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ABSTRACT
Human CD200R1 (hCD200R1), an immune inhibitory receptor expressed predominantly on T cells and 
myeloid cells, was identified as a promising immuno-oncology target by the 23andMe database. Blockade 
of CD200R1-dependent signaling enhances T cell-mediated antitumor activity in vitro and in vivo. 23ME– 
00610 is a potential first-in-class, humanized IgG1 investigational antibody that binds hCD200R1 with 
high affinity. We have previously shown that 23ME–00610 inhibits the hCD200R1 immune checkpoint 
function. Herein, we dissect the molecular mechanism of 23ME–00610 blockade of hCD200R1 by solving 
the crystal structure of 23ME–00610 Fab in complex with hCD200R1 and performing mutational studies, 
which show 23ME–00610 blocks the interaction between hCD200 and hCD200R1 through steric hin
drance. However, 23ME–00610 does not bind CD200R1 of preclinical species such as cynomolgus 
monkey MfCD200R1. To enable preclinical toxicology studies of CD200R1 blockade in 
a pharmacologically relevant non-clinical species, we engineered a surrogate antibody with high affinity 
toward MfCD200R1. We used phage display libraries of 23ME–00610 variants with individual CDR 
residues randomized to all 20 amino acids, from which we identified mutations that switched on 
MfCD200R1 binding. Structural analysis suggests how the surrogate, named 23ME–00611, acquires the 
ortholog binding ability at the equivalent epitope of 23ME–00610. This engineering approach does not 
require a priori knowledge of structural and functional mapping of antibody–antigen interaction and thus 
is generally applicable for therapeutic antibody development when desired ortholog binding is lacking. 
These findings provide foundational insights as 23ME–00610 advances in clinical studies to gain under
standing of the hCD200R1 immune checkpoint as a target in immuno-oncology.
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Introduction

CD200R1 is an immune inhibitory receptor and its expression 
is restricted to immune cells, including myeloid cell subtypes 
(including neutrophils, eosinophils, basophils, mast cells, 
microglia, macrophages, and dendritic cells) and subsets of 
CD4+ and CD8+ T cells.1 Both CD200R1 and its only known 
ligand, CD200, are type 1 transmembrane proteins with two 
extracellular immunoglobulin superfamily domains. Structural 
studies of the murine ligand-receptor complex have confirmed 
the N-terminus domain of the two proteins as the site of 
interaction.2

Previous studies have shown that elevated expression of 
CD200/CD200R1 on tumor cells and tumor-infiltrating 
immune cells may downregulate the production of proinflam
matory cytokines by activated myeloid and/or T cells, includ
ing interferon (IFN)α, IFNγ, tumor necrosis factor, 
macrophage inflammatory protein (MIP)1b, interleukin (IL)- 
1b, IL-2, IL-5, IL-6, and IL-13.3–11 CD200/CD200R1 signaling 
may also contribute to an immunosuppressive tumor 

microenvironment based on its ability to suppress mobiliza
tion of CD107a, which is a cytolytic granule component that is 
indicative of cytotoxic capacity, by antigen-specific T cells.12 In 
addition, CD200/CD200R1 signaling may activate myeloid- 
derived suppressive cells and upregulate expression of immu
nosuppressive proteins, including TGF-β, arginase 1,13 and 
indoleamine-pyrrole 2,3-dioxygenase.4 Thus, blocking the 
CD200R1/CD200 immune checkpoint within an immunosup
pressive environment has the potential to prevent or reverse 
immune cell tolerance. To understand the potential of thera
peutically targeting this pathway for cancer treatment, we set 
out to develop an antibody to block CD200R1 interaction with 
its ligand CD200.

There are five predicted splice isoforms of human CD200R1 
(hCD200R1), iso1 to iso5, but only iso1 and iso4 give rise to 
transmembrane proteins. hCD200R1-iso4 encodes the longest 
isoform (348 amino acids) and is the most abundant isoform 
in multiple cancer types (The Cancer Genome Atlas, 2021, 
http://www.cancer.gov/tcga). The less abundant isoform 
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iso1 has a 23-amino acid truncation at N-terminus due to 
missing the exon2. In addition to splice variants, the 
hCD200R1 transcript has four common missense single 
nucleotide polymorphisms on two haplotypes, reference 
(Ref) and alternative (Alt). The prevalence of Ref and Alt 
haplotypes is similar (1000 Genomes Project).14

23ME-00610 is a humanized, monoclonal, effector func
tion-attenuated immunoglobulin G subclass 1 (IgG1) antibody 
that binds specifically to the hCD200R1 immune inhibitory 
receptor and inhibits the hCD200R1 immune checkpoint. We 
previously demonstrated that 23ME–00610 potently binds to 
all functionally relevant human isoforms and haplotypes of 
CD200R1 with picomolar affinity and blocks the interaction 
of hCD200R1 and its cognate ligand hCD200.14 In this work, 
we determined the molecular mechanism of 23ME–00610 
engagement of hCD200R1 using a combination of high- 
resolution x-ray crystallography and mutagenesis studies. 
Additionally, we found that 23ME–00610 is highly specific 
for hCD200R1, but unable to bind CD200R1 from cynomolgus 
monkey or other potential preclinical species with any measur
able affinity. To advance this clinical candidate, we developed 
a cross-reactive surrogate antibody of 23ME–00610, named 
23ME–00611, which targets the cynomolgus monkey’s 
CD200R1 ortholog (MfCD200R1). This engineered tool anti
body enables non-clinical safety evaluations in 
a pharmacologically relevant species.

Results

Crystal structure of 23ME–00610 bound to human 
CD200R1

To gain insights into the molecular mechanism for 23ME– 
00610 blockade of hCD200R1, we solved the crystal structure 

of 23ME–00610 Fab bound to hCD200R1-iso4-Ref ECD 
refined to a resolution of 2.89 Å (Figure 1, Supplementary 
Table S1, S2), which is sufficient to define the binding pose 
of the antibody and identify specific side chain interactions in 
the interface. The model comprises residues E1 to D217 of the 
Fab heavy chain (HC), E1 to C214 of the light chain (LC), and 
N37 to L232 of hCD200R1-iso4-Ref. One short loop in the 
CH1 region of the HC is not fully defined by electron density 
and is not included in the model. We observed one complex in 
each asymmetric unit.

The binding site of 23ME–00610-Fab covers a solvent- 
accessible surface area of ~1044.6 Å2 of hCD200R1-iso4-Ref, 
of which approximately 642.6 Å2 comes from 23ME–00610 hC 
interactions and 453.8 Å2 from LC interactions, including 
a small overlapping area interacting with both chains. The 
buried surface area of this interaction is similar to that of the 
known antibody–antigen complexes (1068 ± 314 Å2) in the 
PDB from a non-redundant set of 1,425 complexes, suggesting 
that the interface is in the range for potent antibody binding.15 

The hCD200R1 extracellular domain (ECD) sequence poly
morphisms at positions 89, 121 and 177 in various isoforms 
and haplotypes are distant from the structural epitope for the 
antibody, consistent with the finding that 23ME–00610 binds 
equally to all hCD200R1 variants.14

Since this is the first description of a hCD200R1 structure, 
we superimposed the previously solved crystal structure of 
murine CD200R1 (PDB code: 4BFG)2 onto the hCD200R1 
ECD and observed that they are highly similar, with a root 
mean square deviation of 2.16 Å2 over 1205 atoms 
(Supplementary Figure S1). Noticeable differences were seen 
in the BC and DE loops of the Fab-bound human CD200R1 
structure in comparison to the unbound murine CD200R1 
(PDB 4BFG), possibly due to sequence differences in the 
region (Supplementary Figure S2), different packing of the 

Figure 1. Crystal structure of 23ME-00610-Fab bound to hCD200R1-iso4-ref reveals binding interface. (a) Structure of 23ME-00610-Fab:hCD200R1 complex shown in 
ribbon. hCD200R1 is in light blue color. 23ME-00610 heavy chain is in magenta, and light chain in green. (b) Zoom-in view of the binding interface with 23ME-00610 is 
represented as a surface. R67 in hCD200R1, shown as a stick, protrudes into a pocket cavity created at the intersection of the heavy (HC) and light (LC) chains of 23ME- 
00610.
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molecules within the crystal, and/or consequences of 23ME– 
00610 binding. These two loops exhibited different conforma
tions between free and mCD200-bound mCD200R1 while not 
involved in the interaction with mCD200 (PDF 4BFI).2

The crystal structure of 23ME–00610-Fab:hCD200R1-iso4- 
Ref qualitatively defined a set of residues that comprise the 
epitope of hCD200R1 or the paratope of 23ME–00610 and 
provides molecular details of the interface (Figure 1b, 
Supplementary Table S3). As shown in Figure 1b, R67 is part 
of the BC loop at the center of the structural epitope of 
hCD200R1, which protrudes deeply into a pocket formed by 
several 23ME–00610 residues at the junction of heavy and light 
chain variable domains, namely W52, N58, E95 and G100 of 
HC and S91, N92, E93, D94 and P96 of LC.

23ME-00610 blocks human CD200R1/CD200 interaction 
through steric hindrance

To examine how 23ME–00610 blocks hCD200R1 from enga
ging its ligand hCD200, we generated a homology model of the 
hCD200:hCD200R1 complex by aligning AlphaFold predicted 
structures of the individual proteins from UniProt with the 
known crystal structure of the mouse complex (Figure 2). 
Comparison of the hCD200:hCD200R1 model with the high- 
resolution crystal structure of 23ME–00610-Fab:hCD200R1 
revealed that hCD200 and 23ME–00610 engage hCD200R1 

from opposite directions and the two epitopes have a small 
overlap (Figure 2a,b; Supplementary Figure S2). The crystal 
structure shows a set of 25 epitope residues on hCD200R1 for 
23ME–00610. Compared to the predicted 24 interface residues 
with human hCD200, there is an overlap of four residues: 
T136, P137, D138, and F141. Based on this, 23ME–00610 
inhibits hCD200R1 interaction with hCD200 through steric 
hindrance.

Given the relatively small structural overlap between the 
epitopes of 23ME–00610 and hCD200, we examined them 
further with alanine scanning mutagenesis studies.16 Using 
the hCD200:hCD200R1 AlphaFold homology model, we 
selected 24 hCD200R1 residues that are within 5 Å of 
hCD200 to mutate to alanine as potential epitope sites for 
23ME–00610 interaction (Supplementary Figure S2). These 
hCD200R1 variants were expressed on the surface of 
HEK293 cells and the binding of 23ME–00610 Fab measured 
by flow cytometry (Figure 3a). Fab binding potency to cell- 
surface variants was normalized by the expression level of 
these variants measured by antibody against the N-terminus 
hemagglutinin (HA) tag (see Methods). Mutations at positions 
that significantly reduced binding (p < 0.0001) relative to wild 
type (WT) included E75, Y88, T95, T136, G139, and F141 
(Figure 3a,b). These mutants were then generated as recombi
nant ECD protein in sufficient quantities for surface plasmon 
resonance (SPR) analysis, except for Y88A, which formed 

Figure 2. 23ME-00610 epitope overlaps with the hCD200 binding site. (a) Structure of 23ME-00610-Fab:hCD200R1 complex is superposed with hCd200:hcd200r1 
complex model. 23ME-00610-Fab is shown as ribbons (HC in magenta; LC in green). Surface representation of hCD200R1 is shown in light blue; hCD200 depicted in 
blue ribbons. Homology model of the hCd200:hcd200r1 complex was generated by aligning AlphaFold predicted structures of hCD200 and hCD200R1 to the known 
mouse structure (PDB ID 4BFI). (b) Surface representation of hCD200R1 shows structural epitope residues (<5 Å) for 23ME-00610 (red) and hCD200 (blue) and the 
overlap between the two epitopes (purple).
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aggregates and therefore was not tested by SPR. As anticipated, 
binding of the five alanine mutants of hCD200R1-iso4-Ref 
exhibited attenuated affinity by 2.9- to 10.4-fold relative to 
WT from the measured equilibrium dissociation constant 
(KD) (Supplementary Table S4). Alanine substitution at posi
tions T136, G139, F141 of CD200R1 resulted in the greatest 
reduction in affinity compared to WT. These three residues are 
a part of or adjacent to the CD200R1 structural epitope for 
23ME–00610 that overlap with the epitope for CD200 (T136, 
P137, D138, and F141). The mutational studies therefore con
firm the functional importance of these CD200R1 epitope 
residues for 23ME–00610, which can sterically block CD200 
engagement.

23ME-00610 binds with high affinity to human CD200R1 
but lacks cross-reactivity to cynomolgus CD200R1 
ortholog

We next determined the cross-reactivity of 23ME–00610 to 
bind cynomolgus CD200R1 ortholog, as we planned to 
assess the nonclinical safety of blocking hCD200R1 in 
a pharmacologically relevant species such as a cynomolgus 
monkey prior to advancement into clinical studies. Human 
and cynomolgus CD200R1 ortholog (MfCD200R1, UniProt: 
G7NZT0) were expressed in Expi293 cells and evaluated for 
binding of 23ME–00610 by flow cytometry. We found that 
23ME–00610 binds with high potency to hCD200R1 but 
shows minimal binding to MfCD200R1 (Figure 4a). 
MfCD200R1 and hCD200R1 ECD share 90% sequence 
identity. Functionally important sequence differences are 
likely present in the interface with 23ME–00610 to prevent 
binding (Figure 4b).

Engineering 23ME–00611 an MfCD200R1 cross-reactive 
surrogate antibody

Given the high sequence homology between hCD200R1 and 
MfCD200R1, we hypothesized that a modest level of mutation 
in 23ME–00610 may be sufficient to switch on MfCD200R1 
binding. We performed deep mutational scanning of the light 
and heavy chain variable domain complementarity- 
determining regions (VL or VH-CDR) of the 23ME–00610- 
Fab as previously described, which is a well-established 
approach to determine the extent to which each scanned 
residue tolerates mutation to all other amino acids and thus 
their functional role for binding interaction.17–19 Our objective 
was to further understand the high-affinity interaction of 
23ME–00610 with hCD200R1. An additional aim was to iden
tify mutations for engineering a surrogate antibody to bind 
MfCD200R1 with high affinity. Briefly, phage libraries display
ing 23ME–00610 Fab with either VL- or VH-CDR randomized 
to 106-107 degeneracy were generated (see Methods) and char
acterized by deep sequencing before and after selection for 
hCD200R1 binding function (Supplementary Figure S3 and 
Table S5). The enrichment ratios (ER) for each single muta
tion, i.e., the differential frequency of each mutation in the 
selected pools over the unselected (pre-sorted) libraries, were 
tabulated as Log2(ER) in a heat map to indicate each mutation 
as favorable (red) or unfavorable (blue) for the high-affinity 
binding interaction (Figure 5a,b). As a metric for an overall 
tolerance to mutation of each residue, we calculated “mean of 
Log2ER” for all mutations other than cysteine.

Among the 27 scanned CDR residues that make structural 
contact (<5 Å) with hCD200R1 (indicated with arrowhead), 
a subset (A33, R94, and G100 of HC; A51, S91, and P96 of LC) 
were shown to be highly intolerant to mutation with mean 

Figure 3. Structural overlaps of hCD200 and 23ME-00610 CD200R1 epitopes are functionally important for 23ME-00610 binding. (a) Relative binding potency of 23ME- 
00610-Fab to Expi293 cells expressing either wild type (WT) or alanine mutants of hCD200R1-iso4-ref was evaluated by flow cytometry and SPR. Binding MFI (mean 
fluorescence intensity) was first normalized by the variant expression levels (see methods) and then the ratios to normalized MFI of WT (as 1, green dotted line) were 
plotted to represent relative binding potency for 23ME-00610. Attenuated binding with p = 0.0015-0.025 (*) or p < 0.0001 (**) relative to WT are shown. Coloring of 
each bar accords to relative binding potency of variants expressed as full-length protein on Expi293 cells and SPR KD measured as purified ECD protein as labeled. 
Positions highlighted with a red star are those that overlap between structural epitope of 23ME-00610 and hCD200 as in Figure 2b. (b) With hCD200R1 as surface 
representation, positions are colored according to the relative binding potency of alanine mutation variants shown in (A) where a significant decrease (**p < 0.0001) in 
23ME-00610 binding potency verified by SPR are colored red. 23ME-00610-Fab is shown as ribbons (HC in magenta; LC in green).
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Log2ER <-2 (Figure 5a,b). Interestingly, these residues also 
belong to a set of CDR residues that have low solvent accessi
bility, characterized as having <25% of the whole residue area 
being solvent accessible as Fab alone based on the Fab struc
ture in the complex (Figure 5a,b, residue in blue). In fact, all 10 
of the residues with mean Log2ER of <-2 belong to this group 
of residues with low solvent accessibility, suggesting that they 
play an important role structurally and/or functionally to 
enable specific and high-affinity interactions with 
hCD200R1. By mapping the mean Log2ER onto the structure 
of the antibody (Figure 5c,d), we deduced that the pocket in 
which the CD200R1 BC loop buries deeply is the central 
functional hotspot. VH-E95 is one of the residues lining the 
pocket making a charge interaction with R67 of hCD200R1 
buried in the pocket. Consistently, VH-E95 does not tolerate 
mutation to residues opposite in charge (arginine, lysine) or 
larger in size (tyrosine, phenylalanine, tryptophan), while 
accepting mutation to other polar or homologous amino 
acids, likely to fit into the tight pocket with R67 of hCD200R1.

To engineer MfCD200R1 binding, the VH-CDR and VL- 
CDR phage libraries were selected against MfCD200R1. In 
contrast to selection against hCD200R1, more rounds of 
phage panning were required to enrich the phage clones that 
potentially possess binding activity toward MfCD200R1. This 
is expected because the variant clones that can bind 
MfCD200R1 should be relatively rare. From sequencing the 
selected library pools that appear to bind MfCD200R, we 
found four enriched mutations that might confer binding to 
MfCD200R1. Three mutations were in VH (A33R, W52Y, 

Y102N) and one in VL (E93W) (Figure 6a). We generated 
this new variant as full IgG named 23ME–00611 and con
firmed that it binds recombinant MfCD200R1 ECD with 
a KD of 2 nM as evaluated by SPR measurements (Figure 6b). 
This is in marked contrast to the total lack of measurable 
binding of 23ME–00610 toward MfCD200R1 (Figure 6b, 
left). This switch was also reproduced by flow cytometry with 
cynomolgus PBMC (Figure 6c). Additionally, 23ME–00611 is 
shown to completely block the interaction of MfCD200R1 with 
its cognate ligand MfCD200 as evaluated by enzyme-linked 
immunosorbent assay (ELISA) (Figure 6d).

To understand the gain of MfCD200R specificity by these 
mutations, we compared the solved crystal structure of 23ME– 
00610-Fab bound to hCD200R1 with an AlphaFold model of 
23ME–00611 bound to MfCD200R1 (Figure 6e,f). Relative to 
hCD200R1, MfCD200R1 contains two amino acid substitu
tions E88 and F89 for A65 and L66 in hCD200R1, respectively 
(Figures 4b, 6e,f). These two residues are a part of the BC loop 
that buries into the pocket at the junction of VL and VH of 
23ME–00610. The A88E substitution in MfCD200R1 would 
introduce a buried unsatisfied polar group into a hydrophobic 
interface area in the 23ME–00610:hCD200R1 complex, which 
likely precludes binding of 23ME–00610. The VH-A33R muta
tion in 23ME–00611 could compensate for this new buried 
polar group introduced by the A88E substitution in 
MfCD200R1 as it forms a new polar interaction network to 
stabilize the complex (Figure 6f). VH-W52 in 23ME–00610 is 
substituted for Y52 in 23ME–00611, which could allow for 
more space to accommodate R33 compared to W52. Position 

Figure 4. 23ME-00610 exhibits minimal cross-reactivity to cynomolgus CD200R1 ortholog (MfCD200R1). (a) Binding of 23ME-00610 to MfCD200R1 or hCD200R1 over- 
expressed on Expi293 cells was evaluated by flow cytometry. (b) Sequence alignment of the extracellular domains of hCD200R1-iso4-ref and MfCD200R1 (UniProt: 
G7NZT0) with dots indicating identical sequence. hCD200R1 residues with atoms within 5Å of 23ME-00610 in the solved structure are shaded in cyan.
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89 in MfCD200R1 is a phenylalanine residue, which is more 
hydrophobic than the leucine in hCD200R1. The VL substitu
tion at position 93 replaces a polar glutamic acid with 
a hydrophobic tryptophan, which could stabilize the more 
hydrophobic F89 in MfCD200R1. Given that VH-R33 substi
tution in 23ME–00611 stabilizes E88 in MfCD200R1, it is 
likely that this substitution contributes most to the gain in 
MfCD200R1 binding. To confirm this, individual point muta
tions were made in 23ME–00610 and binding to MfCD200R1 
was characterized using Biacore. Among the four mutants, 
23ME-00610_A33R indeed displayed the strongest binding 
(Supplementary Figure S4). 23ME-00610_E93W shows mod
est binding, with the other single mutations displaying no 
detectable binding. These data suggest that the A33R 

substitution contributes most for gaining MfCD200R1 bind
ing. Further, consistent with the mutational scanning of 
23ME–610 for hCD200R1 binding (Figure 5a), 23ME–00611 
can still bind hCD200R1 well, albeit with weaker affinity (KD =  
1 nM) than 23ME–610 (KD = 0.1 nM). Of the four mutations, 
only A33R appeared unfavorable (Log2ER = −1.84) for 23ME– 
00610 interaction with hCD200R1, while the others were well 
tolerated.

Discussion

Antibodies targeting immune checkpoints such as CTLA-4 and 
PD-1 have shown improved overall survival across numerous 
solid and hematologic cancers.25 Combination therapy can 

Figure 5. Deep mutational scan of 23ME-00610 for mapping the high affinity interaction with hCD200R1. Single mutation enrichment of all randomized CDR positions 
of 23ME-00610 VH (a) or VL (b) from hCD200R1 panning is shown with Log2(ER) colored as labeled. Positions with low solvent accessibility are in blue, which is defined 
as < 25% of the whole residue area20 being solvent accessible as unbound 23ME-00610 fab using FreeSASA.21 CDR positions in the scan that are part of the structural 
contact sites with hCD200R1 are pointed with arrowheads. For each position, the mean of the Log2(ER) is calculated as the average of Log2(ER) of all mutation except 
cysteine. (c) The mean of the Log2(ER) is mapped on the structure of 23ME-00610 fab in a top-down view using the same color scale as A and B. Approximate border 
between VH and VL is denoted with a dotted line. Residues in yellow are part of the structural contact but not included in the mutational scan. (d) Same view of fab as 
(C) is plotted in ribbon with residues with Log2(ER) < −2 in blue sticks.
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further improve clinical benefit for patients, but so far only 
a subset of patients have long-term benefits. Thus, there remains 
a need to expand the immune checkpoint inhibitor toolbox. 
Analysis of human genetics has the potential to inform more 
successful drug target discovery.26 A genome-wide association 
study analysis using 23andMe’s genomic and health survey 
database identified the novel immune-oncology target, 
CD200R1.14 Like the well-characterized CTLA-4 checkpoint 

inhibitor, genetic variants within the CD200R1 pathway associ
ate with opposing effects in cancer and immune diseases. 
Therefore, we generated a potentially first-in-class antibody, 
23ME–00610, as a blockade of the CD200:CD200R1 checkpoint 
axis to activate an antitumor immune response and potentially 
combine with other checkpoint inhibitors.14

We used structural analysis and mutational studies to dis
sect the molecular basis for the interaction of 23ME–00610 

Figure 6. Mutations in 23ME-00611 surrogate antibody confers high affinity binding to MfCD200R1. (a) Schematics that show the VH or VL CDR positions mutated from 
23ME-00610 to 23ME-00611; (b) biacore sensorgrams that show lack of 23ME-00610 binding to MfCD200R1 with concentration up to 200 nM (left) and 23ME-00611’s 
binding to MfCD200R1 at KD = 2 nM at 37°C (right); (c) cynomolgus PBMC FACS study confirms lack of 23ME-00610 binding to MfCD200R1 while 23ME-00611showed 
good binding potency. (d) 23ME-00611’s potent inhibition of MfCD200R1:MfCD200 interaction as shown by ELISA; (e) zoom-in views of 23ME-00610:hCD200R1 crystal 
structure and (f) 23ME-00611:MfCD200R1AlphaFold model show the two structurally equivalent residues (blue sticks) in hCD200R1 or MfCD200R1 that can explain the 
lack of 23ME-0610 binding and the four fab mutations in red sticks that confer 23ME-00611 high affinity binding to MfCD200R1. 23ME-00611 A33R mutation permits 
a network of charge interaction (dotted line) to accommodate E88 in MfCD200R1. Heavy and light chains indexed using kabat and chothia numbering, respectively.22– 

24
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with hCD200R1. These studies provide a comprehensive 
examination of the molecular mechanism underlying the 
blockade of human CD200R1 (hCD200R1) by 23ME–00610, 
an investigational immune checkpoint immunotherapy cur
rently under evaluation in a Phase 1/2a clinical study in 
patients with advanced solid tumors (NCT05199272).

The 23ME–00610-Fab:CD200R1 crystal structure revealed 
a well-defined binding interface involving a loop of hCD200R1 
inserted deep into a pocket formed by antibody residues from 
both VH and VL of 23ME–00610. Further, homology model
ing of the hCD200:hCD200R1 complex indicated that 23ME– 
00610 and hCD200 engage hCD200R1 from opposite direc
tions with distinct but partially overlapping epitopes at four 
residues (T136, P137, D138, and F141) Alanine scanning of 
hCD200R1 confirmed the functional importance of these 
structurally overlapping epitope residues for antibody binding. 
Deep mutational scanning on the antibody side was used to 
show that the functional hotspot for this high-affinity interac
tion is contained within the pocket formed at the junction of 
heavy and light chains where the BC loop of hCD200R1 is 
deeply buried. Together, these studies indicate that 23ME– 
00610 disrupts hCD200 binding to hCD200R1 through 
a steric hindrance mechanism.

While these results provide valuable insights into the 
mechanism of action of 23ME–00610, one hurdle in therapeu
tic antibody development is evaluation of safety in preclinical 
studies using non-human primates (NHP) prior to human 
trials. This is further complicated when the lead candidate 
has limited cross reactivity with the orthologous target in the 
animal model as is the case with 23ME–00610 lacking binding 
activity toward CD200R1 in cynomolgus monkeys 
(MfCD200R1), which is the preferred model for preclinical 
safety study for developing a therapeutic antibody. We inves
tigated whether 23ME–00610 might bind orthologs from other 
animals such as rhesus, rabbit and marmoset that can poten
tially be used for safety studies but could not identify any (data 
not shown). For antibody therapeutics, the feasibility of per
forming a preclinical safety study in NHP is advantageous for 
progressing into the clinical trials.

To overcome this limitation, we set out to engineer 
a surrogate antibody that can bind MfCD200R1 with high 
affinity and ideally to the equivalent epitope of 23ME–00610 
so that the surrogate’s action in cynomolgus would closely 
represent 23ME–00610 in human. We used the deep muta
tional scanning antibody phage libraries that randomized 
VH or VL CDR residues, which is typically done to identify 
residues involved in antibody–antigen interactions, and we 
directly selected for the rare variants that bind to 
MfCD200R1. This library approach allowed each CDR resi
due in the scan to be any of the 20 amino acids (by using 
NNK codon) and up to three mutations with one from each 
of the three HC or LC CDRs can be present in each clone. 
The design is agnostic to the sequence or structural confor
mation difference between human and cynomolgus 
CD200R1 because the CDR residues included in the libraries 
are standards established for mutational scanning. The the
oretical degeneracy of the libraries (106-107) is low enough 
to be well covered by generated phage libraries and large 
enough to include a solution for gaining binding function to 

a homologous protein (Table S5). Indeed, we observed gra
dual enrichment of phage libraries selected on MfCD200R1 
specifically and identified mutations in the CDRs that were 
confirmed to enable MfCD200R1 binding by the recombi
nant variant antibodies. Notably, four mutations (A33R, 
W52Y, Y102N in the VH domain and E93W in the VL 
domain) were identified to achieve high-affinity binding to 
MfCD200R1.

Structural modeling suggests that the surrogate 23ME– 
00611 should bind to the exact same site as 23ME–610 and it 
explains how mutations at four CDR positions compensate for 
the key differences between human and cynomolgus CD200R1 
molecularly (Figure 6). Importantly, 23ME–00611 effectively 
blocked the interaction between MfCD200R1 and its cognate 
ligand, MfCD200, demonstrating that it retains the function
ality of 23ME–00610. The successful generation of 23ME– 
00611 that mirrors how 23ME–00610 binds hCD200R1 has 
facilitated the evaluation of CD200R1 blockade in NHP.

The study highlights the role of antibody engineering in 
overcoming interspecies reactivity challenges. The deep muta
tional scanning approach used in the discovery of 23ME– 
00611 demonstrates the feasibility of generating ortholog 
cross-reactive antibodies needed for therapeutic development 
or biological investigation. While we use structural and muta
tional studies to dissect this change of binding specificity, the 
approach does not require prior knowledge of 1) the structural 
or molecular model of the antibody interaction, 2) the key 
differences in orthologous molecules behind the lack of cross- 
reactivity, and 3) the antibody residues important for the lack 
of interspecies cross-reactivity. Another advantage of the 
approach is that phage display selection allows for an easy 
way to enrich mutations that confer high-affinity binding by 
using stringent selection strategy. To the best of our knowl
edge, this is the first report of engineering antibody cross- 
species reactivity from non-existent to high affinity (Kd = 2  
nM) within one round of engineering. We believe this 
approach is applicable for similar challenges of engineering 
interspecies ortholog binding.

In conclusion, our study advances the molecular under
standing of 23ME–00610, a potential first-in-class, humanized 
IgG1 investigational antibody that binds hCD200R1, and pro
vides a framework for engineering species cross reactivity to 
enable therapeutic development of antibodies.

Material and methods

Purification of CD200R1 and CD200 proteins

Sequences corresponding to the ECD of hCD200R1 or 
MfCD200R1 were cloned into mammalian expression vectors 
using a cytomegalovirus (CMV) promoter to drive expression. 
Sequence encoding a C-terminal hexahistadine (His) purification 
tag was inserted and CD200R1 was expressed using the Expi293 
system according to manufacturer’s instructions and purified 
using immobilized metal affinity chromatography with 
a Histrap FF column (Cytiva), followed by size-exclusion chro
matography (SEC) with Superdex 200 (Cytiva) using an ÄKTA 
system. CD200 was similarly expressed except that the vector 
contained C-terminal human IgG crystallizable fragment (Fc) 
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region with N297G mutation. Recombinant CD200-Fc proteins 
were purified using affinity chromatography with a MabSelect 
SuRe (Cytiva) column and followed with a Superdex 200 column.

Measurement of binding affinity using surface plasmon 
resonance (SPR)

To determine the binding affinity of 23ME–00610 for 
hCD200R1-iso4-Ref WT or different alanine mutant proteins, 
and 23ME–00610 and 23ME–00611 for MfCD200R1, SPR mea
surements were performed using a Biacore 8K instrument at 
37°C. The temperature is chosen to reflect physiological condi
tions. 23ME–00610 (0.5 µg/mL) in HBS-EP buffer (0.01 M 
4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid [HEPES], 
pH 7.4; 0.15 M NaCl, 3 mm ethylenediaminetetraacetic acid 
[EDTA]; 0.005% Tween-20) was injected onto a Protein 
A capture chip using a flow rate of 30 µL/min. Buffer alone 
was injected to flow cell 1 (FC1) as a reference. Next, 3-fold 
serial dilutions of hCD200R1 in 1X HBS-P+ buffer starting 
from 100 nM were injected at a flow rate of 30 µL/minute. 
The concentrations of both the antibody and receptor were 
determined through preliminary experimentation to avoid sur
face oversaturation, ensure a sufficient binding response, mini
mize artifacts and capture monovalent binding kinetics. Each 
sensorgram was subjected to reference and buffer subtraction 
prior to analysis. Analysis was performed using BIACORE 8K 
Evaluation Software (version 1.1.1.7442). Association rates (ka) 
and dissociation rates (kd) were calculated using a one-to-one 
binding kinetics model. The equilibrium dissociation constant 
(KD) was calculated as the ratio of kd/ka.

Blocking ELISA

96-well MAXISORP flat-bottom plates were coated overnight 
at 4°C with MfCD200-Fc at a concentration of 1 µg/mL in 
phosphate-buffered saline (PBS). Plates were first blocked by 
addition of 300 μL of 1% bovine serum albumin (BSA) in PBS, 
pH 7.2. 1:1 mix of 0.04 µg/mL biotinylated MfCD200R1 and 
4-fold serial dilutions of 23ME–00611 starting from 1 µM in 
ELISA buffer (0.1% BSA, 0.05% Tween-20 in PBS, pH 7.2) 
were pre-incubated for 1 h and transferred to MfCD200-Fc 
coated plates capture to the unbound biotinylated 
MfCD200R1 for 15 min which was then detected with poly- 
horseradish peroxidase (HRP) streptavidin in ELISA buffer 
and visualized by adding the substrate for HRP (tetramethyl
benzidine, TMB). Plates were analyzed by reading the optical 
density at 450 nm (OD450).

Purification of 23ME–00610-Fab

The sequence encoding the Fab of 23ME–00610 (23ME- 
00610-Fab) was cloned into a pRK mammalian expression 
vector as for CD200R1 expression. The vector containing LC 
and the VH and CH1 domains of HC fused with a histidine 
purification tag C-terminally. Recombinant 23ME–00610- 
Fab was expressed and purified using the Expi293 expression 
system with the immobilized metal affinity chromatography 
and followed by the SEC Superdex S75 16/600 column 
(Cytiva).

Protein crystallography, structure modeling, and 
refinement

To prepare the 23ME–00610-Fab:hCD200R1 complex, 23ME– 
00610-Fab and hCD200R1 were mixed at a 2:1 mass ratio (10  
mg 23ME–00610-Fab, 5 mg hCD200R1) in 1 mL and incubated 
for 2 h at 4°C, and the mixture was loaded onto a Superdex 200 
10/300 to separate unbound protein from the 1:1 complex. 
Fractions corresponding to the complex were pooled and con
centrated, resulting in homogenous stoichiometric protein as 
evaluated by sodium dodecyl-sulfate polyacrylamide gel elec
trophoresis. The purified complex was used in crystallization 
trials using a standard Proteros screen with approximately 1200 
different conditions. Crystallization screening of 23ME–00610- 
Fab:hCD200R1 (45 mg/ml) complex was conducted by sitting- 
drop vapor diffusion at 20°C. The crystals appeared upon mix
ing 0.2 µl of protein solution with 0.2 μl of reservoir solution 
containing sodium cacodylate 0.1 M pH 6.50, glycerol 10.0% (v/ 
v), NaCl 1.0 M, polyethylene glycol (PEG) 600 30.0% weight/ 
volume (w/v). A cryo-protocol was established using Proteros 
standard protocols. Crystals were flash-frozen and measured at 
a temperature of 100 K. Diffraction data were collected at the 
Swiss Light Source (SLS, Villigen, Switzerland) using cryogenic 
conditions. The crystals obtained belong to space group P 41 21 
2. Data was processed using the programs autoPROC, XDS and 
AIMLESS.27–31 The phase information necessary to determine 
and analyze the structure was obtained by molecular replace
ment using a solved structure of 23ME–00610-Fab as a search 
model. Subsequent model building and refinement was per
formed according to standard protocols with COOT32 and the 
software package CCP4,30 respectively. For the calculation of 
the free R-factor (Rfree), a measure to cross-validate the correct
ness of the final model, approximately 4.9% of measured reflec
tions were excluded from the refinement procedure (Table S2). 
TLS refinement (using REFMAC5, CCP4) has been carried out, 
which resulted in lower R-factors and higher quality of the 
electron density map. The water model was built with the 
“Find waters” algorithm of COOT by putting water molecules 
in peaks of the Fo-Fc map contoured at 3.0 followed by refine
ment with REFMAC5 and checking all waters with the valida
tion tool of COOT. The criteria for the list of suspicious waters 
were (1) B-factor greater 80 Å2, (2) 2Fo-Fc map less than 1.2σ, 
and (3) distance to closest contact <2.3 Å or >3.5 Å. The suspi
cious water molecules and those in the ligand-binding site 
(distance to ligand less than 10 Å) were checked manually. 
The Ramachandran plot of the final model calculated with 
Molprobity33 showed 96.63% of all residues in the favored 
region and 3.21% in the allowed region. The residue Arg54 
(LC) was an outlier in the Ramachandran plot (data not 
shown), but it was clearly defined by the electron density. 
Statistics of the final structure and the refinement process are 
listed in Tables S1 and S2.

AlphaFold prediction of the 23ME–00611:MfCD200R1 
complex

AlphaFold multimer v2.2 was run on AWS development 
environment using the VH and VL sequences of 23ME– 
00611 and the ECD of MfCD200R1.
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Measurement of binding to alanine hCD200R1 mutants 
expressed on Expi293 cells by flow cytometry through 
mammalian display

Structural model of the hCD200:hCD200R1 complex was pro
duced by retrieving individual AlphaFold structure predictions 
of each protein from UniProt (hCD200: P41217, hCD200R1: 
Q8TD46) and then a homology model of the human complex 
based on the x-ray crystal structure of the mouse mCD200: 
mCD200R1 complex (PDB:4BFI) was generated. Residues on 
hCD200R1 within 5 Å of hCD200 were selected for alanine 
mutation as a potential epitope for 23ME–00610. The 
sequences corresponding to the extracellular and transmem
brane domains of WT hCD200R1-iso4-Ref or each alanine 
mutant were cloned into pRK mammalian expression vectors 
using a CMV promoter to drive expression. The vectors also 
contained sequences encoding an N-terminal HA tag. Each 
hCD200R1 mutant was transfected into Expi293 cells using 
standard transfection protocols. Transfected cells were har
vested and washed with PBS and resuspended in cold fluores
cence-activated cell sorting (FACS) buffer (1X PBS + 1% BSA) 
to obtain a cell concentration of 1 × 106 cells/0.1 mL. Cell 
suspension was added to each well in a 96-well round- 
bottom plate and incubated with serially diluted 23ME–00610- 
Fab for 1 h on ice in the dark. Following incubation, plates 
were washed 3 times with FACS buffer and incubated with 
allophycocyanin (APC)-conjugated anti-human Fab antibody 
(1:100 dilution) for 1 h. A fluorescein isothiocyanate (FITC)- 
conjugated anti-HA secondary antibody was also added to 
measure cell surface expression of the hCD200R1 WT and 
mutants. Cells were analyzed by flow cytometry, gating on fsc 
(forward scatter) and ssc (side scatter), single cells, on FITC- 
positive population, and finally on APC-positive cells popula
tion, collecting 10,000 events for APC-positive gate.

Measurement of 23ME–00610 binding to cynomolgus 
CD200R1 ortholog

The vectors containing full-length MfCD200R1 as above for 
hCD200R1-iso4-Ref were transiently transfected to Expi293. 
To determine binding of antibodies, cells were washed and 
resuspended to reach a cell concentration of 10,000 cells/ 
µL. 3X serial dilution of 23ME–00610 started at 500 nM in 
FACS buffer were added and incubated for 1 h on ice. Cells 
were then washed and the secondary anti-human IgG antibody 
(Jackson ImmunoResearch 016-130-084) diluted at 1:100 in 
FACS buffer was then added to the plate. The plate was again 
incubated for 1 h on ice in the dark. Another three washes were 
performed, and a final resuspension of the cells was performed 
with 150 µL/well of FACS buffer. Plates were then read with 
the flow cytometer and mean fluorescence intensity (MFI) was 
plotted.

Binding of 23ME–00611 to peripheral immune cells from 
cynomolgus monkey

The binding of 23ME–00611 or 23ME–00610 to cynomolgus 
immune cells was determined by flow cytometry using cyno
molgus monkey peripheral blood mononuclear cells (PBMC). 

Cryopreserved PBMC (BioIVT) were thawed in a 37°C water 
bath and resuspended in PBMC buffer (PBS +2% heat- 
inactivated FBS +2 mm EDTA). Cells were centrifuged at 300 
× g and washed once with PBMC buffer. Cell suspensions were 
counted on a Beckman Coulter Vi-Cell instrument to assess 
viability and resuspended to 2 × 106 cells/mL. A 2X concentra
tion (400 nM) of biotinylated 23ME–00610, 23ME–00611, or 
isotype control was 5-fold serial diluted, and then an equal 
volume of the PBMC cell suspension was added to each well, 
mixed and incubated at 4°C for 20 min. Unbound biotinylated 
antibody was removed by centrifugation and washed prior to 
incubation with live/dead viability stain (Thermo Fisher 
Scientific) for 5 min in the dark at RT. Samples were stained 
for 20 min at 4°C in the dark with streptavidin-PE (diluted 
1:300). Cells were washed twice and collected by centrifugation 
and resuspended in PBMC buffer before acquiring data on 
a Beckman Coulter Cytoflex LX system. Single-color stained 
UltraComp eBeads™ and ArC™ Amine Reactive Compensation 
Beads were used to perform compensation at the time of 
acquisition. FlowJo software analyzed the potency of binding 
of 23ME–00611 to live PBMC. Binding of 23ME–00611 was 
evaluated using Prism software 3-parameter, log10[23ME- 
00611] versus response and non-linear curve fit. Streptavidin- 
PE MFI was plotted.

Fab displaying phage display libraries generation, 
selection and analysis

Methods for NNK library generation and phage panning selec
tion were performed as described previously.18 Briefly, two 
phage libraries of 23ME–00610 Fab were constructed for 
deep mutational scanning by allowing either VH or VL CDR 
residues to mutate to all 20 amino acids, one residue per CDR 
at a time using a Kunkel mutagenesis protocol.17 CDR residues 
selected for mutation are as listed in Figure 5 and 
Supplementary Figure S3 and as previously described.18 

A group of degenerate oligonucleotides carrying NNK degen
erate codon was used for each CDR loop with each oligonu
cleotide mutating a single CDR residue with NNK, which 
allowed randomization to 20 amino acids. The libraries thus 
were to allow up to three mutations for each variant, one in 
each of the three CDRs of a VH or VL CDR library. 
Mutagenized DNA was electroporated into Escherichia coli 
XL1-Blue cells yielding 2–4 × 109 transformants, which should 
cover the designed degeneracy of each library (106-107) well, as 
described in Supplementary Table S5. Libraries were panned 
against hCD200R1 ECD coated on ELISA plate and then 
against biotinylated hCD200R1 in solution panning condi
tions. The selection stringency was increased in the successive 
solution panning rounds by incubating the phage libraries with 
decreasing antigen concentrations (Supplementary Table S5). 
The affinity-based phage library selection strategies are as 
previously described.34 The same protocol is used for 
MfCD200R1 panning.

The presorted libraries and the panning tracks that showed 
significant enrichment of hCD200R1 binders were subjected to 
deep sequencing for analysis. After isolating the phagemid 
double-stranded DNA from the selected rounds, VH and VL 
segments from each sample were amplified using Illumina 16s 
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library preparation protocol (Illumina). Sequencing adapters 
and dual‐index barcodes were then added to the amplicons 
using Illumina Nextera XT Index Kit (Illumina). In prepara
tion for sequencing on Illumina MiSeq, adapter-ligated ampli
cons were subjected to standard Illumina library denaturing 
and sample loading protocol using MiSeq Reagent Kit v3 (600 
cycles) (Illumina). Paired-end sequencing was performed to 
cover the entire length of the amplicon with an insert size of 
200 bp to 300 bp.

Obtained sequencing data were parsed and analyzed by in- 
house software. Quality control (QC) is performed on identi
fied amplicon sequences, where each CDR sequence is first 
checked for the correct length. Reads with stop codons, unex
pected insertions/deletions, >1 NNK mutation per CDR or 
non-NNK mutations were filtered out before further analysis. 
Mutagenesis efficiency and sequencing quality control results 
of the libraries are detailed in Supplementary Table S5. All 
mutations at each mutagenized CDR position were accounted 
for (Supplementary Figure S3). Weighted frequencies of all 
mutations for each randomized CDR position were generated 
before and after phage sorting, and the Log2 of the enrichment 
ratios for all mutations (Log2(ER)) was calculated by dividing 
the weighted frequency of a given mutation at a given position 
in the sorted sample by the weighted frequency of the same 
mutation in the unsorted sample.35

Abbreviations

CD cluster of differentiation
CDR complementarity determining region
ECD extracellular domain
ELISA Enzyme-linked immunosorbent assay
ER enrichment ratio
FACS fluorescence-activated cell sorting
Fc c-terminal human IgG fragment crystallizable
FC1 flow cell 1
HC antibody heavy chain
hCD200R1 human CD200 receptor 1
HRP horseradish peroxidase
IgG1 immunoglobulin G subclass 1 antibody
LC antibody light chain
MfCD200R1 cynomolgus CD200R1
MFI mean fluorescence intensity
PBMC peripheral blood mononuclear cells
SPR surface plasmon resonance
VH variable domain of antibody heavy chain
VL variable domain of antibody light chain
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