain. The TLR differ in their ligand specificity, 

signaling adaptors and induced cellular response [63]. 

To date 13 mammalian TLRs have been identified that have been shown to be required for the 

activation of responses against pathogens. Both humans and mice express TLRs 1-9. In addition 

humans but not mice express TLR-10. Mice, but not humans, express TLR11, 12 and 13 [64]. A 

large group of hematopoietic cells such as  certain type subsets of T cells, B cells, neutrophils, 

macrophages and DCs and endothelial cells express TLRs [37]. TLRs 1-9 are well categorized and 

can be generally specified into two groups depending on their PAMP specificity [65]. The first 

group consists of the cell surface TLR1, TLR2, TLR3, TLR4 and TLR6. The second group includes 

TLR3, TLR7, TLR8, and TLR9 which are localized in intracellular endosome compartments.

When highly conserved PAMPs/ligands are recognized by TLRs, downstream activation of 

signaling occurs and inflammatory cytokines are released. TLR adaptors serve as platforms in 

organizing downstream signaling events, resulting in specific cellular responses. 

figure 4. Toll-like receptors (TLRs), their ligands and consequences of their activation. TLR heterodimers 2/1 and 
2/6 together with TLR4 and TLR5 are expressed on cell surfaces, whereas TLR7, TLR8, TLR9 and probably TLR3 are 
found intracellularly. Each of these TLRs recognizes a particular pathogen-associated molecular pattern (PAMP) 
to incite multiple TLR-mediated responses including proinflammatory cytokine production and apoptosis. 
(from. mcInturff, drug discovery today 2006).
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A range of signal transduction cascades are initiated through individual TLRs and result in 

selective recruitment of these distinct adaptor molecules. Until now, a total of five adaptor 

proteins have been discovered namely MyD88, MAL, TRIF, TRAM and SARM [66]. The adaptor 

molecules activate specific pathways leading to activation of transcription factor molecules such 

as NFkB and IRFs. The molecules induce the production of specific cytokines which directly or 

indirectly lead to hampering of the further spread of infection and induction of inflammation.

Immune inhibitory receptors can regulate the immune response induced by activation 

pathways such as TLRs and NLRs. CD200 and CD200R are one of the receptor ligand complexes 

that may control the various innate receptor pathways to limit inflammation [67].

figure 5. TIR domain-containing adaptors and TLR signaling. MyD88 is an essential TIR domain-containing 
adaptor for the induction of inflammatory cytokines via all the TLRs. TIRAP/Mal is a second TIR domain-containing 
adaptor that specifically mediates the MyD88-dependent pathway via TLR2 and TLR4. In the TLR4- and TLR3-
mediated signaling pathways, a MyD88-independent pathway exists that leads to activation of IRF-3 via TBK1 and 
IKKε/IKKi. The TIR domain-containing adaptor TRIF mediates this MyD88-independent pathway (from takeda 
and akira seminars in Immunology 2004).

19



IN
TRO

D
U

C
TIO

N

1
s c o p e  o f  t h e  t h e s I s

The aim of this thesis is to better understand the role of inhibitory immune receptors such as 

CD200R and LAIR-1 in viral infection and cancer. In chapter 2 we studied the beneficial effects 

of absence of the CD200-Cd200R signaling axis, namely in carcinogen induced tumors. In viral 

infection, inhibitory receptors are thought to control immune pathology. In chapter 3 we report 

that CD200-CD200R mediated inhibition and sex are factors that determine the outcome of corona 

and influenza virus infection. In chapter 4 the role of LAIR1 in Respiratory syncytial virus (RSV) 

infection is studied. chapter 5 reviewed the recent developments of inhibitory receptors in relation 

to viral infections. Finally in chapter 6 the findings of this thesis are summarized and discussed.
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a b s t r ac t

Expression of CD200, the gene encoding the ligand for the inhibitory immune receptor 

CD200R, is an independent prognostic factor for various forms of leukemia predicting worse 

overall survival of the patients. The enhanced expression of CD200 on the tumors implies 

that anti-tumor responses can be enhanced by blockage of the CD200–CD200R interaction. 

Indeed, antibody-mediated blockade of the CD200-CD200R inhibitory axis is currently 

evaluated in clinical tests to boost immune responses against CD200-expressing tumors. here, 

we show that mice lacking CD200, the exclusive ligand for CD200R, are resistant to chemical 

skin carcinogenesis. Importantly, CD200R controls tumor outgrowth independently of CD200 

expression by the tumor cells themselves. Furthermore, Cd200−/− mice do not become tolerant 

to intranasally administered antigens, suggesting that tumor rejection is normally suppressed 

through CD200-induced immune tolerance. Decreased tumor outgrowth is accompanied by 

increased expression of the proinflammatory cytokines interleukin (IL)-1β and IL-6 by the lymph 

node (LN) dendritic cells. During carcinogenesis, skin-draining LNs of Cd200−/− mice contain 

increased numbers of IL-17-producing FoxP3+ cells, which preferentially home to the tumors. 

Thus, the CD200-CD200R axis induces tolerance to external and tumor antigens and influences 

the T-regulatory/Th17 cell ratio. We demonstrate for the first time that the absence of CD200R 

signaling inhibits outgrowth of an endogenous tumor irrespective of CD200 expression by the 

tumor cells. This important paradigm shift leads to a much broader applicability of CD200-

blockade in the treatment of tumors.
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I n t r o d u c t I o n

Expression of CD200 is an independent prognostic factor for multiple myeloma and acute 

myeloid leukemia, predicting reduced overall survival of these patients [1, 2] CD200 is the 

ligand for CD200 receptor (CD200R), which is an immune inhibitory receptor expressed on 

myeloid and lymphoid cells and is considered an important immunological checkpoint [3, 4].

Immune inhibitory receptors are well recognized for their importance in the maintenance 

of tolerance. These immunological checkpoints prevent over-activation or improper action of 

the immune cells, which may lead to undesired effects such as extreme lymphoproliferation, 

chronic inflammation and autoimmunity. There is emerging evidence that tumor cells use 

these endogenous inhibitory pathways for their benefit. As a result of this, inhibitory immune 

pathways have become therapeutic targets to strengthen anti-tumor responses and develop 

(adjuvant) therapeutic strategies in cancer treatment. Recent clinical trials with blocking 

antibodies against the inhibitory receptors CTLA4 and PD-1 have yielded promising results [5, 6]. 

In March of this year, the blocking CTLA4 antibody Ipilimumab was approved by FDA for use in 

melanoma, being the first drug ever proven to prolong survival in stage IV melanoma. however, 

although both CTLA4 and PD-1 directly inhibit T-cells, other checkpoints might further allow 

enhancing the blockade indirectly, for example, on the level of antigen-presenting cell.

An antibody that blocks CD200–CD200R interaction is currently being evaluated in clinical 

trials (Alexion Pharmaceuticals (Cheshire, CT, USA), NCT00648739). It is thought to reverse the 

suppression of CD200R-expressing effector cells by blocking CD200 expressed on tumors and 

is thus restricted to use in the case of CD200-expressing tumors. Indeed, various studies have 

shown that CD200-expressing tumor cells can suppress T-cell responses in vitro and in vivo  [7-12]. 

Although it is not clear by which mechanism CD200 expression on tumors suppresses the immune 

system, in vitro studies suggest that blocking CD200-CD200R enhances Th1 responses [7, 10] No 

studies have evaluated CD200-CD200R blockade using endogenous tumors in in vivo models.

We set out to study whether CD200–CD200R interaction controls tolerance to external 

antigens and to endogenous tumors, possibly extending therapeutic application of antibodies 

that block CD200–CD200R interaction to a wider range of malignancies. One of the most 

potent tolerogenic mechanisms of the immune system is mediated by FoxP3-expressing 

T-regulatory (Treg) cells. Tolerance to exogenous antigens can be conferred by transfer of 

Treg cells from tolerized animals into naive recipients [13] however, in inflammatory conditions 

Treg cells can change their phenotype and start to produce interleukin (IL)-17, mimicking Th17 

cells  [14-18]. Th17 cells specifically express the transcription factor RORγ and are mostly known 

for their instrumental role in the development of autoimmune diseases  [19]. The role of IL-17 

and Th17 cells in the tumor microenvironment is ambiguous with reports supporting pro- and 

anti-tumorigenic effects of IL-17, reviewed in [20]. Th17 cells can take part in the development 

of anti-tumor responses by activating and/or increasing the number of tumor-penetrating 

effector cells [21-23]. In the current paper we investigated the role of CD200R signaling in the 

induction of tolerance toward exogenous and endogenous tumor antigens, and the role of this 

interaction in the generation of Treg and Th17 cells.
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m at e r I a l s  a n d  m e t h o d s

animals

Wild-type C57BL/6J 10–14 week-old female mice were obtained from Charles River (L’Arbresle, 

France). Female Cd200−/− mice were made and maintained on a full C57BL/6J background [24] and 

were bred at the specified pathogen-free unit at the Utrecht University Central Animal Laboratory. 

For the nasal tolerance experiments female C57BL/6J mice age 8–12 weeks were purchased from 

Charles River, whereas female Cd200−/− mice were bred and obtained from the animal facility at 

the Amsterdam Medical Center, The Netherlands. The OT-II transgenic mice were used at 8–12 

weeks of age and were bred at the VU Medical Center animal facility. All animal experiments were 

approved by the Utrecht University Ethical Committee for Animal Experimentation or the Animal 

Experiments Committee of the VU Medical Center or the Amsterdam Medical Center. All the 

experiments were conducted in accordance with current Dutch laws on animal experimentation.

cell isolation and restimulation 

Total cell recovery from spleen and LNs was comparable between Cd200_/_ and wild-type mice 

in all experiments. To obtain single-cell suspensions, spleens and LNs were forced through a 

100 mm sieve. To remove erythrocytes, pelleted cells were resuspended in 150mM Nh4, 1mM 

NahCO3, ph 7.4 buffer, afterwards cells were centrifuged and washed resuspended in RPMI-1640 

medium with 10% fetal calf serum. Cells were quantified using a CASY cell counter (Innovatis, 

Roche, Basel, Switzerland), stained with antibodies and analyzed by flow cytometry. Cells were 

cultured in RPMI- 1640 medium (Gibco, Paisley, UK) supplemented with 10% fetal calf serum 

(Bodinco, Alkmaar, The Netherlands) and penicillin and streptomycin. For ex vivo stimulation 

2x106 cells were incubated for 5 h at 37 1C with phorbol 12-myristate 13-acetate (10 ng ml_1) and 

ionomycin (2 mgml_1) and brefeldin A (BD Biosciences) was added during the last 4 h of culture.

nasal tolerance model

Delayed-type hypersensitivity model responses were analyzed as described before [25]. To check for 

the presence of Treg cells in sensitized and tolerized mice, tolerized mice were resensitized by the 

same mix of OVA (Albumin Chicken Egg 5 × Crystalline, Calbiochem, Merck, Darmstadt, Germany) 

and IFA (Difco Laboratories, Detroit, USA) 2 weeks after ear thickness measurement to maintain 

Treg cells. One week after resensitization spleen CD4+ T-cells were enriched using the CD4-negative 

selection kit (Dynal, Oslo, Norway). The enriched cell suspension consisted of 50–60% CD4+ T-cells, 

as determined by flow cytometry (FACS Calibur, Becton Dickinson and FACS Cyan, DakoCytomation, 

Glostrup, Denmark). In all, 2–5 × 105 CD4+ T-cells were injected intravenously via the lateral tail vein in 

recipient mice, which were subsequently sensitized and challenged with OVA (as described above).

t-cell enrichment, carboxyfluorescein diacetate succinimidyl ester labeling,  

transfer and antigenic stimulation

Spleens and LNs CD4þ T-cells from OT-II mice were enriched as described above. The enriched cell 

suspension consisted of at least 60% CD4þ T-cells, as determined by flow cytometry (FACS Calibur). 

These cells were labeled with 5 mM of carboxyfluorescein diacetate succinimidyl ester at 3_107/ml 
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for 10 min and washed with ice-cold phosphate-buffered saline (PBS). C57BL/6 mice were injected 

with B107 OVA-specific T-cells and were subsequently stimulated by intranasal administration of 400 

mg OVA in 10 ml saline. Draining cervical and distant peripheral LNs were analyzed at 72 h after 

antigen administration by either immunofluorescence or fluorescence-activated cell sorting

carcinogenesis protocol

For short (3 weeks) and long (20 weeks) two-stage chemical carcinogenesis mice were treated 

with 7,12-dimethylbenzanthracene and TPA as described earlier [26] All visible papillomas were 

enumerated biweekly and their diameter was measured with a caliper after they reached at least 

1 mm. The condition of the skin was scored biweekly in the weeks following TPA application. 

Mice with dry skin on the back and with skin patches covered with dry flakes of epidermis were 

defined as having a dry skin.

flow cytometry and cell sorting

Cells were stained for 30 min at 4 °C in PBS containing 2% bovine serum albumin and 0.1%. NaN
3
. The 

anti-CD200 and anti-CD200R monoclonal antibodies were from Serotec (Düsseldorf, Germany). 

Monoclonal antibody to FoxP3 and CD11c were from BioLegend (San Diego, CA, USA), to IL-17 

from eBioscience, San Diego, CA, USA. Anti-CD3, -CD4 and -CD8 were from BD Biosciences. 

FoxP3 and IL-17 intracellular staining was done with Fix/Perm buffer from eBioscience; other 

intracellular stainings were performed with Cytofix/Cytoperm and Perm/Wash buffers from BD 

Biosciences and used according to the manufacturer’s instructions. Data were acquired on a 

FACS Calibur, and analyzed with Cell Quest Pro software (BD Biosciences). For isolation of DCs, 

single-cell suspensions from pooled LNs were stained for CD11c and B220. Cells were sorted on 

a FACSAria (BD Biosciences) based on the expression of the following markers: DCs CD11c+B220− 

and pDCs CD11c+B220+. LN stromal cells were sorted as all cells that were negative for the Alexa-

488-conjugated anti-CD45 (clone MP33), whereas 7AAD+ dead cells were excluded.

Immunofluorescence

Tissues were embedded and frozen in OCT compound (Sakura Finetek Europe, The Netherlands); 

7 mm cryosections were generated and fixed in acetone for 5 min. Sections were then pre-

incubated in PBS supplemented with 5% (v/v) mouse serum for 15min. Incubation with the primary 

or secondary antibodies was carried out for 30min. For detection of RORg, sections were fixed in 

1% formalin in PBS for 30 min, followed by incubation with PBS containing 0.1% Triton X-100 and 1% 

goat serum for 1h. Subsequently, sections were incubated with anti-RORg monoclonal antibody 

(in PBS with 0.1% Trition X-100 and 1% goat serum) for 1.5 h, followed by 45 min incubation with 

anti-Armenian hamster (Jackson ImmunoResearch, West Grove, PA, USA) (in PBS with 0.1% Trition 

X-100 and 1% goat serum). All incubations were carried out at room temperature.

Rat monoclonal antibodies to CD4 (clone GK1.5) and CD45 (clone MP33) and a hamster 

monoclonal anti-RORg (kindly provided by D Littman) were affinity purified from hybridoma cell 

culture supernatants with protein G-Sepharose (Pharmacia, Sigma-Aldrich, Seelze, Germany). 

GK1.5 was labeled with Alexa Fluor 488 (Invitrogen, Bleiswijk, The Netherlands) and CD45 was 

labeled with Alexa Fluor 647 (Invitrogen). Anti-FoxP3 (eBioscience), fluorescein isothiocyanate-
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conjugated anti-CD8 (eBioscience) and fluorescein isothiocyanate-conjugated anti-CD200 

antibody (Serotec), anti-gp38 (anti-podoplanin,  clone 8.1.1 obtained from the Developmental 

Studies hybridoma Bank at the University of Iowa, Iowa City, IA, UAS) were used. Additionally, 

PE-Cy7-conjugated anti-CD4 (clone 7 GK1.5, eBioscience) and Sytox Blue (Molecular Probes, Life 

Technologies Europe BV, Bleiswijk, The Netherlands) were used to stain for OVA-specific T-cells 

and live cells, respectively. Microscopic slides were analyzed on a Leica DM6000 microscope 

equipped with Leica DFC350 camera and images were obtained with Leica Application Suite 

Advanced Fluorescence software (Leica, Rijswijk, The Netherlands).

qreverse transcription—pcr

RNA was extracted from sorted pDC CD11c+B220+ and DC CD11c+B220− cells derived from pooled 

(six mice) inguinal, axillary and brachial LNs of 3-week TPA-treated mice. RNA was isolated and 

qreverse transcription–PCR was performed as described earlier [27]. Data were normalized to two 

housekeeping genes, that is, UBQ and hPRT. Primers were designed across exon–intron boundaries 

using Primer Express software and guidelines (Applied Biosystems, Foster City, CA, USA).

r e s u lt s 

Cd200−/− mice have increased resistance to chemically induced tumors

To study the importance of CD200R signaling in the development of endogenous tumors we 

used a well-established and broadly used two-stage carcinogenesis model leading to formation 

of Ras-induced skin papillomas [28, 29]. In this model, tumors are initiated by application of 

the carcinogen 7,12-dimethylbenzanthracene on the skin. Subsequent biweekly treatment of 

the same area for 20 weeks with the tumor promoter 12-O-tetradeconoylphorpbol-13-acetate 

(TPA) results in the outgrowth on of papillomas.

We observed a striking difference in papilloma outgrowth between wild-type and Cd200−/− 

mice. Although all mice developed papillomas, CD200-deficient mice developed three to four 

times less papillomas than control mice (Figures 1a and b). The onset of tumors was delayed 

in Cd200−/− mice (Figure 1c) and the number of large papillomas (diameter >1 mm) in Cd200−/− 

mice was significantly decreased (Figure 1d). In general, during the entire evaluation period 

the number of mice with large tumors increased in wild-type and Cd200−/− mice; however, in 

the Cd200−/− group the number of mice with large tumors decreased transiently several times, 

suggesting a dynamic process of tumor growth and regression (Figure 1d).

In agreement with previous reports, CD200 was highly expressed in the skin, particularly in hair 

follicles [30]. Importantly, papilloma cells from wild-type mice lacked expression of CD200, with 

the exception of rare CD200-positive infiltrating stroma cells (Figure 1e). This implies an indirect 

role for CD200 in the induction of tumor tolerance, indeed during the carcinogenesis protocol, 

several weeks before the onset of macroscopic tumors, the first indication for a possible break of 

immune tolerance was a transient skin condition observed in the Cd200−/− mice. It was characterized 

by scaly, very dry skin and disappearance of hair to a much greater extent in Cd200−/− mice than 

wild-type controls, reflecting enhanced inflammation and a possible break of immune tolerance to 

self-antigens in the skin in the Cd200−/− mice upon to repeated TPA application (Figures 1f and g).

30



C
D

20
0

-C
D

20
0

R SIG
N

A
LIN

G
 SU

PPRESSES A
N

TI-TU
M

O
R RESPO

N
SES IN

D
EPEN

D
EN

TLY
 O

F C
D

20
0

 EX
PRESSIO

N
 O

N
 Th

E TU
M

O
R

2

failure to induce immune tolerance in the absence of cd200

Increased tumor resistance coexisting with increased skin inflammation in CD200-deficient mice 

may be caused by decreased tolerance to tumor cells due to the lack of CD200R signaling. We used 

a classical delayed-type hypersensitivity model to study the development of immune tolerance in 

Cd200−/− mice. Upon intranasal exposure, antigen is taken up by dendritic cells (DCs), processed 

and presented in the draining lymph nodes (LNs) by non-plasmacytoid (p) interstitial DCs, where 

Treg cells are induced [31-33]. Cd200−/− and wild-type mice received ovalbumin (OVA) intranasally 

and were subsequently sensitized in the tail and challenged with OVA in the ear. Wild-type animals 

that received OVA intranasally showed a significantly lower delayed-type hypersensitivity model 

response than animals that had received saline (Figure 2a). Induction of antigen-specific tolerance 

after intranasal OVA administration was not observed in Cd200−/− mice (Figure 2a).

To get more insight into the mechanism behind the failure of tolerance induction in Cd200−/− 

mice we investigated the induction of Treg cells. Their antigen-specific regulatory capacity can 

be tested by transfer of splenic CD4+ T-cells from tolerized animals, which can confer tolerance to 

naive recipients [13]. To evaluate the presence of functional Treg cells in wild-type and Cd200−/− 

mice intranasally exposed to OVA, naive wild-type mice were adoptively transferred with CD4+ 

T-cells derived from wild-type or Cd200−/− OVA-tolerized donors. One day after CD4+ T-cell 

transfer, the animals were sensitized and challenged with OVA in the tail base and ear, respectively. 

CD4+ T-cell transfer from wild-type mice did transfer tolerance to naive mice, whereas CD4+ T-cells 

from Cd200−/− donors were unable to do so (Figure 2b). These data show that Cd200−/− mice are 

unable to generate functional suppressive CD4+ cells upon intranasally administered OVA.

To see which cells expressed CD200 during the induction of tolerance we analyzed the nose-

draining LNs, which have been shown to be essential for the induction of intranasal tolerance. 

In resting nose-draining LNs only stromal cells expressed CD200 (Figure 2c), whereas upon 

OVA administration both stromal cells as well as activated T-cells expressed CD200 (Figures 2d 

and e). In contrast, non-activated T-cells in distant LNs were mostly CD200 negative (Figure 2f). 

Thus, both the micro-environment as well as activated T-cells can provide CD200R-expressing 

antigen-presenting DCs with the ligand CD200.

Increased resistance to tumors is associated with higher expression of pro-inflammatory 

cytokines by dcs in skin-draining ln

The absence of CD200 expression on wild-type papilloma cells excludes the possibility that the 

intrinsic growth of papillomas is influenced by CD200, as well as a direct inhibition of immune 

cells by CD200-expressing tumor cells. The enhanced skin inflammation in Cd200−/− mice 

prompted us to study the production of proinflammatory cytokines in the DCs from skin-

draining LNs, the place where the adaptive immune response is initiated. We determined the 

expression of IL-1β and IL-6 in DCs and pDCs from mice undergoing the carcinogenesis protocol 

at 3 weeks of TPA treatment, when inflammation occurred, and after 20 weeks of treatment, 

at the end of the carcinogenesis protocol. We found that DCs from Cd200−/− mice at the end 

of the carcinogenesis protocol produced more IL-1β mRNA than wild-type cells (Figure 3a). 

Furthermore, pDCs from Cd200−/− mice produced more IL-6 both after 3 weeks and 20 weeks 

of TPA treatment (Figure 3b). Intracellular staining of ex vivo stimulated DCs showed increased 

31



C
D

20
0

-C
D

20
0

R SIG
N

A
LIN

G
 SU

PPRESSES A
N

TI-TU
M

O
R RESPO

N
SES IN

D
EPEN

D
EN

TLY
 O

F C
D

20
0

 EX
PRESSIO

N
 O

N
 Th

E TU
M

O
R

2

32



C
D

20
0

-C
D

20
0

R SIG
N

A
LIN

G
 SU

PPRESSES A
N

TI-TU
M

O
R RESPO

N
SES IN

D
EPEN

D
EN

TLY
 O

F C
D

20
0

 EX
PRESSIO

N
 O

N
 Th

E TU
M

O
R

2

IL-6 production both by pDCs and DCs of Cd200−/− mice when compared with wild-type cells 

(Figure 3c). Both DCs and pDCs expressed CD200R (Supplementary Figure S1). Expression 

was higher on inguinal LN DCs compared with pDCs from inguinal LN and pDCs and DCs from 

spleen. CD200R expression on spleen DCs and pDCs was not different between naive wild-type 

and Cd200−/− mice (Supplementary Figure S1).

Increase in cd4+foxp3+Il-17+ t-cells in Cd200−/− mice upon tpa treatment

Wild-type and Cd200−/− mice undergoing the carcinogenesis protocol did not differ in the 

percentage of circulating CD4+ T-cells and CD8+ T-cells, and the percentage of naive, memory 

and effector T-cells (Supplementary Figure S2). Because IL-1 and IL-6 promote the conversion 

of FoxP3+ Treg cells to IL-17-producing FoxP3+ cells, we concentrated on these subsets [15, 17, 

34]. We quantified Treg cells in a panel of LNs and spleen from naive and 3 week TPA-treated 

wild-type and Cd200−/− mice, thus before the onset of first macroscopic papillomas (Figure 4a). 

TPA application induced a threefold increase in Treg cells, which was comparable in wild-type 

and Cd200−/− mice in all LN that were analyzed (Figure 4b). In contrast, repetitive treatment with 

TPA resulted in a significantly higher number of CD4+IL-17+ T-cells in the skin-draining axillary LN 

of Cd200−/− mice compared with wild-type mice (Figure 4c). We then analyzed the percentages 

of double-positive FoxP3+IL-17+ cells in 3 week TPA-treated mice and found significantly increased 

numbers of IL-17-producing FoxP3+ cells in all skin-draining LNs of Cd200−/− mice compared with 

wild-type mice (Figure 4d). In contrast, the number of conventional Th17 cells (FoxP3−IL-17+) was 

not different (Figure 4e), indicating that the increased number of IL-17-producing FoxP3+ cells is 

responsible for the increase in total IL-17-producing cells in Cd200−/− mice

cd4+foxp3+th17+ cells preferentially home to the papillomas

At the end of the carcinogenesis protocol Treg cells still comprised a high fraction of the LN 

CD4+ T-cell population in both wild-type and Cd200−/− mice (Figure 5a). Strikingly, the observed 

increase in Th17 cells in Cd200−/− mice was even more evident after 20 weeks of carcinogenesis 

figure 1. Cd200_/_ mice are more resistant to papilloma formation. (a) Average number of papillomas per mouse in 
wild-type and Cd200_/_ mice subjected to the two-stage skin carcinogenesis protocol. All visible papillomas were 
counted biweekly. Data are from one experiment (n¼16). A second experiment (n¼24) had a similar outcome. 
Curves differ significantly (linear regression) P¼0.0001, average and s.d. are shown. (b) Representative picture 
of wild-type and Cd200_/_ mice at week 15 of the carcinogenesis protocol. Arrows indicate papillomas. (c) The 
number of papilloma-free mice in the experimental groups is shown. Statistical significance was calculated with 
the Gehan–Breslow–Wilcoxon test, P¼0.03, (n¼16). (d) Fraction of mice with papillomas exceeding a diameter of 
1 mm. Curves differ significantly (linear regression), P¼0.002, (n¼16); average is shown. Results from (a, d) were 
reproduced in second experiment with 24 mice per group. (e) CD200 expression in the papilloma and adjacent skin 
of wild-type and Cd200_/_ mouse, CD200 (green), CD8 (red) and CD45 (blue). The papilloma cells do not express 
CD200, in contrast to infiltrating stroma cells and adjacent skin. Two papilloma samples from each genotype were 
analyzed with similar results. The dotted line indicates the tumor/ normal skin border. Pictures were taken with 
x10 objective, scale bar represents 100 mm. (f) Representative photograph of wild-type and Cd200_/_ mice after 
3 weeks of carcinogenesis treatment. CD200-deficient mice develop severe skin inflammation characterized by 
very dry and scaly skin. (g) Incidence of very dry and scaly skin at week 3 in wild-type and Cd200_/_ mice. The 
condition of the skin was scored blindly. The experiment was repeated twice with similar results (n¼16, n¼24). 
Mean and s.d. of all mice are shown. Significant differences are marked with * P<0.05 (unpaired t-test).
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figure 2. Cd200_/_ mice fail to induce tolerance to intranasally administered antigens. (a) Wild-type and Cd200_/_ mice 
received OVA intranasally for 3 consecutive days, followed by subcutaneous OVA/IFA injection on day 4, and OVA 
injection in both ear auricles on day 9. Ear thickness increase was measured as delayed-type hypersensitivity model 
response 24 h later. (b) After 2 weeks the ear thickness measurement shown in Figure 1a and 1 week after resensitization, 
naive wild-type mice received spleen CD4þ T-cells from wild-type and Cd200_/_ mice treated intranasally with OVA. 
Subsequently mice received the same treatment as in Figure 1a. Data points are the mean of both ears of individual 
animals (n¼7). Significant differences are marked with * P<0.05, ** P<0.01 or *** P<0.001 (unpaired t-test). (c, d) Nose-
draining LNs sections from control mice (c) or mice that received OVA intranasally 72 h earlier (d) were stained 
for CD200 (blue) and gp38 (red) and pictures were taken of T-cell areas. Pictures were taken with x20 objective, 
scale bar represents 50 mm. (e, f) CD200 expression was studied by fluorescence-activated cell sorting analysis of 
carboxyfluorescein diacetate succinimidyl ester labeled OVA-specific OTII in (e) nose draining, cervical LNs and in
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figure 3. DCs from Cd200_/_ mice have increased IL-1b 
and IL-6 levels. (a, b) DCs from inguinal, axillary and 
brachial LNs from carcinogenesis subjected Cd200_/_ 
and wild-type mice were pooled, stained and sorted 
by flow cytometry. mRNA expression of IL-1b (a) and 
IL-6 (b) was analyzed by qreverse transcription(RT)–
PCR in pooled cDNA samples from four different 
mice. As reference UBQ and hPRT were used. Median 
with range of two independent qRT–PCR reactions is 
depicted. (c) IL-6 expression in inguinal and axillary 
LN cells from mice treated for 20 weeks with TPA, 
and then stimulated ex vivo for 5 h with phorbol 12-
myristate 13-acetate and ionomycin. Cells were gated 
for DCs (CD11c+ B220-) and pDCs (CD11c+ B220+). 
Data are from two independent experiments and 
data were pooled (n¼15). Significant differences are 
marked with * P<0.05 (unpaired t-test).

(Figure 5b). Again, the increase in Th17 cells in Cd200−/− mice could specifically be attributed 

to an increased percentage of IL-17-producing FoxP3+ cells, which showed a twofold increase 

in all skin-draining LN, but not the spleen (Figure 5c). Also the percentage of CD4+FoxP3−IL-17+ 

T-cells was increased in CD200-deficient mice but the differences were not as drastic as of 

CD4+FoxP3+IL-17+ T-cells (Figure 5d). 

Thus, the ability of Cd200−/− mice to induce IL17-producing FoxP3+ cells coincides with their 

resistance to skin tumor formation. To determine whether indeed FoxP3+ Th17 cells are present 

in the papillomas we performed immunofluorescence analysis of frozen papilloma sections. 

Because the levels of intracellular IL-17 in tissue sections are too low, we used antibodies 

for the Th17 lineage transcription factor RORγ to detect Th17 cells. CD4+FoxP3+RORγ+ and 

CD4+FoxP3+ cells were blindly scored in one field of view of the papilloma-skin border of 14 
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papillomas (Figure 5e). Interestingly, although the majority of Foxp3+ T-cells in the LNs did not 

produce IL-17 (~50:1), in papillomas CD4+FoxP3+RORγ+ were highly enriched (~2:1, CD4+FoxP3+ 

to CD4+FoxP3+RORγ+) (Figure 5f). This suggests that CD4+FoxP3+RORγ+ cells are preferentially 

targeted to the site of tumor growth.

d I s c u s s I o n

here we show that the absence of CD200R-mediated inhibition precludes the development of 

immune tolerance and increases anti-tumor immune responses. Importantly, we found a striking 

effect of the release of CD200-mediated inhibition on tumor outgrowth, irrespective of CD200 

expression on the tumor. Antibodies that block CD200–CD200R interactions are currently being 

tested in clinical trials in patients with CD200-expressing tumors. Our findings suggest extension 

of the therapeutic use of CD200-CD200R blockers to patients with CD200-negative tumors.

The source of CD200 to trigger CD200R still remains unclear, however there are several 

candidates. Our data show significant expression of LN stromal cells and in addition activated T-cells 

express significant levels of CD200. Alternatively, the CD200 signal may be supplied by tissue cells, 

for example, normal skin cells, which highly express CD200. Non-hematopoietic cells may deliver the 

initial CD200 signal, after which CD200 on T-cells could provide a feedback loop for the maintenance 

of tolerance. Expression of CD200 on hair follicle cells attenuates skin inflammation and enhances 

skin-graft survival [35, 36].  An inhibitory feedback loop between tolerogenic DC and Treg cells has 

been proposed previously and it is interesting to speculate on a role for CD200-CD200R herein [37]. 

Intriguingly, a single study showed that CD200 deficiency can enhance tolerance, which correlates 

with increased Th2 cytokine production, but this has not been confirmed by others [38].

We show that tumor resistance of Cd200−/− mice coincides with an inflammatory skin 

phenotype and the inability to develop immune tolerance to foreign antigens. It is likely that these 

processes are regulated by CD200-CD200R through the same mechanism. Notably, infection of 

Cd200−/− mice with Neisseria meningitides or influenza virus causes increased production of pro-

inflammatory cytokines, including IL-1β, IL-6, tumor necrosis factorα and interferonγ [39, 40]. In 

our endogenous tumor model we also observed higher levels of the pro-inflammatory cytokines 

IL-1β and IL-6 in tumor-draining LN DCs derived from Cd200−/− mice. We now show that this may 

also influence the adaptive immune response by shifting the T-cell balance toward Th17 cells.

Inhibition of the enzyme indoleamine-2,3-dioxygenase (IDO) has recently been shown 

to enhance Treg conversion to Th17 cells and increase anti-tumor immune response [41] [23]. 

Moreover, it was published that induction of CD200R signaling in pDCs increases the expression 

figure 4. CD200-deficient mice have increased percentages of CD4+ FoxP3+ IL-17+ T-cells during carcinogenesis. 
(a) LN cells were gated on CD4þ, percentage of cells in the quadrants is depicted. Plots are representative for four 
independent experiments with 4–6 mice in each. (b) FoxP3+ T-cells, (c) IL-17+ T-cells, (d) FoxP3+ IL-17+ T-cells, (e) 
FoxP3- IL-17+ T-cells as percentage of CD4+ T-cells from the inguinal, axillary, brachial and cervical LNs or spleens 
from Cd200_/_ and wild-type mice. Naive mice and mice subjected to short-term carcinogenesis (3 weeks) were 
used. For (b–e) single-cell suspensions from the organs were stimulated ex vivo for 5 h with phorbol 12-myristate 
13-acetate and ionomycin in the presence of brefeldin A. Data are from two independent experiments and data 
were pooled (n¼9), Bars indicate average and s.e.m. for each group. Significant differences are marked with * 
P<0.05, ** P<0.01, or ***Po0.001 (unpaired t-test).
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of IDO [42]. Thus, CD200-deficient mice may have increased percentages of IL-17-producing 

FoxP3+ cells due to impaired IDO activity. We tested this hypothesis and found no significant 

differences in IDO expression between DCs from Cd200−/− and wild-type mice (Supplementary 

Figure S3A). In addition, we did not see any differences in the kynurenine/tryptophan ratio in 

the sera of naive wild-type and Cd200−/− mice (Supplementary Figure S3B). Remarkably, we even 

observed a significantly higher kynurenine/tryptophan ratio in the sera of TPA-treated Cd200−/− 

mice, suggesting a higher level of IDO activity in the latter. Lastly, systemic inhibition of IDO 

by subcutaneous implantation of slow-release pellets loaded with the IDO inhibitor 1-methl-D-

tryptophan did not result in increased numbers of IL-17-producing FoxP3+ cells when compared 

with placebo-treated mice, whereas Cd200−/− mice showed increased percentages of FoxP3+IL-

17+ T-cells within the LNs (Supplementary Figure S3C). Therefore, we conclude that the increase 

in FoxP3+IL-17+ T-cells in CD200-deficient mice is not caused by decreased IDO activity.

IL-17 has a dual role in tumor development and anti-tumor responses [20]. IL-17−/− mice 

have increased resistance for 7, 12-dimethylbenzanthracene/TPA-induced skin tumors [43]. 

Whereas the same mice are less resistant to B16F10 melanoma [21]. It has been proposed that 

IL-17-mediated inflammation is tumor-promoting during the initial phase of tumor growth, 

whereas Th17 cells are anti-tumorigenic in established tumors [44]. The biological relevance 

of FoxP3+IL-17+ converted Treg cells or Th17 matured CD4+ cells is supported by studies with 

tumor models, where these cells can induce anti-tumor CD8+ T-cell responses [22, 23, 41]. In 

the absence of CD200 signaling, we demonstrate that FoxP3+IL-17+ are more frequent in skin-

draining LNs. Importantly, the ratio of FoxP3+ Th17 cells to conventional FoxP3+ Treg cells was 

largely increased in papillomas when compared with LNs, supporting preferential homing 

of these cells to the tumor site. The number of CD4+FoxP3+ or CD4+FoxP3+RORγ+ cells in the 

papillomas was not different between wild-type and Cd200−/− mice (Supplementary Figure 

S4A, S4B). In addition, the number of CD8+ T-cells in the papillomas did not significantly differ 

between wild-type and Cd200−/− mice (Supplementary Figure S4C). This is probably because of 

an analysis bias; because Cd200−/− mice develop fewer tumors we automatically selected for the 

tumors that escaped immune attack and were not able to score tumors that were small or did 

not emerge, probably due to a potent immune response.

figure 5. FoxP3+RORγ+ T-cells are enriched in papillomas. Percentages of (a) FoxP3+ T-cells, (b) IL-17+ T-cells, (c) 
FoxP3+IL-17+ T-cells and (d) FoxP3−IL-17+ T-cells as percentage of CD4+ T-cells in the inguinal, axillary and cervical 
LNs or spleens isolated from Cd200−/− and wild-type mice subjected to carcinogenesis for 20 weeks.  For (b–d) 
single-cell suspensions from the organs were stimulated ex vivo for 5 h with phorbol 12-myristate 13-acetate and 
ionomycin in the presence of brefeldin A. The experiment was repeated twice and data were pooled (n=9). Bars 
indicate average and s.e.m. for each group. Significant differences are marked with *P<0.05, **P<0.01 or ***P<0.001 
(unpaired t-test). (e) Representative example of immunofluorescence analysis of papillomas, green–CD4, red–
RORγ and blue–FoxP3. Examples of triple-positive cells are indicated by arrows. Overlay picture was taken with × 
20 objective, dotted area was photographed at × 40 magnification image was and separated into single channels, 
scale bar represents 25 μm. (f) Quantification of FoxP3+ and Th17 cells in the microscopic sections of papillomas 
and LNs. In the papillomas samples all double- and triple-positive cells were counted in one optical field of view 
selected for high numbers of CD4+ cells. The ratio of CD4+FoxP3+ RORγ+: CD4+FoxP3+ RORγ− cells in papillomas 
and CD4+FoxP3+IL-17+: CD4+FoxP3+ in LN is indicated. A total of 14 different papillomas (both Cd200−/− and wild-
type), derived from two independent experiments, were stained and two fields for each sample were analyzed. 
LNs from five independent mice were analyzed as in Figure 4. Median with range is depicted.
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Our findings suggest that CD200-CD200R signaling is essential to regulate tolerance to 

external antigens and to tumors also in the absence of CD200 expression on the tumors. On 

the basis of our findings we propose a model where stimulation of CD200R on DCs by CD200 

expressed on non-hematopoietic cells and/or T-cells regulates proinflammatory cytokine 

production. This in turn induces the generation of Treg cells and prevents conversion to 

FoxP3+IL-17+ effector cells, resulting in a tolerant milieu. These data reveal two unanticipated 

aspects of CD200-CD200R blockade as therapy. First, the CD200-CD200R signaling pathway 

controls the Treg/Teffector cell balance and second, it provides a therapeutic opportunity for 

CD200 blocking antibodies irrespective of CD200 expression on tumor cells.
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a b s t r ac t

Immunological checkpoints, such as the inhibitory CD200 receptor (CD200R), play a dual role 

in balancing the immune system during microbial infection. On the one hand these inhibitory 

signals prevent excessive immune mediated pathology but on the other hand they may impair 

clearance of the pathogen. We studied the influence of the inhibitory CD200-CD200R axis on 

clearance and pathology in two different virus infection models. We find that lack of CD200R 

signaling strongly enhances type I interferon (IFN) production and viral clearance and improves 

the outcome of mouse hepatitis corona virus (MhV) infection, particularly in female mice. MhV 

clearance is known to be dependent on Toll like receptor 7 (TLR7)-mediated type I IFN production 

and sex differences in TLR7 responses previously have been reported for humans. We therefore 

hypothesize that CD200R ligation suppresses TLR7 responses and that release of this inhibition 

enlarges sex differences in TLR7 signaling. This hypothesis is supported by our findings that in vivo 

administration of synthetic TLR7 ligand leads to enhanced type I IFN production, particularly in 

female Cd200−/− mice and that CD200R ligation inhibits TLR7 signaling in vitro. In influenza A virus 

infection we show that viral clearance is determined by sex but not by CD200R signaling. however, 

absence of CD200R in influenza A virus infection results in enhanced lung neutrophil influx and 

pathology in females. Thus, CD200-CD200R and sex are host factors that together determine the 

outcome of viral infection. Our data predict a sex bias in both beneficial and pathological immune 

responses to virus infection upon therapeutic targeting of CD200-CD200R.

a u t h o r  s u m m a ry

Immune responses need to be carefully orchestrated to prevent disease due to an overactive 

immune system. Immunological checkpoints are provided by immune inhibitory receptors, 

which set a threshold for activation and dampen the immune system. In the case of a viral 

infection, this prevents pathology induced by the immune system, but on the other hand 

may prevent adequate removal of the virus. In this paper, we show that removal of such an 

immunological checkpoint in mice leads to rapid removal of corona virus, but also to more 

immune-induced disease symptoms in case of influenza virus infection. We observe this 

predominantly in female mice. We demonstrate that this particular checkpoint inhibits anti-

viral responses that are naturally stronger in females. Release of this checkpoint enlarges these 

sex differences. Our findings have major implications for therapeutic use of blockers of this 

pathway, which are currently in clinical trials for the treatment of cancer, as we predict that 

female patients will have a stronger response to such therapeutics.
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I n t r o d u c t I o n

To generate an appropriately controlled response during infections, the immune system 

is balanced by the action of activating and inhibitory receptors. Lack of inhibition leads to 

excessive inflammation and autoimmunity and other severe disease symptoms. One of the 

receptors regulating this balance is CD200 Receptor (CD200R) [1]. CD200R was originally 

described as a myeloid receptor [2], being expressed on macrophages, granulocytes and DCs, 

but later we and others recognized that it is also expressed on T cells, B cells and NK cells [3, 

4]. The CD200R intracellular domain is devoid of the classical immunoreceptor tyrosine-based 

inhibition motif (ITIM) present in most immune inhibitory receptors but it does have three 

tyrosine residues that can be phosphorylated, one of which is embedded in an NPXY motif. 

CD200R-downstream signaling is dependent on the recruitment of Dok2 and RasGAP [5].

The signal that triggers CD200R and results in delivery of an inhibitory intracellular signal to the 

cell is given by its ligand CD200, which has a short intracellular tail devoid of any known signaling 

motifs. CD200 is expressed on thymocytes, activated T cells, B cells, dendritic cells (DCs), vascular 

endothelial cells, hair follicular cells, in the central nervous system and in the retina (reviewed in [6]. 

Both in mice and humans, CD200 exclusively binds to the inhibitory CD200R. In contrast to humans, 

the mouse CD200R family contains several activating receptors, but these do not bind CD200 [7].

Cd200−/− mice were first described to be more susceptible to autoimmune disorders [8]. 

Later its role in microbial infections was recognized. Infection of Cd200−/− mice with the gram 

negative N. meningitides causes increased lethality, proinflammatory cytokine production and 

lymphocyte activation [9]. We and others showed that in mouse influenza A virus infection 

CD200-deficiency aggravates immune pathology [10, 11]. These studies were exclusively 

performed in female mice. They indicate that CD200-CD200R signaling controls the strength 

of the initial anti-microbial response and the return to homeostasis. We here studied the 

influence of CD200-CD200R blockade on clearance and pathology in two different virus 

infection models, coronavirus and influenza virus, in both male and female mice.

Mouse hepatitis coronavirus (MhV) is an accepted model for the most illustrious coronavirus 

(CoV): severe acute respiratory syndrome (SARS)-CoV. host control of MhV infection is 

completely dependent on an immediate type I IFN response, initiated upon TLR7 triggering by 

viral RNA. Mice lacking this pathway show massive MhV replication and fatal infection within 

a few days [12, 13]. As a model where a strong anti-viral response causes immune mediated 

pathology we studied influenza A virus infection in which immune pathology is known to be 

important for clinical outcome.

We here report that lack of CD200R signaling has a more profound effect on the beneficial 

but also on the pathological immune responses to viruses in female mice as compared to male 

mice, which can be attributed to the capacity of CD200R to inhibit TLR7 responses.

m at e r I a l s  a n d  m e t h o d s

mice and viruses

Wild-type C57BL/6J mice and Cd200−/− mice, which were made and maintained on a full 

C57BL/6J background [8], were bred at the Specified Pathogen Free (SPF) unit at the Utrecht 

47



C
D

20
0

 REC
EPTO

R C
O

N
TRO

LS SEX-SPEC
IFIC

 TLR7 RESPO
N

SES TO
 V

IR
A

L IN
FEC

TIO
N

3

University Central Animal Laboratory and used between 8 and 10 weeks of age. Mice were 

injected intraperitoneally with 106 TCID
50

 of MhV strain A59 expressing the firefly luciferase 

(FL) reporter gene (MhV-EFLM) [14] in 200 μl PBS. Intranasal infection with 3.0×104 TCID
50

 of 

influenza strain A/hK/2/68 was performed as described [11]. Mice were monitored once every 

24 hours for symptoms of illness.

In additional experiments we injected the mice intraperitoneally with the TLR7 agonist 

imiquimod (Invivogen; 50 μg in 200 μl PBS). The Utrecht University Ethical Committee for 

Animal Experimentation approved the animal study protocols, in accordance with the advice 

of the Central Committee on Animal Experimentation (20 januari 1997) and the Dutch Law on 

Animal Experimentation (art. 18a).

bioluminescence imaging

After MhV-EFLM injection (day 0), mice were imaged at day 2 and day 4 as described 

previously[14] with minor modifications. Briefly, mice were anaesthetized with isoflurane and 

subsequently injected with 100 μl of the FL substrate D-luciferin (Synchem Laborgemeinschaft 

OhG) dissolved in PBS (25 mg/kg). Mice were positioned to the ventral side in a specially 

designed box and placed onto the stage inside the light-tight photon imager (Biospace 

Laboratory). Five mice were imaged simultaneously exactly 5 min after the injection of 

D-luciferin. The bioluminescence signals were acquired with PhotoVision software (Biospace 

Laboratory) over a 10-min interval and are expressed as integrated light intensity (photons/

min). A low-intensity visible light image was generated and used to create overlay (heatmap) 

images for each individual animal.

tissue homogenization and isolation of total rna

Whole livers or left lungs were dissected from the mice. The tissues were processed in Lysing 

Matrix D tubes (MP Biomedical), containing 1 ml of PBS, using a FastPrep instrument (MP 

Biomedical). The tissues were homogenized at 3300× g for 40 sec and immediately placed 

on ice. Subsequently, the homogenates were centrifuged at 18600× g for 10 minutes at 4°C 

and supernatants were harvested and stored at −80°C. Total RNA was isolated from the 

homogenates using the TRIzol reagent (Invitrogen) according to manufacturer’s instructions.

Quantitative rt-pcr

Gene expression levels of IFN-α, IFN-β1, and TLR7 were measured by quantitative PCR using 

LightCycler 480 RNA Master hydrolysis Probes in combination with a LightCycler 480 system 

(both from Roche Applied Science), according to the manufacturer’s instructions. The 

housekeeping gene GAPDh was used as a reference in all experiments, and expression of this 

gene was found relatively constant among samples. The amounts of MhV RNA were determined 

by quantitative RT-PCR using primers and probe directed against the N gene of MhV-A59 [15]. 

For the influenza RNA quantification the primers mapping to the influenza A nucleoprotein (N) 

gene were used. Amplification and detection were performed with an ABI Prism 7700 system. 

Samples were controlled for the presence of possible inhibitors of the amplification reaction by 

internal control (murine encephalomyocarditis virus DNA).
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bronchoalveolar lavage analysis

Bronchoalveolar lavage (BAL) fluid was obtained by flushing the lungs two times with 1 ml PBS using 

a canula inserted into the trachea, yielding around 1.7 ml BAL fluid. Pelleted cells from BAL fluid were 

counted and cytospins were prepared and stained with May-Grunwald/Giemsa and neutrophils were 

scored on the basis of morphology (Dade Behring, Switzerland). BAL fluids were kept on ice or stored 

at −80°C until further processing. BAL fluid was centrifuged, and 20 μl of aliquot was used to determine 

the protein concentration with a BCA kit (Pierce) according to the manufacturer’s instructions.

cytokine analysis

To measure the interferon concentration in the sera, blood was sampled from naïve mice or 

four days after MhV infection or one hour after imiquimod treatment. Sera were separated 

by spinning the blood at 2300× g for 15 minutes at 4°C. For measurement of cytokines in BAL, 

samples were prepared by spinning 5 minutes at 530× g. IFN-α was measured with a mouse 

interferon alpha ELISA kit (PBL Interferon Source). For the IL-6, IL-8 and TNF-alpha measured 

by Mouse IL-6 Mni ELISA Development Kit, Murine KC (IL-8) ELISA Development Kit and Murine 

TNF-alpha Mini ELISA Development Kit (PeproTech) respectively. Experiments were done 

according to manufacturer’s instructions.

liver histopathology

Livers of MhV-infected mice were sampled, fixed in 4% neutral buffered formalin, and embedded 

in paraffin. Seven μm liver sections were stained with hematoxylin and eosin. Total liver sections 

were examined by light microscopy and foci of hepatocellular necrosis and inflammation were 

scored in a semi-quantitative manner.

reporter assays

hEK 293 T cells were transiently co-transfected with: human TLR7 (kindly provided by 

Rogier Sanders, AMC, Amsterdam, the Netherlands), and NF-κB-reporter or IFNα-reporter 

constructs, kindly provided by Dr Paul Moynagh (National University of Ireland). A chimeric 

construct containing the extra cellular region of human LAIR-1 (amino acids 1–160) fused with 

the transmembrane and intracellular rat CD200R (rCD200R) (amino acids 236–327) was cloned 

into pcDNA3.1/zeo (Invitrogen, Breda, the Netherlands). A tyrosine (Y) to phenylalanine (F) 

mutant of tyrosines 287, 290, and 298 in the intracellular rCD200R tail were generated with 

PCR-based mutagenesis. The mutant was cloned into the same vector and all sequences were 

confirmed by automated DNA sequencing. The LAIR-CD200R plasmid was co-transfected with 

the TLR7 and reporter constructs. Twenty-four hours after transfection cells were trypsinized 

and seeded in 48-well plates coated with 3 ug/ml anti-LAIR-1 monoclonal antibody (clone 8A8). 

Forty-eight hrs after transfection cells were stimulated with imiquimod 3 μg/ml (Invivogen) in 

PBS. On the next day, cells were lysed with Passive Lysis Buffer (Promega), luciferase activity was 

measured on a luminometer (Berthold technologies Centro LB 960), and data were analyzed 

with Microwin software. Total protein content was determined with a Pierce BCA Protein 

Assay (Thermo Scientific). All luciferase values were normalized to protein concentration. 

Alternatively, we used hEK 293 cells stably expressing human TLR7 (Invivogen).
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statistical analysis

Significance was calculated with Mann-Whitney test using GraphPad Prism software.

online supplemental material

Figure S1 shows BLI measurement in naïve mice and viral spread of MhV at day 2 after infection. 

Figure S2 depicts the quantification of lung pathology and differential cell count in the BAL fluid 

in influenza A virus infected mice. Figure S3 is a quantitative analysis of TLR7 mRNA in male and 

female mice.

r e s u lt s

cd200-deficiency and sex determine the outcome of mhv infection

To determine the role of CD200-CD200R signaling in CoV infection, we intraperitoneally 

inoculated male and female wild type (WT) and Cd200−/− mice with a recombinant MhV encoding 

luciferase (MhV-EFLM). We monitored viral spread using bioluminescence imaging (BLI) at day 

2 and 4 after infection [14, 16]. Interestingly, at both time points we observed a decreased viral 

spread in female WT mice when compared to males. Moreover, lack of CD200 resulted in a 

significantly lower level of viral replication in females (figure 1a,b and figure s1a,b,c). The viral 

RNA load in the livers at day 4 was assessed by quantitative PCR and confirmed the imaging 

results: WT female mice had significantly lower viral RNA levels than WT male mice (figure 1c). 

Again, CD200-deficiency greatly decreased virus load in female mice. This was confirmed in 

histological liver sections stained with a monoclonal antibody against MhV (data not shown). 

The number of focal lesions in the liver, typical for MhV was also lower in female mice and again 

CD200-deficiency had a significant effect on these lesions only in female mice (figure 1d, e).

Clearance of MhV critically depends on TLR7-mediated type I IFN production by 

hematopoietic cells [13, 17]. In WT mice, MhV infection resulted in detectable IFN-α production 

only in female mice (figure 2a). In Cd200−/− animals, all females and 2 out of 8 males produced 

detectable amounts of IFN-α and Cd200−/− female mice produced the highest amounts of 

IFN-α (figure 2a). IFN-α concentrations in serum inversely correlated with viral load at day 4 

(p = 0.04) (data not shown). Thus, the combination of female sex and CD200 deficiency results 

in increased type I IFN production and decreased viral load and pathology upon MhV infection.

enhanced tlr7 responses in female Cd200−/− mice

Sex differences in TLR7 responses have previously been reported for humans [18, 19]. Our 

observed sex difference in IFN-α production and viral clearance upon MhV infection in mice 

is likely due to a similar sex bias in TLR7 responses. We hypothesized that CD200R signaling 

suppresses TLR7 responses in WT mice. Release of this inhibition would further reveal the 

intrinsically higher TLR7 responses in females and result in more rapid viral clearance. To 

test this hypothesis, we first administered a TLR7 ligand in vivo. As described previously [20], 

intraperitoneal injection of a synthetic TLR7 ligand (imiquimod) leads to rapid release of type I 

IFN into the circulation. One-hour after injection we only detected significant amounts of IFN-α 

in the sera of female Cd200−/− mice, confirming the notion that CD200R inhibits the intrinsic 
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figure 1. CD200-deficiency and sex determine the outcome of MhV infection. A Male and female WT (open bars) 
and Cd2002/2 (gray bars) mice (n = 7 per group) were intraperitoneally inoculated with CoV (MhV-EFLM). At day 
4 after infection mice were injected intraperitoneally with luciferin and were subjected to BLI. Integrated light 
intensity is shown. Results are representative of three independent experiments. Uninfected mice did not give a BLI 
signal. B Quantification of the data in (A). C Four days after infection mice were sacrificed, RNA was isolated from 
livers and fold difference in viral RNA was measured by qRT-PCR. D Livers from mice 4 days post-infection were fixed 
and stained with hematoxylin and eosin. Cellular infiltration foci were quantified in the whole liver sections, (n = 7). 
In (B–D) mean 6 SEM is shown. Statistical significance was calculated with a Mann-Whitney test. ns = not significant. 
* = p,0.05. ** = p,0.01. *** = p,0.005. E Representative example of single foci from livers of mice 4 days after infection, 
(n = 7). Similar results were obtained in 3 independent experiments. doi:10.1371/journal.ppat.1002710.g001

potential for a higher TLR7 response in females (figure 2b). We sacrificed the mice at 24 hrs 

after ligand injection, at which time point no serum IFN-α was detectable (data not shown) but 

type I IFN mRNA could be detected in the livers of these mice. Again, females expressed more 

IFN-β mRNA than males, with CD200-deficient female mice displaying even more elevated 
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IFN-β mRNA levels (figure 2c). Thus, release of CD200-mediated inhibition leads to increased 

production of type I IFN in response to TLR7 ligands, particularly in female mice.

cd200r inhibits tlr7 signaling

We next tested whether CD200R-mediated signaling directly inhibits signals transduced via 

TLR7. We generated a chimeric construct containing a LAIR-1 receptor in which the intracellular 

tail was replaced by that of CD200R. This allows for efficient cross-linking using anti-LAIR-1 

antibodies to induce signaling via the CD200R cytoplasmic tail. We transfected hEK 293 cells 

with plasmids encoding a LAIR-1-CD200R chimeric receptor, human TLR7 and a luciferase 

reporter under control of a NF-κB driven promoter. Cross-linking of the chimeric receptor by 

anti-LAIR-1 antibody, but not by isotype-matched control antibody, resulted in robust inhibition 

of imiquimod-induced NF-κB activity (figure 3a). CD200R contains three intracellular tyrosine 

residues. A chimeric LAIR-1-CD200R protein in which all three tyrosines are mutated to 

figure 2. Enhanced type I interferon responses in female 
Cd2002/2 mice. An IFN-a concentrations in the sera of male 
and female WT (open bars) and Cd2002/2 (gray bars) mice 
were measured by ELISA. Naive mice (n = 4) and mice at 4 
days post-infection with coronavirus (MhV-EFLM) (n = 7) 
were used. B Male and female WT (open bars) and Cd2002/2 
(gray bars) mice were injected intraperitoneally with the 
TLR7 ligand imiquimod (50 mg/mouse). One-hour later 
sera were collected, and the concentrations of IFNa were 
measured by ELISA (n = 6). Dotted lines in (A,B) indicate 
the detection limit of the ELISA. C Male and female WT 
(open bars) and Cd2002/2 (gray bars) mice were injected 
intraperitoneally with the TLR7 ligand imiquimod (50 mg/
mouse). Twenty-four hours later livers were collected and 
IFNb expression was determined by qRT-PCR (n = 6). Mean 
6 SEM is shown. Statistical significance was calculated with 
Mann-Whitney test. ns = not significant. *=p, 0.05. ** = 
p,0.01. *** = p,0.005.doi:10.1371/journal.ppat.1002710.g002
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phenylalanine (FFF) did not suppress TLR7 responses upon cross-linking, indicating that the 

observed inhibitory effect is indeed dependent on CD200R-signaling (figure 3a). In a cell line 

with stable ectopic expression of TLR7 and transient expression of the NF-κB-reporter and the 

LAIR-1-CD200R constructs we also observed that TLR7 signaling was inhibited through CD200R-

mediated signaling. A similar effect was observed when luciferase expression was driven by an 

IFN-β promoter (figure 3b). Thus, the enhanced type I IFN production and viral clearance of 

MhV in female Cd200−/− mice can be explained by the release of CD200R-mediated inhibition 

of the intrinsically higher TLR7 responses in females.

sex-bias in viral clearance and pathology in influenza virus infected mice

A strong anti-viral response can also cause immune mediated pathology that can be 

detrimental to the host. We therefore moved to a virus infection model in which immune 

pathology is known to be important for clinical outcome. Upon intranasal infection with 

influenza A virus we again observed a sex bias in the viral load, measured in the lungs at day 8 

post infection (figure 4a). Female mice had lower viral loads compared to male mice, which 

was accompanied by enhanced IFN-α concentrations in the bronchoalveolar lavage (BAL) fluid 

(figure 4b). however, as opposed to MhV infection, CD200-deficiency did not enhance type I 

IFN production in influenza virus infection (figure 4b).

Confirming previous reports, we found a significantly enhanced body weight loss in 

female Cd200−/− mice compared to WT females (figure 4c) [11, 12].  Although male Cd200−/− 

mice lost more weight than WT males, the weight loss started later and the difference was 

figure 3. Stimulation of CD200R directly inhibits TLR mediated NFkB activity. A hEK 293 T cells were transiently 
transfected with TLR7, NFkB luciferase reporter and LAIR-1-CD200R chimera or signaling-defective LAIR-1-CD200R-
FFF constructs. Twenty-four hours later cells were stimulated with control or anti-LAIR-1 antibody. Forty-eight 
hours after transfection cells were stimulated with the TLR7 ligand imiquimod (3.0 mg/ml). Seventytwo hours after 
transfection cells were harvested, luciferase activity, and total protein content were determined. Protein normalized, 
luciferase activity from 3 independent experiments is shown. B hEK 293 T cells with stable expression of TLR7 were 
transiently transfected with a NF-kB luciferase reporter construct or an IFNb luciferase reporter construct and a 
LAIR-1-CD200R chimera. TLR7 stimulation and CD200R crosslinking was performed as in (A). Protein normalized 
with luciferase activity from 3 independent experiments is shown. Mean 6 SEM is shown. Statistical significance was 
calculated with Mann-Whitney test. ns = not significant. * = p,0.05. doi:10.1371/journal.ppat.1002710.g003
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not as prominent (figure 4d). This may indicate that lack of CD200 results in a more severe 

pathology in females. We observed an increased level of cellular infiltration in lung tissue of 

females (figure s2a). Therefore we determined lung cellular influx by differential cell count in 

BAL fluid (figure s2b–d). The total number of cells in BAL fluid was higher in all female groups 

but differences were not significant (figure s2b). The number of lymphocytes was increased in 

females of both genotypes (figure s2d). At day 4 after infection, the number of lymphocytes 

was increased in females of both WT and Cd200−/− groups. At day 8, the number of neutrophils 

in the BAL fluid was decreased in all groups, still the WT females displayed elevated numbers 

over males. Importantly, lack of CD200 resulted in significantly higher neutrophil counts in 

females but not in males (figure 4e). As an additional parameter of lung damage we measured 

the total protein content in the BAL fluid. Lack of CD200 resulted in increased protein levels in 

the BAL fluid of both males and females, especially at day 8 after infection (figure 4f). Overall 

these data indicate that female mice experience increased lung pathology upon influenza A 

virus infection, which is aggravated by the lack of the CD200R-regulatory pathway.

In agreement with the increased neutrophil counts we measured elevated levels of KC (IL-8) 

in the BAL fluid (figure 4g). IL-6 concentrations were increased in all females at 4 and 8 days 

after infection, which was further enhanced by the lack of CD200 only at day 4 (figure 4h). 

TNF-α was hardly detectable, but significantly increased levels were measured in Cd200−/− 

female mice at day 4 after infection (figure 4I).

Thus, from two different viral infection models we can conclude that sex has a profound effect 

on type I IFN production and viral clearance. This study is the first to report a significantly enhanced 

viral clearance in female mice due to a sex bias in TLR7 responses. Sex differences in TLR7 induced 

type I IFN production have previously been reported for humans [18, 19] and our data show that 

in mice this has a strong impact on the course of a viral infection. The mechanism for this is not 

understood. On the one hand, incomplete inactivation of the Tlr7 gene, on the X chromosome, 

resulting in higher TLR7 expression in females has been proposed [21, 22]. In our experiments, TLR7 

mRNA expression was equal in male and female mice (figure s3). This is consistent with a prior 

report in which no evidence for escape from X-inactivation of the Tlr7 gene in humans was found 

[18]. There are conflicting reports concerning the influence of sex hormones on TLR7 responses 

[18, 19]. Alternatively, sex-dependent epigenetic mechanisms may contribute [18].

d I s c u s s I o n

We demonstrate direct inhibition of TLR7 signaling through CD200R. Previously, CD200R-

mediated inhibition of LPS-induced cytokine production was reported [5, 23, 24]. This suggests 

that CD200R affects proximal events in the TLR signaling pathway. CD200R is a unique 

inhibitory receptor, since its intracellular tail does not contain ITIMs. CD200R does contain 

three intracellular tyrosine residues. Mutation of all three tyrosine completely abrogates its 

inhibitory function [25]. The most distal tyrosine is located in an NPXY motif, to which the 

adaptor molecule Dok2 is recruited [26]. Dok 2 activates RasGAP and knockdown of these 

proteins diminishes the inhibitory action of CD200R [5]. however, the down-stream targets for 

CD200R mediated inhibition are not yet identified.
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figure 4. CD200-deficiency and sex determine the outcome of influenza A virus infection. Naive or influenza 
A virus-infected mice were sampled at indicated time points. a relative amounts of viral RNA in the lungs were 
determined by qRT-PCR. b IFNa concentration in the BAL fluid was determined by ELISA. The dotted line indicates 
the detection limit. c, d Body weight of infected female (C) and male (D) Cd2002/2 mice (filled symbols) and WT 
mice (open symbols) as percentage of the weight at day of infection. e Quantification of neutrophil numbers in BAL 
fluid by differential cell count. f Quantification of the total protein content in BAL fluid. Concentrations of KC (IL-8) 
(G), IL-6 (h) and TNFa (I) in the BAL fluid were measured by ELISA. In all panels mean 6 SEM is shown, statistical 
significance was calculated with Mann-Whitney test. * = p,0.05, ** = p,0.01. doi:10.1371/journal.ppat.1002710.g004
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Upon influenza A virus infection, CD200-deficiency strongly enhances neutrophil influx 

into the lungs of female mice possibly leading to pathology, but it does not affect viral 

clearance and type I IFN production. This implies that, for influenza virus, the sex-biased type 

I IFN production and viral clearance are not regulated by CD200R, while the events leading to 

increased neutrophil recruitment and lung pathology are. Neutrophil responses to influenza 

virus infection were shown to be dependent on TLR7 [27]. Since neutrophils express CD200R, 

the strongly increased neutrophil influx in female Cd200−/− mice is in line with our finding that 

CD200R inhibits sex-biased TLR7 responses. In contrast to MhV infection, clearance of influenza 

A virus is not dependent on plasmacytoid dendritic cells [28]. Although influenza RNA triggers 

TLR7 [29], the main source of type I IFN is the infected respiratory epithelium [30]. These cells 

do not express CD200R and hence are not influenced by CD200-deficiency, explaining the lack 

of effect of CD200-deficiency on type I IFN production.

There is emerging evidence that tumor cells employ immunological checkpoints for their 

benefit. As a result of this, inhibitory immune pathways have become therapeutic targets to 

strengthen anti-tumor responses and develop (adjuvant) therapeutic strategies in cancer 

treatment. The successful application of anti-CTLA4 (Cytotoxic T-Lymphocyte Antigen 4) 

in melanoma is followed up with blocking agents for other checkpoints, among which the 

CD200-CD200R immune inhibitory pathway. Strong evidence for a role for CD200 in tumor 

progression comes from studies in patients. Expression of CD200 is an independent prognostic 

factor for multiple myeloma and acute myeloid leukemia predicting worse overall survival of 

these patients [31, 32]. A clinical trial with a blocking anti-CD200 antibody aims to enhance 

anti-tumor responses towards CD200-expressing malignancies (ClinicalTrials.gov Identifier: 

NCT00648739). On the basis of our data, one of the predicted side effects would be severe 

immune pathology to infections.

Our finding that the combination of lack of CD200R signaling and female sex has such a 

profound impact on the control of virus infection as well as on immune pathology raises some 

important issues. We are the first to demonstrate a strong sex bias in type I IFN production and 

viral clearance in mice utilizing two different models of virus infection. This is of importance 

for scientists studying these widely used models and may result in a completely different 

interpretation of data obtained, depending on the sex of the mice used. Moreover, sex biased 

clinical responses to virus infections have been reported in humans [33]. For influenza A virus 

(h5N1) a significantly enhanced case-fatality rate was found in women [34]. In agreement with 

these findings we now show increased lung damage, enhanced neutrophil influx and elevated 

IL-8, IL-6 levels in BAL fluid of female mice upon influenza A virus infection. A few reports 

discuss the possibility of a sex bias in severity of SARS-CoV infection [35, 36]. Also for hIV-1 

infection, sex-related differences have been well-established [37, 38]. Our results underscore 

the importance of the issue of sex bias in scientific research, clinical trails, and vaccine studies, 

previously raised by others [21, 39]. Particularly, CD200 blocking antibodies are currently 

entering clinical trials for cancer treatment. Our data point to a possible pathological outcome 

of e.g. influenza virus infection in women as a result of CD200 blocking therapies.

56



C
D

20
0

 REC
EPTO

R C
O

N
TRO

LS SEX-SPEC
IFIC

 TLR7 RESPO
N

SES TO
 V

IR
A

L IN
FEC

TIO
N

3

ac k n o w l e d g m e n t s

We thank hans Clevers, Lewis Lanier, Louis Bont, José Borghans and Erik hack for critical 

discussions and review of versions of the manuscript. We also thank Eva Rijkers, Rogier Sanders 

and Paul Moynagh for providing plasmids, Guus Rimmelzwaan for influenza A virus, Julia 

Drylewicz for advice on statistics and Alan Rigter, Robert de Vries and Marco Viveen for their 

technical assistance.

a u t h o r  c o n t r I b u t I o n s

Conceived and designed the experiments: GK TPR MR PJMR CAMh LM. Performed the 

experiments: GK TPR MR GCMG FEC. Analyzed the data: GK TPR MR PJMR CAMh LM. Contributed 

reagents/materials/analysis tools: MER FEC. Wrote the paper: GK TPR MR CAMh LM

r e f e r e n c e s

1 Gorczynski, R.M., CD200 and its receptors 
as targets for immunoregulation. Curr.Opin.
Investig.Drugs, 2005. 6(5): p. 483-488.

2 Preston, S., et al., The leukocyte/neuron cell surface 
antigen OX2 binds to a ligand on macrophages. 
Eur.J.Immmunol., 1997. 27: p. 1911-1918.

3 Wright, G.J., et al., Characterization of the CD200 
receptor family in mice and humans and their 
interactions with CD200. J.Immunol., 2003. 171: p. 
3034-3046.

4 Rijkers, E.S.K., et al., The inhibitory CD200R is 
differentially expressed on human and mouse T and 
B lymphocytes. Mol Immunol., 2008. 45: p. 1126-1135.

5 Mihrshahi, R., A.N. Barclay, and M.h. Brown, 
Essential roles for Dok2 and RasGAP in CD200 
receptor-mediated regulation of human myeloid 
cells. J.Immunol., 2009. 183(8): p. 4879-4886.

6 Barclay, A.N., et al., CD200 and membrane protein 
interactions in the control of myeloid cells. Trends 
Immunol., 2002. 23: p. 285-290.

7 hatherley, D., et al., Recombinant CD200 protein 
does not bind activating proteins closely related to 
CD200 receptor. J.Immunol., 2005. 175: p. 2469-2474.

8 hoek, R.M., et al., Down-regulation of the 
macrophage lineage through interaction with 
OX2 (CD200). Science, 2000. 290: p. 1768-1771.

9 Mukhopadhyay, S., et al., Immune inhibitory 
ligand CD200 induction by TLRs and NLRs limits 
macrophage activation to protect the host from 
meningococcal septicemia. Cell host.Microbe, 
2010. 8(3): p. 236-247.

10 Snelgrove, R.J., et al., A critical function for CD200 
in lung immune homeostasis and the severity of 

influenza infection. Nat.Immunol., 2008. 9(9): p. 
1074-1083.

11 Rygiel, T.P., et al., Lack of CD200 enhances 
pathological T cell responses during influenza 
infection. J.Immunol., 2009. 183(3): p. 1990-1996.

12 Cervantes-Barragan, L., et al., Control of 
coronavirus infection through plasmacytoid 
dendritic-cell-derived type I interferon. Blood, 
2007. 109(3): p. 1131-7.

13 Lang, P.A., et al., Hematopoietic cell-derived 
interferon controls viral replication and virus-
induced disease. Blood, 2009. 113(5): p. 1045-1052.

14 Raaben, M., et al., Non-invasive imaging of 
mouse hepatitis coronavirus infection reveals 
determinants of viral replication and spread in 
vivo. Cell Microbiol., 2009. 11: p. 825-841.

15 Raaben, M., et al., Cyclooxygenase activity is 
important for efficient replication of mouse 
hepatitis virus at an early stage of infection. 
Virol.J., 2007. 4: p. 55.

16 Raaben, M., et al., The proteasome inhibitor 
Velcade enhances rather than reduces disease 
in mouse hepatitis coronavirus-infected mice. 
J.Virol., 2010. 84(15): p. 7880-7885.

17 Cervantes-Barragan, L., et al., Control of 
coronavirus infection through plasmacytoid 
dendritic-cell-derived type I interferon. Blood, 
2007. 109(3): p. 1131-1137.

18 Berghofer, B., et al., TLR7 ligands induce higher 
IFN-alpha production in females. J.Immunol., 
2006. 177(4): p. 2088-2096.

19 Meier, A., et al., Sex differences in the Toll-like 
receptor-mediated response of plasmacytoid 

57



C
D

20
0

 REC
EPTO

R C
O

N
TRO

LS SEX-SPEC
IFIC

 TLR7 RESPO
N

SES TO
 V

IR
A

L IN
FEC

TIO
N

3

dendritic cells to HIV-1. Nat.Med., 2009. 15(8): p. 
955-959.

20 hemmi, h., et al., Small anti-viral compounds 
activate immune cells via the TLR7 MyD88-
dependent signaling pathway. Nat.Immunol., 
2002. 3(2): p. 196-200.

21 Klein, S.L., A. Jedlicka, and A. Pekosz, The Xs and 
Y of immune responses to viral vaccines. Lancet 
Infect.Dis., 2010. 10(5): p. 338-349.

22 Carrel, L. and h.F. Willard, X-inactivation profile 
reveals extensive variability in X-linked gene 
expression in females. Nature, 2005. 434(7031): p. 
400-404.

23 Boudakov, I., et al., Mice lacking CD200R1 show 
absence of suppression of lipopolysaccharide-
induced tumor necrosis factor-alpha and 
mixed leukocyte culture responses by CD200. 
Transplantation, 2007. 84(2): p. 251-257.

24 Costello, D.A., et al., Long Term Potentiation Is 
Impaired in Membrane Glycoprotein CD200-
deficient Mice: A ROLE FOR Toll-LIKE RECEPTOR 
ACTIVATION. J.Biol.Chem., 2011. 286(40): p. 34722-
34732.

25 Zhang, S. and J.h. Phillips, Identification of 
tyrosine residues crucial for CD200R-mediated 
inhibition of mast cell activation. Journal of 
Leukocyte Biology, 2006. 79: p. 363-368.

26 Zhang, S., et al., Molecular mechanisms of CD200 
inhibition of mast cell activation. Journal of 
Immunology, 2004. 173(11): p. 6786-6793.

27 Wang, J.P., et al., Toll-like receptor-mediated 
activation of neutrophils by influenza A virus. 
Blood, 2008. 112(5): p. 2028-2034.

28 GeurtsvanKessel, C.h., et al., Clearance of 
influenza virus from the lung depends on migratory 

langerin+CD11b- but not plasmacytoid dendritic 
cells. J.Exp.Med., 2008. 205(7): p. 1621-1634.

29 Diebold, S.S., et al., Innate Antiviral Responses by 
Means of TLR7-Mediated Recognition of Single-
Stranded RNA. Science, 2004. 303: p. 1529-1531.

30 Jewell, N.A., et al., Differential type I interferon 
induction by respiratory syncytial virus and influenza 
a virus in vivo. J.Virol., 2007. 81(18): p. 9790-9800.

31 Tonks, A., et al., CD200 as a prognostic factor in acute 
myeloid leukaemia. Leukemia, 2007. 21: p. 566-568.

32 Moreaux, J., et al., CD200 is a new prognostic factor 
in multiple myeloma. Blood, 2006. 108(13): p. 4194-7.

33 Klein, S.L., et al., The impact of sex, gender and 
pregnancy on 2009 H1N1 disease. Biol.Sex Differ., 
2010. 1(1): p. 5.

34 Kayali, G., et al., The epidemiological and 
molecular aspects of influenza H5N1 viruses at the 
human-animal interface in Egypt. PLoS.One., 2011. 
6(3): p. e17730.

35 Leong, h.N., et al., SARS in Singapore--predictors 
of disease severity. Ann.Acad.Med.Singapore, 
2006. 35(5): p. 326-331.

36 Karlberg, J., D.S. Chong, and W.Y. Lai, Do 
men have a higher case fatality rate of severe 
acute respiratory syndrome than women do? 
Am.J.Epidemiol., 2004. 159(3): p. 229-231.

37 Fish, E.N., The X-files in immunity: sex-based 
differences predispose immune responses. Nat.
Rev.Immunol., 2008. 8(9): p. 737-744.

38 Farzadegan, h., et al., Sex differences in HIV-1 
viral load and progression to AIDS. Lancet, 1998. 
352(9139): p. 1510-1514.

39 Kim, A.M., C.M. Tingen, and T.K. Woodruff, Sex 
bias in trials and treatment must end. Nature, 
2010. 465(7299): p. 688-689.

58



C
D

20
0

 REC
EPTO

R C
O

N
TRO

LS SEX-SPEC
IFIC

 TLR7 RESPO
N

SES TO
 V

IR
A

L IN
FEC

TIO
N

3

figure s1. CD200-deficiency and sex determine the outcome of MhV infection. (a) Uninfected WT and Cd200-/- 
mice were injected intraperitoneally with luciferin and were subjected to bioluminescence imaging (BLI). 
Presented pictures are integrated images of normal light picture and luciferase signal. (b) At day 2 after infection 
with CoV (MhV-EFLM) mice were injected intraperitoneally with luciferin and were subjected to BLI. Integrated 
light intensity is shown. Results are representative of three independent experiments. (c) Quantification of the 
data in (B). Mean ± SEM is shown.

s u p p l e m e n ta ry  data
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figure s2. Sex determines lung pathology and cellular infiltration after influenza infection. (a) At day 8 after 
influenza infection lungs were sampled and h&E stained. The nuclear lung surface area was used as a benchmark 
of the inflammatory response, its color range selections were measured thrice. The relative nuclear surface 
area (nuclear surface area / lung surface area * 100) of the lung sections was used as a measure of the tissue 
response to exposure to the influenza virus (b) Total cell count in BAL fluid. Quantification of monocyte (c) 
and lymphocyte (d) numbers in BAL fluid by differential cell count. In all panels mean ± SEM is shown, statistical 
significance was calculated with Mann-Whitney test. * = p<0.05, ** = p< 0.01.
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figure s3. No sex difference in expression of TLR7 mRNA. Four days after MhV injection mice were sacrificed, 
RNA was isolated from livers and TLR7 mRNA expression was quantified by qPCR in male and female WT and 
Cd200-/- mice. Mean ± SEM is shown.
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a b s t r ac t

Respiratory syncytial virus (RSV) is one of the most important reasons for hospitalization 

due to lower respiratory tract infection in early childhood worldwide. Severe RSV infection 

requiring respiratory support is accompanied by a robust inflammatory response resulting 

in an increased cellular influx of mainly neutrophils, in the airways. Little is known about the 

function of inhibitory receptors on neutrophils in the immunopathology and severity of RSV 

bronchiolitis. Leukocyte-associated immunoglobulin-like receptor 1 (LAIR-1) is an inhibitory 

collagen receptor expressed on immune cells. here, we report high expression of LAIR-1 on 

neutrophils in airways of RSV infected mechanically ventilated infants, while peripheral blood 

neutrophils remained negative for LAIR-1. We further studied the role of LAIR-1 in controlling 

RSV-induced pathology in a mouse model of RSV-infection. We found that RSV infected mice 

treated with LAIR-1-Fc fusion protein, essentially blocking LAIR-1 signalling, have an enhanced 

pulmonary cellular influx comprising of neutrophils and lymphocytes. In addition, upon 

challenging LAIR-1 deficient mice with RSV, increased numbers of neutrophils and lymphocytes 

were found in the bronchoalveolar lavage (BAL). hence, our data suggest a pivotal role for 

LAIR-1 in controlling the immune pathology during RSV infection. 

64



LA
IR-1 IN

 Th
E REG

U
LA

TIO
N

 O
F LU

N
G

 IM
M

U
N

E RESPO
N

SES D
U

RIN
G

 RSV
 IN

FEC
TIO

N
 

4

I n t r o d u c t I o n

Respiratory syncytial virus (RSV) is the most common cause of seasonal acute respiratory tract 

illness of all ages [1, 2]. In the Northern hemisphere, RSV outbreaks usually occur from November 

to April. Clinical manifestations vary with age; adults and older children typically have upper 

respiratory tract symptoms (cough, coryza, rhinorrhoea and conjunctivitis) whereas infants, 

the elderly and immunocompromized patients suffer from (more severe) lower respiratory tract 

infections like bronchiolitis and pneumonia. RSV pathogenesis is incompletely understood. RSV 

infection or uptake by respiratory epithelial cells and resident macrophages results in expression or 

up-regulation of so-called pattern recognition receptors. Subsequently, binding of virus particles 

to these pattern recognition receptors (including Toll-like receptor (TLR-3, TLR-4, TLR-7 and 

TLR-9) will lead to receptor mediated signalling. This results in distinct cytokine and chemokine 

release with subsequent recruitment of inflammatory cells, predominantly neutrophils [3].

Although numerous medical therapies for (life-threatening) RSV disease have been 

suggested, the mainstay of therapy is still primarily supportive. In addition, vaccination has 

been ineffective for RSV, which is complicated by the rapid evolution of the genome, which can 

cause drug resistance [4, 5]. Therefore novel disease intervention strategies are mandatory, 

and an important first step is to increase our understanding of the virus-host crossing point.

Cells of the immune system have both activating and inhibitory receptors which can transmit 

positive and negative signals to the cells. They provide the host with fine-tuned immune responses 

that ensure control or clearance of pathogens, without excessive immune-mediated damage. 

Leukocyte-associated immunoglobulin-like receptor-1 (LAIR-1) is a member of the inhibitory 

receptor family which is expressed on approximately all immune cells including NK cells, T cells, B 

cells and monocytes, monocyte derived dendritic cells, eosinophils, basophils and mast cells [6-8]. 

Interestingly, LAIR-1 is known not to be expressed on circulating neutrophils in healthy donors, but 

can be rapidly induced upon their activation in vitro [9]. Collagens are the most abundant proteins in 

the body and together with proteins containing collagen-like domains act as ligands for LAIR-1 and its 

soluble family member LAIR-2 [10-12]. Ligation of collagens with LAIR-1 generates an inhibitory signal. 

LAIR-1 is a classical immune inhibitory receptor which contains two Immune Receptor Tyrosine-based 

Inhibition Motifs (ITIM) in its intracellular tail [13, 14]. Phosphorylation of the tyrosines in the ITIMs is 

the fundamental signalling event for the function of these receptors [15, 16]. Cross-linking of LAIR-1 in 

vitro provides a powerful inhibitory signal that is capable of supressing in vitro actions of NK cells, T 

cells, B cells and mast cells [17]. The biological role of LAIR-1 in vivo is as of yet unclear. 

Inhibitory immune receptors such as CD200R have been implicated in the control of 

immune pathology of viral infection and bacterial infections [18, 19]. Little is known about the 

function of inhibitory receptors on neutrophils, which are thought to play an essential role 

in the immunopathology and the severity of RSV infection. here, we investigated the role of 

LAIR-1 in the context of RSV infection. 

m at e r I a l s  a n d  m e t h o d s

The human study was approved by the Medical Ethical Committee of the University Medical 

Center Utrecht, the Netherlands. In addition, all parents provided written, informed consent. The 
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experimental studies were both approved by the animal care and use committee of the University 

Medical Center Utrecht, the Netherlands. All procedures were carried out in compliance with 

national and international standards for human care and use of laboratory animals.

patients and sample processing

Nine previously healthy infants aged younger than 1 year who were mechanically ventilated for 

a severe proven RSV lower respiratory tract infection requiring mechanical ventilation were 

included. Matched peripheral blood and non-bronchoscopic bronchoalveolar lavage (BAL) 

samples (endotracheal tube instillation and re-aspiration of 3mL normal saline) were taken 

within 24 hours after admission to the Pediatric Intensive Care Unit. Red blood celll lysis was 

performed in obtained blood samples by BD FACS lysing solution (BD Biosciences, San Jose, 

CA, USA). Blood samples were further processed and analysed within 6 hours. BAL samples 

were suspended in saline and filtered using 70μm filters. 

animal experimental design

In the first experimental model, female wild type (WT) BALB/c mice (n=36) (Charles River Laboratories, 

the Netherlands), aged 8 to 12 weeks, were injected intraperitoneally (ip) with either 100ug of 

mLAIR-1-Fc or PBS (in 100ul) one day before and 2 days after infection with RSV. Recombinant mouse 

LAIR-1 fused with mouse IgG2a with mutations in the intracellular tail to prevent binding to Fc and 

complement was produced as described [20,]. RSV preparation as well as method of infection was 

also performed as described previously [21]. In short, on day 0 all mice were anesthetized with 

isoflurane and infected intranasally with either low dose (2x106 pfu) or high dose (10x106 pfu) RSV in 

50 ul phosphate buffered saline (PBS). Animals were monitored and weighed daily to follow disease 

course. On day 5 post infection, mice were euthanized by ip pentobarbital injection.

In the second experimental model, 8-12 week old LAIR-1 knock-out mice (LAIR-/-) on a 

C57BL/6j background and their wild type litter mates (bred at the Utrecht University Central 

Animal Laboratory) were infected on day 0 with either low or high dose RSV as described above. 

Animals (n=32) were monitored and weighed daily to follow disease. On day 2 or 5 post infection, 

mice were euthanized by ip pentobarbital. After sacrifice, all mice were tracheotomized and 

bronchoalveolar lavage (BAL) fluid was obtained by flushing the lungs three times with 700μl of 

PBS, yielding around 1.5 ml of BAL fluid. BAL fluids were kept on ice until further processing [21].

measurements

human BAL and blood samples were stained with CD14-APC-Cy7 (BD Biosciences), CD16-

Pacific Blue (BD Biosciences) and LAIR-1-PE (BD Biosciences) antibodies. Mouse IgG1k-PE (BD 

Biosciences) antibodies were used as isotype controls. Cells were analysed using a LSRII flow 

cytometer (BD Biosciences). Cell sorting from BAL samples was done using a FACS Aria cell 

sorter (BD Biosciences). Monocytes and granulocytes were gated based on their forward- and 

side-scatter characteristics, and neutrophils were further defined as CD14 negative and CD16 

high positive. Data were analysed using FACSDiva (BD Biosciences) software.

Mouse BAL fluids were centrifuged and cells were resuspended in 200 μL of phosphate-

buffered saline and counted using a hemocytometer. An aliquot of 2 × 105 cells/200 μL was 
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centrifuged onto glass slides using cytospin (Thermo Electron), and BAL cells were counted 

using direct microscopic observation after staining by May-Grünwald (Merck, Darmstadt, 

Germany) and Giemsa (J.T. Baker, Deventer, The Netherlands). The remaining aliquots of AL 

supernatant were stored at -80 until further analysis.

statistical analyses

human blood and BAL data were analysed using a paired-samples t-test. All mouse data are 

expressed as median (± interquartile range). To detect differences between groups the Mann-

Whitney U test was used and a p-value of less than 0.05 was considered statistically significant. 

Statistical analyses were carried out using GraphPad PRISM 6.2 (La Jolla, United States of America). 

r e s u lt s

laIr-1 is expressed on human bal but not peripheral blood cells during severe rsv infection 

To study LAIR-1 expression on myeloid cells in the lung we studied previously healthy infants 

hospitalized with a severe RSV lower respiratory tract infection, requiring invasive mechanical 

ventilation. This is a homogenous patient population without co-morbidity. Neutrophils, as 

defined by scatter characteristics and as CD14- and CD16 high cells, were FACS sorted from 

both blood and BAL. Sorted CD14- CD16hi cells were mature polymorph nuclear neutrophils, 

as evident from cytospins (Fig 1a). A high surface expression of LAIR-1 on BAL neutrophils was 

observed, whereas circulating blood neutrophils were completely devoid of LAIR-1 expression 

on their surface (Fig 1b-c). 

laIr-1 blockade with laIr-1-fc fusion protein exacerbates airway inflammation  

during rsv infection

The observed high surface expression of LAIR-1 on neutrophils in lungs of infants with a 

severe RSV infection may point to a possible role for this receptor in lung immune response 

regulation. To test the relevance of LAIR-1 expression on neutrophils, we blocked LAIR-1 

binding to its ligands by treating RSV-infected WT BALB/c mice with LAIR-1-Fc protein. On 

day 5 after infection, body weight (Fig 2a) did not differ between treated and untreated mice. 

When analysing lung cellularity in LAIR-1-Fc treated and untreated mice, blocking LAIR-1 

with LAIR-1-Fc resulted in strikingly higher numbers of BAL total cell count (fig 2b) especially 

neutrophils in both low (2x106 pfu) and high (10x106 pfu) dose infected mice as compared to 

untreated and mock infected mice (Fig. 2c). Since LAIR expression is not only confined to 

neutrophils, we wanted to delineate which other cell types are effected by LAIR blocking. A 

strong RSV-dose dependent increased influx of lymphocytes into the lungs of LAIR-1-Fc treated 

mice was observed compared to the untreated RSV infected mice (Fig 2d). Monocyte numbers 

did not differ between treated and non-treated animals (Fig 2e).

absence of laIr-1 aggravates lung cellular influx upon rsv infection 

Next, we studied the immune response to RSV infection in a mouse model in the absence of LAIR-1. 

On day 2 and 5 after infection bodyweight did not differ between Lair-1-/- mice and WT controls 
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figure1. LAIR-1 expression on human infant blood and BAL fluid in RSV infection. Matched peripheral blood 
and non-bronchoscopic BAL samples were taken from 9 infants with a proven RSV infection requiring invasive 
mechanical ventilation within 24 hours after admission to the Pediatric Intensive Care Unit. Neutrophils were 
selected based on forward and side scatter characteristics and further defined as CD14- and CD16hi. Sorting of 
these CD16hi cells showed that 99% were mature polymorphonuclear neutrophils. Sorting of a representative BAL 
sample is shown. For blood samples, gating was comparable. A representative histogram of LAIR-1 expression on 
neutrophils (black line) compared with isotype control (grey line) of both blood and BAL neutrophils. Neutrophil 
expression of LAIR-1 in paired blood and BAL samples (p<0.001, paired-samples t-test).

for either high or low dose RSV infection (Fig 3a). however, CT-values of Lair-1-/- mice were 

lower compared to their WT controls on day 2, indicating higher viral loads (Fig 3b). BAL protein 

concentrations did not differ between Lair-1-/- and WT mice (Fig 3c). Similar to the experiment 

with LAIR-1-Fc blocking, Lair-1-/-- mice showed increased BAL cellular responses compared to 
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figure 2. LAIR-1 blockade with Fc-fusion protein enhances airway inflammation during RSV infection. Eight to 
twelve week old BALB/c mice were infected intranasally with low (2x106 pfu) or high dose RSV (10x106 pfu) in 50ul PBS 
and sacrificed on day 2 or 5. One day before infection and 3 days after infection mice were treated intraperitoneally 
with 100 ug LAIR-1-Fc fusion protein. Bodyweight progression depicted as a percentage of the weight at day of 
infection to E) Median and interquartile range of BAL cellular responses.* p < .05 (Man-Whitney U test). 
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figure 3. RSV infection causes increased cellular infiltration in the absence of LAIR-1. Eight to twelve week old 
female C57BL/6j Lair-1-/- and wild type mice (n=4/group) were infected intranasally with low (2x106 pfu) or high 
dose RSV (10x106 pfu) in 50 ul PBS and sacrificed on day 2 or 5. Average bodyweight depicted as a percentage of 
the weight at day of infection. Median and interquartile range of bronchoalveolar lavage (BAL) amounts of viral 
RNA in the lungs as determined by qRT-PCR. Median and interquartile range of BAL fluid total protein content. to 
G) Median and interquartile range of BAL cellular responses. * p < .05, ** p < .01, *** p < .001 (Man-Whitney U test).

70



LA
IR-1 IN

 Th
E REG

U
LA

TIO
N

 O
F LU

N
G

 IM
M

U
N

E RESPO
N

SES D
U

RIN
G

 RSV
 IN

FEC
TIO

N
 

4

the WT mice but only after high dose RSV infection (Fig 3d). This increased cellular response was 

predominantly comprised of neutrophils on day 2 (Fig 3e), whereas lymphocytes were enhanced 

on both days (Fig 3f) and only monocytes on day 2 (Fig 3g). The effect of the lack of LAIR-1 on 

the number of infiltrating neutrophils and lymphocytes was evident only at the high dose of RSV.

d I s c u s s I o n

In the present study, we show the importance of the immune inhibitory receptor LAIR-1 in 

regulating lung immune dynamics during RSV infection. In infants with severe RSV bronchiolitis, 

we observed consistently higher LAIR-1 surface expression on BAL neutrophils compared 

to their circulating neutrophil counterparts. To test the relevance of LAIR-1 expression on 

neutrophils, we blocked LAIR-1 by treating mice with LAIR-1-Fc protein. We show that lungs 

of LAIR-Fc treated mice are infiltrated with higher numbers of lymphocytes and neutrophils 

compared to PBS treated control mice. In addition, RSV infection in Lair-1-/- mice results in 

a significant increase in neutrophil infiltration in the Lair-1-/- mice on day 2 after infection as 

compared to their wild type counterparts. Taken together, these data suggest an important 

and previously unexplored role for LAIR-1 in regulating neutrophils in RSV infection.

Immune inhibitory receptors are essential for the immune system during inflammation 

and help the immune system to move from uncontrolled circumstances to the controlled 

condition that returns the system to homeostasis. The results from our experiments showing 

that LAIR-1 plays a pivotal role in immune responses to infection, corroborates with existing 

literature. Several studies have demonstrated an essential role for immune inhibitory receptors 

in providing immune control during infection. We and others have shown that Cd200-/- mice 

develop disease and lose body weight upon influenza infection, which is solely dependent on 

T cells [23]. Similarly, Snelgrove et al showed that mice treated with CD200-Fc, which induces 

CD200R-mediated inhibition, showed diminished immune responses towards influenza 

infection [24]. Recent workly we demonstrated that CD200R controls both benificial and 

detrimental immune responses , depending on the virus [18, 25] . 

Our current data support a model in which LAIR-1 signalling plays a major role in maintaining 

the accurate balance throughout the antiviral immune response. Previously, we have 

demonstrated that the expression of LAIR-1 is regulated during neutrophil differentiation: LAIR-1 

is expressed on immature neutrophils, whereas peripheral blood neutrophils have absent or very 

low cell-surface LAIR-1 expression. In addition, we have shown that activation of neutrophils by 

cytokine stimulation results in enhanced LAIR-1 expression [9]. In the current study we show for 

the first time that neutrophils express LAIR-1 upon activation and/or migration to the lungs in 

RSV-infection. Furthermore, blocking or genetic ablation of LAIR-1 results in enhanced cellular 

influx in BAL-fluid. We speculate that Lair-1-/- immune cells migrate freely from bloodstream to 

the site of infection resulting in enhanced BAL influx. however cells expressing LAIR-1 on their 

surface may adhere to tissue collagens, slowing down migration with subsequent less cells in the 

BAL fluid. This study emphasizes the role of LAIR-1 during RSV-infection in controlling migration 

and activation of not only neutrophils but also lymphocytes and monocytes upon entering the 

tissue. Further studies are needed to elucidate the role of LAIR-1 in controlling immune cell 

migration and activation in other infections or immunological hits. 
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We performed our LAIR-1-/- experiments with mice on a C57BL/6j background. C57BL/6 mice 

are known to be quite resistant to RSV infection and do not show a similar massive neutrophil 

infiltration as humans. Therefore, they may be less suitable as a mouse model for studying 

RSV infection. however, we did observe a significant increase in neutrophils infiltration in 

the Lair-1-/- on day 2 after infection. BALB/c mice are more susceptible to RSV [26, 27]. In these 

mice we used different doses of LAIR-1-Fc fusion protein and infected the mice with RSV. The 

observed discrepancy in neutrophil influx timing between mice treated with LAIR Fc protein and 

mice genetically deficient for LAIR expression is most probably due to their respective genetic 

backgrounds. Although infected WT and LAIR-1 deficient mice did not show any difference in 

disease symptoms such as body weight loss, a strong difference in lung cellularity was observed 

between these two mice suggesting adequate infection and subsequent relevance.

In summary, we have convincingly shown that by manipulating LAIR-1 expression either by 

blocking or by genetic ablation that LAIR-1 has a very prominent role in controlling cellular flux 

into lungs during RSV infection and hereby contributes to lung immune homeostasis. Given 

the high incidence of RSV infection during infancy and the absence of any effective treatment, 

it is important to study its pathogenesis in order to intervene therapeutically. The immune 

inhibitory receptor LAIR-1 might serve as an attractive target to restore the immune balance 

and is an interesting topic for future studies concerning immunotherapeutic interventions. 
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a b s t r ac t

Immune inhibitory receptors play an essential role in enforcing tolerance by managing 

various aspects of host defense mechanisms. Many of the host and microbe immune-survival 

strategies turn out to be cellular intelligence versus invader intelligence. Balancing negative 

and positive signals is essential in limiting the damage caused by microbial infection on one 

hand, and inflammation on the other hand. Activating receptors are primed by conserved 

microbial patterns and through a cascade of reactions may lead to severe inflammation and 

eventually to pathology. Inhibitory receptors provide an indispensable help in fine tuning the 

exaggerated cellular responses in order to establish homeostasis. Most inhibitory receptors 

accomplish this by recruiting phosphatases through their cytoplasmic immunoreceptor 

tyrosine-based inhibition motif (ITIM). ITIM bearing receptors represent a growing family of 

receptors with inhibitory potential, which are expressed on most immune cells. Therapies that 

block inhibitory receptors are a major breakthrough in the context of cancer. This raises the 

question what the outcome of viral and bacterial infections would be during treatment with 

these blocking antibodies. here we review the available data, focusing on different aspects of 

immune inhibitory receptors which optimize the host inflammatory response during infections.
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I n t r o d u c t I o n 

One of the trade mark functions of the immune system is to fight against potential pathogens 

such as viruses and bacteria in order to protect the body. For proper functionality, immune cells 

need to be activated in the right context. Inappropriate activation or action of immune cells can 

lead to unwanted effects such as exaggerated inflammation leading to extreme tissue damage, 

and autoimmunity. To circumvent this, the immune system employs numerous inhibitory 

mechanisms. Studies performed with specific inhibitory receptor deficient mice have shown 

their decisive and non-redundant roles in controlling the immune system [1]. 

Immune inhibitory receptors provide a way to control the immune system, also during 

the imbalanced state which is caused by infections [2]. The majority of inhibitory receptors 

propagate inhibitory signals via an immunoreceptor tyrosine-based inhibition motif (ITIM) 

[3], which is localized in the cytoplasmic domain of these receptors. The conserved six–amino 

acid ITIM sequence is (Ile/Val/Leu/Ser)-X-Tyr-X-X-(Leu/ Val), where X denotes any amino acid 

[4]. Non-ITIM-bearing receptors such as cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) and 

CD200R do not harbor ITIMs, but do contain tyrosine residues in their cytoplasmic tail, and 

transduce negative signals as soon as they get phosphorylated [5]. Most immune cells express 

multiple inhibitory receptors on their surface [6-8]. Upon ligation, ITIM-bearing receptors 

recruit downstream phosphatases, such as ShP-1, ShP-2 (Src homology 2 domain tyrosine 

phosphatases) and ShIP (Src homology 2-containing inositol 5’-phosphatase) which eventually 

lead to the attenuation of activation signals [9, 10]. Besides phosphatases, other kinases such 

as C-terminal Src kinase (Csk) also interact with phosphorylated ITIMs [11] to propagate signals. 

Downstream Of Tyrosine Kinase-2 (Dok2) can directly interact with the NPxY motif of the non 

ITIM-bearing intracellular tail of CD200R [12, 13]. The human genome is estimated to harbor 

over 300 ITIM-containing receptors, of which approximately 60 receptors are characterized till 

date [14]. Nevertheless, for many of these characterized receptors, neither their counterpart 

ligands nor their specific role in controlling the immune responses is known [15, 16].

An inquisitive question in immunology seeks to understand the trade-off between negative 

and positive signals during infection. By employing selective inhibitory receptor deficient mice, 

in recent years considerable progress has been made in understanding the role and mechanism 

of inhibitory receptors in the context of infection. here we review those studies which illustrate 

the importance of the inhibitory signals in the context of host infections and inflammation.

The final outcome of an infection is primarily dictated by the equilibrium between protection 

and pathology. Enhancing anti-viral immunity is not always beneficial for the disease outcome, 

as illustrated by the course of influenza virus infection [17]. During the most serious influenza 

pandemic (the 1918-1919 “Spanish flu”), mainly young, healthy adults where severely affected 

by influenza virus infection [18]. Recent studies in mice and non-human primates infected with 

the pandemic influenza strain, reconstructed from 1918, showed severe immune-mediated 

pathology [19-21]. Also in other viral infections avoidance of an excessive immune response is 

critical to prevent pathology. Early respiratory syncytial virus (RSV) vaccine trials failed because 

of the induction of severe immunopathology upon RSV infection [22, 23]. Immune inhibitory 

receptors can down modulate immune responses and their function in prevention of immune 

pathology is discussed below. [24-26].  
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p d - 1  a s  a  m e d I ato r  o f  t  c e l l  e x h a u s t I o n

Few inhibitory receptors have extensively been studied in the context of pathogenesis of viral 

infections, with the exception of the inhibitory receptor PD-1, which also recently emerged as an 

attractive target in cancer therapy [27-29]. In hIV-1 and other chronic infections, specific CD8+ 

memory T cells express high levels of PD-1. During chronic exposure to viral infection, T cells lose 

their capability to lyse target cells and are impaired in their ability to secrete critical cytokines 

such as IFN-γ, TNF, and IL-2, which play an essential role in the clearance of the pathogen [30, 

31]. This state is called ‘exhaustion’ and is induced by the interaction of negative regulators such 

PD-1/PD-1L, IL-10 and CTLA-4 [31-33]. Contemporary studies have suggested that therapeutic 

blockade of PD-1 and PD-1L interactions can revert back the immune exhaustion state to promote 

T cell mediated clearance of viruses [34]. Blockade of PD-1 results in enhanced cell survival and 

augmentation of hIV-specific CD8+ and CD4+ T cell function in vitro [35-37]. Thus PD-1-PD-1 

ligand blockade might be beneficial for hIV-1 infected individuals because of enhanced antiviral 

immunity [27, 38].however, it is important to realize that many  non-hIV-specific CD8+ T cells 

also express PD-1 [35] and that releasing all CD8+ T cells from PD-1-mediated inhibition might 

fuel deleterious effects. Blockade of PD-1 could thus lead to detrimental effects as illustrated by 

studies with PD-1-/- mice, which develop autoimmune disease. Importantly, when infected with 

adenovirus these mice indeed have enhanced anti-viral immunity and improved viral clearance 

but also have more severe hepatitis after infection [39]. Furthermore, treatment of melanoma 

with blocking PD-1 antibodies is accompanied by severe side-effects [40]. Thus, blocking PD-1 to 

enhance anti-viral immunity may lead to more damage than good.

c d 2 0 0 r  r e g u l at e s  I m m u n e  pat h o lo g y

CD200R is an immune inhibitory receptor expressed on myeloid and lymphoid cells [7, 41]. In 

the absence of the CD200R-specific ligand (CD200), mice are more susceptible to autoimmune 

disease [42]. Absence of the CD200-CD200R axis during influenza infection can induce life-

threatening immune pathology associated with increased lung cellular infiltration and tissue 

damage. The observed pathology is not a direct effect of the virus as Cd200-/-mice develop 

adequate adaptive immune responses and are able to control viral loads. Instead, the observed 

severe pathology in Cd200-/- mice is propelled by a lack of control over mounted immune 

response [43, 44]. Deletion of CD200 causes enhanced neutrophil influx and elevated IL-8, 

IL-6 levels in BAL fluid of female mice [45]. Furthermore, CD200 and its receptor are crucial in 

managing macrophage homeostasis in the respiratory tract and help to reduce inflammation 

during influenza [44]. Absence of CD200-CD200R disturbs this balance leading to enhanced 

pathology [46, 47], which is dependent on T cells [43, 48].

Mammalian hosts recognize viruses through evolutionary conserved Pattern recognition 

receptors (PRR’s) such as TLR3, TLR7 and TLR8, expressed in endosomes, and by RIG-I that is 

expressed in the cytoplasm. PRR escalate forceful immune responses through type-1 interferons 

[49, 50]. Mouse hepatitis virus (MhV) clearance in mice is known to be completely dependent 

on TLR7 induced type-1 IFNs produced by haematopoietic cells [51]. We showed that absence of 

CD200 is beneficial for the host during corona virus infection. CD200-deficient mice infected 
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with MhV have enhanced viral clearance which is stronger in female mice compared to their 

male counterparts [45]. CD200R directly inhibits TLR7 responses and sex-differences in TLR7 

responses previously have been reported for humans [52, 53]. Indeed the absence of CD200 

results in a marked increase in type I IFN production and decreased viral load and pathology in 

female mice upon MhV infection.

CD200R also plays an essential role during bacterial infection. In the course of inflammation, 

apoptotic immune cells induce CD200, which may reduce the sensitivity of alveolar macrophages 

expressing CD200R and cause bacterial super infections following influenza infection [54]. hussell 

et al found that viral infections such as influenza virus can cause a long-term alteration of the lung 

internal environment, which protect the lung from endogenous bacterial infections. however, this 

causes sensitivity to external bacterial infections, which may lead to bacterial pneumonia, sepsis 

and eventually causes death [54, 55]. Furthermore, during meningococcal septicemia CD200 is 

induced by TLRs, NOD2, and NALP3 signaling pathways, eventually limiting their function and 

providing protection to the host from excessive inflammation. CD200L deficient mice showed 

advanced lethality in response to experimental meningococcal septicemia, resulting in elevated 

levels of proinflammatory cytokines and influx of leukocytes. [47].

Down regulation of inhibitory immune receptors such as CD200R is perhaps a prerequisite 

to permit host defensive physiological inflammation, but may lengthen pathological 

inflammation. The exclusive immune regulation patterns of CD200 and CD200R by inflammatory 

stimuli determines their inhibitory capacity, and allows efficient host protection by limiting 

inflammatory pathologies and control unwarranted inflammation [56].

k I r s  a r e  d e t e r m I n a n t s  I n  v I r a l  I n f e c t I o n

Killer immunoglobulin-like receptors (KIRs) are expressed on the surface of natural killer (NK) cells 

and some T cells [57]. The inhibitory KIRs bind to major histocompatibility complex (MhC) class 

I, which results in phosphorylation of the intra cellular ITIMs and recruitment of phosphatases. 

[58-60]. KIR are categorized based on extracellular immunoglobulin domains, which consist of 

two (KIR2D) or three (KIR3D) immunoglobulin domains. Besides, the length of the intra cellular 

cytoplasmic tail determines the property of the KIRs: if it possesses a short tail, it associates 

with ITAM-bearing adaptor molecules and is an activating receptor (KIR2DS1, KIR2DS1, etc.); if it 

possesses a long tail intracellular tail it has ITIMs and is an inhibitory KIR (KIR2DL1, 2, 3, 4) [61-64].

Genetic studies have identified the importance of KIRs in many human infections such as 

hCV, hBV and hIV [65]. In CMV infection, stimulation of KIRs helps to prevent viral reactivation 

in infected individuals as well as in immune compromised individuals [66-68]. Individuals 

homozygous for hLA-C and KIR2DL3 have been reported to show hCV clearance [69]. The 

enhanced expression levels of the inhibitory receptor KIR3DL1 by CD56+CD3− and CD56−CD3− 

cells observed in influenza patients, suggests that this molecule facilitates the down regulation 

of NK cell activity during severe infections [70].

Djaoud  et al reported that NK cells expressing KIR2D receptors respond more vigorously 

to cytomegalovirus than KIR2D−NKG2C+ NK cells. KIR2D+ NK cell subsets degranulate more and 

produce elevated levels of IFN-γ, compared to the KIR2D−NKG2C+ NK cell subset in response 

to CMV-infected DCs [71, 72]. Furthermore KIR were found to play a role in protozoal infections 
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[73]. Cells from patients expressing the KIR3DL2*002 allele produced significant higher levels 

of IFNγ in response to Plasmodium falciparum-infected red blood cells [74]. The inhibitory 

function of KIRs on NK cells keeps guarding the maintenance and integrity of the host immunity 

during infections. When both positive and negative receptors are primed by their ligands, the 

end outcome is decided by the relative strength of these opposing signals. 

m a n I p u l at I o n  o f  I n h I b I to ry  r e c e p to r s  by  m I c r o b e s 
t h r o u g h  m o l e c u l a r  m I m I c ry 

Microbes and their interference with host defense mechanism are constantly linked with 

mammalian diseases. Progression of infection also depends on the ability of infectious 

microbes to invade the host, replicate and transmit the infection. Some pathogens developed 

strategies to manipulate the host by molecular mimicry [75, 76]. Inhibitory immune receptors 

are significant targets to diminish the host immunity to infectious organisms [77]. Expressing 

comparable ligands for the inhibitory receptors allows the pathogen to induce inhibitory cross 

talk that suppresses cellular activation [78]. 

Several bacteria exploit the inhibitory immune receptor mechanisms such as ITIM-

bearing receptors and their downstream signaling molecules such as ShP2 and ShP1 [79, 80]. 

Fascinatingly, Helicobacter pylori expresses proteins that share an identical sequence with ITIMs, 

namely Y483 and Y511 in TirEPEC and Y490 and Y519 in TirEhEC [81]. During microbial infection, intra 

cellular phosphatases are recruited to these sequences which subsequently dephosphorylate 

target proteins. In this way, these sequences play an important role in regulating actin-pedestal 

formation and finally suppresses the production of inflammatory cytokines [82].

Staphylococcus aureus is a Gram-positive bacterium and a major source of hospital acquired 

infections [83-85]. S. aureus frequently causes skin infections and eventually invades the 

bloodstream causing life-threatening sepsis [86, 87]. It was recently found that S. aureus exploits 

the inhibitory paired Ig-like receptor (PIR)-B on macrophages to attenuate the ERK1/2 pathways 

and inflammasome activation to prevent production of IL-6 and IL-1b [88, 89]. Pirb-/- mice infected 

with S. aureus show improved inflammation and more effective bacterial clearance, resulting in 

resistance to sepsis. After analysis of S. aureus mutants lipoteichoic acid (LTA), a bacterial cell 

wall component, was identified to modulate the immune response of TLR2 through PIR-B [77]. 

Similarly Group B Streptococcus can manipulate the ITIM-bearing Sia-recognizing Ig super family 

lectin (Siglec) -5 or -9 to inhibit phagocytosis and the oxidative burst in human leukocytes [80]

Besides bacteria, certain viruses that frequently infect the host have acquired evasion 

strategies by expressing suitable ligands which are homologous to the host ligands. A gene 

of myxoma virus encodes a cell surface protein, M141R, that shares amino acid similarity with 

CD200 (OX-2) proteins. M141R transmits inhibitory signals to tissue resident macrophages, 

and dendritic cells [90]. human herpes virus 8 (hhV-8) expresses K14 protein, a homologue of 

CD200, which is able to bind host CD200R and leads to down-regulation of FcεRI-dependent 

activation of basophils [91, 92] Similarly MCMV has evolved m157, which serve as a suitable ligand 

for inhibitory Ly49 receptor in definite MCMV-vulnerable mouse [93]. Likewise, UL18 from human 

CMV developed as a ligand for the leukocyte inhibitory receptor/Ig-like transport (CD85J) [94]. 
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c o n c l u s I o n

The important roles of inhibitory receptors in the prevention of immunopathology during 

infections are demonstrated in this review. As the field begins to better grasp how inhibitory 

receptors function individually and synergistically on distinct cell types, it may be possible 

to design more effective and specific therapeutic treatment strategies. Recent clinical trials 

with blocking antibodies against the inhibitory receptors CTLA4 and PD-1 have yielded 

promising results in therapeutic handles in anti-cancer treatment. The same mechanisms that 

restrain immune responses to prevent pathology from infection or autoimmunity could also 

be unfavourable for the elicitation of effective anti-tumor responses. Certainly blockade of 

inhibitory immune receptor pathways is recently developed as a novel therapy in cancer and 

has successfully entered clinical trials for development of therapeutic strategies
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Immune inhibitory receptors are well recognized for their importance in the maintenance of 

immune tolerance through negative signals. The immune surveillance of higher vertebrates 

is imposed by both the innate and adaptive arm of the immune system, which can detect 

immunological stress induced by consequence of microbial infection, injury or cellular mal‐
functions. In general, innate immune responses precede adaptive immune responses. Both 

innate and adaptive immune cells can detect and respond to antigens in different ways. Innate 

immune cells respond rapidly to infection via their Pattern recognition receptors (PRRs), and 

in turn, can activate adaptive cells [1]. If these cascades of events are uncontrolled during 

infection, this could cause the immune system to lose balance and cause severe pathology. To 

prevent this, inhibitory receptors transduce inhibitory signals. They provide the host with fine-

tuned immune responses that ensure control or clearance of pathogens, without excessive 

immune-mediated damage [2, 3].

In this thesis we present our findings on how the inhibitory receptors CD200R and LAIR-1 

and their ligands play critical immune-regulatory roles. This will help to understand the 

mechanisms by which innate and adaptive immune responses to viruses are controlled. This will 

support development of new therapeutic approaches to treat or prevent immune pathology 

during respiratory infectious diseases and other infections. Furthermore, we studied the role of 

CD200-CD200R signaling in the prevention of tumor outgrowth during carcinogen treatment. 

In this chapter, the insights gained by our results are summarized and discussed.

c d 2 0 0 r  p l ay s  a  c r I t I c a l  r o l e  I n  v I r a l  I n f e c t I o n s  
a n d  t u m o r  r e s I s ta n c e

Inhibitory immune receptors play an important function in the regulation mononuclear cells of 

myeloid and lymphoid origin. [4, 5]. Excessive inflammation is thought to contribute to severe 

sickness in infectious disease and many autoimmune disorders [6-9]. Many studies, among 

which those in this thesis, demonstrate that CD200R controls excessive inflammation. CD200R 

is a non-canonical immune inhibitory receptor that lacks the classical ITIMs. Instead CD200R 

contains three intracellular tyrosine residues through which it can transduce the regulatory 

signals towards receptor bearing cells. Mutation of all three tyrosines completely abrogates the 

inhibitory function [10]. Individual tyrosine mutations partially diminish the inhibitory function. 

This suggests that other effectors downstream of CD200R next to Dok2 and RasGAP, which are 

recruited to the most distal tyrosine, might contribute to its inhibitory function. 

r e g u l at I o n  o f  s e x  s p e c I f I c  I m m u n e  r e s p o n s e s

When we investigated the role of CD200-CD200R interactions in viral infection, we observed 

sex-differences in how the immune system responds during viral infection. Female mice 

mount a larger and more severe immune response against MhV and influenza virus than males 

(Chapter 3). CD200-deficiency enlarges the sex differences and may only be the first of many 

regulatory factors that regulate sex-biased immune responses. In humans, women with hIV 

infection have been shown to progress faster to AIDS than men, which has been related to 
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enhanced TLR7 responses [11]. TLR7 and TLR9 also play a significant role in sex differences 

during MCMV infection in mice [12, 13].

The basis of the sex-bias in TLR responses is likely to be hormonal. Seillet et al reported 

that sex hormones such as estradiol control the innate function of human and mouse pDCs in 

vivo. Estrogens promote TLR-mediated innate functions of pDCs in both humans and mice in 

vivo through pDCs-intrinsic estrogen receptor (ER)-α signaling [14]. In another study Iwasaki 

et al found that hormonal regulations may play a role in female susceptibility to genital herpes. 

Notably, mice are susceptible to herpes only during the phase in which progesterone levels 

are high [15]. Sex hormones and the duration of exposure can influence the disease outcome. 

Klein et al extensively studied the role of sex in the immune response to viruses [16]. There 

is a clear correlation between sex and outcome of for instance vaccination against influenza, 

yellow fever, rubella, measles, mumps and hepatitis A. Women develop elevated protective 

antibody immune responses to vaccines in comparison to men [17-19]. Furthermore, cell-

mediated immunity after vaccination is also increased in women compared to men [20, 21]. 

On the other hand, females develop more recurrent and vigorous conditions such as fever, 

and inflammation, in response to vaccines [22-24]. Despite the increasing evidence that not 

all infectious diseases affect men and women equally, this fact is neglected in the larger part 

of scientific literature. Most women are still treated with drugs that were tested in men. For 

future drug design it would be better to consider the effect of sex and hormonal influence on 

the immune system [25-27]. In the case of CD200, blocking antibodies are at present in clinical 

trials for cancer treatment. Our data predict a different outcome of viral infections in women 

than in men when treated with CD200 blocking therapies.

d e f I c I e n c y  o f  c d 2 0 0 - c d 2 0 0 r  s I g n a l I n g  e n h a n c e s 
r e s I s ta n c e  to  t u m o r s 

In chapter 2 we show that inflammation plays a role in cancer. Anti-tumor responses are necessary 

to prevent or inhibit tumor outgrowth but inflammatory mediators can also have a tumor inducing 

role for example in intestinal cancer, specifically in colitis-associated colorectal cancer [28]. 

Enhanced expression of CD200 is a predictive factor for multiple myeloma and acute myeloid 

leukemia in humans [29, 30]. To study the role of CD200-CD200R signaling in the resistance to 

tumor outgrowth (in chapter 5) we applied a two-phase chemical carcinogenesis protocol, which 

is a well-known and broadly used method leading to formation of Ras-induced skin papillomas [31, 

32]. We found that lack of CD200 increases resistance to chemically induced skin tumors. 

Remarkably, wild-type papilloma cells did not express CD200, with the exception of 

rare CD200-positive infiltrating stromal cells. This expression pattern suggests an indirect 

involvement of CD200R signaling in the regulation of tumor outgrowth, resulting in a break of 

tolerance. Indeed, tumor resistance is accompanied by an inflammatory skin phenotype. The 

decreased outgrowth of skin tumors was accompanied by a shift in the balance of regulatory 

and effector T cells. Our findings suggests that CD200 and CD200R regulate the development 

of tolerance to external and tumor antigens through control of the T regulatory / T effector cell 

balance[33]. In agreement with our findings, Song Gao. et. al. found that  in a rheumatoid arthritis 
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(RA) model, CD200R1 expression is down regulated on monocytes-derived macrophages 

(MDMs) in RA patients correlating with a shift in  the control of the Th17/Treg balance. [9]. 

Certainly, inhibitory immune pathways have become important targets to reinforce anti-

tumor responses and to develop (adjuvant) therapeutic strategies in cancer treatment. Recent 

clinical trials with blocking antibodies against the two inhibitory receptors CTLA4 and PD-1 

(immunological checkpoint blockade) have yielded promising results [34, 35] .CTLA4 blocking 

antibody (Ipilimumab) was FDA approved for use in melanoma. Also an antibody that blocks 

CD200-CD200R interaction is currently being evaluated in clinical trials for B-cell chronic 

lymphocytic leukemia and multiple myeloma patients (Alexion Pharmaceuticals, NCT00648739, 

http://clinicaltrials.gov/ct2/show/NCT00648739). Various studies are in progress which 

combines checkpoint-blockades in order to increase efficiency. however, while both CTLA4 and 

PD-1 directly inhibit T cells [36, 37], other checkpoints might further allow enhancing the blockade 

indirectly, e.g. on the level of antigen presenting cells  [38]. This should theoretically allow 

targeting less immunogenic tumors such as colorectal cancers. An important issue is the possible 

side effects of immunological checkpoint blockade. Anti-CTLA-4 and anti-PD-1 cause side effects, 

although those of anti-PD-1 are less severe [39]. CTLA4- and PD-1-deficient mice spontaneously 

develop autoimmune complications; CD200 deficient mice do not have any apparent phenotype 

and develop autoimmune conditions only when challenged. This suggests that manipulation of 

this pathway may be safer and lessen the autoimmune implications. On the other hand, an issue 

of concern is the response to microbial infections in treated individuals, since Cd200_/_ mice have 

an increased immune pathology after viral and bacterial infection [40, 41]. 

l a I r 1  I n  r e s p I r ato ry  r s v  I n f e c t I o n

In chapter 4 we present our results on how LAIR-1 plays a role in the control of Respiratory Syncytial 

Virus (RSV) infection. Present disease intervention strategies for RSV are inadequate [42]. Vaccination 

has been ineffective for RSV, which is complicated by the rapid evolution of the genome, which 

can cause drug resistance [43]. Therefore for the future novel disease intervention strategies are 

mandatory, and an important first step is to increase our understanding of the virus-host crossing 

point. In humans, severe RSV infection is characterized by massive neutrophil infiltration in the 

lungs. Little is known about the function of inhibitory receptors in neutrophils, which are thought to 

play an essential role in the immunopathology and the severity of the RSV bronchiolitis.

We performed RSV infections in C57BL6/j, on which the Lair-1-/- mice were made which are 

quite resistant to RSV infection and do not show a similar massive neutrophil infiltration as humans, 

and therefore may be less suitable as a model. Still we observed a significant increase in neutrophil 

infiltration in the Lair-1-/- mice on day 2 after infection. BALB/c mice are more susceptible to RSV [44, 

45]. In these mice we used different doses of LAIR-1-Fc fusion protein and infected the mice with 

RSV.  We observed that lungs of the LAIR-Fc treated mice were infiltrated with higher numbers of 

lymphocytes and neutrophils compared to PBS treated control mice. In our human data we found 

higher LAIR-1 surface expression on BAL neutrophils compared with blood neutrophils during 

severe RSV infection. Our data suggest that LAIR-1 has an important function in controlling cellular 

infiltration into lungs during RSV infection and hereby contributes to lung immune homeostasis. 
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In chapter 5 we reviewed how ITIM and non ITIM-bearing receptors play a central role in the 

control of immune cell activation during infection [46]. The effector proteins include ShP-1, 

ShP-2 and ShIP, important negative regulators of ITIM-bearing receptors [4, 47, 48]. So far 

inhibitory receptors have hardly been studied for their role in protection of virally induced 

immune pathology. Lack of these inhibitory immune receptor axes might be an most important 

host factor responsible for fatal outcome of infections. The role of this type of receptors has 

gotten little attention up to date and deserves further study, especially in the light of the 

successful introduction of immunological checkpoint blockade therapies for cancer.

s u m m a ry

In this thesis we investigated the essential role of CD200R in viral infections and cancer, and 

the role of LAIR1 in RSV infection. We demonstrated that women are more prone to increased 

immune-pathology in the case of hampered CD200R-regulation. Sex-differences in TLR7-

responses are amplified in CD200-/- mice during MhV and influenza infection, because CD200R 

is a potent inhibitor of TLR7 signaling. Furthermore we investigated a striking decrease in the 

outgrowth of induced skin papilloma in the absence of CD200R signaling. In addition we show 

the importance of LAIR1 in RSV infection. We reviewed the recent progress in study of immune 

inhibitors during viral infections. The role of this type of receptors has gotten little attention 

up to date and deserves further study, especially in the light of the successful introduction of 

immunological checkpoint blockade therapies for cancer. 
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n e d e r l a n d s e  s a m e n vat t I n g

Inleiding

Onze afweer beschermt ons tegen infecties. het afweersysteem is een verzameling cellen, 

weefsels en eiwitten die ons gezamenlijk verdedigen tegen infectieuze micro-organismen. De 

gecoördineerde actie van het afweersysteem tegen aanvallen van buitenaf noemen we een 

afweerreactie. Afwijkingen in het afweersysteem die een te kort schietende afweerreactie tot 

gevolg hebben, maken het individu gevoelig voor infecties door virussen, bacteriën, schimmels 

en parasieten. De antimicrobiële afweer is dus essentieel om te overleven in een omgeving 

vol van potentieel dodelijke micro-organismen. Maar deze afweer kan ook zelf voor schade 

zorgen. Meerdere veelvoorkomende ziekten worden gekenmerkt door een ongecontroleerde 

en excessieve afweerreactie. De balans tussen het voordeel van antimicrobiële afweer en 

het nadeel van afweer-geïnduceerde schade bepaalt de klinische uitkomst van een infectie. 

Remmende receptoren kunnen de drempel voor de activatie van een afweerreactie verhogen 

en kunnen op deze manier deze balans beïnvloeden. 

De meeste cellen van het afweersysteem hebben meerdere van deze remmende 

receptoren op hun oppervlak. Onderzoek in muizen die één van deze receptoren missen heeft 

aangetoond dat elke receptor een eigen, niet-overlappende functie heeft in het voorkomen 

van excessieve ontsteking en/of auto-immuniteit. Dit wordt nog eens ondersteund door de 

genetische associatie van enkele van deze receptoren met auto-immuunziekten in de mens. 

Regulatie door remmende receptoren kan op meerdere momenten van een afweerreactie 

belangrijk zijn. Op dit moment zijn er ongeveer 60 van dit soort receptoren geïdentificeerd. 

Voor velen is echter het ligand of de specifieke rol in het afweersysteem nog onbekend. Slechts 

enkele van deze receptoren zijn bestudeerd in de context van virale infecties. In dit proefschrift 

richten we ons vooral op de rol van CD200-receptor (CD200R) en LAIR1. 

cd200 receptor

CD200R werd 25 jaar geleden geïdentificeerd als een membraan eiwit, wat tot expressie komt 

op cellen van met name het aangeboren afweersysteem. het ligand, CD200 komt tot expressie 

op veel cellen in het lichaam en kan zelf geen signaal aan cellen geven. Dat CD200R werkt als 

remmende receptor is direct aangetoond in vitro, waar cross-linking van de receptor leidt tot 

remming van de functie van afweer cellen. CD200R heeft niet de klassieke signaleringsmotieven 

die de meeste remmende receptoren hebben, maar signaleert op een unieke, nog niet helemaal 

opgehelderde manier. 

cd200r in kanker

In muizen die geen CD200 hebben en dus geen remmend signaal kunnen geven via CD200R 

hebben we tumoren opgewekt met behulp van kankerverwekkende stoffen op de huid. We 

vonden dat CD200-negatieve muizen veel minder huidtumoren kregen. In wild type muizen 

hebben deze tumoren geen CD200 op hun membraan, dus het effect van CD200 was niet 

direct door de tumor. We concluderen dat de afwezigheid van CD200 resulteert in verminderde 

tolerantie en dus leidt tot een aanval op de tumorcellen. De tolerantie tegen de eigen huid is ook 
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verbroken, want de muizen kregen ook een ontstoken huid. Verder konden we laten zien dat 

CD200-negatieve muizen ook niet in staat zijn op een andere manier immunologische tolerantie 

te induceren, namelijk via orale tolerantie. Deze tolerantie is sterk afhankelijk van zogenaamde 

regulatoire T cellen. Inderdaad bleek in ons tumor model in afwezigheid van CD200 de balans 

tussen regulatoire T cellen en inflammatoire T cellen verstoord. Onze data laten twee onverwachte 

aspecten zien van CD200-CD200R gemedieerde regulatie. Ten eerste beïnvloedt CD200R ook 

cellen van het verworven afweersysteem en ten tweede is het mogelijk om ook de verdediging 

tegen tumoren die geen CD200 tot expressie brengen te versterken door CD200R te blokkeren.

cd200r in virus infecties

Afwezigheid van CD200 is, in tegenstelling tot in influenza virus infectie, gunstig voor de 

uitkomst van een coronavirus infectie. We hebben CD200-negatieve muizen geïnfecteerd met 

coronavirus en de vermenigvuldiging van het virus in de muis gevolgd. Muizen zonder CD200 

zijn sneller van het virus af, met name vrouwtjes muizen. het was al bekend dat de afweer tegen 

coronavirus afhankelijk is van interferon productie, geïnduceerd via TLR7, een eiwit dat virus 

in de cel kan detecteren. In de mens was al bekend dat vrouwen veel beter via TLR7 op virus 

reageren. Onze hypothese was dat CD200R de reactie via TLR7 remt. Als deze rem afwezig 

is, zouden vrouwtjes muizen nog beter reageren en het virus nog beter te lijf kunnen gaan. 

Dit bleek inderdaad het geval: we konden aantonen dat CD200R direct TLR7 signalering remt. 

In influenza virus infectie was dit echter niet gunstig voor vrouwtjes muizen, want de schade 

die gepaard gaat met een sterke afweerreactie was daar belangrijker dat het voordeel van het 

verwijderen van virus. hiermee laten we zien dat het blokkeren van CD200R in mannen en 

vrouwen een heel andere uitkomst heeft. 

laIr-1 in rsv infectie

LAIR-1 is remmende receptor die tot expressie komt op veel verschillende afweercellen. LAIR-1 bindt 

aan collagenen, die rijkelijk aanwezig zijn in het lichaam. Respiratoir syncytium virus (RSV) infectie 

van de luchtwegen is de belangrijkste oorzaak voor ziekenhuisopname bij hele kleine kinderen. 

het idee is dat de ernstige symptomen niet (alleen) direct door het virus worden veroorzaakt maar 

vooral door de excessieve afweerreactie die het virus opwekt. Remmende receptoren zouden de 

afweerreactie tijdens een virale infectie in de luchtwegen kunnen afremmen. Wij vonden hoge 

expressie van LAIR-1 op afweercellen in de luchtwegen van ernstig zieke kinderen met een RSV 

infectie. Vervolgens hebben we LAIR-1-negatieve muizen met RSV geïnfecteerd en zagen dat de 

hoeveelheid afweercellen in de long toeneemt, wat een sterkere afweerreactie suggereert. Ook 

wanneer we in een wild type muis LAIR-1 blokkeren, zagen we een toename van afweercellen in 

de long. Onze data suggereren dat LAIR-1 inderdaad in staat is om de afweerreactie in de long te 

reguleren. Dit zou wellicht aanknopingspunten kunnen bieden voor therapie.

conclusie

Elke stap van een afweerreactie heeft een strakke controle nodig en ontregeling kan grote 

consequenties hebben. De uitdaging is precies te ontrafelen waar en wanneer welke remmende 

receptoren worden aangesproken en hoe de balans tussen activatie en remmende signalen 
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uiteindelijk bepaalt wat de cel gaat doen. het blokkeren van remmende receptoren heeft 

recent tot mooie resultaten geleid in de behandeling van kanker en wordt sinds kort regulier 

toegepast in de kliniek. De keerzijde van deze behandeling is het ontstaan van auto-immuniteit. 

Onze studies wijzen ook op mogelijke bijwerkingen wanneer er tijdens behandeling infecties 

worden doorgemaakt. Beter begrip van deze remmende receptoren en hun werking zal in de 

toekomst leiden tot verdere optimalisatie van dit soort therapieën. 
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