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ABSTRACT
Immunotherapy has revolutionized the treatment of cancers. Reinvigorating lymphocytes with check-
point blockade has become a cornerstone of immunotherapy for multiple tumor types, but the treatment 
of glioblastoma has not yet shown clinical efficacy. A major hurdle to treat GBM with checkpoint blockade 
is the high degree of myeloid-mediated immunosuppression in brain tumors that limits CD8 T-cell activity. 
A potential strategy to improve anti-tumor efficacy against glioma is to use myeloid-modulating agents to 
target immunosuppressive cells, such as myeloid-derived suppressor cells (MDSCs) in the tumor micro-
environment. We found that the co-inhibition of the chemokine receptors CCR2 and CCR5 in murine 
model of glioma improves the survival and synergizes robustly with anti-PD-1 therapy. Moreover, the 
treatment specifically reduced the infiltration of monocytic-MDSCs (M-MDSCs) into brain tumors and 
increased lymphocyte abundance and cytokine secretion by tumor-infiltrating CD8 T cells. The depletion 
of T-cell subsets and myeloid cells abrogated the effects of CCR2 and CCR5 blockade, indicating that while 
broad depletion of myeloid cells does not improve survival, specific reduction in the infiltration of 
immunosuppressive myeloid cells, such as M-MDSCs, can boost the anti-tumor immune response of 
lymphocytes. Our study highlights the potential of CCR2/CCR5 co-inhibition in reducing myeloid- 
mediated immunosuppression in GBM patients.
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Introduction

Chemokine receptors are G-protein-coupled receptors that 
promote migration of cells or chemotaxis toward their ligands 
known as chemokines. The activation of chemokine receptors 
is critical for cellular function and impacts paracrine signaling 
in the local tissue environment.1 Receptor and ligand expres-
sion are tightly regulated processes, with temporal, spatial, and 
etiological control.2 Pathological processes can dysregulate the 
expression of the receptors or ligands and modulate the inflam-
matory nature of the process in a detrimental manner.3 

Therefore, targeting chemokine receptors and ligands have 
become an attractive target across multiple diseases.4

Chemokine receptors such as CCR2 and CCR5 have been 
observed to exert complementary effects in infectious diseases 
such as HIV, in autoimmune pathologies such as multiple 
sclerosis, and in cancers.5,6 The complimentary functions can 
be attributed to the high level of sequence homology between the 
two proteins.7 CCR5 is found in diverse subsets of immune cells, 
including macrophages, dendritic cells, T lymphocytes, neurons, 
and endothelial cells, while CCR2 expression is limited to NK 
cells, T cells, and macrophages.5 Previous studies in the context 
of tumors and infection, where the inhibition of CCR2 or CCR5 
alone results in the modulation of immunosuppressive myeloid 

cells, such as tumor-associated macrophages (TAMs) and mye-
loid-derived suppressor cells (MDSCs), make the dual- 
inhibition of CCR2 and CCR5 an attractive strategy to further 
reduce immunosuppression in tumors such as GBM where 
immunosuppressive myeloid cells predominate.8

The deficiency of CCR2 has been shown to reduce the 
infiltration of MDSCs, but not DCs and resident tissue macro-
phages, to sites of infections.9 There is also evidence in cancers, 
suggesting that the infiltration of CCR2-expressing M-MDSCs 
into tumors is negatively correlated with the infiltration of CD8 
TILs, thereby limiting the efficacy of immunotherapy.10 The 
study also found that CCR2 ablation did not change the intrin-
sic immunosuppressivity of M-MDSCs but reduced infiltration 
of M-MDSCs to tumors. In addition to MDSCs, TAMs exhibit 
CCR2-dependent recruitment to esophageal tumors, lym-
phoma, breast carcinoma, and prostate cancer.11–13 The ligand 
for CCR2, CCL2, is abundantly produced in tumors, promot-
ing the infiltration of TAMs in glioma, renal tumors, and breast 
cancer among other tumors.14–16 CCL2 levels also correlate 
with TAM-infiltration, tumor vascularity, and early relapse in 
patients with gastric carcinoma and breast cancer.14,17

Similarly, CCR5-expressing MDSCs accumulate in mela-
noma and exhibit higher degree of immunosuppressivity 
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compared to CCR5(-) MDSCs.18 Furthermore, anti-PD-1 ther-
apy in gastric cancer has been shown to be improved with CCR5 
blockade, as it reduces MDSC accumulation in tumors.19 Similar 
to CCL2, CCL5 (the ligand for CCR5) is also overexpressed in 
tumors and promotes infiltration of CCR5+ TAMs across multi-
ple tumor types.20,21 The predilection of infiltrative MDSCs in 
localizing to GBM makes CCR2 and CCR5 viable therapeutic 
targets for co-inhibition. CCR2 inhibition as a monotherapy 
increased median survival in murine models of glioma and 
further increased the survival in combination with anti-PD-1.22 

CCR5 inactivation with maraviroc has been shown to reduce M2 
phenotype and to induce an M1 phenotype in microglia.23 While 
efforts to co-inhibit CCR2 and CCR5 have been tested in pre- 
clinical pancreatic adenocarcinoma model,24 it has not been 
tested in GBM therapy.

In this study, we combined the bioinformatic analysis of 
human GBM single-cell sequencing results to demonstrate the 
upregulation of these chemokine receptors on a specific mye-
loid population with in vivo dual CCR2/CCR5 blockade in 
a murine model of glioma, using a mouse surrogate for small- 
molecule dual antagonism of the receptors. We found that 
CCR2 and CCR5 are co-expressed among M-MDSCs in 
humans and murine models and co-inhibiting these markers 
synergizes with anti-PD-1 therapy in a glioma model by redu-
cing the infiltration of M-MDSCs and thereby increasing CD8 
TIL density and overall survival (OS).

Materials and methods

Animal model

Female C57BL/6J (Jackson Laboratory) mice (6–8 weeks) were 
housed in pathogen-free conditions under animal protocols 
approved by the Johns Hopkins University Institutional 
Animal Care and Use Committee. GL261-Luc2 cells were cul-
tured with DMEM + 10% FBS + 1% penicillin/streptomycin 
media. To establish syngeneic murine glioma models, 1.3 × 105 

GL261-Luc2 cells were injected with a mouse stereotaxic frame 
at coordinates 2 mm anterior and 2 mm lateral to lambda, 3 mm 
deep to the cortical surface as previously described.25 Mice were 
imaged for tumor burden 7 d post-implantation with IVIS®. 
Mice with tumors on day 7 were randomized and used for 
survival studies and treated with and without the inhibitors ±  
anti-PD-1 and followed until moribundity.

The CCR2/CCR5 inhibitor, BMS-687681, was generously 
provided to the laboratory of Dr. Michael Lim by Bristol 
Myers Squibb.26 It was administered via oral gavage twice 
(50 mg/kg) daily starting on day 8 after tumor 
implantation.24,27 Anti-PD-1 was administered via intraperito-
neal (IP) injection on days 10, 12, and 14 per previous 
protocols.

Flow cytometry

On day 24, mice brains were harvested, mechanically disso-
ciated, strained through a 70 µm filter (corning), and spun 
down in a 30%-70% Percoll® (Sigma-Aldrich) gradient at 
2200 rpm for 20 min without brakes. Tumor-infiltrating lym-
phocytes and myeloid populations were extracted from the 

interface of 30% and 70% Percoll® and resuspended in phos-
phate buffered saline (Quality Biological, Gaithersburg, MD) 
for flow cytometric staining. Cells requiring IFN-γ staining of 
lymphocytes were activated in vitro with PMA/ionomycin for 
6 h at 37°C prior to staining.

Tumor-derived cells were stained with LIVE/DEAD Fixable 
Cell Stain for 15 min (Thermo Fisher Scientific) for excluding 
dead cells. Cells were then stained for CD45 (BioLegend), CD3 
(BD Bioscience), CD4 (Thermo Fischer), CD8 (BioLegend), 
CD11b (BioLegend), CD11c (BioLegend), F4/80 (BioLegend), 
Ly6C (BioLegend), Ly6G (BioLegend), IFN-γ (BioLegend), 
FoxP3 (BioLegend), PD-1 (BioLegend), LAG-3 (Thermo 
Fischer), and TIM-3 (BioLegend). After extracellular markers 
were stained for 15 min at room temperature, we fixed the cells 
for intracellular staining in a 1:3 mixture of fixation/permea-
bilization concentrate and diluent (eBioscence) for 
30 min at room temperature. IFN-γ and FoxP3 were subse-
quently stained in permeabilization buffer (eBioscience) for 30  
min on ice. Fluorescence minus one was used to gate IFN-γ+ 
and FoxP3+ cells, by controlling for data spread resulting from 
multiple fluorophores and nonbinary expression of the mar-
kers. Flow data was acquired using a FACSCelesta flow cyt-
ometer (BD) and analyzed using FlowJo (BD).

IVIS imaging

For imaging luminescent activity of luciferase protein in 
glioma to verify successful tumor implantation in vivo, GL261- 
luc2 bearing mice were injected with 200 μL IP D-luciferin 
on day 7 post-implantation. After 5 min, mice were anesthe-
tized in an induction chamber with an isoflurane-O2 gas mix-
ture at 2.5 L/min. After achieving adequate anesthesia as 
confirmed by the lack of response to toe pinch, mice were 
moved to the imaging chamber and remained anesthetized by 
continuous administration of isoflurane-O2 via nose cones. 
The images were captured by the IVIS® Spectrum in vivo 
imaging system.

Depletion of immune cells

C57BL/6J mice received IP injections of either isotype control, 
anti-CD4 (clone GK1.5, BioXCell, catalog#: BE0003–1), anti- 
CD8 (clone 2.43, BioXCell, catalog#: BE0004–1), or anti- 
CSF1R depletion antibodies (Clone AFS98, BioXCell, catalog#: 
BE0213), on days -1, 2, 5, 8, and 11 from GL261 intracranial 
tumor implantation. The depletion of CD4 and CD8 T-cell 
populations, as well as myeloid cell populations were con-
firmed by flow cytometry analysis of 2 mice harvested from 
each group. The depletion was approximately 90%+.

Bioinformatics

Single-cell RNA-sequence analysis
Our previously generated single-cell RNA-sequencing data 
from Jackson et al. was reanalyzed for this study.28 We ana-
lyzed all FACS-sorted CD45+/CD3- cells from 21 untreated 
Grade IV patients, yielding 96,132 cells. Clustering resolution 
and cell annotation methods were previously described in 
Jackson et al. Counts were normalized to the total UMI count 
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by cell and log scaled using Seurat,29 and these normalized 
counts were used for CCR2 and CCR5 expression analysis.

For differential expression analysis (DEA) and gene set 
enrichment analysis (GSEA), all the cells in the M-MDSC 
cluster were separated into CCR2+ and CCR2- M-MDSCs. 
DEA between these two groups was performed using the 
MAST method,30 which uses a hurdle model that accounts 
for stochastic dropout and bimodal expression distributions 
that are characteristic of scRNA-seq data. The genes were 
deemed significantly differentially expressed if they had an 
absolute log2FC >0.5 and an FDR-adjusted p-value <0.05. 
The log2FC values from DEA were then used to generate 
ranked gene lists for GSEA,31 and the Hallmark and KEGG 
databases were analyzed for pathway enrichment, with path-
ways with FDR-adjusted p-values <0.05 considered significant.

TCGA and CGGA analysis
The GEPIA database (http://gepia.cancer-pku.cn), an interac-
tive web server developed by Peking University for cancer 
expression profiling, was used to compare the expression of 
CCR2, CCR5, CCL2, and CCL5 signatures in TCGA tumors 
(glioblastoma, low-grade glioma, pancreatic adenocarcinoma, 
prostate adenocarcinoma, melanoma, breast carcinoma, and 
bladder carcinoma) and normal samples from TCGA and 
GTEX.32 The gene expression data for CCL2, CCL5, CCR2, 
and CCR5 along with corresponding clinical data from glioma 
patients (mRNAseq_325) were downloaded from CGGA 
(http://www.cgga.org.cn/) and expression of the genes com-
pared among grades II-IV (regardless of IDH status of the 
tumors).33 The survival was also compared among primary 

GBM patients (regardless of IDH mutation status), exhibiting 
high expression (defined as greater than median expression) 
and low expression (lower than median expression) of CCR2 
and CCR5.

Results

CCR2, CCR5, and their ligands are highly expressed in GBM

To gauge the role of CCR2-CCL2 and CCR5-CCL5 axes in 
GBM, we analyzed the bulk RNA-sequencing data from The 
Cancer Genome Atlas (TCGA) to compare the expression of 
CCR2, CCR5, CCL2 and CCL5 gene signatures between malig-
nant and nonmalignant tissues (Figure 1a).32 Out of 31 cancers 
that are analyzed, only 9 had significant upregulation of the 
gene signature (|Log2FC| > 1 and p < 0.05), and these 
included GBM and low-grade glioma (Figure 1a). To further 
examine the expression of CCR2 and CCR5 across tumor 
grades, we analyzed bulk RNA-sequencing data from the 
Chinese Glioma Genome Atlas (CGGA)33 and observed that 
mRNA level of CCR2, CCR5, CCL2, and CCL5 incrementally 
increases with tumor grade (Figures 1b, S1a). As myeloid cell- 
mediated immunosuppression is higher in GBMs compared 
to low-grade glioma,28 we correlated the expression of CCR2, 
CCR5, and their ligands with signatures of MDSCs and 
observed a strong positive correlation (Figure S1b). There 
was also a strong correlation with T-cell exhaustion signa-
tures, implying that CCR2/CCR5 signaling is associated with 
increased MDSC activity and CD8 T-cell exhaustion in GBMs 
(Figure S1c).

Figure 1. CCR2 and CCR5 are highly expressed in GBM. (a) Pan-cancer TCGA analysis comparing expression of CCR2, CCR5, CCL2 and CCL5 across multiple tumors. Red 
represents expression within tumors, and blue represents expression within normal tissue. (b) CGGA analysis comparing CCR2 and CCR5 expression across glioma 
grades. (c) UMAP of 96,132 CD45+/CD3- myeloid cells from 21 patients with Grade IV glioma (reanalysis of scRNA-Seq data from Jackson et al.). (d) CCR2 and CCR5 
expression across all myeloid cell clusters. (e) Average expression and percent expressed of CCR2 and CCR5 in myeloid clusters, highlighting co-expression in M-MDSCs.
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To characterize the different immune cell populations that 
may be responsible for increase in the expression of CCR2 and 
CCR5 in GBM, we analyzed our recently published single-cell 
RNA-sequencing data of 96,132 CD45+/CD3- myeloid cells 
from 21 patients with Grade IV glioma28 (Figure 1c). While 
CCR2 and CCR5 were heterogeneously expressed among var-
ious subsets of myeloid cells (Figure 1d), the co-expression of 
CCR2 and CCR5 was most strongly observed in monocytic- 
myeloid derived suppressor cells (M-MDSCs, sub-clustered as 
per Jackson et al.28) (Figure 1e). We also confirmed that 
M-MDSCs that infiltrated murine GL261 glioma exhibited 
a statistically significant and greater co-expression of CCR2 
and CCR5 compared to tumor cells, whereas granulocytic- 
myeloid derived suppressor cells (G-MDSCs) did not 
(Figure S1d).

CCR2/CCR5 dual inhibitor improves survival in murine 
model of glioma

We hypothesized that CCR2 and CCR5 expression in tumors is 
detrimental to an effective anti-tumor response and is corre-
lated with poor prognosis. Analyzing the survival of GBM 
patients from CGGA database based on the expression of 
receptors showed that patients with low expression of each of 
the two markers had a higher OS (Figure 2a). Patients with low 
CCR2 and CCR5 signature also had higher OS in the CGGA 
database (Figure S2a) and the TCGA database (Figure S2b). To 
test the therapeutic relevance of co-inhibiting CCR2 and CCR5 
signaling in GBM, we used a GL261 murine glioma model to 

test anti-tumor efficacy of a dual inhibitor. The mice bearing 
orthotopic GL261 tumors were treated with dual CCR2/CCR5 
inhibitor via oral gavage twice a day. The inhibitor significantly 
improved survival compared to untreated mice (Figure 2b) and 
did not elicit any adverse reactions. We also hypothesized that 
CCR2/CCR5 dual inhibition could synergize robustly with 
anti-PD-1 therapy to reduce glioma progression. Mice with 
GL261 tumors were either treated with isotype control, anti- 
PD-1 alone, CCR2/CCR5 co-inhibitor alone, or combination 
of anti-PD-1 and co-inhibitor. While anti-PD-1 treated mice 
had better survival than untreated mice, combination therapy 
elicited greater anti-tumor immune response compared to all 
other groups. (Figure 2c).

To delineate the contribution of myeloid and lymphoid 
compartments in the efficacy of CCR2/CCR5 co-inhibitor, we 
repeated administration of the inhibitor with anti-CSF1R, anti- 
CD4, and anti-CD8 antibodies. The depletion of all three 
immune subsets abrogated the efficacy of CCR2/CCR5 block-
ade (Figure 2d). Survival with inhibitors and anti-CSF1R anti-
bodies was non-significantly different from untreated or 
inhibitor-treated groups, indicating that while the efficacy of 
CCR2/CCR5 co-inhibition could be attributed to our hypothe-
sized targeting of immunosuppressive M-MDSCs with CCR2 
and CCR5 expression, a broad depletion of myeloid cells with 
anti-CSF1R antibodies negatively impacted survival by deplet-
ing inflammatory myeloid subsets such as cross-presenting 
APCs and anti-tumor macrophages. We hypothesized that 
the survival pattern observed with lymphoid depletion indi-
cates the role of CD8 and CD4 T cells as effector cells that 

Figure 2. CCR2-CCR5 dual inhibitor improves survival in murine model of glioma. (a) Survival probability of GBM patients from CGGA database based on CCR2 and 
CCR5 expression. Blue represents low expression and red represents high expression. (b) Survival of C57BL/6 mice with intracranial orthotopic GL261 glioma (untreated 
n = 11, inhibitor n = 11). (c) Survival of C57BL/6 mice with intracranial orthotopic GL261 glioma (untreated n = 9, inhibitor n = 9, anti-PD-1 n = 9, anti-PD1 and inhibitor 
(combo) n = 8). (d) Survival of C57BL/6 mice with intracranial orthotopic GL261 glioma and depletion of CD4, CD8, and myeloid cells with anti-CSF1R antibodies (n = 8 
for all groups). Differences in survival were calculated by the Mantel-Cox log-rank test. *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001; ns, not significant. Survival experiments 
were repeated two times with similar results, and data from representative experiments are shown.
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mediate the efficacy of blocking M-MDSC infiltration with 
CCR2/CCR5 co-inhibition.

CCR2/CCR5 dual inhibitor reprograms immunosuppressive 
M-MDSC infiltration in glioma

To characterize changes in myeloid cell subsets in brain 
tumors with CCR2/CCR5 co-inhibition, we conducted flow 
cytometry with mice bearing orthotopic GL261 gliomas 
(Figure 3a). There were no significant differences in tumor- 
infiltration of CD11b+ myeloid cells, F4/80+ macrophages, 
and CD11c+ myeloid cell subsets between mice that were 
untreated or treated with the CCR2/CCR5 inhibitor 
(Figure 3b-d). Furthermore, anti-PD-1 or combination ther-
apy also did not affect the infiltration of major myeloid 
subsets into brain tumors (Figure 3b-d). However, among 
CD11b+ myeloid cells, we observed a significantly lower 
mean fluorescence intensity of Ly6C (a marker for 
M-MDSCs) within glioma of mice treated with CCR2/ 
CCR5 co-inhibitor, compared to untreated mice 
(Figure 3e). Quantifying the percentage of M-MDSCs 
among CD11b+ cells showed a robust reduction of 
M-MDSCs among myeloid cells with CCR2/CCR5 dual- 
inhibition (Figure 3f). However, G-MDSCs among CD11b+ 
cells were not significantly different among the groups, indi-
cating M-MDSC infiltration was uniquely affected 
(Figure 3g). Quantifying M-MDSCs as a percentage of 
tumor cells also showed a lower infiltration of M-MDSCs 

into brain tumors with inhibitor and combination therapy. 
Notably, this reduction in M-MDSC infiltration was not 
affected with anti-PD1 alone (Figure 3h). Similarly, we did 
not see a difference in the proportion of G-MDSCs residing 
in the tumor across the four arms (Figure 3i). Combinedly, 
our results show that CCR2/CCR5 co-inhibition improves 
outcomes by reducing the tumor infiltration of CCR2 and 
CCR5 expressing M-MDSCs.

GSEA of Hallmark and KEGG showed CCR2 expressing 
M-MDSCs in GBM had positive enrichment of oxidative 
phosphorylation (OXPHOS) pathway, neurodegeneration 
pathologies (Alzheimer’s, Parkinson’s and Huntington’s dis-
eases) and autoimmune pathologies (autoimmune thyroid 
and lupus erythematosus) but negative enrichment for glyco-
lysis, TNF-α signaling via NF-kB, inflammatory response, 
hypoxia and chemokine signaling (Figure S3). Switch from 
glycolysis to OXPHOS has been previously reported to occur 
during immunosuppressive polarization of TAMs.34 CCR2- 
expressing M-MDSCs also downregulated genes related to 
chemokine signaling to other immune cells such as CXCL8, 
CXCL3, CXCL2, CCL20, CXCL5, and CXCL1. CCR2- 
expressing M-MDSCs upregulated markers of MDSC differ-
entiation and immunosuppressivity including HMGB1, LYZ, 
and S100A4. Combinedly, these results indicate that CCR2/ 
CCR5 co-inhibition reduces tumor infiltration of M-MDSCs 
that express the markers and are likely to play an anti- 
inflammatory and immunosuppressive role in the tumor 
microenvironment.

Figure 3. CCR2-CCR5 co-inhibitor reprograms immunosuppressive myeloid infiltration into glioma. (a) Flow cytometry plots showing gating scheme of myeloid 
cells from tumor-infiltrating immune cells. Flow cytometry analysis measuring percent of (b) CD11b+ myeloid cells (c) CD11b+F4/80+ macrophages (d) CD11c+ DCs 
among CD45+ immune cells infiltrating the tumor in the untreated, anti-PD1, CCR2/CCR5 co-inhibitor, and anti-PD1 + CCR2/CCR5 co-inhibitor group (combo) (n = 5 
each). (e) Histograms depicting Ly6C expression among myeloid cells from tumors of untreated, anti-PD1, CCR2/CCR5 co-inhibitor, and combo groups. Flow cytometry 
analysis measuring polarization of CD11b+ myeloid cells into (f) M-MDSCs and (g) G-MDSCs within tumors from the four groups (n = 5 each). Flow cytometry analysis 
comparing percent of (h) M-MDSCs and (i) G-MDSCs infiltrating brain tumors across the four groups. Graphs show mean ± SEM. Statistical significance was analyzed by 
one-way ANOVA with Sidak’s multiple-comparisons post hoc test. *p ≤ 0.05; ***p ≤ 0.001; ns, not significant.
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Inhibition of CCR2/CCR5 improves T-cell persistence and 
effector function in glioma

To characterize intratumoral lymphoid compartment following 
CCR2/CCR5 co-inhibition, we conducted flow cytometry analysis 
of lymphocyte abundance and effector phenotype in inhibitor- 
treated and untreated mice bearing GL261 orthotopic gliomas 
(Figure 4a). As anti-PD-1 alone did not elicit statistically signifi-
cant differences in M-MDSC infiltration into glioma, we com-
pared the effects of CCR2/CCR5 inhibition alone on lymphocyte 
compartment. Mice that received co-inhibitor had greater tumor 
abundance of CD3+, CD4+, and CD8+ T cells (Figure 4b-d). To 
delineate the anti-tumor efficacy of the CD8 T cells, we also 
assessed T-cell activation and exhaustion markers. In mice treated 
with the inhibitor, 60% of CD8 TILs expressed IFN-γ, while 
approximately 25% of CD8 T cells produced IFN-γ in untreated 
mice (Figure 4e). The mean fluorescent intensity of IFN-γ 
amongst CD8 T cells was also higher in the treated group, indicat-
ing greater T-cell activation capacity on a per cell basis (Figure 4f). 
Additionally, we measured checkpoint expression to assess if 
decreased expression of checkpoints was associated with the 
improved effector phenotype. However, we observed no signifi-
cant difference in the expression of PD-1 and LAG-3, although 
there was an increase in TIM-3 expression with co-inhibitor 
therapy (Figures 4g,h and S4a). This suggests that while CCR2/ 
CCR5 blockade does not directly decrease exhaustion phenotype 
of CD8 T cells, it increases effector function, indirectly through the 
effect on M-MDSC infiltration in the tumor. Although there were 
more CD4+ T cells in tumors of treated mice, there was no change 

in Tregs between mice treated with and without the CCR2/CCR5 
inhibitor (Figure 4i and S4b). The increase in CD4+ T-cell infiltra-
tion was attributable to increase in helper CD4 T cells in the treated 
group (Figure S4c). Notably, inhibitor treatment also increased 
IFN-γ-expressing CD4 T cells in the tumor (Figure S4d).

Discussion

Despite the advancements in immunotherapy, such as check-
point blockade, GBM patients have not seen improvement in 
OS. Given the preponderance of immunosuppressive myeloid 
cells in the tumor microenvironment, we hypothesized that 
targeting the infiltration of immunosuppressive myeloid cells 
into glioma would reduce the dysfunction of lymphocytes and 
synergize with anti-PD-1 therapy in murine models. Our ana-
lysis of single-cell sequencing of GBM-derived immune cells 
showed co-expression of CCR2 and CCR5 on M-MDSCs, as 
has been reported by others across multiple tumor types. 
CCR2-expressing M-MDSCs also exhibited the upregulation 
of anti-inflammatory pathways, further supporting our 
hypothesis that CCR2/CCR5 expression on M-MDSCs can be 
targeted to prevent immunosuppression in glioma.

While previous attempts to ablate Ccr2 in murine models of 
glioma resulted in modest decrease in TAM infiltration but 
increase in tumor growth,35 co-blockade of CCR5 along with 
CCR2 with BMS-687681 increased survival as monotherapy 
and resulted in a robust decrease in M-MDSC infiltration 
into brain tumors (Figure S4e). It also elicited a significant 

Figure 4. Inhibition of CCR2/CCR5 improves T-cell persistence and effector function in the tumors. (a) Flow cytometry plots showing gating scheme of lymphocytes from 
tumor-infiltrating immune cells. Flow cytometry analysis comparing abundance of (b) CD3+, (c) CD4+, (d) CD8+ TILs and (e) IFN-y+ CD8 TILs between control (n = 7) and 
inhibitor group (n = 6) in mice bearing GL261 orthotopic gliomas. (f) Mean fluorescence intensity (MFI) of IFN-y in CD8 TILs from untreated and inhibitor treated mice (g) 
Comparison of MFI of PD-1 and (h) LAG-3 between mice in control (n = 7) and inhibitor group (n = 6). (i) Comparison of FoxP3+ Tregs between control (n = 7) and 
inhibitor group (n = 6). Graphs show mean ± SEM. Statistical significance was analyzed by unpaired two-tailed Student’s t test (b-i), 
*p ≤ 0.05; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.
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increase in effector function of CD8 T cells, as evidenced by 
increased IFN-γ secretion from CD8 T cells. Quantifying mye-
loid cell infiltrates, we observed a strong reduction in infiltra-
tion of only M-MDSCs, whereas G-MDSCs, DCs, 
Macrophages and overall myeloid cell infiltration were not 
affected. Despite studies showing CCR5-mediated infiltration 
of Tregs into tumors,36 we did not observe any differences in 
tumor infiltration between untreated and CCR2/CCR5 dual- 
inhibitor treated mice. This shows the potential impact of 
CCR2/CCR5 co-inhibition in reducing M-MDSC infiltration 
into brain tumors and promoting CD8 activity in tumors. Our 
results show that targeting T lymphocytes with anti-PD-1 
therapy while reducing immunosuppressive myeloid infiltra-
tion with CCR2/CCR5 co-inhibition together can promote 
maximum anti-tumor efficacy.

Our study provides preclinical evidence of CCR2/CCR5 co- 
blockade using orally administered agent, slowing glioma pro-
gression in murine models. Further studies are warranted to 
characterize the effects of CCR2/CCR5 co-inhibition on not 
just M-MDSC infiltration into tumors but also its immuno-
suppressivity toward lymphocytes. Moreover, single-cell 
sequencing data revealed an OXPHOS phenotype among 
CCR2 expressing M-MDSCs as opposed to greater reliance 
on glycolysis among CCR2(-) M-MDSCs. Further examination 
of the switch in phenotype between glycolytic to OXPHOS- 
reliant MDSCs and how this can be attenuated with CCR2/ 
CCR5 co-inhibition can further enhance our understanding of 
the metabolic processes that can be disrupted in MDSCs to 
attenuate their immunosuppressivity.

Limitations

A limitation of our study is that using in vivo GL261 model does 
not recapitulate GBM progression in humans, and as such, exam-
ining the immunomodulatory effects of CCR2/CCR5 co-blockade 
in orthotopic glioma models is limiting. Our observation of 
changes in M-MDSC infiltration into GL261 glioma with 
CCR2/CCR5 co-blockade highlights the need for future studies 
that are specifically designed to study the mechanism of action by 
which CCR2/CCR5 blockade selectively modulates M-MDSCs, 
relative to other cell populations, despite CCR2 and CCR5 being 
present on multiple tumor-infiltrating immune cell types. This 
could reveal unique vulnerabilities of M-MDSCs that can be 
targeted by CCR2/CCR5 blockade. In addition, the analysis of 
clinical data supported our hypothesis that CCR2 and CCR5 
expression in tumor can be prognostic for patients. However, 
survival studies examining the expression of CCR2 and CCR5 
on specific target cells such as M-MDSCs and among patient 
samples that adhere to the current diagnosis of GBM (IDH- 
wildtype) will be better equipped to assess the contribution of 
CCR2/CCR5 on immunosuppressive myeloid cells in determin-
ing anti-tumor response. Although we did not find further 
changes in M-MDSC infiltration with the addition of anti-PD-1, 
we found an enhanced T-effector phenotype with inhibitor alone 
and a greater anti-tumor response in combination with anti-PD-1. 
As the role of PD-1 on lymphocytes and myeloid cells is an area of 
active interest in tumor immunology,37,38 future studies looking at 
the combined lymphoid- and myeloid-specific effects of both 
CCR2/CCR5 blockade and checkpoint blockade (such as anti- 

PD-1 or anti-TIM-3, based on increase in TIM-3 expression after 
CCR2/CCR5 co-blockade) could reveal previously unappreciated 
synergy between myeloid and lymphoid targeted therapies.
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