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ABSTRACT
Background Acute myeloid leukemia (AML) stem 
cells (LSCs) are capable of surviving current standard 
chemotherapy and are the likely source of deadly, relapsed 
disease. While stem cell transplant serves as proof- of- 
principle that AML LSCs can be eliminated by the immune 
system, the translation of existing immunotherapies to 
AML has been met with limited success. Consequently, 
understanding and exploiting the unique immune- evasive 
mechanisms of AML LSCs is critical.
Methods Analysis of stem cell datasets and primary 
patient samples revealed CD200 as a putative stem 
cell–specific immune checkpoint overexpressed in AML 
LSCs. Isogenic cell line models of CD200 expression 
were employed to characterize the interaction of CD200+ 
AML with various immune cell subsets both in vitro 
and in peripheral blood mononuclear cell (PBMC)–
humanized mouse models. CyTOF and RNA- sequencing 
were performed on humanized mice to identify novel 
mechanisms of CD200- mediated immunosuppression. 
To clinically translate these findings, we developed a 
fully humanized CD200 antibody (IgG1) that removed the 
immunosuppressive signal by blocking interaction with the 
CD200 receptor while also inducing a potent Fc- mediated 
response. Therapeutic efficacy of the CD200 antibody was 
evaluated using both humanized mice and patient- derived 
xenograft models.
Results Our results demonstrate that CD200 is 
selectively overexpressed in AML LSCs and is broadly 
immunosuppressive by impairing cytokine secretion in 
both innate and adaptive immune cell subsets. In a PBMC- 
humanized mouse model, CD200+ leukemia progressed 
rapidly, escaping elimination by T cells, compared with 
CD200− AML. T cells from mice with CD200+ AML were 
characterized by an abundance of metabolically quiescent 
CD8+ central and effector memory cells. Mechanistically, 
CD200 expression on AML cells significantly impaired 
OXPHOS metabolic activity in T cells from healthy donors. 
Importantly, CD200 antibody therapy could eliminate 
disease in the presence of graft- versus- leukemia in 
immune competent mice and could significantly improve 
the efficacy of low- intensity azacitidine/venetoclax 
chemotherapy in immunodeficient hosts.
Conclusions Overexpression of CD200 is a stem cell–
specific marker that contributes to immunosuppression in 
AML by impairing effector cell metabolism and function. 

CD200 antibody therapy is capable of simultaneously 
reducing CD200- mediated suppression while also 
engaging macrophage activity. This study lays the 
groundwork for CD200- targeted therapeutic strategies to 
eliminate LSCs and prevent AML relapse.

BACKGROUND
The primary obstacle to curing acute myeloid 
leukemia (AML) is the elimination of 
leukemia stem cells (LSCs), therapy- resistant 
cells capable of long- term self- renewal and 
deemed the source of relapse.1 In allogeneic 
stem cell transplant, immune cells reconsti-
tuted from donor bone marrow are capable 
of destroying residual leukemia cells and 
curing patients.2 This graft- versus- leukemia 
(GvL) response is proof- of- principle that 
LSCs are vulnerable to destruction via 
immune response. Besides transplant, phar-
macologic immunotherapy has not been 
optimally exploited for AML. Checkpoint 
inhibitors in patients with AML have had 
limited success.3 4 Other immunotherapy clin-
ical trials in AML consist of antigen- specific 
approaches, including drug- conjugated and 
naked monoclonal antibodies, bispecific 
engager antibodies, and chimeric antigen 
receptor (CAR)- T and NK cells.5 However, 
many of these antigen- specific immunothera-
pies are insufficient because they are focused 
on bulk AML cells and are not directed 
against LSC- specific antigens. Thus, a prom-
inent knowledge gap is identifying LSC- 
specific immune targets.

Here, we identify CD200 as one such candi-
date of LSC- specific immunosuppression. 
It was recently demonstrated that CD200 is 
expressed on both healthy and leukemic stem 
cells and can distinguish functional LSCs in 
xenotransplantation assays.6 In our meta- 
analysis of AML LSC datasets, we found CD200 
is not only a marker of stem cells but is also 
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consistently overexpressed in AML LSCs when compared 
with healthy hematopoietic stem cells and their corre-
sponding blast cells. This insinuates CD200 may provide 
a selective advantage for LSCs. While CD200 has no well- 
established intrinsic function, it has been implicated as a 
local regulator of immune response through interaction 
with the CD200 receptor, CD200R1, expressed on subsets 
of myeloid, T, and NK cells, and may be exploited by LSCs 
to provide immune privilege.7

CD200 expression on bulk AML disease has been 
correlated with suppressed NK and memory CD4+ T cell 
function. Specifically, patients with high bulk CD200 had 
half the frequency of activated NK cells, and co- culture of 
these cells with a CD200+ AML cell line could reduce the 
IFNγ response and impair degranulation.8 Similarly, CD4+ 
memory T cells from patients with high bulk levels of 
CD200 leukemia were less active upon ex vivo stimulation 
and co- culture with a CD200+ AML cell line and could 
reduce the number of TNFα-producing cells only after 
CD3/CD28 T cell activation.9 CD200 antibodies treat-
ment was shown to enhance NK cell activity in vitro and 
marginally improve cytokine- induced killer cell therapy 
efficacy against CD200+ AML in vivo.10 Clinically, high 
CD200 expression on bulk AML disease has been asso-
ciated with a 50% reduction in odds of complete remis-
sion and significantly worse overall survival.11–13 Taken 
together, this suggests that CD200 plays an advantageous 
role in the regulation of immune cell function in AML; 
however, the mechanisms of CD200 immunosuppression 
and CD200 antibody therapy remain unknown, specifi-
cally in the context of AML LSCs.

Here, we demonstrate that CD200+ AML could broadly 
suppress cytokine secretion from T cells and macro-
phages. In a PBMC- humanized mouse model that faith-
fully recapitulates GvL, CD200 expression was sufficient to 
protect AML cells from T cell–mediated elimination. This 
AML- induced immunosuppression was associated with 
the expansion of inactive memory CD8 cells and meta-
bolicaly quiescent T cells. Finally, we found that CD200 
antibody therapy could eliminate AML in the presence of 
human immune effector cells and significantly improve 
the efficacy of low- intensity azacitidine/venetoclax 
chemotherapy in mice without adaptive immune cells.

METHODS
Cell collection and sorting
Primary AML samples (bone marrow or peripheral 
blood) were collected under MD Anderson IRB protocol 
PA12- 0173. Briefly, whole blood samples were mixed 1:1 
with PBS without calcium and magnesium and added 
to 15 mL Lymphocyte Separation Medium. Cells were 
centrifuged (1800 rpm for 20 min) and lymphocyte layer 
extracted. Ammonium chloride solution (5 mL) was used 
to lyse residual red blood cells for 5 min while shaking. 
Immune cell subsets were isolated using the selection kits 
in online supplemental table 1.

Flow cytometry
Cells (3×105) were then washed twice with staining buffer 
(PBS+0.5% BSA) and treated with anti- human Fc receptor 
binding inhibitor for 15 min prior to addition of surface 
antibodies (online supplemental table 2) for 30 min at 
room temperature with agitation. DAPI (2 µg/mL) was 
used for live/dead cell discrimination for collection on 
a LSRII machine. Cell sorting followed the same staining 
protocol with larger cell numbers and was run on MoFlo 
Astrios cell sorter. For phagocytosis, target cells were first 
labeled with 5 µM CFSE for 5 min at 37°C then quenched 
with complete media and then co- cultured at a 2:1 ratio 
with macrophages for 4 hours at 37°C with or without 
10 µg/mL anti- CD200 or an isotype matched irrelevant 
antibody. Cells were detached using StemPro Accutase 
Cell Dissociation Reagent on ice for 20 min. Percentage 
of activated macrophages was calculated as the fraction of 
CFSE+/CD206+ to total CD206+ cells. The isotype control 
employed in all studies was a fully humanized anti- HER2 
IgG1 antibody. All AML cell lines and healthy T cells and 
macrophages were confirmed to lack HER2 expression.

Mice
NOD- SCID IL2Rgnull (NSG) and CD45.1 C57BL/6 mice 
were purchased from Jackson Laboratory and bred in 
house. CD45.2 C57BL/6 mice were purchased from MD 
Anderson Experimental Radiation Oncology depart-
ment. All mice were housed in accordance with the 
Association for Assessment and Accreditation of Labora-
tory Animal Care and NIH standards. Experiments were 
conducted according to protocols 00001146- RN02 and 
00001446- RN01 and approved by the University of Texas 
MD Anderson Cancer Center Institutional Animal Care 
and Use Committee.

AML assays in vivo
NSG or CD45.1 C57BL/6 mice were sublethally irra-
diated (250 cGy and 450 cGy, respectively) 24 hours 
before injection. Then 2.5×105 murine AML or 5×104 
OCI- AML3 cells/mouse were injected intravenously. 
Engraftment was tracked weekly by flow cytometry assess-
ment of peripheral blood. Firefly luciferase was used 
to track engraftment of OCI- AML3 cells. D- Luciferin 
(30 mg/mL) was injected intraperitoneally 5 min prior 
to IVIS imaging (IVIS- Xenogen 100 system). For PBMC- 
humanized mice, 1×107 PBMCs were injected intrave-
nously into unconditioned NSG mice. After 1 week, 
engraftment was confirmed by measuring the propor-
tion of human CD3+/CD45+ present in peripheral blood 
by flow cytometry and mice were randomized into treat-
ment groups. NSG and PBMC- humanized mice were 
treated with 10 mg/kg intraperitoneally 3 times a week 
for 2 weeks beginning on day 7 after leukemia injec-
tion. In PDX mice, when disease in the peripheral blood 
reached 1%–3%, mice were randomized to receive AZA/
VEN (AZA: 2.5 mg/kg/day, intraperitoneally once a day, 
7 days; VEN: 50 mg/kg/day, orally once a day, 14 days; 
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beginning day 84), anti- CD200 (10 mg/kg/day, intraper-
itoneally 3 times a week for 3 weeks; beginning day 84), 
or the combination.

Cytokine profiling
Effector cells (2×105) were co- cultured at a 1:1 ratio with 
desired target cells with and without anti- CD200 or isotype 
matched irrelevant antibodies (10 µg/mL) and incubated 
for 16–24 hours prior to collecting supernatant. Secreted 
cytokine abundance was determined by flow cytometry 
using Legendplex kits (online supplemental table 3) 
according to manufacturer’s instructions.

Statistics
Unless otherwise specified, data analysis performed using 
GraphPad Prism V.8. Statistical tests and methods for 
correcting for multiple testing are reported in- line.

RESULTS
CD200 is overexpressed in AML LSCs in human and murine 
disease
To identify putative LSC markers, we mined three large, 
publicly available gene expression datasets14–16 of immuno-
phenotypically sorted AML and normal hematopoietic 
cells and identified CD200 as being significantly overex-
pressed in LSCs compared with corresponding blast cells 
or healthy HSCs (figure 1A, S1A–C). We screened primary 
AML patient samples by flow cytometry and confirmed at 
the protein level that CD200 was significantly higher in 
the LSC fraction of disease compared with paired CD34− 
blast cells (figure 1B). Because healthy HSCs are rare and 
difficult to distinguish in AML samples, we mined publicly 
available single- cell CITE- seq of normal bone marrow17 
(online supplemental figure 1D) to identify more readily 
available cell types for comparison. We found that normal 
HSCs have CD200 protein expression similar to that of 

Figure 1 CD200 is overexpressed in functional leukemia stem cells. (A) CD200 mRNA expression across 
immunophenotypically sorted healthy (gray) and leukemic (red) cell populations; mined from de Jonge et al15 [GSE74246] 
(mean±SD; two- sample t- test). (B) CD200 MFI of paired blast (CD34−) and LSCs (CD34+) (n=28; two- sample t- test). (C) 
Frequency of CD200+ cells against CD200 MFI in 38 primary patients with AML (red), naive B cells (n=8; green), and CD4+ 
T cells (n=4; gray). (D) CD200 MFI summary for patients with paired naive B and T cell data (Wilcoxon paired test). (E) 
Representative gating strategy for FACS sorting CD200+ and CD200− cells from CD34+ AML samples. (F) Number of colonies 
formed in the CD34+CD200 and CD34+CD200+ fractions (mean±SD; Wilcoxon paired test). (G) CD200 mRNA expression in cell 
fractions that either did (LSC+) or did not (LSC−) engraft in NSG mice from Ng et al21 [GSE76009] (lines connect cells from the 
same AML patient; paired t- test). (H) RNA- seq gene expression data for sorted progenitor (GMP) and stem (LSK) cells derived 
from wild type (WT) and the Tet2–/–;Flt3ITD murine leukemia model [GSE57244].25 (I) Representative gating strategy for CD200+ 
leukemia (CD45.2) stem cells. (J) Combined leukemic burden for NSG and C57Bl/6 mice from 2 experiments (mean±SD; 
Wilcoxon). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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CD4 T cells and roughly threefold less than naive B cells 
(online supplemental figure 1E). In our data, MFI of 
CD200+ AML was comparable with paired naive B cells 
(n=8) and significantly greater than paired CD4 T cells 
(n=4; figure 1C–D). This strongly suggests CD200 protein 
is also overexpressed in AML LSCs, consistent with our 
in silico findings. Using the Leucegene18 AML cohort, 
CD200 expression was also found to be significantly higher 
in patients with complex karyotype (online supplemental 
figure 1G) and in relapsed disease (online supplemental 
figure 1F), both poor prognostic categories with signifi-
cantly worse survival.19 20

In most samples, CD200 was co- expressed with CD34, 
a canonical marker of HSCs/LSCs. To determine 
whether CD200 further refined the detection of func-
tional LSCs within the CD34+ subset, colony formation 
potential was compared between paired CD34+CD200+ 
and CD34+CD200 cells from five primary AML patient 
samples (figure 1E). Within a given patient sample, 
CD34+CD200+ cells formed significantly more colonies 
compared with the CD34+CD200− subset (figure 1F). To 
further validate CD200 as a functional LSC marker, we 
examined a functional LSC xenotransplantation dataset 
(Ng et al21) using our previously described method22 
and found that functional LSCs had significantly higher 
CD200 gene expression within a given patient sample 
(figure 1G). Further, using the Tet2−/−;Flt3ITD murine 
AML model, CD200 expression was higher in progen-
itor and stem cells from AML- primed mice, and only 
CD200+ leukemia cells were capable of engrafting and 

repopulating disease in both immunodeficient and 
immunocompetent mice (figure 1H–J).23–25 Together, 
these data suggest that CD200 is preferentially overex-
pressed by LSCs, upregulated on poor- risk AML, and may 
serve as a clinically important therapeutic target.

CD200+ AML broadly suppresses T cell cytokine production
To study the interaction of CD200+ AML with immune 
cells, we established and characterized two isogenic cell 
line model systems: CD200 knockout in the Kasumi1 cell 
line (low basal CD200 expression) and CD200 overexpres-
sion in OCI- AML3 cells (no baseline CD200 expression; 
figure 2A–B). Manipulation of CD200 expression in these 
cells had no impact on AML cell metabolism, prolifera-
tion, or survival (online supplemental figure 2). While it 
was previously shown that CD200- expressing AML could 
reduce the frequency of activated CD4 T cells capable of 
producing TNFα, the mechanism and extent of suppres-
sion remains unclear.9 So, we co- cultured our isogenic 
cell lines with healthy, sorted CD3 T cells and assessed 
signaling pathways by immunoblotting (figure 2C–D). 
CD200R engagement results in recruitment of RasGAP 
and subsequent inhibition of the Ras/MAPK pathway,26 a 
pattern of inhibition corroborated in OCI- AML3 co- cul-
ture, where T cell p- ERK was activated in response to AML, 
but significantly attenuated in the presence of CD200 
(figure 2C). We further discovered a CD200- dependent 
suppression of STAT3 signaling in T cells invoked by both 
OCI- AML3 and Kasumi1 models (figure 2C–D). Because 
STAT3 is a regulator of cytokine response, we evaluated 

Figure 2 CD200+ AML cells suppresses T cell cytokine production in vitro. (A–B) Cell surface flow cytometry of CD200 in 
the OCI- AML3 (A) and Kasumi1 (B) engineered cell line models. (C–D) Representative western blot analysis of healthy T cells 
purified after 24- hour co- culture at a 1:1 ratio with OCI- AML3 (C) or Kasumi1 (D) cells. (E–F) Relative abundance of cytokines 
secreted from T cells alone, AML cells alone, and T cells in response to co- culture with CD200− or CD200+ OCI- AML3 (E) or 
Kasumi1 (F) cells. All conditions were assessed after treatment with a blocking CD200 antibody (anti- CD200), IgG1 isotype 
matched control (IgG), or PBS alone (untreated). Heatmap represents the average abundance of 3 technical replicates.
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T cell cytokine production in vitro. In the presence of 
CD200+ OCI- AML3 or Kasumi1 cells, T cells had signifi-
cantly impaired cytokine secretion (figure 2E–F), consis-
tent with the decreased pSTAT3 seen by western blot. 
Importantly, this inflammatory cytokine response could 
be partially restored by blocking CD200–CD200R interac-
tion using anti- CD200 antibody. The alterations in T- cell 
function did not correlate with significant differences 
in either peptide- specific or allogeneic T cell–mediated 
AML cell killing (online supplemental figure 3). These 
data indicate that CD200+ AML cells directly suppress 
effector T cell cytokine production through dampening 
the MAPK and STAT3 signaling pathways, thereby nomi-
nating CD200 as an immunosuppressive molecule.

CD200 prevents T cell–mediated leukemia rejection in vivo
To explore this possibility, we next asked whether CD200 
could suppress T cells and protect AML cells in vivo. In 
immunodeficient NSG mice with AML, CD200 expression 
did not impact disease progression (figure 3C) or overall 
survival (figure 3E). However, when mice were humanized 
with healthy human PBMCs, prior to leukemia introduc-
tion (figure 3B), we observed significant and expeditious 
progression of CD200+ leukemia (figure 3D). While 
both lines were capable of engraftment, only the CD200+ 
persisted, while CD200− cells were eliminated by T cells. 
Indeed, all mice injected with CD200− leukemia died 
without detectable disease, translating to significantly 
prolonged survival (figure 3F); however, all mice (regard-
less of CD200 leukemia status) eventually succumbed to 
histologically confirmed graft- versus- host disease (GVHD; 
online supplemental figure 4). There was no significant 
difference in the fraction of human non- leukemic CD45+ 
(>90% CD3+ human T cells) cells between the two groups 
(online supplemental figure 5).

When mice from both the CD200− and CD200+ models 
were confirmed to have equal engraftment and compa-
rable human CD45+ abundance (figure 3G), serum was 
collected and profiled for human inflammatory cytokines 
traditionally secreted by effector T cells (figure 3H). Mice 
with CD200+ leukemia had significantly reduced IFNγ, 
granzyme A (GZMA), granulysin (Gran), and IL- 10 abun-
dance compared with mice with CD200− leukemia. These 
data corroborate that AML- expressing CD200 provides 
a survival advantage in vivo exclusively in the presence 
of activated human immune cells by impairing cytokine 
secretion from T cells.

CD200+ AML alters T cell composition and cell cycle
Patients with high levels of bulk AML CD200 expression 
have been reported to have altered T cell composition.27 
To further characterize this descriptive observation, and 
determine whether CD200+ AML significantly altered 
the composition or fitness of the immune microenvi-
ronment in vivo, we performed CyTOF on the human-
ized immune system of mice injected with CD200+ or 
CD200− leukemia (figure 4A). At this timepoint, mice 
from both leukemia cohorts had comparable disease 

burden, white blood cell counts (WBC), and healthy 
human CD45+ abundance (online supplemental figure 
5). On average, >87% of human CD45 immune cells were 
CD3+ T cells. Mice injected with CD200− leukemia had 
significantly higher fractions of central memory T cells 
(CD4+CD45RA−CCR7+). Interestingly, mice with CD200+ 
AML had significant enrichments of the CD8 effector 
memory cluster 1 (CD8 EM 1; CD8+CD45RA−CCR7−) 
and CD8 central memory cluster 2 (CD8 CM 2; CD8+C-
D45RA−CCR7+) (figure 4B–C). These specific clusters of 
CD8 memory T cells appeared to be immunophenotyp-
ically inactive, distinguished by the absence of markers 
indicative of T- cell activation, including CD69 and 4- 1BB 
(CD127) (figure 4D). Furthermore, these CD8 clusters 
contained significantly fewer actively cycling cells (Ki67+) 
in mice with CD200+ disease (figure 4E). This suggests 
that the presence of CD200 on leukemia cells is sufficient 
to produce a more immunosuppressed microenviron-
ment characterized by functionally impaired CD8 T cells 
and reduced central memory CD4 cells. These CD200- 
mediated differences in T cell composition may partly 
explain the expedited leukemia progression in human-
ized mice, further implicating CD200 as a critical immu-
nosuppressive molecule in AML.

CD200+ AML impairs T cell metabolism
The differences in cytokine expression and T cell pheno-
types inspired us to perform RNA- sequencing to eval-
uate specific transcriptional pathways altered by CD200± 
leukemia. Purified CD3+ T cells from mice with CD200+ 
leukemia were enriched in genes involved in T cell–
mediated inflammation (figure 5A). Surprisingly, these 
T cells had significantly downregulated genes across 
multiple critical metabolic pathways, providing a possible 
explanation for the fewer observed actively replicating T 
cells in CyTOF and reduced serum cytokine abundance. 
Based on gene set enrichment analysis, these cells were 
significantly devoid of active metabolic signaling through 
glycolysis and oxidative phosphorylation (OXPHOS) 
when compared with T cells exposed to CD200− AML 
(figure 5B–C).

To functionally validate the effect of CD200+ leukemia 
on the metabolic activity of the immune microenvi-
ronment, we performed mitochondrial stress tests on 
T cells isolated from four healthy human donors after 
exposure to either CD200+ or CD200− OCI- AML3 cells. 
T cells co- cultured with CD200+ AML had significantly 
impaired oxygen consumption rates (OCR), a surro-
gate marker of OXPHOS, when compared with T 
cells from the same donor cultured with CD200− AML 
(figure 5D–F). We also observed that the extracellular 
acidification rate (ECAR), an indicator of glycolytic 
activity, under stressed conditions tended to be reduced 
in the presence of CD200+ leukemia (figure 5G). These 
data indicate that CD200+ AML exerts an immunosup-
pressive phenotype by metabolically hampering neigh-
boring T cells.
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CD200 antibody monotherapy can eliminate AML in the 
presence of immune effectors
Our data indicate that CD200 suppresses T cell–medi-
ated response to AML in a mouse model. To exploit these 
findings therapeutically, a fully humanized IgG1 antibody 

against CD200 (anti- CD200) was developed to specifi-
cally reverse the immunosuppressive effects of CD200- 
expressing AML by blocking interaction with CD200R 
(online supplemental figure 6). We assessed the efficacy 
of single- agent antibody therapy in 2 PBMC- humanized 

Figure 3 CD200 protects AML cells from T cell–mediated clearance in vivo. (A,B) Schematic for immunodeficient (A) and 
PBMC- humanized (B) mouse model systems. (C,D) Tumor growth measured by luciferase imaging of CD200± OCI- AML3 cells 
in immunodeficient (C) and PBMC- humanized (D) mice. Gray box indicates background flux levels. (E,F) Overall survival of mice 
with CD200± leukemia measured from the day of leukemia injection in immunodeficient (E) and PBMC- humanized (F) models. 
(G) Fraction of circulating human PBMCs in humanized mice with either CD200± leukemia or humanized- only controls at day 7 
after OCI- AML3 injection. (H) Normalized serum cytokine abundance for each mouse in (G). Multiple t- tests compared cytokine 
production in CD200− vs CD200+ mice. *q<0.05.
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NSG mouse models with varying degrees of GvHD. 
In mice from the first donor, which had substantial 
GVHD and therefore potent GvL potential, anti- CD200 
therapy resulted in significant disease burden reduction 
(figure 6A–B) and ultimate clearance of leukemia. While 
strong GvL/GvHD was beneficial in anti- leukemia activity 
in this model, it made overall survival uninterpretable, 
as mice died from lethal GvHD almost immediately on 
disease elimination. In a second humanized model with 
significantly less GvHD, we found anti- CD200 single- agent 
therapy similarly reduced disease burden (figure 6B). 
This translated to a significant improvement in overall 
survival (p=0.028) with an increase in median survival 
of 33.5 days (+117.5%) (figure 6D). Interestingly, the 
leukemia- treated mice also survived significantly longer 
than the humanized- only controls, possibly indicating 
that CD200- expressing leukemia could also mitigate 
the lethal GvHD component of T cell response. Using 
this model, it was also confirmed that the anti- CD200 
treatment had no significant effect on the expansion of 

human immune cells in these mice (figure 6C). These 
results suggest that anti- CD200 therapy is effective in the 
presence of activated T cells.

CD200 attenuates the macrophage response to AML
We also found a transient effect of CD200 antibody 
monotherapy in unmanipulated NSG mice—which are 
reported to have functional phagocytes.28 After three 
doses, there was a significant decrease in the disease 
burden of CD200+ anti- CD200- treated mice. However, the 
remaining three doses appeared largely ineffective, as the 
disease burden began to increase at the same rate as the 
control- treated mice (figure 7A). This transient leukemia 
suppression translated to significantly prolonged survival 
(p<0.0001), with a 74% increase in median survival, but 
did not cure any mice of disease (figure 7B). Quite inter-
estingly, CD200 was originally implicated as a regulator of 
macrophage function; however, the relationship between 
this innate immune subset and AML through the CD200/
CD200R signaling axis has not been reported.7 29 Similar 

Figure 4 CD200+ alters T cell composition in vivo. (A) CyTOF summary UMAP of healthy human immune cells derived 
from humanized mice with cluster definitions. (B) Cluster proportions for each mouse. (C) Clusters with significantly different 
frequency between mice with CD200+ and CD200− disease (Wilcoxon test). (D) Heatmap of average protein intensity for all 
markers by cluster and disease status. (E) Density plots of Ki67 expression in cells from CD8 CM 2 and EM 1 clusters for each 
mouse evaluated (left) and summarized for all cells from a specific disease group (right; Wilcoxon test). *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001.
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to our T cell findings, healthy macrophages secreted 
important inflammatory cytokines when co- cultured with 
CD200− OCI- AML3 cells in vitro—a phenomenon mark-
edly abrogated by ectopic CD200 expression (figure 7C). 
This suggests that CD200+ AML can also exert an immu-
nosuppressive effect on the innate immune response.

We next examined the functional response of macro-
phages in the presence of AML cells treated with anti- 
CD200. A primary mechanism of action of monoclonal 
antibodies is to engage macrophages and induce 

antibody- dependent cell phagocytosis (ADCP). To test 
whether the anti- CD200 antibodies could induce specific 
ADCP, CFSE- labeled CD200+ and CD200− leukemia cells 
were co- cultured with mature macrophages and treated 
with either anti- CD200, an isotype control, or PBS alone. 
Phagocytosis was visualized using fluorescent microscopy 
to manually inspect evidence of cell engulfment after 
co- incubation. In the presence of CD200 antibody, only 
CD200+ leukemia cells were observed within the perim-
eter of a given macrophage, suggesting macrophages 

Figure 5 CD200+ leukemia directly suppresses T cell metabolism. (A) GSEA analysis of genes enriched in T cells from mice 
CD200+ leukemia compared with T cells from mice with CD200− leukemia. (B–C) Heatmap of differentially expressed genes in 
the oxidative phosphorylation (B) and glycolysis (C) pathways between human T cells from mice with CD200+ or CD200− OCI- 
AML3 leukemia or humanized- only controls. Only regulated genes with p<0.05 are displayed. The color scale corresponds to 
the row- wise Z score of gene expression. (D) Representative OCR measured at baseline and in response to oligomycin (Oligo), 
carbonyl cyanide p- trifluoromethoxy- phenylhydrazone (FCCP), and rotenone+antimycin A (RA) in human CD3+ T cells after co- 
culture with CD200+ or CD200− OCI- AML3 leukemia. (E) Representative XF cell energy phenotype of human CD3+ T cells alone 
or after co- culture with CD200+ or CD200− OCI- AML3 leukemia. (F–G) Summary basal and stressed OCR (F) and ECAR (G) for 4 
healthy T cell donors. To account for donor variability, OCR and ECAR are reported relative to donor T cells without co- culture. 
Paired two- sample t- tests were used. *p<0.05, **p<0.01.
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were capable of engulfing AML cells (figure 7D). High- 
throughput flow cytometry was subsequently employed 
to assess phagocytosis under various conditions. Anti- 
CD200 treatment significantly increased the fraction of 
phagocytosing macrophages exclusively with CD200+ 
OCI- AML3 (figure 7E) and CD200+ Kasum- 1 (figure 7F) 
cells. Together, these data demonstrate that CD200 
antibody treatment potently and specifically facilitates 
macrophage- mediated ADCP of CD200+ AML cells.

Venetoclax with azacitidine (AZA/VEN) is a highly 
effective treatment regimen in AML that is hypothesized 
to specifically eradicate the AML LSCs by inhibiting amino 
acid metabolism.30 Analyzing the RNA- seq data generated 
by Stevens et al,30 we found that LSCs collected at baseline 
from patients who had minimal residual disease (MRD) 
after AZA/VEN therapy tended to have higher levels of 
CD200 than those from patients with no detectable MRD 
(figure 7G). This suggested CD200 expression on LSCs 

Figure 6 Anti- CD200 monotherapy significantly reduces leukemia in humanized mice. (A) Bioluminescent images of 
humanized mice (donor 1) over the course of anti- CD200 treatment. (B) Total leukemia burden in 2 humanized models (ANOVA 
with Dunnett’s test for multiple comparisons). (C) Flow cytometry of human PBMC expansion in humanized mice (ANOVA with 
Dunnett’s). (D) Overall survival for mice humanized with PBMCs from donor 2 (Mantel- Cox log- rank test). *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001.
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may contribute to or identify AZA/VEN resistant cells. 
To investigate the utility of adding anti- CD200 to AZA/
VEN therapy in vivo, we employed an established CD200+ 
patient- derived xenograft model of AML and treated 
with anti- CD200 monotherapy, (AZA/VEN), or AZA/
VEN/anti- CD200. In this AML PDX, known to be refrac-
tory to AZA/VEN, anti- CD200 monotherapy impeded 
disease progression; however, this effect was significantly 
enhanced in the combination therapy arm (figure 7H). 
Reduced leukemic burden translated to significantly 
prolonged survival in mice treated with combination 
therapy (figure 7I). These data suggest that CD200- 
antibody therapy is efficacious against primary AML in the 
presence of functional macrophages in vivo and that anti- 
CD200 may partially restore sensitivity to lower intensity 
frontline induction approaches such as AZA/VEN.

DISCUSSION
Most patients with AML achieve remission after induction 
chemotherapy, but relapse and become unresponsive 

to traditional treatment. Leukemia and the subsequent 
relapsed disease are hypothesized to arise from LSCs, 
implicating LSCs as the critical target for curing AML.1 
Stem cell transplantation provides proof- of- principle that 
AML LSCs can be eliminated by a functional immune 
system.31 However, the mechanisms by which AML LSCs 
escape immune surveillance and destruction remain 
largely unknown. Our work narrows this knowledge 
gap by identifying and characterizing CD200 as a novel 
immune target, selectively overexpressed in AML LSCs, 
capable of negatively regulating both the innate and 
adaptive immune systems and demonstrate that targeting 
CD200 is a promising therapeutic strategy for AML.

CD200 has been previously implicated as a marker 
of certain normal and cancer stem cells. In the healthy 
setting, CD200 was reported to identify follicular bulge 
stem cells,32 visceral- fat adipose- derived stem cells,33 and 
mesenchymal stem cells.34 CD200 was also shown to be 
co- expressed with CD44 and CD133, markers of solid 
tumor stem cells.35 Specific to AML, CD200 was found to 

Figure 7 CD200+ AML regulates macrophage function. (A) NSG mice with CD200+ or CD200− OCI- AML3 disease were 
treated with 3 times a week for 2 weeks (6 total doses) with 10 mg/kg anti- CD200 or PBS. Total leukemia burden was tracked 
by bioluminescence imaging (ANOVA with Dunnett’s test for multiple comparisons). (B) Overall survival of mice with CD200+/
CD200− AML after anti- CD200 therapy (Mantel- Cox log- rank test). (C) Relative abundance of cytokines secreted from human 
macrophages or CD200−/CD200+ OCI- AML3 cells and after co- culture. Heatmap represents the average abundance of 3 
technical replicates. (D) Representative images of phagocytosed CFSE- labeled CD200− (left) and CD200+ (right) OCI- AML3 
treated with anti- CD200 after 4- hour co- incubation with healthy macrophages. (E–F) Flow cytometry analysis of phagocytosis 
of CD200−/CD200+ OCI- AML3 (E) or Kasumi1 (F) cells treated with anti- CD200, IgG- control, or PBS alone (Kruskal- Wallis 
with Dunn’s multiple comparison test). (G) CD200 RNA expression in LSCs from patients with (n=6) and without (n=3) minimal 
residual disease (MRD) after treatment with AZA/VEN [GSE155431].30 (H–I) Leukemic burden as measured by the fraction of 
human CD45+ leukemic cells (F) and overall survival (G) in mice harboring a CD200+ AML PDX (46,XY) treated with either vehicle, 
AZA/VEN (AZA: 2.5 mg/kg/day, intraperitoneally once a day, 7 days; VEN: 50 mg/kg/day, orally once a day, 14 days; beginning 
day 84), anti- CD200 (10 mg/kg/day, intraperitoneally 3× week for 3 weeks; beginning day 84), or the combination. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001.
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be a marker of functional leukemic and healthy hema-
topoietic stem cells.6 Our discoveries build on these 
observations and further demonstrate that CD200 is a 
marker of LSCs and that it is significantly overexpressed, 
both at the transcript and protein level, when compared 
with healthy hematopoietic stem and progenitor cells as 
well as blast cells. This suggests that CD200 may provide 
a selective advantage for these LSCs. Future single- cell 
sequencing experiments on primary AML bone marrow 
could provide the granularity to allow for the comparison 
of CD200 expression in normal and leukemic stem cells 
within the same patient.

The established mechanism of CD200 immunosup-
pression via the CD200 receptor involves the downstream 
to tyrosine kinase (Dok2) adapter protein recruitment 
to the distal phosphorylation residue where it further 
employs the SH2 domain containing protein, RAS p21 
protein activator (RasGAP). This Dok2/RasGAP complex 
is sufficient to inhibit Ras activation, which leads to the 
subsequent inhibition of the MAPK signaling cascade 
and impaired cytokine response in myeloid cells.36 In 
the instance of the OCI- AML3 CD200 model system, our 
data supported this existing signaling paradigm, evident 
by reduced p- ERK activity in T cells exposed to CD200+ 
AML and significantly diminished cytokine production. 
However, we were surprised to see the same pattern of 
cytokine suppression in the Kasumi1 model where there 
was no evidence of MAPK signaling in T cells co- cultured 
with either CD200+ or CD200− AML. In fact, this is the 
first evidence to suggest that CD200R signaling converges 
on inhibition of the STAT3 signaling pathway irrespective 
of MAPK activity. Our data suggest that there may exist 
either (1) other downstream pathways that are regulated 
through CD200R1 receptor ligation or (2) the potential 
of CD200 interaction with another receptor on T cells.

CD200 has been implicated in immunosuppression, 
in part, through regulation of inflammatory cytokine 
production. In AML, memory T cells derived from 
patients with high bulk CD200 expression had impaired 
IL- 2 and IFNγ production on ex vivo stimulation when 
compared with those from CD200- low patients.9 These 
observations led to the hypothesis that CD200 could 
shift the cytokine milieu from Th1 to Th2, in an effort 
to protect leukemia cells from an inflammatory micro-
environment. In alignment with these studies, our data 
indicated that CD200+ AML could robustly inhibit secre-
tion of critical inflammatory cytokines, including TNFα 
and IFNγ, from T cells. We also showed, for the first time, 
that CD200+ AML could also exert the same cytokine 
suppression on healthy macrophages. In opposition to 
the existing hypothesis, the immunosuppression seen 
here was not limited to pro- inflammatory cytokines but 
also included downregulation of anti- inflammatory Th2 
cytokines including IL- 4, IL- 6, IL- 10, and IL- 13.37 The 
broad pattern of cytokine suppression was consistent in 
our humanized mouse model. This suggests that CD200 
signaling to immune cells does not selectively regulate 
pro- inflammatory cytokines but, rather, may act as a 

master regulator of all cytokine production in CD200R1+ 
immune cells.

The role of CD200 in allogeneic immune response has 
been studied in the transplantation setting where it was 
originally found that increased expression of CD200 on 
dendritic cells was functionally important in murine renal 
allograft survival.38 Similarly, mice with high levels of 
soluble CD200 in the serum had enhanced graft survival 
and administration of supplemental CD200- Fc chimeric 
protein was sufficient to promote survival of allografts 
and xenografts in mice.39 40 Our PBMC- humanized 
mouse offers the alternative model where the immune 
cells are transplanted, instead of grafted tissue. Still, our 
data are consistent with the role of CD200 in allogeneic 
immunity in that CD200 expression alone on AML cells 
was sufficient for protection from allo- induced T cell 
inflammatory response. It will be important in the future 
to also elucidate the role of CD200 immunoprotection in 
a model system without GvL, such as HLA- matched AML 
in CD34- humanized mice.

Another potential mechanism of CD200- mediated 
immunosuppression is through the recruitment or expan-
sion of FoxP3+ regulatory T cells (Tregs).40 This is in line 
with a later clinical observation that high CD200 expres-
sion on AML blasts correlated with a higher proportion 
of FoxP3+ Tregs.27 However, in our humanized mouse 
models, we saw no significant differences in the frequency 
of Tregs. In fact, the Tregs present in mice with CD200+ 
disease appeared to have a less active phenotype as char-
acterized by decreased expression of TIGIT, Lag- 3, and 
Ki67. This discrepancy with the clinical observation may 
be explained, in part, by potential confounding of various 
AML subtypes. What we did observe was a significantly 
reduced proportion of CD4 central memory cells in mice 
with CD200+ leukemia. This could be explained, in part, 
by the reliance of CD4 T cell memory cells on effective 
STAT3 signaling.41 While frequencies of CD8 cell subsets 
did not substantially vary between groups, we did find 
significantly more phenotypically inactive CD8 effector 
and central memory cells in the mice with CD200+ disease 
which may contribute to the immune- escape mechanism.

Lymphocyte signaling, differentiation, and function are 
all processes intimately tied to metabolic reprogramming. 
Adequate T cell activation requires both an increase in 
mitochondrial OXPHOS production and induction of 
aerobic glycolysis.42 While T cells from CD200+ leukemia 
mice appeared to upregulate genes involved in inflam-
matory response at the transcript level, these cells were 
surprisingly more metabolically quiescent compared with 
T cells obtained from mice exposed to CD200− leukemia. 
Such metabolic quiescence could be the result of T cell 
anergy; however, our ex vivo metabolic assays demon-
strated, for the first time, that CD200+ leukemia could 
directly suppress OXPHOS in healthy human T cells after 
only 4 hours of exposure. It is known that tumor cells can 
also alter T cell function by manipulating pH, nutrient 
availability, and oxygen abundance in the tumor immune 
microenvironment.43 Further studies are necessary to 
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understand whether this regulation of T cell metabolism 
is directly downstream of the CD200 receptor or due to 
secondary mechanisms.

Samalizumab is a clinically available, anti- CD200 
humanized monoclonal antibody engineered with a 
cross- subclass IgG2/G4 backbone to minimize Fc- medi-
ated effector functions. In the phase I trial, samalizumab 
was well tolerated and had a good safety profile.44 TTI‐
CD200, a humanized IgG4 CD200 antibody, was recently 
shown to improve CIK cellular therapy in vivo.10 We 
hypothesized we could enhance therapeutic efficacy of 
CD200 antibody by replacing the chimeric Fc region with 
a potent IgG1 subclass. This would allow specific AML cell 
targeting by (1) blocking immunosuppressive activity of 
CD200 while simultaneously (2) engaging Fc- mediated 
effector cells for AML destruction. In vitro, we confirmed 
that our novel antibody could largely restore cytokine 
secretion of effector cells in the presence of CD200+ 
AML. We also demonstrated that the anti- CD200 anti-
body could induce potent, specific macrophage- mediated 
ADCP. While anti- CD200 monotherapy resulted in initial 
regression of CD200+ disease in NSG mice, all eventually 
progressed, suggesting that phagocytosis alone was tran-
siently leukemia- suppressive, although insufficient to 
eliminate AML.28 45 However, in the PBMC- humanized 
model, which mimics the scenario seen in AML patient 
samples after allogeneic stem cell transplant, CD200 
antibody treatment was capable of eradicating CD200+ 
disease. This phenomenon appeared to be dependent on 
the strength of the T cell–mediated response. Together, 
our findings suggest that clearance of CD200+ AML by 
targeted antibody therapy requires components of both 
innate and adaptive immune systems and can be further 
facilitated by existing AML therapies.

LSCs are widely considered to be resistant to standard 
AML therapies and have been hypothesized to contribute 
to MRD and relapse.46 As such, we anticipate a role of 
CD200 in the identification of, or functional contribution 
to, MRD. Recently, high CD200 protein expression was 
recently reported to be associated with MRD in pediatric 
AML.47 Using the RNA- seq data generated by Stevens et 
al,30 we were excited to see the highest levels of CD200 
expression on LSCs from patients who would go on to 
have detectable MRD after treatment with AZA/VEN, a 
regimen designed to specifically eliminate the LSCs. The 
rationale for combining anti- CD200 with AZA/VEN was 
to eliminate the CD200+ LSCs that may be potentially 
resistant to AZA/VEN alone. Indeed, our data from an 
AZA/VEN- resistant, CD200+ patient- derived xenograft 
model of AML demonstrated that this combination could 
profoundly improve efficacy when compared with anti- 
CD200 therapy or AZA/VEN alone. Further studies are 
warranted to investigate the role of CD200 in MRD after 
other frontline therapies.

In summary, we have identified and characterized an 
AML stem cell immunomodulatory protein, CD200, 
that acts as a suppressor of metabolic activity, STAT3 
and MAPK signaling, and cytokine secretion in innate 

and adaptive immune cells. In the context of immune 
competent microenvironment, CD200 expression on 
AML cells is sufficient for protection against immune- 
mediated rejection. Lastly, a novel anti- CD200 antibody, 
capable of restoring cytokine production and inducing 
a robust Fc- mediated innate immune response, can elim-
inate CD200+ AML in the presence of immune effectors 
or low- intensity chemotherapy. Collectively, we offer a 
new paradigm of LSC- specific immunosuppression via 
overexpression of CD200 that will facilitate further inves-
tigations into exploiting stem cell–specific immunology 
to eliminate LSCs and cure poor- risk AML subsets by 
immunotherapy.
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