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Abstract
The membrane glycoprotein CD200, which has a widespread but defined distribution and a
structurally similar receptor (CD200R) that transmits an inhibitory signal to cells of the
hematopoetic lineage, especially myeloid cells, has been characterized. CD200R expression is
restricted predominantly to cells of the myeloid lineage indicating that this ligand/receptor pair has
a specific role in controlling myeloid cell function. In addition to CD200R, several related genes
have been identified. Whether these gene products also regulate immune function is controversial.
CD200R is also expressed by certain subsets of T cells and CD200 may be expressed by antigen-
presenting cells, adding additional layers of complexity to the CD200/CD200R axis. Because
monocytic myeloid cells provide a link between the innate and adaptive immune response,
mechanisms to control their function through receptors such as CD200R will have therapeutic
potential. Regulation of immune responses is accomplished by the concerted, but opposing,
activity of kinases and phosphatases, fine control often being achieved through paired receptors. In
this review, we will consider whether CD200R signaling functions within a framework of paired
activating and inhibitory receptors and whether the inhibitory signal delivered has functional
consequences beyond inhibition of myeloid cell proinflammatory activation.
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I. INTRODUCTION
A. Regulation by Myeloid Cells

Mononuclear cells of the myeloid lineage are central to the regulatory mechanisms that
enable the immune system to respond to foreign or infectious organisms while remaining
tolerant, or nonresponsive to self.1,2 After infection is controlled, an active process of
immunosuppression or immunoregulation ensues to re-establish immunological
homeostasis. This involves terminating lymphocyte survival and growth and induction of
programmed cell death by apoptosis3 and reprogramming of proinflammatory monocyte
macrophages toward alternative functions such as humoral immunity and wound healing.4
Broad control of these functions is cytokine driven,5-7 but fine control is now thought to
depend upon activating and inhibitory receptors expressed by myeloid cells.8,9 In particular,
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the integration of positive and negative signals through these cell-surface receptors is now
thought to control induction and maintenance of immune-regulatory mechanisms
responsible for maintaining immune steady-state in the normal individual. Defects in these
mechanisms lead to acute inflammation, autoimmunity, or allergy.10-12 Myeloid cells,
including monocyte macrophages and dendritic cells (DC), express a multitude of plasma
membrane receptors that mediate their functional response to endogenous or exogenous
environmental signals. The diversity of these receptors underlines the potential
heterogeneity and pivotal role that these cells play in orchestrating immune responses. Many
of these receptors can be grouped into structurally related families with specific or
overlapping functions.11 Among those paired, activating and inhibitory receptors have been
identified. It is now clear that an expanding number of myeloid inhibitory receptors can pair
with closely related gene products with activating or inhibitory function, the activating
isoforms lacking an ITIM, but containing a charged residue in the transmembrane region
that can associate with adaptor proteins such as DAP-12.13 Two distinct types have been
identified: those belonging to the immunoglobulin domain superfamily and those belonging
to the C-type lectin family. These may express on natural killer (NK) cells as well as
myeloid cells, suggesting a role in innate immunity to infection.14 The immunoglobulin
superfamily members include the paired immunoglobulin-like receptors (PIRs) in mice,
15-17 immunoglobulin-like receptors (ILTs) in humans,18,19 signal-regulatory proteins
(SIRPS),19-21 and triggering receptors expressed by myeloid cells (TREMs).11 The CD200
(or OX2) receptor family has now been identified, and they too may represent functional-
paired activating and inhibitory isoforms. Whether they act in concert with, or share an
overlapping function with, other paired receptor families is at present under examination. In
contrast to many of the other activating or inhibitory receptors that are orphans, the ligand
(CD200) for at least one CD200 receptor is known.

B. The Role of CD200 in Immunoregulation
The relevant cytokine and receptor signals generating antigen-specific immunity or
tolerance at the level of the T-cell receptor (TCR)/peptide/MHC interaction are well studied,
and various therapies based on manipulating this interaction to modulate disease have been
developed.22,23 In contrast, we know comparatively little about the crucial cell-surface
interactions that control the activity and function of monocyte/macrophages despite the fact
that macrophages play a vital role in the response to injury or infection. This is in part
because of their extreme functional and phenotypic heterogeneity as they respond or adapt to
changes in their microenvironment.4,9,24-26 Consequently, the early observation that
CD200 appeared to deliver a strong “off” signal to myeloid cells created an interest in using
this interaction therapeutically.

In comparison with other potential myeloid immunoregulatory molecules, the volume of
research is limited and most of it has been carried out by, or in collaboration with, three
research groups. Some of the data are contradictory, some data are unconfirmed or
speculative, and large areas are as yet completely unexplored. In this article, we review the
existing literature; examine the data presented; and in light of the evidence, attempt to
evaluate the role of CD200/CD200 receptor signaling in regulating immune responses and in
context with other related signaling complexes. We also identify key areas for further
investigation.

II. THE CD200 (OX2) GENE
A. Distribution of OX2 Protein

The rat OX2 protein was first purified and characterized as a 41- to 47-kDa cell-surface
glycoprotein in 198227 and was found to be expressed on a variety of cell types, including
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rat thymocytes, B cells, activated T cells, follicular dendritic cells, endothelium28 neurons
in the central nervous system (CNS) (including retina and optic nerve),29,30 and cells in
reproductive organs.31 This distribution was found to be conserved in humans, and
expression confirmed in kidney glomeruli.32 More recently, expression on a subpopulation
of murine keratinocytes has been observed but is yet to be confirmed in human skin.33 This
conserved, unusual, and specific rather than ubiquitous distribution, indicated a particular
and important biological function for OX2. Sequence analysis showed that in common with
many other leukocyte membrane proteins, OX2 was a member of the immunoglobulin
superfamily (IgSF),34 and further characterization showed it contained two IgSF domains: a
single transmembrane domain and a short cytoplasmic domain.27,35 By analogy with other
proteins containing IgSF domains, it seemed likely that OX2 mediated specific cell-surface
recognition events via a second cell-surface receptor.

B. Identification of the OX2 Receptor
Recombinant DNA technology was used to produce a soluble chimeric protein bearing the
extracellular domains of OX2 expressed as a fusion protein with domains 3 and 4 of rat CD4
and coupled to fluorescent beads.36 This approach has the advantage of detecting even low-
affinity binding, typical of other known leukocyte ligand/receptor interactions. OX2 protein
was found to bind to a ligand present on peritoneal macrophages. OX2 protein was
designated CD200 at the Seventh International Leukocyte Typing Workshop in 2000, and
using a high-affinity monoclonal antibody (mAb), OX 102 raised to a macrophage cell-
surface antigen that blocked OX2 binding; the OX2 receptor was purified from rat spleen
cells. This protein was cloned, expressed and identified as another novel protein, similar in
structure to OX2. It contained two IgSF domains, but with a larger cytoplasmic domain
having potential signaling capacity.37 Further phenotypic analysis also revealed that the
receptor recognized by OX102 was expressed by cells of the myeloid lineage.37 Thus, the
distribution of OX2 and its receptor has similarities with the CD47-CD172a (SIRP-α)
interaction in that CD47 is widely distributed, and its receptor CD172a is mostly expressed
by myeloid cells. Signaling via CD172a has been shown to downregulate myeloid cells
through tyrosine phoshatases SHP1 and SHP2.20

The OX2 gene is also closely linked genetically to the costimulatory molecules CD80 and
CD86. These molecules are expressed by antigen-presenting cells and are ligands for the
activating receptor CD28 and inhibitory receptor CD152 expressed by T cells, and are
structurally related to OX2, having one IgV and one IgC-like domain. Based on this
association with CD80 and CD86, experiments were designed to test the hypothesis that
CD200 may also be a co-stimulatory molecule. Thus, OX2 CHO cell transfectants were
found to stimulate CD4+ T-cell proliferation in response to CD3 ligation, but did not
generate IL-2, IL-4 or IFN-γ, cytokines associated with T-cell growth and immune
activation, indicating that costimulation was incomplete or deviant. This response was
independent of the CD28/CD152 pathway, and, apparently, the receptor recognized by
OX102, raising the possibility of additional receptors for CD200,38 although these have not
subsequently been identified. These experiments have not been repeated, possibly due to
variation in transfected CHO cells that also have costimulatory molecules,39 and no further
work confirming the role of OX2 as a costimulatory molecule has appeared in the literature.

Meanwhile, analysis of the role of OX2 protein in biological systems was raising tantalizing
questions concerning the function of OX2 within the immune system. Gorczynski and
colleagues reported increased expression of OX2 on a subpopulation of NLDC145+

dendritic cells associated with increased graft survival in their in vivo mouse model of allo-
and xenograft transplantion.40 Increased graft survival could be reversed using a mAb
specific for mouse OX2 (3B3) or enhanced using an OX2Fc fusion protein.41,42 These data
implied a predominantly immunosuppressive role for constitutively expressed OX2 in vivo
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and Gorczynski et al. argued that the effects were related to T-cell function via an immune-
deviation process, although this was not proved. OX2-deficient mice were developed by
Sedgwick and colleagues,43 and these mice confirmed a role for OX2 in immune regulation.
The resultant conclusion was that the effects were mediated through direct myeloid cell
regulation through OX2-OX2R interactions.

C. The CD200 (OX2)-Deficient Mouse Indicates a Role for CD200 in Myeloid Regulation
To generate mice lacking functional CD200 (OX2), an Eco-47III-Sal 1 fragment of a CD200
genomic clone, isolated from a C57Bl/6 genomic library, was used to construct a targeting
construct in which the Nco I fragment was replaced with a PGK-neor cassette. This
construct was used to transfect C57Bl/6 strain embryonic stem cells that were microinjected
into BALB/c blastocysts. Chimeras were mated with C57Bl/6 mice and CD200−/− offspring
generated by crossbreeding offspring expressing the deleted germ-line DNA.43 The mice
generated were essentially normal in appearance, with normal breeding and life span.
Phenotypic analysis of cells and tissues from these mice showed that CD200 expression was
lacking from neurons in CNS and from endothelium, B cells and follicular DC in splenic
tissue. Phenotypic differences between leukocytes from CD200+/+ (wild type, WT) and
CD200−/− were found only in the CD11b+ population, a population that largely did not
express the missing CD200 molecule. Within the spleen, CD11b+ myeloid cells were
significantly increased in number from 4 × 10−6 in WT to 8 × 10−6 in CD200−/− mice. The
increased numbers of cells appeared to be located within the splenic red-pulp areas with
increased expression of F4/80+ on tissue macrophages.44 MOMA-1+ metallophylic
marginal-zone macrophages45 were also prominent, the normal single-cell wide zone
appearing as multilayered in the CD200−/− mice. Crucially, higher levels of the
immunotyrosine-activating motif (ITAM)-containing intracellular protein DAP1246 were
also detected in the marginal zone and on DC within the T-cell areas of the white pulp,
suggesting elevated levels of activation in the CD200−/− mice.47,48 Significant alterations
in the phenotype of microglia were also observed. In the normal brain, microglia display
branched or stelate morphology, are distributed relatively evenly through the tissue, express
only very low levels of MHC class I and Class II molecules, and are usually CD11blow and
CD45low. In contrast, in CD200−/− mice, a subfraction of microglia were strongly CD11b+

and CD45+ and formed aggregates, particularly in the spinal chord.

On the basis that it was myeloid cells that were most dysregulated, and the evidence49 that
the CD200R were expressed by macrophages, Hoek et al. hypothesized that the CD200−/−

phenotype represented a state of myeloid cell tonic activation as a result of myeloid cell
expressed CD200R lacking a restraining signal from CD200. This was tested in the facial
nerve transection model,50 in two autoimmune models, in myelin oligodendrocyte (MOG)-
induced EAE,51 and in collagen-induced arthritis.52 In the facial nerve transection model,
the microglial response was indeed accelerated with detectable activation at day 2, peaking
at day 4 after surgery in CD200−/− mice, compared with WT mice where peak activation
was not observed until day 7. In addition, in EAE, onset of disease was 3 days earlier in
CD200−/− mice and loss of CD200 rendered the normally resistant C57Bl/6 mouse strain
susceptible to induction of CIA. Disease in both EAE and CIA are self-antigen-specific T-
cell dependent, but no evidence could be found for hyperreactivity of T cells in these
models, and indeed no evidence for a direct effect on T-cell proliferation in response to
antigen presentation has been demonstrated53,54 Disease induction in EAE was also
characterized by the enhanced expression of NOS2 by inflammatory macrophages within the
CNS lesions. This led Hoek et al. to conclude that CD200 molecules bind CD200R
expressed by myeloid cells including macrophages, transmitting an inhibitory signal that
downregulates macrophage activity to prevent or reduce tissue damage caused by
macrophages.
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Comparatively few other studies using CD200−/− mice have been published, but to date all
seem to support an inhibitory role for CD200R signaling, and further imply a role in
immune tolerance, or immunological nonresponsiveness (Table 1). Outside the CNS,
expression of CD200 by follicular epithelium in the skin was found to attenuate immune
responses in an alopecia model,33 supporting the notion that the distribution of CD200 on
specific cell types is linked to a specialized rather than a generalized function connected
with myeloid cell regulation. Within the CNS, microglia in the retina of CD200−/− mice
differ from those in the brain as they have normal morphology, possibly as a result of lower
density of these cells in the retina compared with the brain. Retinal microglia are normally
resistant to classical activation by stimuli such as LPS-IFN-γ and are considered to be
conditioned toward an alternatively activated phenotype by TGF-β present in the retinal
microenvironment.55 But this conditioning appears to be overridden in the CD200−/− mouse
retina, as microglia express NOS-2 constitutively and are present in larger numbers than in
WT.56 A role for CD200 in maintaining MG potential to migrate has been identified in
human retinal tissue,56 but to date there is no evidence for a role in directing leukocyte
trafficking in inflammation. Accelerated onset of experimental autoimmune uveoretinitis
(EAU) in these mice has been reported, but contrary to expectation, overall disease severity
was not increased in CD200−/− mice,53,56 implying a more complex role for CD200 in
immune regulation.

III. CD200 RECEPTOR FAMILY
The discovery and characterization of membrane receptors and their intracellular
components has been facilitated by the availability of expressed sequence tag (EST) and
genomic databases. Once a new molecule of interest is identified, searching for nearby genes
or sequences with homology can be used to identify isoforms generated by alternative RNA
splicing, and to uncover new gene families. Using this approach, two groups have
independently described an extended family of CD200R-related molecules.57,58 These
molecules are in addition to the actual CD200R originally identified by Wright,37 and their
ligand partners and biological function are at present still largely speculative.58,60,61

A. The Definitive Inhibitory CD200 Receptor (CD200R)
The inhibitory receptor CD200R was originally cloned by Barclay and colleagues in Oxford,
37 and there is consensus that CD200 is its natural ligand. The rat CD200R gene was cloned
and sequenced using an antisense- degenerate primer designed from the amino terminal
protein sequence to amplify the 5′ untranslated region and leader sequence and the full-
length cDNA was subsequently obtained using a 3′ RACE RT-PCR protocol. A closely
related protein was also identified in mouse, and phylogenetic analysis of the extracellular
sequences with other members of the IgSF revealed that as well as having structural
similarities, the CD200R is closely related to CD200, implying evolution from a common
ancestral protein.37 The human gene was independently characterized and mapped to
chromosome 3q12-13.62 The sequence, chromosomal location, and tissue distribution of
CD200R has since been confirmed by Gorczynski and colleagues in Toronto, and in their
nomenclature is referred to as CD200R1.60

An unusual feature of the CD200R was the high content of N-linked glycosylation sites, 8 in
the rat and 10 in the mouse.36 In addition, the cytoplasmic region of the receptor contained
a NPXY motif that can interact with PTB/PID-binding domains present in several signaling
adaptor molecules. Kinetic analysis of rat CD200R binding to soluble CD200 using
BIAcore-chip assays, indicated that in common with many interactions between leukocyte
cell-surface proteins, immobilized receptor bound soluble CD200 with comparatively low
affinity (KD = 2.5 μM), typical of interactions between migratory cells.63,64 Significantly,
for application to human disease, the human homologue of murine CD200R has also now
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been characterized and shown to have a high degree of sequence homology, particularly the
tyrosine residues and associated amino acids in the cytoplasmic domain, with a conserved
phosphotyrosine binding site (NPXY) for the signaling protein Shc.58 In addition, these
studies showed that CD4+ T cells, especially in blood, can express CD200R, and further
identified CD200R mRNA highly expressed in polarized Th2 cells, mast cells, and dendritic
cells in both mice and humans, suggesting that this receptor may have wider functions
within the immune system, particularly in regulation of Th2-mediated responses.

That CD200R is an inhibitory receptor principally affecting myeloid cell function appears
beyond doubt,37,43,59 but in contrast to other well-described myeloid-inhibitory immune
receptors, such as FcεRIIB, GP49B1 or paired Ig-like receptors (PIRs), CD200R does not
contain an immunotyrosine-based inhibitory motif (ITIM).8 ITIMs are phosphorylated on
tyrosine, usually by Src family kinase. By recruiting phosphatases such as SHP1 or SHIP,
ITIM-bearing receptors suppress cell activation by promoting dephosphorylation reactions.
Zhang et al.65 recently reported that engagement of CD200R by soluble CD200-mIg fusion
protein did indeed cause a rapid CD200R tyrosine-phosphorylation event in mouse mast
cells over expressing CD200R. Activation of ERK, JNK and p38MAPK were all
subsequently inhibited. The key phosphorylation was mediated through the CD200R-
associated NPXY motif, phosphorylating Dok1 and Dok2 proteins that subsequently bound
RasGAP and SHIP, and downstream inhibition of the RasMAPK pathways. Thus, the
CD200R is an inhibitory receptor that appears to trigger a novel myeloid cell inhibitory
pathway, distinct from more typical ITIM-like receptors.

Site-directed mutagenesis indicates that CD200R and CD200 interact through the GFCC’
faces of their N-terminal domains, facilitating molecular interactions within the topography
of the hypothesized signaling synapse between activated T cells and myeloid antigen-
presenting cells.13,66 In addition, there is evidence for CD200R and/or ligand density
affecting intensity or efficiency of signaling. In both murine and human systems, a dose-
dependent relationship between receptor expression and cell function has been
demonstrated. Cytokine production by CD200R transfected U937 cells correlated with
CD200R expression levels, and in the same study, mCD200R agonists inhibited IFN-γ and
IL-17 induced IL-6 secretion by murine-resident peritoneal macrophages.54 From this,
together with the signaling potential through an inhibitory pathway distinct from other
myeloid-regulatory molecules and the highly specialized distribution of CD200 in tissues
outside the lymphoid system, we can hypothesize that the CD200/CD200R axis may
function as an additional or enhancing inhibitory control on potentially damaging
proinflammatory myeloid cell activity in vulnerable tissues. Such a role is certainly
consistent with the mild phenotype of the CD200-deficient mouse.

In addition to confirming the sequence of CD200R, which they dubbed CD200R1,
Gorkcynski and colleagues59 also showed that antibodies to a peptide sequence of
CD200R1 could mimic the immunomodulatory effects of a CD200Fc fusion protein,
reducing cytotoxic lymphocyte (CTL) generation in spleen mixed lymphocyte cultures
(MLC). They also identified expression on a subpopulation of activated T cells. Further
characterization of functional epitopes was carried out using a series of 15mer synthetic
peptides.67 The ability of these molecules to block binding of CD200R1 to CD200 was
studied using competitive ELISA and CD200Fc fusion protein. Results were duplicated in a
FACS-based assay also using CD200Fc fusion protein, and infusion of these peptides also
abrogated the protective effects of CD200Fc fusion proteins in a mouse allograft model
indicating in vivo activity.68 That short, linear peptides were able to exert these effects,
particularly in vivo,, is remarkable. But the mechanisms involved remain to be proven.
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B. CD200R Family Gene Products
Characterization of genes closely related to CD200R in mice and humans, revealed at least
four mouse CD200R-related genes termed mCD200RLa-d (for CD200R-like), but only a
single related human gene, designated hCD200RLa.58 Mouse CD200RLc was isolated only
as a partial cDNA clone, and mCD200RLd was only identified as genomic sequence, so
only the CD200La and Lb isoforms were characterized further. Both showed close sequence
homology to CD200R in the extracellular regions, with short cytoplasmic regions containing
a positively charged lysine residue in the transmembrane region. It was surmised that this
residue would form a salt bridge with DAP12 to enable signal transduction and this was
confirmed by immunoprecipitation. Human CD200RLa was also found to have a positively
charged amino acid in the transmembrane region. More recently, the CD200Le gene
expressed in the NOD mouse, but not C57/Bl/6 strains of mice, has also been characterized.
69

The distribution of the CD200RLa and Lb genes was determined by RT-PCR and protein
expression determined by a set of mAbs. The highest level of mCD200RLa was observed in
resting mast cells, but deceased on activation via FcεR1. Strong expression was also
observed on bone marrow-derived DC and macrophages, with lower expression on Th2
cells. In contrast, mCD200Lb was primarily expressed in activated mast cells, polarized Th2
cells, to a lesser degree in cultured DC, but was virtually undetectable in cultured
macrophages. This differential distribution suggests these genes may have specific rather
than redundant functions in the immune response in mice. Although cDNA for human
CD200RLa could be isolated from peripheral blood, amino acid analysis showed that it
lacked two cysteine residues critical for expression and it is likely that the gene is
nonfunctional, indicating that only CD200R is expressed in humans. Key points were that
(1) none of these CD200RL molecules bound CD200, (2) the human CD300RLa was not
expressed as a functional protein, (3) it is likely that these are activating receptors, and (4)
the ligands have not been identified.58,61

Using EST, 5′-RACE, cDNA and genomic DNA clone analysis, Gorczynski and colleagues
also cloned and sequenced a family of CD200 receptors in addition to the CD200R(1)
described above. These were dubbed CD200R2 (corresponding to CD200RLc), and
CD200R3 (corresponding to CD200Lb), and CD200R4 (corresponding to CD200La).60
Comparison of sequence data from Wright58 indicated NH2-terminal differences for
CD200R2 and R3 compared with RLc and RLb. Charged residues in the cytoplasmic
domains of CD200R2-4 were found, but whether they associated with ITAMS was not
determined. Using predicted amino acid sequence comparisons, hydrophobicity predictions
and three-dimensional modelling of the isoform sequences, peptides were synthesized to
generate rabbit polyclonal or rat monoclonal antibodies to CD200R1-4. Antibodies with
relative specificity for CD200R2 and R3 were also obtained, as well as antibodies, for a
cross-reactive epitope on CD200R1 and R4. Using flow cytometry, COS7 cells transfected
with all CD200R isoforms appeared to bind FITC-labelled CD200Fc, contradicting previous
reports that only the inhibitory CD200R bound CD200.58 However, these experiments were
conducted in the absence of DAP12 expression by the transfected cells and it is probable
that positive binding observed in these studies was an artifact, as CD200RLa is not
expressed well in absence of DAP12, and CD200RLb is only expressed at the cell surface in
the presence of DAP12.58 The necessity for coexpression of DAP-12 has also been
confirmed independently for CD200R3 (CD200RLb).69 These proteins are therefore
predicted to transmit activating signals through the DAP12 adaptor protein, placing the
CD200R family in the same category as other paired receptor families such as the SIRPs,
Ly49 natural killer cell, Ig-like receptors and PILR, which have both activating and
inhibiting isoforms.13,70-72
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It has now been definitively shown that only the inhibitory isoform, CD200R, binds
CD200.61 Mouse CD200R, CD200RLa, and CD200RLb were expressed at high levels in
BaF3 cells, and a DAP12 construct was cotransfected with CD200RLa and CD200RLb,
enabling their expression at the cell surface and their detection using highly specific
monoclonal antibodies. Using flow cytometry, only cells expressing CD200R bound a
CD200-Fc fusion protein. This was confirmed at the protein level using surface plasmon
resonance. The expressed receptors CD200R, CD200RLa, and CD200RLb, as well as
protein products of the genes CD200RLc and CD200Le, were generated as chimeric
proteins with a biotinylation sequence and with two domains of rat CD4 as an antigenic tag.
Only CD200R was found to bind to either the monomeric or dimeric CD200 fusion proteins.
A range of concentrations were tested and the affinity of binding of CD200R calculated as
Kd ∼ 4 μM. Binding of CD200RLa was too weak to measure accurately and is therefore
unlikely to be physiologically relevant, and no binding of CD200RLb, CD200RLc, or
CD200RLe could be detected using this sensitive assay.

The fine specificity of binding between CD200 and CD200R can be appreciated through
sequence comparison and analysis of the nonbinding receptors. Analysis of the sequence
similarities of the extracellular regions of the receptors showed that the strain-specific gene
CD200RLe appears to be the most closely related (91%) to CD200R, compared with
CD200RLa (84%), CD200RLc (83%), and CD200RLb (39%).61 The binding site of the
human CD200R has also been studied by mutagenesis analysis and residues in the predicted
β strands C and F identified as important for binding human CD200. Importantly, a single
residue change in this area was sufficient to prevent binding.66 Analysis of this region
between the binding receptor CD200R and the nonbinding CD200RLe was also highly
conserved. These observations have significant implications for potential therapies targeting
the CD200/CD200R axis.

C. Evolutionary Origins of the CD200R Family
Why do multiple isoforms of the CD200R exist (at least in mice) and if CD200 is not their
natural ligand, what is their function? A large proportion of leukocyte membrane proteins
contain one or more IgSF domains.73 Almost half of these are similar to CD200 in having
two Ig domains, binding ligand via the N-terminal Ig domain, and have arisen as the
adaptive immune response has evolved, possibly reflecting their function as protein or
peptide recognition molecules.74 Receptor ligand pairs with close-sequence homology are
thought to have evolved from single gene products that originally mediated homophylic
binding.75 Phylogenetic analysis of the CD200R extracellular sequence compared with
other members of the IgSF, place it very close to CD200, implying that the two proteins
have evolved from a common ancestral protein. Viral homologues of CD200 have also been
identified, notably in the Herpesviridae and Poxviridae families that are highly adapted to
coexist asymptomatically with their host. Viruses frequently acquire genes from infected
host cells, and as IgSF domains are rare in viruses, it is likely that the CD200-related open
reading frames (ORFs) found in a range of diverse viruses have been acquired independently
on more than one occasion.13,74 For instance, the human herpesvirus 8 K14 protein can
inhibit proinflammatory cytokine secretion (eg, TNF-α) by macrophages76 or histamine
release from basophils,77 and the myxoma virus M141R gene product is predicted to reduce
macrophage or DC ability to prime T cells through CD200/CD200R-specific mechanisms.78

The ability to downregulate host immune responses via inhibitory CD200R would have
strong survival benefits for the virus, and would provide a strong evolutionary pressure on
the host to evolve alterative, activation receptors to override detrimental pathogen-induced
inhibitory responses. Accumulating evidence that this has occurred for other DAP12-pairing
receptors79 raises the possibility that the non-CD200-binding receptors described above
have evolved to stimulate the innate immune response by recognizing related microbial
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proteins, and deliver activating rather than inhibitory signals aimed at eliminating or at least
suppressing virus activity within the host.

IV. PHYSIOLOGICAL FUNCTION OF CD200/CD200R INTERACTION
All the evidence offered to date supports an immunoregulatory role for CD200. In particular,
interaction with CD200R expressed constitutively by monocytic myeloid cells such as
macrophages and dendritic cells represses proinflammatory activation in vivo,
33,41,43,53,80 reduces activation of MAPK’s in mononuclear cells, and represses
degranulation of human mast cells and basophils.65,77,81 It is also probable that CD200
expressed by endothelium has a role in controlling circulating neutrophil degranulation, but
this has not been directly tested. There is no evidence for spontaneous neutrophil
degranulation in the CD200−/− mouse, and given the serious consequences of systemic
degranulation (septic shock), it is evident that additional controlling mechanisms have
evolved to restrain this event. There is evidence for CD200R expression by T-cell subsets in
humans and mice, adding additional pathways for regulation.58 A role for dysfunctional
regulation through CD200 has been identified in various pathological models. As CD200R
is the only definitively characterized receptor for CD200, and functional ligands for the
activating isoforms of the receptor have yet to be found in humans or mice, only inhibitory
signaling via CD200R will be considered further in this review.

A. Regulation of Allergy
Mast cells reside in most tissues of the body and are frequently found adjacent to blood
vessels, where they provide a vital sentinel function for the innate immune response through
clearance of immune complexes and complement-opsonized particles via Type-1 receptors.
In common with other granulocytic cells of the myeloid series, they also respond directly to
microbes and other mediators promoting an inflammatory response. Mast cells can also
affect the magnitude or kinetics of the acquired immune response including autoimmunity
via cell-surface interactions with DC and with T and B lymphocytes or through release of
cytokines and chemokines.82 They are also capable of an antigen-specific response via
cross-linking of surface-bound IgE molecules. This results in the release of granule contents
such as histamine and serine proteases, making mast cells the major effector cells for
allergic or immediate hypersensitivity reactions. Expression of highly glycosylated CD200R
by mast cells37,58 is therefore a potential regulatory mechanism to control excessive
allergic responses.

A model mast cell degranulation assay was developed by Zhang et al., 65 whereby cross-
linking of FcεR1-bound TNP-specific IgE by varying concentrations of the contact
sensitizing compound TNP-KLH, resulted in dose-dependent degranulation of the mast
cells. This assay was used to study the molecular mechanisms of CD200 inhibition of mast
cell activation demonstrating a novel inhibitory pathway, as discussed earlier in this review.
Additional studies with this in vitro system showed that degranulation and secretion of IL-13
and TNF was markedly reduced following CD200 engagement of mast cell expressed
CD200R, suggesting that CD200R might regulate the activation threshold of inflammatory
immune responses.81 More importantly for therapeutic applications, when normal human
mast cells, expressing normal levels of CD200R, were treated with an agonist antibody that
triggers CD200R signaling, a slight but consistent inhibition of degranulation could be
achieved. The effect was dependent on the concentration of anti-hFcεR1 used to initiate
degranulation, and was significantly enhanced by CD200 engagement, together with cross-
linking of CD200R at the mast cell surface, reinforcing the notion that CD200-CD200R
interactions are involved in regulating the threshold at which an inflammatory response
might occur, as well as regulating the magnitude or duration of that response.13
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These in vitro observations were also tested in vivo in a murine model of passive cutaneous
anaphylaxis.81 Although overexpression or cross-linking of CD200R on cultured mast cells
was required to prevent degranulation in vitro, systemic administration of an agonist
antimouse CD200R mAb inhibited FcεR1-dependent responses in vivo in a system in which
no artificial cross-linking was used. The increased sensitivity of the response in vivo may be
attributed to the higher constitutive expression of CD200R on mast cells in vivo compared
with cultured cells, or perhaps other cell-cell interactions that occur in vivo lower the
threshold for inactivation. The in vivo data clearly underline the potential of CD200R
targeting as a therapeutic strategy in allergic responses.

B. Regulation of Organ-Specific Autoimmunity
If the function of CD200 expression on particular cells or tissues is to limit inflammatory
damage to those cells and tissues, then a role in limiting autoimmune responses in
vulnerable tissues might be predicted. In the limited number of studies carried out, this
would appear to be the case.

CD200 is notably expressed on neurons within the CNS and would be predicted to modulate
activation of CD200R+ microglia. Consistent with this concept, some microglia in the brain
form aggregates in the absence of CD200,43 and in the retina, microglia numbers are
increased and show evidence of proinflammatory activation through de novo expression of
NOS-2.56 These changes are linked to accelerated onset of MOG-induced EAE43 and of
retinal antigen peptide-induced EAU in CD200−/− mice.30,53 A direct regulatory role for
CD200 in controlling classical activation4 of microglia and retinal macrophages in retinal
diseases is also supported by increased expression of CD200 on retinal neurons seen when
CD200R signaling is interrupted using a blocking mAb. This treatment resulted in
augmented NOS-2 expression by retinal macrophages and more severe disease in a rat
model of EAU.83

Outside the CNS, other models of autoimmunity have indicated that in addition to
attenuating local inflammatory reactions, CD200/CD200R may also promote immune
tolerance or nonresponsiveness. In collagen-induced arthritis (CIA), although CD200 is not
expressed in the joint, increased susceptibility to disease was seen in CD200−/− mice on the
normally resistant C57Bl/6 background. CIA could also be induced in wild-type mice
treated with a CD200R-Ig fusion protein that prevented the association between CD200 and
CD200R.43 The inflammation was dominated by macrophages, with pannus formation and
erosion of cartilage and bone, suggesting CD200-CD200R interactions outside the target
tissue were also involved in regulating induction and progression of autoimmune disease.
The powerful nature of this effect was confirmed by experiments in the susceptible DBA/1
mouse, where infusion of (presumably agonist) anti-CD200R antibody, or a CD200Fc fusion
protein could halt disease progress and significantly reduce established arthritic disease.84
Reduced disease scores were accompanied by reduced TNF-α and IFN-γ ðproduction by
lymphoid cells restimulated with antigen in vitro, but whether this reflected a direct and
specific effect on collagen-specific T-cell responsiveness as a result of the treatment rather
than the effect of reduced macrophage activity and reduced disease activity, was not proven.

More evidence for systemic regulation was observed in a murine-contact hypersensitivity
model where CD200−/− mice were found to be resistant to ultraviolet (UV)-mediated
induction of tolerance.85 This effect was linked to expression of CD200 in the skin, and
specifically, MHC class II negative keratinocytes in the outer root sheath of the murine hair
follicle.33 A syngeneic skin graft model of alopecia was developed to study the possible role
of CD200 in maintaining immune tolerance to hair follicle associated autoantigens. In this
model, it was observed that skin grafts from CD200−/− mice grafted onto syngeneic WT
mice developed hair loss with significant perifollicular and intrafollicular inflammation. The
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effect was localized and did not spread to CD200+/+ skin on WT recipients or, surprisingly,
to CD200−/− skin on KO recipients, suggesting both graft-localized effects and systemic
effects that protected CD200−/− hair follicles outside the graft. Adoptive transfer of alopecia
from WT mice that had received CD200−/− grafts to CD200−/− hosts indicated tissue-
specific autoimmune mechanisms were involved, but disease was patchy and localized, and
in time, normal hair growth in affected areas was restored. The mechanisms of hair follicle
destruction were not elucidated, but may be linked to the tissue trauma associated with the
grafting procedure. This is consistent with induction of inflammatory alopecia, in both host
and graft tissue at the time of grafting, that failed to resolve in the absence of CD200. It was
proposed that failure to regulate degranulation of CD200R+ skin mast cells responding to
injury in CD200−/− tissue may underlie the persistent inflammatory response.33 As well as
tissue- localized effects, this study also identified a wider role for CD200 in control of
autoreactivity. Similar observations that indicated alternative regulatory responses in the
absence of CD200 were also made by the present authors in the EAU model.53

In agreement with other studies in CD200−/− mice, we observed an earlier onset of retinal
inflammation compared with WT mice in our model of EAU. We observed prominent
expression of NOS2 in the retina at disease onset, consistent with tonic activation of
microglia and macrophages.53,86 However, disease incidence and overall severity was
actually reduced in CD200−/− mice compared to WT over time. This was unexpected and
the reasons for this were not immediately apparent. Analysis of a range of cellular immune
responses to lymphoid cell restimulation, with eliciting antigenic peptide, showed no
significant differences between immunized CD200−/− mice and WT mice. These assays
included proliferation, cytokine secretion, and enumeration of CD3/CD4/CD25+ regulatory
T cells, but no significant differences were found. We hypothesized that there is redundancy
in the regulatory mechanisms controlling potentially damaging inflammation, and in the
absence of default and necessary CD200/CD200R signaling, other regulatory mechanisms
are invoked during inflammation to convert the classically activated myeloid phenotype to
an alternatively activated, healing and immunomodulatory phenotype. Some evidence for
this was found in the spleen and lymph nodes of naïve mice, where STAT4 protein levels
were significantly lower in CD200−/− mice than in WT, suggesting a constitutive bias away
from Th1-cytokine responses in the absence of CD200/CD200R signaling. As Th2 cells also
express CD200R, some evidence of elevated Th2 activity in the absence of expressed
CD200 ligand might be expected,58 but as yet, the function of Th2-expressed CD200R is
unknown, and no difference in STAT6 protein expression was found in naïve mice.
However, marked upregulation of STAT6 did occur in spleens and cervical lymph nodes of
CD200−/− mice compared to WT when exposed to antigen intranasally in a protocol
designed to induce immunological tolerance to that antigen.87,88 The increased expression
was highly significant and translated into profound suppression of retinal inflammation
when EAU was induced. This was accompanied by suppression of T-cell proliferative
responses, elevated levels of IL-4 and IL-5 in response to antigen challenge, significantly
elevated numbers of CD3/CD4/CD25+ regulatory T cells, and the emergence of IL-10
secreting CD11b+ and CD11clow myeloid cells, consistent with induction of immune
regulation. Although the Th2 switch in our tolerized CD200−/− was highly significant
compared to tolerized WT mice, a direct link between Th2 bias and the generation of
immunological nonresponsiveness has not been established, and Th2 responses can also
cause pathology.89-91

C. Regulation of Alloimmunity
Successful pregnancy involves establishing and maintaining tolerance to the fetus, and is a
physiological state where regulation of alloimmunity is essential. Similar mechanisms are
required for maintaining tolerance to grafts in the nonphysiological setting of organ
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transplantation. Both involve a bias away from Th1 responses towards IL-4, IL-10, and
TGF-β production.92-94 The effects of these cytokines often act locally, and a suppressive
role for CD200R+ γδ T cells have been implicated in both.95-99 Alloantigen recognition is
also essential, inferring a crucial role for antigen-presenting cells. The high rate of
spontaneous abortion in the CBA × DBA/2 model can be reduced by preimmunization with
cells bearing paternal major and minor histocompatibility antigens,98 and organ graft
survival was enhanced following donor-specific cell transfer.99-101 These effects were
attributed to enhanced Th2 bias and reduced CTL and NK activity that could be reversed by
antibodies to donor-specific antigens. A common rejection mechanism in termination of
pregnancy and graft rejection is thrombin activation via Th1-cytokine induction of
fibrinogen-like protein (fgl2).102,103 This leads to clotting, activation of neutrophils and
endothelium, and blockage of the vasculature.

Thus maintenance of both pregnancy and graft survival requires a balance between pro-
rejection and antirejection stimuli. Cytokine bias clearly plays a role, but this is too fragile a
mechanism to sustain homeostasis, and represents general rather than specific
immunosuppression. Other more robust cell receptor controlled mechanisms involving
antigen-presenting cells are predicted to deliver specific signals to T cells generating
effective immune tolerance. Several studies have implicated DC in renal allograft survival,
and cross talk between CD200 expressing DC and CD200R+ macrophages are hypothesized
to be involved.40,68,104 How this interaction causes polarization to Th2- cytokine
production and reduces CTL and NK activity is as yet unexplained. The same group105 has
shown that bone- marrow-derived DC, incubated with a CD200R(1) mAb inhibited
induction of CTL and Th1-type cytokine production in mixed lymphocyte reactions, but this
study needs confirmation in controlled experiments utilizing F(ab’)2 antibody fragments.
Other more recent studies106,107 have also attempted to define mechanisms, but whether
the mAbs used were agonists or antagonists was not determined, making interpretation of
data difficult.

In the CBA × DBA/2 spontaneous abortion model, infusion of CD200+ BALB/c cells,
expressing the same MHC as DBA/2 cells, induces production of protective cytokines. It is
presumed that paternal DBA/2 cells express lower levels of the crucial Class I antigen Qa-2
and possibly other as yet unidentified minor antigens. Onset of abortion is gestation day
8.5-9.5 in this model, but infusion of the Balb/c cells as late as gestation day 7.5 can prevent
fetal loss. This very short timescale supports the idea that suppression or tolerance induction
involves receptor costimulation as well as a permissive cytokine bias. In addition to CD200,
the secretory glycoprotein MD-1 is also expressed at the fetal/maternal interface and
reciprocal expression of these molecules has been implicated in these alloresponses.108-111
In situ hybridization studies have revealed that CD200 mRNA and MD-1 mRNA are
differentially expressed within trophoblast tissue. In untreated mice, approximately 80% of
implantation sites expressed CD200, whereas fewer than 50% expressed MD-1. This pattern
was reversed when abortion was induced by treatment with TNF and IFN-γ,112 but the link
between CD200R and MD-1 signaling and increased or decreased allograft survival was not
elucidated in these models.

V. IMMUNOSUPPRESSION AND CD200
From the in vivo models discussed earlier, it would appear that the CD200/CD200R axis has
a role in maintaining immunological nonresponsiveness.53,105 Expression by thymocytes
and cells in vulnerable tissue locations imply that both central and peripheral tolerance to
self-antigens may be regulated, but the antigen specificity of suppressed responses remains
to be proven. Central tolerance does not appear to be compromised in the CD200−/− mouse,
as there is no evidence that these mice succumb to spontaneous autoimmune disease as
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observed in other models, but a functional role for CD200 in reinforcing the process of
peripheral tolerance has been indicated in two separate systems.

Immune tolerance as a functional consequence of presentation of antigens processed from
apoptotic cells by DC has been demonstrated in many systems and is believed to be one of
the mechanisms underlying maintenance of peripheral tolerance,113,114 defects leading to
Treg failure and autoimmunity.115,116 To date, there is no evidence that the CD200/
CD200R axis has a direct role in generating Treg, but in an elegant study, Rosenblum and
colleagues have shown that CD200 expression was increased on DC undergoing apoptosis
in vivo as well as in vitro. This was attributed to CD200 being a p53 target gene. In addition,
a second caspase-dependent pathway that was independent of p53, was also identified for
CD200 upregulation, implying an important physiological role for increased CD200
expression by apoptotic cells. Increased CD200 expression diminished proinflammatory
cytokine production to self-antigens and was required for induction of tolerance in a contact
hypersensitivity model.33,85 The authors hypothesized that upregulation of CD200 may
represent a novel mechanism for reinforcing suppression of immune reactivity to self-
antigens under steady-state conditions in the absence of other overt tolerizing signals.

A second mechanism may involve tryptophan metabolism by the enzyme indoleamine 2,3-
dioxygenase (IDO). Suppression mediated by IDO is very powerful, with a strong bystander
effect,117,118 and high levels of IDO expression are associated with inhibition of
alloreactivity and Treg function.112,119-125 Various cell types can be induced to express
IDO, but myeloid cells, principally DC and in particular plasmacytoid DC, are thought to be
involved in IDO-induced tolerance after exposure to IFN-γ and/or TNF or CTLA4.119
Significantly, CD200R ligation using a CD200 Ig fusion protein stimulated plasmacytoid
DC to upregulate IDO expression and function, mimicking the effects of B7/CTLA4
signaling.126 The authors therefore hypothesized that the CD200/CD200R axis acts to
reinforce the tolerogenic properties of certain DC subsets over the adjuvant activity of
immunogenic subsets. Further support for this hypothesis was found in their subsequent
studies that showed that CD200R-Ig signaling upregulated IDO via type-1 IFN induction,
whereas CTLA-4-Ig induced IDO induction was IFN-γ-dependent, providing an additional
or alternative route to IDO expression and regulation.127

Further experiments to determine the role of CD200R in regulating antigen-presenting cell
function are required, but the experiments described above certainly suggest a regulatory
role. Cytokine bias is clearly affected by CD200R signaling. Recent in vitro studies by
Jenmalm et al. now show that CD200R agonists selectively inhibited macrophage cytokine
and chemokine secretion induced by IFN-γ and IL-17. CD200R inhibition of IFN-γ-
induced cytokine secretion was not universal as macrophages responses to innate activation
signals by LPS were unaffected in these studies, suggesting a homeostatic role that could be
overridden in the presence of infection.54 The expression of CD200R by polarized Th2 cells
is also particularly intriguing.57 As CD200/CD200R signaling can inhibit proinflammatory
TNF-α secretion from activated macrophages76 and mast cells,81 it is possible that the
switch to anti-inflammatory cytokine secretion is a result of alternative pathways induced
through TNF-driven regulatory mechanisms.128 Failure of such regulatory mechanisms
could predispose individuals to inflammatory diseases.

VI. CONCLUSIONS
The apparently mild phenotype in the CD200−/− mouse supports the notion that CD200/
CD200R interactions are either redundant or part of a more complex signaling system
involving other receptor ligand pairs with overlapping or enhancing actions. The constitutive
expression of CD200 on specific cell types, and in specific locations indicates that CD200
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may have a specialized rather than a generalized function, and argues against a redundant
function. The distribution of expression, particularly on tissues associated with sites of
immune privilege (CNS, trophoblasts, and keratinocyes) and on cells associated with central
and peripheral tolerance (thymocytes, plasmacytoid DCs and apoptotic cells), as well as the
observation that there are two independent pathways to upregulate CD200 expression in
apoptotic cells, is significant and would suggest a role in maintaining immune homeostasis
in concert with other signaling events.85,127

Barclay has suggested that the interaction between CD200 and CD200R, and that between
the thrombospondin receptor (CD47) and SIRP-α (CD172a), represent a new family of
receptor pairs that allow the fine tuning of myeloid cell function, possibly by altering the
threshold of responses by myeloid cells to activating stimuli such as FcR or complement-
mediated phagocytosis.13 This is an attractive hypothesis, and these elegant biochemical
and molecular studies do show that the topology of the CD200/CD200R binding would
facilitate molecular interactions within the hypothesized myeloid cell synapse. Functional
studies are now required to support this notion, and determine whether the pairs of receptors
act independently or in concert to deliver the observed inhibitory effects. Certainly all
studies to date confirm that the CD200/CD200R interaction initiates an inhibitory signal to
myeloid cells, and there is accumulating evidence that this signal may function as an
additional or enhancing inhibitory control on potentially damaging proinflammatory
myeloid cell activity in vulnerable tissues. The distribution of CD200 ligand in immune-
privileged tissues and in sites exposed to antigen challenge does suggest that CD200/
CD200R interactions are involved in reinforcing anti-inflammatory responses at these
particular sites.36 The breadth of downstream effects on both innate and adaptive immune
responses from this interaction underline the important physiological consequences of this
regulatory activity. In addition, the apparent lack of naturally expressed activating receptors
that might bind CD200, particularly in humans, may reflect evolutionary pressure to
specifically protect areas of immune privilege. An adaptation that may now be exploited by
pathogens.76,77

From the evidence published to date, and discussed in this review, we can conclude that the
interaction between CD200 and CD200R induces immune suppression. Some studies,
particularly in alloantigen models have suggested that the CD200/CD200R axis generates a
deviant immune response.104 Other studies have focused on in vitro models that allow
dissection of CD200R signaling at the cellular and molecular level.54,65,76,81 These
studies all indicate that CD200 binding to CD200R directly inhibits cellular activity as
originally proposed by Hoek,43 and the evidence that manipulation of CR200R signaling in
mast cells can be used to control degranulation in vivo holds real promise for future
therapies for allergies.81 Given the exclusive nature of CD200 binding to the inhibitory
CD200R and what we now know about the wider distribution of both CD200 and CD200R,
interpretation of in vivo observations and the many ex vivo cell-mediated experiments
described is difficult. Consequently, many of the hypotheses about the mechanisms of the
suppression generated from these studies remain speculative. Specificity of reagents and an
understanding of how they function as agonists or blocking reagents has been shown to be
crucial for understanding the role of this receptor/ligand pair in immune responses. More
studies of this type are required to understand the function of CD200R expression by
nonmyeloid cells. Studies into the role of CD200 expressed by B cells and follicular
dendritic cells are also required to explore the role of the CD200/CD200R axis in humoral
immunity.
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