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Abstract

CD200 is a cell surface glycoprotein that functions through engaging CD200 receptor on cells of
the myeloid lineage and inhibits their functions. Expression of CD200 has been implicated in a
variety of human cancer cells including melanoma cells. However, its roles in tumor growth and
immunity are not clearly understood. In this study, we have used CD200R-deficient mice and the
B16 tumor model to evaluate this issue. We found that CD200R-deficient mice exhibited
accelerated growth of CD200-positive, but not CD200-negative B16 tumors. Strikingly, CD200R-
deficient mice receiving CD200-positive B16 cells intravenously exhibited massive tumor growth
in multiple organs including liver, lung, kidney and peritoneal cavity, while the growth of the same
tumors in wild type mice is limited. CD200-positive tumors grown in CD200R-deficient mice
contained higher numbers of CD11b*Ly6C* myeloid cells, exhibited increased expression of
VEGF and HIF-1a genes with increased angiogenesis and showed significantly reduced
infiltration of CD4* and CD8* T cells, presumably due to reduced expression of T cell
chemokines such as CXCL9 and CXCL16. The Liver from CD200R-deficient mice under
metastatic growth of CD200-positive tumors contained significantly increased numbers of
CD11b*Gr1- myeloid cells, FoxP3* regulatory T cells and reduced numbers of NK cells. Liver T
cells also had reduced capacity in the production of IFN-y or TNF-a. Taken together, we have
revealed a critical role of CD200R signaling in limiting the growth and metastasis of CD200
positive tumors. Targeting CD200R signaling may thus has a potential to interfere with the
metastatic growth of CD200-positive tumors like melanoma.
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Introduction

Tumor-associated inflammation and immune responses are key components in the tumor
microenvironment (TME) that regulates tumor growth, progression and metastasis (1).
Tumor associated myeloid cells (TAMC) are a groups of cells that not only play key roles in
inducing tumor angiogenesis (2, 3), activating invasion/metastasis (4, 5), but also regulate
tumor specific T cell responses (6). Thus, identification and characterization of key
pathways that can regulate TAMCs are of critical importance for developing cancer
immunotherapy. In this regard, our recent mouse studies (7, 8) suggest that CD200-CD200
receptor (CD200R) interaction may be important for the growth and metastasis of tumors
such as melanoma.

CD200 (also known as OX-2) is a member of the Ig super family of proteins. It contains two
extracellular immunoglobulin domains and a small intracellular domain with no known
signaling motif (9). CD200 is expressed in a variety of normal tissues (10-13) and the
lymphoid cells including B lymphocytes and activated T cells (14). CD200R, the cognate
ligand for CD200, is also an IgSF protein (15). The expression pattern of mouse and human
CD200R is similar, with strong expression in macrophages, neutrophils and mast cells (16).
Triggering CD200R suppresses myeloid cell activity in vitro and engagement of CD200R by
CD200 inhibits their activation (17). Unlike most of the IgSF receptors, CD200R lacks ITIM
domains (18). However, its 67 AA cytoplasmic tail contains 3 tyrosine residues and the third
tyrosine residue is located within a NPXY motif, which is phosphorylated upon ligation of
the CD200 receptor (19). This leads to the recruitment and phosphorylation of Dok-2 and 1,
which then bind to RasGAP and SHIP (19-21). In macrophages and mast cells, this cascade
has been shown to inhibit the phosphorylation of ERK, P38 and JNK (20). CD200R
signaling in macrophage appears to limit autoimmune inflammation in animal models of
multiple sclerosis and arthritis (22) and lung injury caused by viral infection (23), as CD200-
deficient mice were found to have a significantly increased disease severity due to hyper
activation of macrophages. CD200R-deficient mice were also shown to be more susceptible
to arthritis, presumably due to enhanced functions of macrophages (24). These findings
indicate that CD200-CD200R interaction is mainly involved in limiting the cellular
functions of myeloid lineages of cells.

Expression of CD200 has been found in multiple types of cancer (25-27) including
melanoma (28). It is generally considered that expression of CD200 on cancer cells has a
pro-tumor effect (26-31). However, this conclusion was made mainly from experiments
using allogenic models, our previous studies using B16 melanoma and J558 plasmacytoma
mouse syngeneic models suggest that tumor expressed CD200 may inhibit tumor growth and
metastasis via shaping tumor microenvironment (7, 8). In this study, we have further
evaluated the role of CD200R signaling in tumor growth and metastasis using CD200R-
deficient mice. We found that CD200R-deficient mice exhibited accelerated growth of
CD200-positive, but not CD200-negative B16 tumors. Strikingly, CD200R-deficient mice
receiving CD200-positive B16 tumor cells intravenously exhibited massive tumor growth in
multiple organs such as liver, lung, kidney and peritoneal cavity, while the growth of the
same tumor in wild type mice is limited. Thus, we have revealed a critical role of CD200R
signaling in limiting the growth and metastasis of CD200 positive tumors.
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Materials and Methods

Mice

C57BL/6 mice were purchased from Jackson laboratories. CD200R™~ mice were generated
via a contract with Taconic Farms. The exon 1 of CD200R gene was targeted in the ES cells
of 129/Sv-C57BL6 mice and the CD200R mutated mice were breed into C57BL/6 (12
generations) strain. All mice were maintained and cared for in The Ohio State University
(OSU) laboratory animal facilities which are fully accredited by OSU Institutional Animal
Care and Use Committee (IACUC).

Generation of CD200 positive and negative B16 cells

B16.F10 melanoma cells were transfected with a pcDNAS3 (Invitrogen) expression vector
containing the full length of the mouse CD200 cDNA or a control pcDNA3 expression
vector to generate CD200-positive or CD200-negative B16 cells as previously described (7,
8). The resulting hygromycin-resistant cells were selected for CD200 expression using flow
cytometry. The generated CD200-positive (B16-CD200) or CD200-negative (B16-Ctrl) cells
were maintained in RPMI 1640 medium (Gibco) supplemented with 5% FBS and 1%
Penicillin/ Streptomycin.

Establishment of subcutaneous and metastatic tumors

To establish subcutaneous tumors in C57BL/6 and CD200R”" C57BL6 mice, 1 x 10° B16-
CD200 or B16-Ctrl cells/mouse were used for the subcutaneous injection. Development of
tumors was monitored and tumors were measured for length (a) and width (b) every three
days using a digital caliper. Tumor volumes were calculated as ab%/2 (32). To establish
metastatic tumors, each mouse was injected with 1 x 10° B16-CD200 or B16-Ctrl cells via
the tail vein. Mice were monitored for up to 3-4 weeks. At the end of the experiments, mice
were sacrificed and different organs were collected, weighed or underwent various analyses.

Real time PCR

Quantitative real-time PCR was performed using an ABI 7900-HT sequence system (PE
Applied Biosystems) with the QuantiTect SYBR Green PCR kit (Qiagen) in accordance
with the manufacturer’s instructions. PCR was done using previously determined conditions
(33). The following primers were used for amplifying specific genes: mArgl: 5°-
ACAACCAGCTCTGGGAATCT-3’ (forward) and 5’-TGTACACGATGTCTTTGGCA-3’
(reverse); mCCL2: 5’-GGCTGGAGAGCTACAAGAGG-3’ (forward) and 5’-
ATGTCTGGACCCATTCCTTC-3’ (reverse); mCCL22: 5’-
AACCTTCTTGCTCCTCTGGA-3’(forward) and 5’-CTTTGTGGTCCCATATGCTG-3’
(reverse); mCXCL9: 5’-GAACTCAGCTCTGCCATGAA-3’ (forward) and 5’-
GCATCGTGCATTCCTTATCA-3’(reverse); mCXCL10: 5’-
GCTGCAACTGCATCCATATC-3’(forward) and 5’-TTTCATCGTGGCAATGATCT-3’
(reverse); mCXCL16: 5’-CCAGTGGGTCCGTGAACTA-3’(forward) and 5’-
GGTACTGGCTTGAGGCAAAT-3’ (reverse); mHIFla: 5’-
TCAAGTTGGAACTGGTGGAA-3’ (forward) and 5’-TATAGGGAGCCAGCATCTCC-3’
(reverse); mMMMP9: 5°-TAAGGACGGCAAATTTGGTT-3’ (forward) and 5°-

J Immunol. Author manuscript; available in PMC 2017 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 4

CTTTAGTGGTGCAGGCAGAG-3’ (reverse); mMIF: 5°-
CCACCATGCCTATGTTCATC-3’(forward) and 5’-GTGCACTGCGATGTACTGTG-3’
(reverse); m IL-1B: 5’-CACTACAGGCTCCGAGATGA-3’ (forward) and 5’-
TTTGTCGTTGCTTGGTTCTC-3’; mILA.F: 5°-TGT ACC AGG AGC CAT ATC CA-3’
(forward) and mIL4.R: 5°-TTC TTC GTT GCT GTG AGG AC-3’ (reverse); mIL-6: 5’-
ACTTCACAAGTCGGAGGCTT-3’ (forward) and 5’-TCTGCAAGTGCATCATCGT-3’
(reverse); MNOS2: 5’-ACCTTGTTCAGCTACGCCTT-3’ (forward) and 5’-
CATTCCCAAATGTGCTTGTC-3’ (reverse); mTNF-a: 5’-ATG AGA AGT TCC CAA ATG
GC-3’ (forward) and 5’-CTC CAC TTG GTG GTT TGC TA-3’(reverse); mTSP-1: 5’-
TGGAGATGGAATCCTCAATG-3’(forward) and 5’-CAGCTGGTCTGGATTGTGTT-3’
(reverse); mMVEGF: 5’-AGAGAGCAACATCACCATGC-3’ (forward) and 5’-
GGTCTGCATTCACATCTGCT-3’ (reverse). The HPRT gene was simultaneously amplified
as endogenous control. The primers were 5'-AGCCTAAGATGAGCGCAAGT-3' (forward)
and 5-TTACTAGGCAGATGGCCACA-3' (reverse). Each sample was assayed in triplicate
and the experiments were repeated twice. The relative gene expression was calculated by
plotting the C#(cycle number) and the average relative expression for each group was
determined using the comparative method (2-24Ct),

Antibodies and flow cytometry

For CD200 and CD200R staining, PE-labeled anti-CD200 (clone OX-90) and FITC-labeled
anti-CD200R (OX-110) antibodies (Serotech) were used. FITC-, PE-, APC- or PercP-
labeled antibodies to CD4, CD8a, CD11b, Grl, Ly6G, Ly6C, DX5, IFN-y, TNF-a, FoxP3
and isotype-matched control antibodies were purchased from BD Biosciences. Cells were
incubated with antibodies in 0.1 M PBS (pH7.4) supplemented with 1% FCS and 0.1%
sodium azide on ice for 30 minutes. Cells were then washed three times and fixed in 1%
paraformaldehyde followed by flow cytometry analysis. Intracellular cytokine staining
procedure was the same as we described (7). Data were analyzed using the flowjo software
(Tree Star, Inc., OR).

Immunohistochemistry and Immunofluorescence

Immunohistochemistry (IHC) was used for the staining of frozen tissue sections of human
melanoma biopsy samples. Immunostaining were performed on cancer tissues using 4 pg/mi
of mouse anti-human CD200 mAb (OX-104, eBioscience) for 120 min. Ab binding was
detected using anti-mouse peroxidase conjugated EnVision reagent and diaminobenzidine as
chromogen. Sections were also counterstained with Mayer hematoxylin.

Immunofluorescence staining was performed on mouse tumors. Briefly, established mouse
tumors were harvested and frozen in Tissue-Tek OCT media (Sakura Finetek), and 10-pum-
thick slices were prepared. Tissue sections were fixed in ice cold acetone for 30 seconds and
were then stained with the corresponding fluorescent antibodies overnight at 4°C. The
antibodies used for fluorescence staining of tumor sections were FITC-anti-CD31 and FITC-
anti-VEGF. After washing with phosphate-buffered saline (PBS), slides were mounted with
DAPI-containing Vectashield mounting medium (Vector Laboratories) and were examined
and photographed on an inverted three-color fluorescence microscope system (Nikon Ti-U).
Images were analyzed and quantified using the ImageJ software (NIH).
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Statistical analysis

Results

Student’s t test was used to compare tumor size and number differences between two groups.
For comparison of mice survival, Kaplan-Myeier survival analysis and log-rank test were
used (version 10.0, SPSS, Inc., Chicago, IL). A p value less than 0.05 was considered
significant.

Ethic Statement—This study and experimental protocols were approved by OSU IACUC
with permit number 2008 A0093-R2.

1. Expression of CD200 in melanoma cells alters tumor microenvironment

Recent studies have revealed that CD200 is frequently expressed on human cancer cells such
as melanoma cells (28). By IHC staining of frozen sections of melanoma biopsy tissues from
patients revealed that melanoma cells either extensively express CD200 or are CD200-
negative (Fig.1). It has been suggested that overexpression of CD200 on melanoma cells
inhibits T cell responses to melanoma, thereby promoting melanoma tumor growth and
metastasis (28). However, we have previously (8) shown that expression of CD200 in B16
melanoma cells inhibits the tumor growth and metastasis in syngenic immune competent
mice. We hypothesized that tumor expressed CD200 interacts with CD200R on tumor
associated myeloid cells and inhibits their function, thereby shaping tumor
microenvironment (TME), which can directly or indirectly affect T cell responses in tumors.
To determine if this is the case in the melanoma tumor microenvironment, we injected B16-
CD200 or B16-Ctrl cells (Fig.2A) into C57BL/6 mice subcutaneously (s.c.). As shown in
Fig.2B, expression of CD200 significantly inhibited tumor growth in C57BL/6 mice. We
analyzed the cellular components of CD200-positive versus CD200-negative tumors, and
found that CD200-positive tumors contained significantly higher numbers of CD4* and
CD8™ T cells compared to CD200-negative tumors (Fig.2C). T cell subset analysis revealed
that tumor infiltrating CD4* T cells are mainly FoxP3* Treg cells and IFN-y producing Thl
cells, while the proportion of Treg and Th1 cells did not show significant difference between
CD200-positive and CD200-negative tumors (Fig.2D). In contrast, we found that the
proportion of CD8*IFN-y* T cells was significantly increased in CD200-positive tumors
(Fig.2D). For the myeloid compartment, we observed significantly decreased numbers of
CD11b™, in particular CD11b*Ly6C* myeloid cells (Fig.2C). Thus, expression of CD200 in
melanoma cells significantly altered the cellular components of tumors and enhanced tumor-
specific T cell responses.

2. A critical role of CD200R signaling in limiting CD200-positive melanoma growth and

metastasis

To determine if the inhibition of tumor growth or metastasis of melanoma expressed CD200
was through CD200R, we have generated CD200R”- mice. As depicted in Fig.3A, the exon
1 of CD200R gene was targeted in the ES cells of 129/Sv-C57BL6 mice and the CD200R
mutated mice were breed into C57BL/6 (12 generations) strains. By comparison of WT and
CD200R™ mice, we found that CD200R was differentially expressed in CD11b* myeloid
cells from different organs (Fig.3B). However, both CD4* and CD8* T cells in the
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peripheral lymphoid organs are lack of CD200R expression (Fig.3B). To test if lack of
CD200R signaling affects tumor growth and progression, we injected B16-CD200
melanoma cells into CD200R™- and their wild type littermates s.c. Accelerated tumor growth
was observed in CD200R™~ mice (Fig.4A). However, CD200-negative B16 tumor grew
similarly in WT and CD200R"~ mice (Fig.4B), and B16-CD200 and B16-Ctrl tumors also
grew similarly in CD200R™- mice (Fig.4C). Thus, the growth difference of CD200-positive
tumors between WT and CD200R " mice is CD200R-dependent. To test if CD200R-
deficiency affects melanoma metastasis, B16-CD200 melanoma cells were injected into
CD200R™~ and control mice i.v. nineteen days after melanoma cell injection, CD200R ™"
mice exhibited increased numbers of tumor foci in the abdominal cavity and organs such as
livers and lungs (Fig.4D), such that increased weights of livers and lungs from CD200R
mice were observed. In some cases, extensive tumor formation in the kidneys was also
observed (Fig.4D). Thus, CD200R signaling appears to play a critical role in limiting
CD200-positive melanoma tumor growth and metastasis.

3. Increased expansion of myeloid cells and angiogenesis in CD200R-deficient tumors

Since CD200R is mainly expressed in the myeloid lineage of cells, we hypothesized that
lack of CD200R signaling in the tumor microenvironment would affect the growth of
CD200-positive tumors through affecting myeloid cells. We first examined if the myeloid
populations were different between B16-CD200 tumors grown in WT and CD200R ™~ mice.
As shown in Fig.5A, B16-CD200 tumors grown in CD200R~ mice contained significantly
increased numbers of myeloid cells, which was dominated by the expansion of CD11b*Gr1*
cells, followed by CD11b*Ly6C* and CD11b*Ly6C" cells. CD11b Grl* neutrophils were
also increased. Gene expression analysis revealed that the expressions of VEGF, HIF1a and
macrophage migration inhibitory factor (MIF) genes were elevated in CD200R-negative
tumors. CD200R-deficiency does not significantly affect the expression of Thrombospondin
1 (TSP-1), IL-1B and other M1/M2 genes such as MMP9, CCL2, IL-4, IL-6, Argl and
NOS2 (Fig.5B). However, the expression of TNF-a gene was significantly reduced in
CD200R-negative tumors (Fig.5B). Immunofluorescence staining of tumor sections revealed
that CD200R-deficient B16-CD200 tumors contained higher density of CD31* blood vessels
(Fig.5C). Thus, CD200R-deficiency leads to the increased accumulation of myeloid cell
populations and tumor angiogenesis.

4. CD200R-deficiency leads to decreased T cell responses in CD200-positive tumors

Since we have found that CD200-positive B16 melanoma grew much faster in CD200R™-
mice, we further investigated if the enhanced tumor growth of B16-CD200 tumors in
CD200R™~ mice was due to reduced T cell responses in the tumors. B16-CD200 cells (1 x
10%/mouse) were injected into cohorts (n=5) of WT or CD200R”~ mice s.c. Established
tumors were disassociated and analyzed by flow cytometry. As shown in Fig.6A, we found
that B16-CD200 tumors from CD200R™- mice contained significantly reduced numbers of
CD4* and CD8™ T cells compared to B16-CD200 tumors from WT mice. However,
CD200R-deficiency does not appear to affect the production of cytokines such as IFN-y and
TNF-a by CD8* (Fig.6B, 6D) and CD4™" (Fig.6C, 6D) T cells. The proportion of FoxP3*
Treg cells were also similar between B16-CD200 tumors grown in WT and CD200R™~ mice
(Fig.6B, 6D). Gene expression analysis revealed that CD200R-deficient tumors expressed
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significantly lower levels of CXCL9 and CXCL16, and elevated levels of CCL22 (Fig.6E).
Thus, CD200R signaling appears mainly to affect the accumulation of CD4" and CD8* T
cells in the tumor microenvironment.

Since CD200R-deficiency had a particularly significant impact on B16-CD200 tumor
formation in the liver, we tested if the T cell responses in the liver were different between
WT and CD200R- mice during tumor growth. B16-CD200 cells were injected into cohorts
(n=5) of WT and CD200R"~ mice i.v. Nineteen days after tumor cell injection mice were
sacrificed, and liver leukocytes were isolated followed by flow cytometry analyses. We
found that livers of CD200R™- mice contained significantly elevated numbers of
CD11b*Gr1- myeloid cells (Fig.7A), slightly reduced total CD4* T cells (Fig.7B) and
significantly increased FoxP3* Treg cells (Fig.7C). CD4*IFNy™* (Fig.7C) and CD8*TNFa*
(Fig.7D) cells were also reduced in the livers of CD200R™~ mice bearing B16-CD200
tumors compared to WT mice bearing B16-CD200 tumors. Thus, CD200R-deficiency leads
to increased Treg expansion and reduced T cell responses in the liver during the growth of
B16-CD200 tumors. Since NK cells were implicated in melanoma cell liver colonization
(34-36), we also examined the numbers of DX5* NK cells in the livers of CD200R"" and
WT mice bearing B16-CD200 tumors. As shown in Fig.7E, we found that livers of
CD200R™" mice bearing B16-CD200 tumors had significantly reduced NK cells compared
to livers of WT mice, while the IFN-y productivity was not significantly different between
NK cells in livers of WT and CD200R-deficient mice (Fig.7F).

Discussion

In this study, using the CD200R-deficient mouse model, we have further revealed that
CD200R signaling plays a critical role in limiting the growth of CD200-positive, but not
CD200-negative melanoma tumors. CD200R-deficiency resulted in altered tumor
microenvironment, leading to increased tumor angiogenesis and reduced T cell infiltration
and/or effector functions.

Expression of CD200 has been implicated in a variety of human cancer cells including
melanoma cells (28) and has been thought to play pro-tumor effects via directly inhibiting
tumor reactive T cells (25, 28, 29, 31). However, the fact that CD200R is mainly expressed
in tumor associated myeloid cells, but not mainly on T cells in TME (7) suggests that tumor
expressed CD200 mainly acts through interacting with myeloid cells in TME. In syngeneic
mouse studies, it has been shown in some slow-growth tumor models that CD200 signal,
either derived from tumor cells or host cells, inhibited anti-tumor immune responses (37-40).
However, the results from these studies are more mixed, and none of these studies used the
more aggressive mouse melanoma model. Thus, the discrepancy of previously published
results with this study suggests that the role of CD200 in tumor immunity may differ in
different tumor types (41), and may be associated with the tumor aggressiveness and its
ability to induce inflammation, as suggested by a recent study (42) using CD200R-deficient
mice.

We have recently demonstrated that tumor associated myeloid cells express high levels of
CD200R, and they are susceptible to CD200-mediated inhibition (7) in a CD200R-
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dependent manner (8). In this study, we found that CD200 on melanoma cells can
significantly alter the tumor associated myeloid cell populations. In wild type mice, B16-
CD200 tumors contained significantly lower proportions of CD11b*Ly6C* myeloid cells
(Fig.2). In subcutaneously grown B16-CD200 tumors, CD200R-deficiency resulted in
increased proportions of both Ly6C* and Ly6C- CD11b* myeloid cells and CD11b-
neutrophils (Fig.5A); while in the metastatic grown B16-CD200 tumors such as those in the
liver, significantly increased CD11b*Gr1- myeloid cells were observed (Fig.7A). Thus, it
appears that expression of CD200 on melanoma cells can potentially affect all the sub-
populations of tumor associated myeloid cells in TME, depending on the locations of
tumors.

Tumor associated myeloid cells such as Ly6C™ myeloid-derived suppressor cells (MDSC)
and CD11b*Ly6C™ cells play key roles in inducing tumor angiogenesis (2, 3). In this study,
we demonstrated that in CD200R mice B16-CD200 tumor formation and metastasis were
greatly accelerated (Fig.4). Our study also revealed increased expression of VEGF, HIF-1a
and MIF genes (Fig.5B) and CD31-positive vasculatures (Fig.5C) in CD200R-deficient B16-
CD200 tumors. Thus, we hypothesize that lack of CD200R signaling in myeloid cells results
in their accumulation and activation in the TME, which in turn leads to increased production
an array of pro-angiogenic products (3, 43-45) such as VEGF, leading to increased tumor
angiogenesis and tumor growth/metastasis. Indeed, a recent study (46) revealed that lack of
CD200R signaling in bone marrow derived macrophages exhibited increased expression of
VEGF, arginase 1 and IL-1p in response to PGE2, which increased their ability to mediate
angiogenesis. Moreover, this study also showed that laser-induced choroidal
neovascularization was also enhanced in CD200R-deficient mice. In this study, the
mechanism of CD200R-regulating VEGF expression remains unsolved. Since the
expressions of IL-1f and TNF-a genes were reduced in CD200R-deficient tumors, it is
unlikely that these factors are responsible for the increased expression of VEGF and HIF1a.
Nevertheless, our study provided the first evidence that CD200R signaling is involved in
inhibiting angiogenesis in the tumor microenvironment.

Although CD200R expression was mainly found in macrophages and neutrophils, studies
also revealed lower levels of CD200R expression in dendritic cells (DC) and some subset of
T cells (16, 41, 47). CD200R signaling was shown to induce indoleamine 2,3-dioxygenase
(IDO) expression in plasmacytoid DC, initiating an immunosuppressive pathway of
Tryptophan (48). Thus, it is anticipated that T cell responses and T cell effector functions are
also affected by CD200R signaling. Indeed, in CD200- mice, autoantigen specific T cell
responses were found to be normal (22, 24). However, CTL responses in CD2007" mice
were found to be elevated in influenza viral infection models (23, 49). CD200 signaling has
also been shown to be required for the induction of T cell tolerance (40, 50). Thus, CD200R
signaling in DC and T cells appear to inhibit T cell responses. However, in this study, we
found that in WT mice, B16-CD200 tumors contained more CD4* and CD8* T cells
compared with B16-ctrl tumors (Fig.2); while CD200R-deficient B16-CD200 tumors
contained significantly reduced numbers of CD4* and CD8* T cells compared to B16-
CD200 tumors in WT mice (Fig.6A). Although the proportions of IFN-y and TNF-a
producing CD4* and CD8™" T cells were similar (Fig.6), the overall numbers of effector T
cells in tumors are reduced due to the global reduction of effector T cells. Thus, it appears
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that tumor CD200-mediated CD200R signaling enhances T cell infiltration in CD200-
positive tumors. Since we found that TILs do not normally express CD200R, while TAMCs
(MDSC and TAMs) express high levels of CD200R (7), we hypothesize that tumor
expressed CD200 directly interacts with CD200R in TAMCs and differentially regulates
their expression of key chemokines (51) such as CXCL9, CXCL16 and possibly CCL22
(Fig.6E), and thereby regulating T cell infiltration into tumors.

Intravenously injected melanoma cells do not normally grow in the organs such as liver,
abdominal cavity and kidney, as demonstrated by the tumor growth pattern in B6 mice (Fig.
4). However, in the CD200R-deficient mice, we observed massive metastatic growth of
CD200-positive melanomas in these locations (Fig.4). These results suggest that CD200R
signaling may play more significant role in limiting metastasis of CD200-positive tumors to
these sites. This phenomenon may be explained by the higher expression CD200R in
myeloid cells at these anatomical locations (Fig.3B). Additionally, we hypothesize that the
local immune responses are uniquely altered by the absence of CD200R signaling. In the
liver case, NK cells were implicated in melanoma cell liver colonization (34-36). Indeed, in
addition to reduced T responses and elevated Treg response, we also observed significantly
reduced NK cells in CD200R-deficient livers undergoing metastatic tumor growth (Fig.7).
Although these results could explain why CD200R-deficient liver is sensitive to metastatic
melanoma growth, the detailed mechanisms of how CD200R-deficiency affects liver local
NK responses remain to be studied.

Taken together, we have found a critical role of CD200R signaling in limiting the growth
and metastasis of CD200 positive tumors. Tumor expressed CD200 may do so by directly
interacting with TAMCs (MDSC, TAMs), which differentially regulates their production of
VEGF and the expression of key chemokines such as CXCL9 and CXCL16 that attract T
cells, affecting tumor angiogenesis and T cell infiltration into tumors. More metastatic
growth of CD200-positive melanoma to some anatomical locations and organs such as liver
in CD200R-deficient mice suggest that CD200R signaling is more important for immune
responses in these organs. Given the important roles of CD200-CD200R interaction in
regulating tumor associated myeloid cells and in inhibiting tumor formation and metastasis,
enhancing CD200R signaling in tumors should provide an option for the immunotherapy of
human cancer. Our successful treatment of B16 lung metastasis using a triggering anti-
CD200R mADb (8) proves that this approach may be feasible.
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Melanoma#l Melanoma#2

Fig.1.
IHC analyses of CD200 expression in human melanoma samples. Left image (A) shows a

melanoma sample with overexpressed CD200 in tumor cells while the image in the right (B)
shows a melanoma sample whose tumor cells do not express CD200. Frozen sections were
used for the IHC staining. Anti-human CD200 mAb (OX-104) was purchased from
eBioscience. The original images were 200 X.
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Fig.2.
Melanoma cell expression of CD200 inhibits tumor growth and alters tumor

microenvironment. (A) B16.F10 melanoma cells were transfected with a CD200 expression
plasmid or a control plasmid to generate CD200-positive (B16-CD200) or CD200-negative
(B16-Ctrl) cells. Flow cytometery was used to analyze CD200 expression on B16-Ctrl
(dotted line) or B16-CD200 (solid line) cells. (B) 1 x 10° of B16-Ctrl or B16-CD200 cells
were injected into each C57BL6 mouse subcutaneously. The tumor growth was observed
over time. *P<0.05 by student’s t test. (C) Flow cytometry analysis of tumor infiltrating
leukocytes was performed on disassociated tumor cells. (D) T cell subsets and activation
status were analyzed by flow cytometry. Five mice per group were included in each group
and data represents three experiments with similar results. **P<0.01 and ***P<0.001 by
student’s t test.
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Generation of CD200R™~ mice. (A) Diagram shows the targeting strategy for the generation
of CD200R™~ mice. (B) CD200R expression on myeloid cells and T cells from different
organs were analyzed by flow cytometry. Spleen CD4* and CD8* T cells were analyzed for
the expression of CD200R.
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CD200R-deficient mice had accelerated in situ and metastatic growth of B16-CD200
tumors. 1 x 10° B16-CD200 cells (A) or B16-Ctrl cells (B) were injected into each
CD200R™~ mice and their wild type breeding littermates (WT) s.c. and tumor growth was
observed. (C) B16-ctrl and B16-CD200 tumors grew similarly in CD200R™" mice. 1 x 10°
B16-CD200 cells or B16-Ctrl cells were injected into each CD200R™~ mice s.c. to observe
tumor growth. (D) 1 x 10° B16-CD200 cells were injected into each CD200R " mice and
control WT littermates i.v. Nineteen days after melanoma cell injection mice were
sacrificed. Representative mice and melanoma metastasis to the lungs, livers and kidneys are
shown. The weights of lungs, livers and kidneys were quantified. *: p<0.05 and **p<0.01 by
student’s t test. Data shown represents three (A-C) and five (D) experiments with similar
results. Five mice per group were used for the experiments shown in A-C.
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mouse) were injected into cohorts (n=5) of WT or CD200R"~ mice s.c. (A) Flow cytometry
analyses of myeloid cells from B16-CD200 tumors grown in C57BL6 or CD200R™~ mice.
Representative flow cytometry analyses of myeloid cells in tumors and summary of their
different subsets are shown. Established tumors were also analyzed for the expression of a
number of genes by qRT-PCR (B) and histological immunofluorescence staining for CD31
(C). CD31* cells were quantified from images captured under a fluorescence microscope
and quantified using the ImageJ software. Five tumors from each group were analyzed.

*P<0.05; **P<0.01 by student’s t test.
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Flow cytometry analyses of tumor infiltrating lymphocytes (TIL) from subcutaneously
grown B16-CD200 tumors in CD200R™- and WT mice. B16-CD200 cells (1 x 105/mouse)
were injected into cohorts (n=5) of WT and CD200R™~ mice s.c. Established tumors with a
tumor size about 1 cm in diameter were disassociated followed by flow cytometry analyses.
(A) Disassociated tumors were stained for CD45, CD4 and CD8 followed by flow cytometry
analysis. Data shown were gated on CD45" cells and summary of data of five tumors from
each group are shown. *P<0.05 and **P<0.01 by student’s t test. Intracellular staining and
flow cytometry were used to analyze CD8* (B) and CD4* (C) T cells for the expression of
IFN-y, TNF-a, and FoxP3, and (D) dada shown are plotted from 5 tumors in each group. (E)
Expression of chemokine genes in B16-CD200 tumors from WT and CD200R~ mice were
quantified by qPCR. Five tumors from each group were analyzed. *P<0.05 and **P<0.01 by

the student’s t test.
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Flow cytometry analyses of leukocytes from the livers of CD200-deficient and WT mice
underwent metastatic growth of B16-CD200 tumors. B16-CD200 cells (1 x 10°/mouse)
were injected into cohorts (n=5) of WT and CD200R™" mice i.v. Nineteen days after tumor
cell injection mice were sacrificed, and liver leukocytes were isolated followed by flow
cytometry analyses. Leukocytes from livers were stained for CD45, CD11b and Grl (A) or
CD45, CD4 and CD8 (B) or DX5 (E) followed by flow cytometry analysis. Data shown
were gated on CD45* cells and summary of data of five samples from each group are shown.
Intracellular staining and flow cytometry were used to analyze the liver CD4* (C), CD8* (D)
T cells and DX5* NK cells (F) for the expression of IFN-y, TNF-a, or FoxP3. Data shown
are summary of 5 samples from each group and representing two experiments with similar
results. *P<0.05; **P<0.01 by student’s t test.
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