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ABSTRACT
Immune checkpoint inhibition (ICI) has revolutionized cancer treatment; however, only a subset of 
patients benefit long term. Therefore, methods for identification of novel checkpoint targets and devel-
opment of therapeutic interventions against them remain a critical challenge. Analysis of human genetics 
has the potential to inform more successful drug target discovery. We used genome-wide association 
studies of the 23andMe genetic and health survey database to identify an immuno-oncology signature in 
which genetic variants are associated with opposing effects on risk for cancer and immune diseases. This 
signature identified multiple pathway genes mapping to the immune checkpoint comprising CD200, its 
receptor CD200R1, and the downstream adapter protein DOK2. We confirmed that CD200R1 is elevated 
on tumor-infiltrating immune cells isolated from cancer patients compared to the matching peripheral 
blood mononuclear cells. We developed a humanized, effectorless IgG1 antibody (23ME-00610) that 
bound human CD200R1 with high affinity (KD <0.1 nM), blocked CD200 binding, and inhibited recruitment 
of DOK2. 23ME-00610 induced T-cell cytokine production and enhanced T cell-mediated tumor cell killing 
in vitro. Blockade of the CD200:CD200R1 immune checkpoint inhibited tumor growth and engaged 
immune activation pathways in an S91 tumor cell model of melanoma in mice.
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Introduction

Antibodies targeting immune checkpoints, such as those 
mediated by cytotoxic T-lymphocyte-associated protein 4 
(CTLA-4) and programmed cell death protein-1 (PD-1), provide 
strong antitumor activity and result in improved overall survival 
across numerous solid and hematologic cancers1. However, 
many patients fail to respond to or ultimately relapse after 
checkpoint inhibitor treatment. One component of nonresponse 
(or relapse) may be engagement of other, compensatory immune 
checkpoints by tumor cells that allow them to circumvent inhi-
bition of established checkpoints1. Therefore, identification and 
modulation of additional immune checkpoints may provide 
clinical benefit for non-responsive or resistant patients.

CD200R1 is an immune inhibitory receptor mainly 
expressed on CD4+ and CD8+ T cells and myeloid cells2,3. 
While CD200R1 expression is predominantly limited to 
immune cells, its ligand CD200 is expressed in a variety of 
normal and cancer cells4. Binding of CD200 to CD200R1 
results in phosphorylation of the intracellular tail of 
CD200R1, recruitment of DOK2 and RasGAP, and subsequent 
inhibition of ERK and Akt signaling pathways5–7. In vivo and 
in vitro studies have revealed that signaling through the 

CD200:CD200R1 pathway downregulates the production of 
proinflammatory cytokines by T cells and/or activated myeloid 
cells7,8. Moreover, activation of CD200:CD200R1 signaling 
in vivo tempers the immune response to infectious agents 
and is protective against autoimmune diseases and lung 
inflammation in asthma models4,9.

We hypothesized that identifying genetic variants with 
pleiotropic, opposing effects in cancer and immune diseases 
could be used to identify immuno-oncology (I/O) targets 
involved in regulating the antitumor immune response. 
Using this approach, we identified CD200R1, CD200, and 
DOK2 as potential I/O targets. We found that CD200R1 is 
highly correlated with T cell markers across cancer types in 
The Cancer Genome Atlas (TCGA) and observed that 
CD200R1 was most prevalently expressed on exhausted 
T cells in patients who have received ICI therapy. With the 
aim of blocking CD200R1 on tumor-infiltrating lymphocytes 
(TILs) to relieve immunosuppression, we developed a first-in- 
class, anti-CD200R1 monoclonal antibody (mAb), 23ME- 
00610. 23ME-00610 bound human CD200R1 with high affinity 
(KD <0.1 nM) and rescued T cells from the direct immunosup-
pressive effects of CD200. Blocking the CD200:CD200R1 
immune checkpoint reduced tumor cell growth both in vitro 
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and in vivo, supporting the hypothesis that blocking the 
CD200R1 immune checkpoint has the potential to prevent or 
reverse immune-cell tolerance in the tumor microenviron-
ment (TME).

Methods

Brief summaries of methods are provided below; for detailed 
descriptions of each method, refer to the Supplemental 
Methods.

Consented research participants were genotyped using an 
SNP microarray, and genotype imputation was performed 
using standard methodologies. GWAS analysis used genotype 
and phenotype data (collected via survey) from unrelated indi-
viduals. GWAS hits were annotated using > 60 published eQTL 
and QTL datasets. To identify GWAS signals (p value < 5e-8) 
that potentially share a common causal variant across pheno-
types, we clustered GWAS signals using linkage disequilibrium 
between the index SNPs with a cutoff of r2 ≥0.8. We then 
searched for CTLA4-like pleiotropic signatures among 
GWAS signal clusters that have opposite direction of effect in 
cancer and immune phenotypes. Public gene expression data 
from TCGA were filtered and analyzed using custom scripts in 
R. Single-cell RNA-seq melanoma datasets, including tran-
script per million (TPM) values, cell cluster annotation, 
t-Distributed Stochastic Neighbor Embedding (TSNE) coordi-
nates, and clinical metadata were downloaded from GEO: 
GSE120575.

In-house RNA-seq analysis was performed on total RNA 
isolated from homogenized mouse tissue. The library was pre-
pared using an Illumina Stranded mRNA Prep Ligation kit and 
sequenced on an Illumina NovaSeq 1.5 v platform.

Recombinant, His- or Fc-tagged proteins were 
expressed in mammalian cells and purified by sequential 
affinity purification and size-exclusion chromatography. 
Binding affinity of 23ME-00610 for recombinant 
CD200R1 isoforms was performed using a BIACORE 8K 
SPR instrument at 37 ºC.

Expression of CD200 or CD200R1 on TILs or cell lines was 
evaluated using flow cytometry. Displacement of CD200 from 
U937 cells expressing CD200R1 by 23ME-00610 was evalu-
ated by flow cytometry. Secretion of cytokines from immune 
cells was evaluated by commercial ELISA or Luminex. Real- 
time imaging of COV644-GFP cell growth co-cultured with 
human PBMCs in the presence of 23ME-00610 or isotype 
control was performed using an IncuCyte imaging system. 
To quantify the tumor cell killing potency of 23ME-00610, the 
area under the curve (AUC) of the killing phase was con-
verted to COV644 tumor cell killing relative to isotype control 
using the following equation:

To evaluate the antitumor efficacy of anti-CD200 (Fc-silent 
OX90), 6- to 8-week old, female DBA/2 mice were injected 
subcutaneously (SC) with Cloudman S91 melanoma cells in 
50% Matrigel. Expression of CD200 on S91 tumor cells was 
confirmed by flow cytometry. Once implanted tumors reached 
80–100 mm3 volume, mice were randomized into 2 groups of 
15 mice and treated by IP injection twice per week with either 
isotype control or OX90 (20 mg/kg). Tumor volume and body 
weight were measured twice per week. All in vivo experiments 
were conducted with the approval of the Institutional Animal 
Care and Use Committee (IACUC) of 23andMe.

Results

Identification of CD200R1 as a novel immuno-oncology 
target differentially expressed on tumor-infiltrating 
lymphocytes and peripheral blood mononuclear cells

The 23andMe genetic and health survey database was used to 
conduct genome-wide association studies (GWAS) across mul-
tiple phenotypes to identify genetic variants with pleiotropic, 
opposing effects in cancer and immune diseases. We hypothe-
sized that such variants could be used to identify I/O targets 
that are involved in regulating the antitumor immune 
response10. Notably, a variant (rs3087243) mapping to 
CTLA4 was associated with opposing direction of effects (risk 
vs. benefit) on autoimmune and inflammatory diseases and 
cancer, supporting this approach (Figure 1A).

A similar pleiotropic I/O signature was observed for three 
genomic loci in the GWAS analysis tagged by the following three 
SNPs: rs140763487, rs1131199, rs34215892 (Supplemental Table 
S1). These variants mapped to genes encoding CD200R1, its sole 
ligand CD200, and the downstream signaling protein DOK2, 
respectively (Figure 1B, C). This analysis suggests that, similar to 
the established I/O target CTLA4, blockade of the CD200: 
CD200R1 checkpoint axis has the potential to activate an anti-
tumor immune response.

We next evaluated the distribution and prevalence of 
CD200R1 among immune-cell subsets within human tumors. 
Analysis of 9571 tumor samples from 32 tumor types in the 
TCGA database revealed a positive correlation between the 
RNA expression of CD200R1 and immune-cell markers repre-
sentative of T cells and myeloid cells. Correlation (rho >0.5) 
between CD200R1 and CD45 was observed in 30 of 32 (30/32) 
tumor types examined (Supplemental Figure S1). Similarly, 
correlation (rho >0.5) was observed between CD200R1 and 
CD8A, CD4, and CD11B in 25/32, 27/32, and 21/32 tumor 
types, respectively. Representative correlation data for 
patients with renal clear cell carcinoma are shown in 
Figure 2A due to high immune infiltration in this cancer type.
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To determine CD200R1 expression on immune-cell subsets, 
especially in the context of prior immune checkpoint therapy, 
we analyzed single-cell RNA-seq data from 48 tumor samples 
isolated from patients with melanoma previously treated with 
anti-PD-1, anti-CTLA-4, or combination therapy11. CD200R1 
was highly represented among exhausted T cells and lympho-
cytes in all samples (Figure 2B, C). Furthermore, while 
CD200R1 expression is observed in both responders and non-
responders to immune checkpoint inhibitor therapy, cell-type 
prevalence differed between these two groups. In particular, 
exhausted T cells were enriched in nonresponders, which may 
contribute to the overall higher expression of CD200R1 in this 
population (Supplemental Figure S2).

To determine if CD200R1 is expressed differentially in the 
TME compared to the periphery, we compared CD200R1 pro-
tein expression on immune cells from dissociated tumor tissue 
with that of matched peripheral blood mononuclear cells 
(PBMCs) by flow cytometry. We observed a significant increase 
in CD200R1 protein expression on tumor-infiltrating CD4+ and 
CD8+ T cells and B cells, relative to the periphery, in samples 
from five different cancer types (Figure 2D).

Collectively, these expression analyses confirm that 
CD200R1 is expressed in TILs across a wide variety of human 
cancer types, suggesting that CD200R1 may play a role in the 
immunosuppressive TME in humans.

Characterization of 23ME-00610, an anti-CD200R1 
monoclonal antibody

To study the potential of CD200:CD200R1 blockade as 
a method to relieve tumor-cell immunosuppression in 
humans, we generated a mAb (23ME-00610) against the extra-
cellular domain of human CD200R1. 23ME-00610 is 
a humanized IgG1 mAb that is aglycosylated due to an 

engineered asparagine to glycine mutation (N297G), which 
attenuates binding to Fcγ receptors and thereby impairs Fc- 
mediated effector function (Supplemental Figure S3).

We sought to characterize the binding parameters of 23ME- 
00610 for each functional form of CD200R1 expressed in 
humans (Supplemental Table S2 and Table S3). When evalu-
ated by surface plasmon resonance (SPR), 23ME-00610 bound 
purified, recombinant extracellular domains of all functionally 
relevant isoforms and haplotypes of human CD200R1 with KD 
values in the picomolar to low nanomolar range (Supplemental 
Table S4) (Figure 3A). To study binding in a more physiologi-
cal context, we evaluated the binding of 23ME-00610 to 
CD200R1 expressed on the surface of primary human immune 
cells. 23ME-00610 bound cell-surface CD200R1 on human 
T cells from 3 individual donors with a mean half-maximal 
effective concentration (EC50) ± standard deviation (SD) of 
0.34 ± 0.03 nM. Representative data from one donor corre-
sponded to an EC50 of 0.27 nM and 0.32 nM for CD4+ and 
CD8+ T cells, respectively (Figure 3B). Similarly, 23ME-00610 
bound cell-surface human CD200R1 expressed on primary 
human monocyte-derived dendritic cells (MoDCs) with an 
EC50 of 0.55 ± 0.07 nM (n = 3 donors) (Supplemental 
Figure S4).

We next evaluated whether 23ME-00610 could block the 
binding of CD200 to CD200R1. Using an enzyme-linked 
immunosorbent assay (ELISA), 23ME-00610 pre-incubated 
with soluble CD200R1 blocked the binding of the receptor to 
plate-immobilized, Fc-tagged CD200 with a half-maximal inhi-
bition constant (IC50) of 0.34 nM. (Supplemental Figure S5). 
We sought to evaluate 23ME-00610 in a system more relevant 
to the TME, where CD200 on tumor cells are likely to be bound 
to CD200R1 on TILs. When monocytic U937 cells exogenously 
expressing CD200R1 were pre-incubated with concentrations 
of biotinylated CD200 ranging from 2 to 800 nM, 23ME-00610 

Figure 1. Identification of the immune checkpoint protein CD200R1 as a novel immuno-oncology target.  
GWAS analysis was performed using genetic and phenotypic information in the 23andMe database. Phenotypic data are derived from medical surveys that capture the 
cancer- and immune-related diseases of participants. a) Heatmap corresponding to the -Log(p value) of the GWAS (capped at -10 and 10 for visualization) multiplied by 
the sign of the effect (-1 or 1 indicated in blue or red) for a variant rs3087243(A/G) mapping to CTLA4 via eQTL, showing opposing effects on cancer (violet) and immune 
diseases (pink), thereby defining an I/O genetic signature. The color (blue to red) corresponds with the direction of the effect. b) Heatmaps for the 3 variants 
(rs140763487, rs1131199, rs34215892) corresponding to CD200R1, CD200, and DOK2, respectively. Test alleles for which the direction of effect is specified are shown in 
bold. c) Evidence supporting variant to gene mapping.
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Figure 2. CD200R1 is increased on tumor-infiltrating lymphocytes. 
a) Expression of CD200R1 correlates positively with expression of immune-cell markers CD45, CD4, CD8, and CD11B in renal clear cell carcinoma; b) Expression of 
CD200R1 is enriched in exhausted TIL cell types from melanoma patients previously treated with anti-CTLA4 and anti-PD-1 checkpoint inhibitors (right panel, orange 
data points); c) Plot of percent of cells that express CD200R1 in all samples. d) CD200R1 expression on TILs from different tumor types (Breast, Kidney Clear Cell [KCC], 
Melanoma, Ovarian [OC], and Endometrial Adenocarcinoma [EMAD]) was compared to matched PBMCs from the same patient. A ratio paired t-test was used to 
determine statistical significance. * p<0.05, ** p<0.01, *** p<0.001. Healthy PBMCs from 1 donor were also profiled (black dot) as a reference. Fluorescent background 
was recorded with an isotype-matched control (gray dot).
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displaced pre-bound ligand with an EC50 ranging from 0.32 to 
1.04 nM (Figure 3C).

To measure the capacity of 23ME-00610 to inhibit immu-
nosuppressive intracellular signaling downstream of CD200R1, 
we evaluated recruitment of the adaptor protein DOK2 to the 
cytoplasmic tail of CD200R1 in a split-galactosidase-based 
reporter assay. To induce DOK2 recruitment, CD200R1- 
expressing Jurkat reporter cells were co-incubated with 
HEK293T cells engineered to express human CD200. In this 
reporter-based overexpression system, 23ME-00610 inhibited 
CD200:CD200R1-mediated recruitment of DOK2 with a mean  
± SD IC50 value of 0.02 ± 0.01 nM (n = 6) (Figure 3D). 
Together, these data suggest that 23ME-00610 is a potent anti- 
CD200R1 antibody that can displace CD200 ligand already 
bound to the receptor, relieving downstream signaling.

We next sought to characterize the capacity of 23ME-00610 
to block CD200-mediated suppression of primary T cells. 
Specifically, human CD3+ T cells were chronically stimulated 
with phytohemagglutinin (PHA) and IL-2 for 7 days, then 
primed with IL-4 for 24 h to mimic the immunosuppressive 
TME in cancer patients12 and increase CD200R1 expression13, 
rendering cells more sensitive to CD200-mediated inhibition. 

Phenotypic characterization of these chronically stimulated 
T cells confirmed CD200R1 and PD-1 expression on all four 
donors (Supplemental Figure S6 and Figure S7). Incubation for 
24 h with recombinant CD200-Fc suppressed IL-2 production 
by an average of 54 ± 13%, whereas treatment with 50 nM 
23ME-00610 completely rescued CD200-suppressed IL-2 pro-
duction in all 4 donors tested (Figure 4A). Similar results were 
obtained when IFNγ secretion was analyzed at the same 24h 
time point with these four donors (Supplemental Figure S8). In 
an experiment with a 5th donor, chronically stimulated T cells 
were treated for 72 h, a more optimal time point for detecting 
maximal IFNγ levels. 23ME-00610 rescued the CD200- 
mediated suppression of IFNγ secretion with a mean ± SD 
EC50 of 0.055 ± 0.014 nM (n = 3 independent experiments, 5th 

donor) (Figure 4B).
To measure the capacity of 23ME-00610 to reverse immu-

nosuppression in a disease-relevant context, IFNγ secretion 
from staphylococcal enterotoxin B (SEB)-stimulated PBMCs 
isolated from nine different human cancer patients was mea-
sured (Figure 5). SEB was used as a stimulus to polyclonally 
activate T cells similar to experiments performed to character-
ize immune checkpoint inhibitors, such as anti-PD-1 and anti- 

Figure 3. 23ME-00610 potently binds CD200R1, blocks CD200 binding, and inhibits downstream signaling. 
a) Binding of 23ME-00610 to immobilized human CD200R1 on a CAP chip was evaluated by SPR. A representative sensorgram is shown from 1 of 3 independent 
experiments using a representative isoform of human CD200R1 (CD200R1-iso4-Alt); b) Donor PBMCs were incubated with serial dilutions of biotinylated 23ME-00610 or 
200 nM of biotinylated isotype-matched control (open symbols). Serial dilutions were analyzed by flow cytometry in biological replicates. The median MFI ± SD are 
graphed. c) U937 cells engineered to express CD200R1 were pre-incubated with varying concentrations of biotinylated CD200-Fc (2 to 800 nM) followed by incubation 
with serial dilutions of 23ME-00610 at 4°C for 30 minutes. MFI values of streptavidin detection are depicted from 1 of 3 independent experiments; d) Jurkat cells were 
engineered to express CD200R1 and DOK2, each modified at the C-terminus with a separate ß-galactosidase enzyme fragment. When co-cultured with HEK293T cells 
expressing CD200, this reporter cell line induced a chemiluminescent signal reflective of CD200R1 signaling. Serial dilutions of 23ME-00610 were added to the co-culture 
to evaluate blocking of CD200-induced recruitment of DOK2 to CD200R1. HEK293T cells with no CD200 endogenous expression were used to determine the baseline of 
signal. Luminescent values from 1 of 6 independent experiments are shown as mean +/- SD (N=3 replicates for each concentration).
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Figure 4. 23ME-00610 rescues the immunosuppressive activity of CD200 in T cells. 
a) Human pan-T cells isolated from 4 healthy donors were chronically stimulated with phytohemagglutinin and IL-2 for 7 days. Cells were harvested, rested of 
stimulants, and primed with human IL-4 for 24 hours. Cells were treated with 50 nM isotype control (Iso) or 23ME-00610 (‘610) in plates coated with anti-CD3 and 
CD200-Fc or anti-lysozyme-matched Fc control (Control Coat, Ctrl) for 24 hours. Mean IL-2 secretion levels were graphed for each donor (diamond, circle, square and 
triangle); b) Cells were stimulated as before, but IFNγ levels were measured 72 hours post-treatment with 50 nM isotype control (Iso) or 23ME-00610 in plates coated 
with anti-CD3 and CD200-Fc or anti-lysozyme-matched Fc control. A representative dose-response curve for 23ME-00610 rescue of IFNγ secretion is plotted for the mean 
of technical quadruplicate measurements ± SEM.

Figure 5. 23ME-00610 enhances IFNγ secretion from cancer patient PBMCs.  
PBMCs from 9 cancer patients were incubated with 100 nM of 23ME-00610 or isotype control. Cells were stimulated with SEB. IFNγ levels were determined by ELISA. 
Mean biologic triplicates were normalized to isotype control. The unpaired t-test was applied to determine statistical significance between 23ME-00610 and Isotype 
control treatment groups. * p<0.05, ** p<0.005, **** p<0.00005. Each donor was tested once. Data are presented as mean +/- standard error.

Figure 6. 23ME-00610 Enhances PBMC-Mediated Tumor-Cell Killing. 
Killing of a tumor cell line that endogenously expresses CD200, COV-644-GFP, by PBMCs was evaluated upon treatment with 23ME-00610 or isotype control. a) CD200R1 
+ PBMCs were primed with SEB and treated with a titration of 23ME-00610. COV644-GFP cells were co-cultured with PBMCs for 120 hours and GFP signal was monitored 
as a readout of tumor-cell number. Tumor-cell killing was observed as a decrease in total GFP signal at the end of the experiment relative to the GFP signal observed at 
the beginning of the experiment. The change in GFP signal over time relative to isotype, in the killing phase, was used to calculate the EC50. b) A representative dose- 
response curve of tumor-cell killing relative to isotype control; data are represented as the mean ± standard error (N = 4 replicates for each concentration) using PBMCs 
from one donor.
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CTLA-414,15. 23ME-00610 significantly enhanced IFNγ secre-
tion from SEB-stimulated PBMCs relative to isotype control in 
6 of 9 cancer patient samples tested (p < 0.05).

To determine whether 23ME-00610 could activate TILs and 
induce tumor-cell killing in a system that mimics the immu-
nosuppressive TME, we established a real-time fluorescence- 
based assay to evaluate tumor cell number. The COV-644 
ovarian carcinoma tumor cell line, which expresses CD200 
ligand endogenously (Supplemental Figure S9), was engineered 
to constitutively express green fluorescent protein (GFP). 
These tumor cells were co-cultured with human PBMCs, 
which express CD200R1, and the GFP signal was monitored 
in real time as a fluorescent readout of tumor cell number. As 
intended, PBMCs became activated and killed the COV-644- 
GFP tumor cells (termed the “killing phase”) following 
a variable lag time (termed the “priming phase”) in the pre-
sence of isotype control (Figure 6A). In a dose-dependent 
manner, 23ME-00610 significantly enhanced PBMC- 
mediated tumor cell killing, with a mean EC50 of 2.09 ± 1.53  
nM (n = 3) using PBMCs isolated from one representative 
donor (Figure 6B).

CD200:CD200R1 blockade in an in vivo syngeneic mouse 
model

To evaluate the capacity of antibodies blocking the CD200: 
CD200R1 immune checkpoint to reinvigorate the immune 
system and disrupt tumor growth in vivo, we employed 

a mouse model of melanoma using the S91 tumor cell line, 
which expresses high levels of CD200 RNA relative to other cell 
lines16. Expression of CD200 on these tumors was confirmed 
by flow cytometry (Figure 7A). To block the CD200:CD200R1 
signaling pathway, we used an antibody against mouse CD200 
(based on the established anti-mCD200 antibody OX90), as 
23ME-00610 does not bind mouse CD200R1 and no commer-
cial equivalent was available (Supplemental Table S4). We used 
a commercial, Fc-silent version of OX90 that lacks the ability to 
activate antibody-dependent cellular cytotoxicity (ADCC), 
complement-dependent cytotoxicity (CDC), or phagocytosis, 
similar to 23ME-00610. Treatment of animals with Fc-silent 
OX90 resulted in significant tumor growth inhibition 
(approximately 60% decrease in tumor volume at 32 days 
after implantation; p < 0.001), demonstrating that blockade of 
CD200:CD200R1 signaling is sufficient for tumor growth inhi-
bition in mice (Figure 7B).

To better understand the mechanism of antitumor activity 
of in vivo blockade of CD200:CD200R1 signaling, we per-
formed RNA-seq on bulk tumors and analyzed the differences 
in gene expression between isotype control- and OX90- 
treated tumors. Pathway enrichment analysis of differentially 
expressed genes (DEGs) indicated immune system modula-
tion by CD200:CD200R1 blockade. Relevant gene sets that 
were enriched, such as IFNγ and TNFα responses, indicate 
that CD200:CD200R1 blockade may result in immune and 
T cell activation in a complex tumor immune environment 
(Figure 7C).

Figure 7. Inhibition of the CD200:CD200R1 immune checkpoint elicits an antitumor response in the S91 melanoma mouse model. 
a) CD200 cell-surface staining in S91 tumors were analyzed by flow cytometry (Black, Isotype control; Red, CD200). b) S91 cancer cells were subcutaneously injected into 
DBA/2 mice and were treated when tumor volume reached 100 mm3 with 20 mg/kg of anti-CD200 (OX90) or Isotype control antibodies twice weekly (n=15/group). 
Plots shown are mean tumor volume ± SEM (left), and individual animal tumor measurements (middle - isotype treated mice, right – OX90-treated mice). Analysis of 
variance (ANOVA) was used to establish statistical significance; * p<0.05; ** p<0.01; *** p≤0.001. c) Pathway enrichment analysis of DEGs indicated immune system 
activation in OX90 treated samples. Enrichment of immune-relate pathways are shown with normalized enrichment score (NES) and adjusted p-values.
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Discussion

ICIs have continued to demonstrate durable responses and 
improved survival across different cancer types in the locally 
advanced and metastatic setting. The use of ICIs has recently 
expanded to include early-stage cancers, with compelling out-
comes observed in the preoperative setting prior to tumor resec-
tion in non-small cell lung cancer (NSCLC), triple negative 
breast cancer, and MSI-H CRC17–19. Despite these advances, 
the majority of cancer patients experience primary or acquired 
resistance to current ICI therapies20. Discovery and activation of 
novel immune checkpoints may lead to new therapies for can-
cers that are inadequately addressed by current therapies.

Human genetics can better inform drug discovery, as drug 
targets with genetic support have higher success rates in clin-
ical development21,22. Additionally, GWAS studies with small 
sample sizes have demonstrated that germline genetics influ-
ence the immune composition of the TME23. The 23andMe 
genetic and health database contains approximately 
13.4 million individuals, >80% of whom consent to participate 
in research. This database enables the study of aggregate, de- 
identified genetics of millions of participants, alongside more 
than 4 billion health survey answers. We hypothesized that by 
analyzing the large-scale 23andMe genetic and health database 
for genetic variants with pleiotropic, opposing effects in cancer 
and immune diseases, we could pinpoint areas of the genome 
that may encode promising I/O targets for therapeutic inter-
vention. Detection of a variant mapping to the known ICI and 
immuno-oncology target CTLA4 that was associated with 
opposing effects on autoimmune and inflammatory diseases 
and cancer confirmed the utility of this approach. Monitoring 
our genetic and health survey database for a similar pleiotropic 
signature, we identified three genomic loci with opposing 
effects in cancers and immune diseases, which mapped to the 
immune checkpoint proteins CD200, CD200R1, and DOK2.

Clinical data reported for an anti-CD200 antibody, samali-
zumab, suggest that this antibody was unable to attain concen-
trations sufficient to fully saturate CD200 on B cells in patients 
with CD200-expressing B-cell malignancies, potentially limit-
ing its efficacy24. As expression of the receptor CD200R1 is 
predominantly limited to immune cells, an antibody that inhi-
bits CD200:CD200R1 signaling by blocking CD200R1 has the 
potential to address the limitations of CD200-directed antibo-
dies. To address this, we developed 23ME-00610, a humanized 
anti-CD200R1 IgG1 mAb, to investigate the impact of 
CD200R1 blockade on antitumor immune response.

Immune-cell “exhaustion” is a phenotypic hallmark of TILs 
in chronic diseases, including cancer, in which immune cells are 
chronically exposed to activation and immunosuppressive sig-
nals from the microenvironment. Such exhausted TILs exhibit 
altered immune function, including impaired effector function, 
upregulated regulatory or inhibitory receptors, and 
a consequential decrease in antitumor activity. Therefore, agents 
that can reverse immune-cell exhaustion or “rescue” the immu-
nosuppressive tumor microenvironment that contributes to the 
exhausted state have the potential to reactivate antitumor 
immune responses. In cancer patients who had previously 
been treated with ICI therapies, we observed that CD200R1 
was most highly expressed in exhausted lymphocyte groups, 

which were differentially expanded in ICI nonresponders. This 
expression pattern suggests that ICI nonresponder tumors may 
be evading checkpoint inhibition via the CD200:CD200R1 sig-
naling axis and may benefit from therapeutic antibodies target-
ing CD200R1. Therefore, we performed experiments with 
chronically stimulated T-cells and demonstrated that 23ME- 
00610 was able to potently and effectively rescue CD200- 
mediated suppression of T cell secretion of IL-2 and IFNy. 
23ME-00610 was also able to enhance the effector functions of 
cancer patient PBMCs and PBMCs from healthy donors co- 
cultured with CD200-expressing tumor cells. Since the T cell- 
stimulating agent SEB was used in experiments with PBMCs and 
we have observed that SEB stimulation of PBMCs results in 
expansion of T cells relative to other cell types, it is likely, though 
not conclusive that T cells are the responsible cell type for 
23ME-00610 mechanism of action in experiments with PBMCs.

Humans express a single functional CD200R1 inhibitory 
gene, whereas mice express multiple CD200 family receptors 
that act as both stimulatory and inhibitory molecules2. 
Differences in the pathway between mice and humans may 
confound interpretation of data relative to human systems, 
especially when considering agents that modulate CD200R1 
activity. Despite these limitations, modeling of the complex 
TME is best recapitulated in syngeneic mouse models, so we 
investigated the blockade of CD200:CD200R1 signaling in 
mice bearing murine S91 melanoma tumors that endogenously 
express CD200. OX90, a CD200 blocking antibody clone that 
has been frequently used in published studies, was originally 
isolated in a rat IgG2a backbone25. Rat IgG2a can bind weakly 
to mouse FcγRIII and may mediate depletion of CD200 posi-
tive cells26. This could result in confounding effects as CD200 
is broadly expressed, including on S91 tumor cells, B cells, and 
activated T cells. To avoid this, we used an Fc-silent version of 
OX90 for our studies, which should limit pharmacological 
effects to blocking CD200:CD200R1 signaling. We observed 
that blocking CD200:CD200R1 signaling was sufficient to pro-
mote significant tumor growth inhibition and activate expres-
sion of genes involved in immune activation, such as the IFNγ 
and TNFα pathways, which have been shown to be critical for 
CTL-mediated killing of cancer cells27,28.

In summary, we have used germline genetic data to prior-
itize therapeutic targets for immune modulatory oncology 
therapeutics. 23ME-00610, a first-in-class anti-CD200R1 anti-
body, is being evaluated in a first-in-human (FIH) Phase 1/2 
trial in patients with advanced solid malignancies to assess its 
safety, tolerability, pharmacokinetic profile, and preliminary 
anticancer activity (NCT05199272).
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