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Abstract

Background Emerging evidence suggests that myeloid cells play a critical role in glioblastoma (GBM) immunosuppression.
Disappointing results of recent checkpoint inhibitor trials suggest that combination immunotherapy with alternative agents
could be fruitful in overcoming immunosuppression. Overexpression of chemokine receptor CXCR4 is associated with poor
prognosis in GBM. We investigate the treatment effects of combination immunotherapy with anti-PD-1 and anti-CXCR4
in a murine glioma model.

Methods C57BL/6 mice were implanted with GL261-Luc+ glioma cells and randomized into 4 arms: (1) control (2) anti-
PD-1 (3) anti-CXCR4, and (4) anti-PD-1 and anti-CXCR4 therapy. Overall survival and median survival were assessed. Cell
populations were assessed by flow cytometry.

Results Combination therapy conferred a significant survival benefit compared to control and monotherapy arms. Mice
that received combination therapy demonstrated immune memory and decreased populations of immunosuppressive tumor-
infiltrating leukocytes, such as monocytic myeloid-derived suppressor cells and microglia within the brain. Furthermore,
combination therapy improved CD4+/CD8+ ratios in the brain as well as contributed to increased levels of pro-inflammatory
cytokines.

Conclusions Anti-CXCR4 and anti-PD-1 combination immunotherapy modulates tumor-infiltrating populations of the glioma
microenvironment. Targeting myeloid cells with anti-CXCR4 facilitates anti-PD-1 to promote an antitumor immune response
and improved survival rates.
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Introduction

Glioblastoma (GBM) is the most common primary brain
tumor in adults, accounting for 45.6% of all primary brain
malignancies [1]. Current treatment for GBM consists of
maximum surgical resection, adjuvant radiotherapy, and
chemotherapeutics [1, 2]. GBM is still a devastating diag-
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with anti-PD-1 have been negative to-date. The failure of
GBM to respond to anti-PD-1 may be due to the immuno-
logic milieu, which is consistent with other “cold” tumors,
and is characterized by a paucity of tumor infiltrating lym-
phocytes (TILs) and a predominance of immunosuppressive
myeloid cells [7]. Evidence suggests that myeloid cells are
key mediators of immunosuppression in GBM and overcom-
ing this immunosuppression may allow an effective antitu-
mor immune response [6, 8]. A recent study showed that
tumor-associated macrophages (TAMs) significantly con-
tribute to resistance against anti-PD-1 therapy by diverting
the therapeutic antibodies from PD-1+ tumor-infiltrating
CD8+ T cells [9].

The CXCR4/CXCL12 chemokine signaling axis affects
immune cell homing and migration and regulates hematopoi-
etic cell development [10]. CXCR4 is normally expressed
on hematopoietic cells, such as T and B lymphocytes, mac-
rophages, monocytes, and progenitor cells, as well as micro-
glia and vascular endothelial cells. CXCR4 is overexpressed
in over 23 types of cancers, including GBM, contributing
to tumor treatment resistance by promoting tumor growth,
survival, and metastasis as well as recruiting immunosup-
pressive myeloid cells and promoting aberrant tumor angio-
genesis [10, 11].

In this study, we hypothesized that disrupting tumor
immunosuppression, such as through the myeloid cell com-
partment, with blockade of CXCR4 can augment an anti-
PD-1 mediated cytolytic T-cell response.

Materials and methods
Mice and cell lines

Six- to eight-week-old C57BL/6J wild-type female mice
(Jackson, ME; in-house breeding) were maintained at the
Johns Hopkins University Animal Facility. All animal
experiments were performed in accordance with protocols
approved by the Johns Hopkins Institutional Animal Care
and Use Committee (IACUC).

Orthotopic gliomas were established using GL261-
Luciferase-tagged (GL261-Luc+) cells grown in Dulbec-
co’s Modified Eagle Medium (DMEM, Gibco) + 10% fetal
bovine serum (FBS, Sigma-Aldrich) + 1% penicillin—strep-
tomycin (Sigma-Aldrich) with the addition of 100 pg/mL
G418 (Corning) selection media.

Intracranial murine glioma model
130,000 GL261-Luc+ cells were stereotactically injected

into the left cortical hemisphere as previously described in
Kim et al [5].
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Mice were randomly assigned to treatment arms, and
tumor burden was monitored by bioluminescent IVIS®
imaging (Perkin Elmer) on post-tumor implantation day
7, 21, and every week thereafter. Survival experiments
were repeated in duplicate and animals accordingly eutha-
nized as previously described [5]. Long-term survival was
defined as 90 days post-tumor implantation. For the survival
experiments performed in duplicate, at least 7-8 mice were
included in the control along with monotherapy and com-
bination therapy arms involving 9-20 mice in each group.

Therapeutic antibodies

Anti-murine CXCR4 and anti-murine PD-1 antibodies were
generously provided by Bristol-Myers Squibb (BMS) and
stored at — 80 °C in 2 mg/mL aliquots. Final treatment dose
for each antibody was 200 pg per animal. Antibody treat-
ments were administered intra-peritoneally on days 10, 12,
and 14 following tumor implantation.

Tumor rechallenge

Long-term survivors were re-challenged with 260,000
GL261-Luc+ cells injected into the contralateral hemi-
sphere, 2 mm anterior and 2 mm lateral to lambda. Tumor
presence was assessed on day 7 post-implantation. Animals
would be euthanized when they demonstrated morbidity
signs or after 100 days post-rechallenge for remaining mice.
The number of mice within each experiment arm depended
on the number of long-term survivors, ranging from 1-2
mice for anti-CXCR4 monotherapy, 4-5 mice for anti-PD-1
monotherapy, and 6—8 mice for combination therapy. A
group of 10 mice were included for each of the rechallenge
experiments for the control arm.

Immune cell isolation

To isolate peripheral cells, lymph nodes (deep cervical), and
spleens were harvested from mice in all groups sacrificed on
post-implantation day 20. Solid organs were mechanically
homogenized in harvest media (Roswell Park Memorial
Institute (RPMI) medium+ 10% FBS + 1% penicillin—strep-
tomycin) and filtered through 100-pm mesh cell strainers
(BD Falcon). Lymph nodes were centrifuged at 1300 rpm
for 10 min. Spleen samples were lysed (ACK lysing buffer,
Quality Bio) and washed with PBS.

To isolate brain cells, brains were harvested on post-
implantation day 20. Brains were mechanically homog-
enized, filtered, resuspended in 5 mL 72% Percoll in 1X
HBSS without phenol red, layered below 7 mL of 36% Per-
coll in 1X HBSS and centrifuged at 2000 rpm for 20 min at
room temperature. Cell layer at the 36%/72% interface was
collected and washed with PBS.
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Flow cytometry and immunophenotyping

Isolated immune cells were plated for staining in 200 pL
PBS.

For myeloid cell panel, cells were pre-treated, washed,
and stained with Live-Dead Aqua AmCyan (Life Technolo-
gies), F4/80 PeCy7 (clone BM8, BioLegend), CD45 APC/
Cy7 (clone 30-F11, BioLegend), CD11b AF700 (clone
M1/70, BioLegend), CD11c FITC (clone N418, BioLeg-
end), IA/IE PerCP/Cy5.5 (clone M5/114.15.2, BioLegend),
Ly6C BV605 (clone HK1.6, BioLegend), Ly6G BV421
(clone 1A8, BioLegend), and CXCR4 PE-eFluor610 (clone
2B11, Invitrogen).

For cytokines panel, samples were stimulated in 200pL
RPMI containing ionomycin (1:2000, Sigma-Aldrich), phor-
bol 12-myristate 13-acetate (PMA, 1:2000, Sigma-Aldrich),
and Golgi Stop (1:500, BD Biosciences) for 4 h at 37 °C and
was washed in PBS following incubation. Checkpoint panel
was stained separately. Extracellular markers included Live-
Dead Aqua AmCyan, CD45 APC/Cy7, CD3 BV421 (clone
17A2, BioLegend), CD4 FITC (clone RM4-4, eBioscience),
CD8 BV605 (clone 53-6.7, BioLegend), PD1 PeCy7 (clone
J43, eBioscience), CXCR4 PE-eFluor610, CD62L PerCP-
Cy5.5 (clone MEL-14, eBioscience), CD44 AF700 (clone
IM7, Biolegend). Samples were fixed in 1:3 fixation/permea-
bilization buffer overnight. Cells were subsequently stained
for IFNy PeCy7 (clone XMG1.2, eBioscience), TNFa (clone
MP6-XT22, eBioscience), FoxP3 AF700/PE (FJK-16s, eBi-
oscience) in intracellular permeabilization buffer.

Samples were processed using LSR II flow cytometer
(BD Biosciences). Data was analyzed using FlowJo v10.2
(FlowJo, LLC). Table 1 indicates cell population markers.

Statistics

Survival was analyzed by Kaplan—Meier survival curves and
compared by log-rank Mantel Cox test. One-way ANOVA
was used to analyze for significance among all groups.
Unpaired t-test was used to compare two groups. Compari-
sons within groups were presented as mean + standard error
of the mean (SEM). Data were analyzed using GraphPad
Prism 7 and values of p < 0.05 were considered significant.

Table 1 Surface markers of cell populations included in final analyses

Cell Population Markers

Cytotoxic T cells CD8+

Regulatory T cells CD4+ FoxP3+
Microglia CD4510CD11b+ F4/80+

Monocytic myeloid-derived suppres-
sor cells

CD45brightCD11b+ Ly6C+

Dendritic cells CD45+ CD11b+ CD1lc+

Results

Anti-CXCR4 in combination therapy modulates
immunosuppressive myeloid cell populations

In human glioma samples, the level of CXCR4 expression
correlates with tumor malignancy and grade as well as
poor prognosis [12]. To elucidate the potential mechanism
by which combination therapy confers survival benefit and
glioma regression, we investigated immunosuppressive
and tumor-promoting myeloid cell populations within all
experiment arms.

Resident microglia can contribute to glioma progression
[11]. Gliomas also direct glioma-associated microglia or
macrophages (GAMs) to convert to the pro-tumor, pro-
angiogenesis, anti-inflammatory polarity. While we did not
demonstrate effects on activated antigen-presenting cells,
which would have been otherwise denoted as MHCII+
F4/80+ macrophages or MHCII+ CD11c+ dendritic cells,
in our study, all treatment groups including anti-CXCR4
had significantly reduced populations of tumor-promot-
ing CD11b+ microglia when compared to control (anti-
CXCR4: p=0.0036; combination therapy: p=0.0065)
(Fig. 1a). When we were assessing the proportion of
microglia bearing CXCR4, we discovered that the popu-
lation of CXCR4+ CD11b+ microglia was significantly
diminished in the group receiving combination therapy
when compared to control (p =0.0490) (Fig. 1b).

In our study, there was a significant decrease in the
proportion of immunosuppressive monocytic myeloid-
derived suppressor cells (M-MDSCs) for the combination
group when compared to control (p=0.0119) and both
monotherapy arms (anti-CXCR4: p=0.0465; anti-PD-1:
p=0.0118) (Fig. 1c).

Tumor-infiltrating dendritic cells (DCs) contribute to
tumor promotion in several cancer models [13, 14]. For
proportions of CD11b+ CD11c+ CD45+ DCs, there was
a significant decrease with combination therapy relative
to control (p=0.0022) (Fig. 1d). There was a significant
decrease in DC proportions in the combination therapy
group when compared to anti-PD-1 monotherapy as well
(p=0.0073).

Combination anti-PD-1 and anti-CXCR4 therapy
confers survival benefit and long-term protective
immunity

We hypothesized CXCR4 and anti-PD-1 blockade admin-
istered in combination will result in a greater treatment
effect and survival benefit than monotherapy alone. We
utilized the following experimental arms: non-treated
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Fig. 1 Immunosuppressive myeloid cell compartment profiles in brain. a % of CD11b+ microglia in brain. b % CXCR4 + of CD11b+ microglia
in brain. ¢ Monocytic myeloid-derived suppressor cells in brain. d Tumor infiltrating dendritic cells in brain

control, anti-PD-1 alone, anti-CXCR4 alone, and anti-
PD-1 plus anti-CXCR4 (Fig. 2a).

In comparison to control and to both monotherapy arms,
combination therapy improved overall survival (Fig. 2b).
Median survival was 24 days and overall long-term survival
rate of 0% for the control arm while anti-CXCR4 monother-
apy had a median survival of 25 days and overall survival
rate of 11.1% (p=0.8670). Anti-PD-1 resulted in median
survival of 30 days and overall long-term survival rate of
30.0%, which was statistically significant when compared to
control (p=0.0265). However, combining anti-CXCR4 with
anti-PD-1 further improved the overall survival to 60.0%,
which was a significant improvement when compared to
control (p <0.0001) and both monotherapies (anti-CXCR4:
p=0.0006, anti-PD-1: p=0.0404).

To assess the development of immunologic memory, we
performed tumor re-challenge survival studies. All mice that
had received antibody inoculation, with either monotherapy

@ Springer

or combination therapy had overall survival rates of 100%
(Fig. 2c). The control group had a median survival of
24 days with 0% survival rate by day 35 post-implantation.
In comparison, the treated groups all retained 100% survival
by day 100 (p <0.0001). The re-challenge experiment dem-
onstrates the development of long-term protective immune
memory against GL261-Luc+ glioma cells.

Combination therapy improves TIL CD4/CD8 ratio
and brain CD8+ subpopulation profile

In all treatment groups when compared to control, there
was a statistically significant decrease in the CD4+/CD8+
ratio (p <0.0001). Combination therapy also resulted in a
significantly decreased CD4+/CD8+ TC ratio compared to
anti-PD-1 alone (p=0.0180) (Fig. 3a).

The pro-tumor effects may be mediated by CD4+ FoxP3+
regulatory T cells (Tregs), which suppress activation of
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effector cells and provide immune escape for gliomas [15].
The proportion of Tregs was found to be significantly higher
within the brain than in lymph nodes (p <0.0001) and spleen
(p<0.0001) in the control group. (Fig. 3b). Combination
therapy significantly improved the Treg to CD8+ T cell ratio
within the brain among all arms (p <0.0001) (Fig. 3c).

Immunotherapy increases levels of circulating
inflammatory anti-tumor cytokines

Anti-tumor CD8+ effector and Thl CD4+4 TCs release
pro-inflammatory cytokines, IFNy and TNFa«, following
stimulation. All treatment groups demonstrated signifi-
cantly elevated levels of IFNy production by CD8+ cells
compared to control (anti-CXCR4: p=0.0039; anti-PD-1:
p=0.0435; combination therapy: p=0.0039) (Fig. 4a).
Likewise, all treatment arms had significantly elevated lev-
els of TNFa production by CD8+TCs with no significant
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difference between the combination therapy and the mono-
therapy groups. Similarly for CD4+ populations, treatment
groups exhibited significantly elevated levels of both IFNy
(anti-CXCR4: p=0.0278; anti-PD-1: p=0.0012; combina-
tion therapy: p=0.0009) and TNFa production (anti-PD-1:
p=0.0012; combination therapy: p=0.0054) compared to
control (Fig. 4c, d).

Discussion

Glioblastoma (GBM) have poor prognoses despite standard
of care treatment that involves maximal surgical resection
with adjuvant temozolomide chemotherapy or radiation [2].
Numerous studies have described the altered immunosup-
pressive GBM tumor microenvironment that contributes
to treatment difficulties. Our study demonstrated that anti-
PD-1 plus anti-CXCR4 combination blockade conferred a
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significant survival benefit in a GL261 murine glioma model
through modulation of the myeloid and T cell tumor micro-
environment and potentially tumor bed vasculature. Fur-
thermore, administration of immunotherapeutic antibody,
whether as monotherapy or synergistic therapy, resulted in
long-term immunity against GL-261-Luc glioma cells in
surviving animals, a phenomenon also seen in other immu-
notherapy regimens, such as dosage with IL-15 superagonist
and with anti-PD-1 and anti-TIM3 combination therapy [5,
16]. In these cases, CD8+ T cells can become primed as
memory cells for long-term maintenance of the effector
CD8+ phenotype.

CXCR4 is a chemokine receptor normally involved in
immune cell homing and cell chemotaxis among other
functions along with its ligand CXCL12/SDF-1. It is ubig-
uitously expressed on most types of immune cells, including
T lymphocytes, macrophages, monocytes, dendritic cells,
and progenitor cells, as well as vascular endothelial cells
and microglia. In addition, CXCR4 is overexpressed in over
23 different cancers, leading to tumor proliferation, aberrant
angiogenesis, metastasis, and treatment resistance [10].

First of all, it is known that gliomas may direct glioma-
associated microglia or macrophages (GAMs) to convert
to the pro-tumor, pro-angiogenesis, anti-inflammatory M2
polarity instead of the pro-inflammatory M1 phenotype.
Appropriate immunotherapeutics may be successful in mod-
ulating the pro-tumor microenvironment by affecting these
immunosuppressive cell populations. For instance, CXCR4
itself is upregulated on endothelial cells within tumor micro-
environments that are also characterized by M2 GAM polari-
zation [17] When we were assessing CXCR4+ populations
of these myeloid cells in particular, we discovered that the
population of CXCR4+ CD11b+ microglia was significantly
diminished in the group receiving combination therapy when
compared to control. Another group also found that CD11b+
GAMs were significantly decreased in GBM-bearing ani-
mals receiving another CXCR4 antagonist, peptide R, as
well [18]. In fact, CXCR4, its ligand CXCL12, and other
chemokine receptors and ligands (CXCL16, CXCR7) were
found to be highly transcribed and expressed on GAMs, fur-
ther emphasizing the important role of GAMsS in tumor pro-
motion [19, 20]. In addition to CXCR4, CXCL12 also binds
CXCR7, which is implicated in poor prognosis in glioma
as well as involved in aberrant glioma cell proliferation and
invasion [21, 22].

The glioma microenvironment may also induce recruit-
ment and accumulation of immunosuppressive popula-
tions, such as myeloid-derived suppressor cells (MDSCs).
For example, GAMs produce the chemokine CCL2, which
attracts monocytic MDSCs (M-MDSC; CD45bright-
CD11b+ Ly6C+) to the tumor region [7]. Furthermore,
blood and brain tissue samples from GBM patients showed
a tumor grade-associated increase in MDSCs [23]. In our

study, the control group had significantly increased popu-
lations than the combination treatment group. In an ovar-
ian cancer murine model, a similar combination of anti-
PD-1 with the anti-CXCR4 agent, plerixafor, decreased the
intratumoral population of MDSCs [24]. Tumor-infiltrating
dendritic cells (DCs), characterized by the surface markers
CD11b+ and MHCII+, also contribute to tumor promotion
in melanoma, ovarian cancer, and lung cancer models [13,
14, 25]. Our study identified significant decreases in the
tumor-infiltrating DCs population in all treatment groups.
Unfortunately, not much is known about tumor-infiltrating
DCs specific to glioma and GBM models, other than their
modulation by checkpoint receptor inhibition and their
activation and anti-tumor activity following IL-4 tumor
cell vaccine administration [26]. However, recently it was
found that survival benefit could be mediated by increased
activation of tumor-infiltrating dendritic cells following
combination treatment of anti-PD-1 with toll-like recep-
tor (TLR3) agonist [8]. Upregulation of MHCII+ antigen-
presenting cells and microglia aids the adaptive immune
system by enhancing T cell population stimulation. Thus,
given the modulation of various myeloid cell types within
the tumor microenvironment, it would be fruitful to pursue
potential treatments focusing on the myeloid compartment.

CD4+ and CD8+ tumor-infiltrating lymphocytes (TILs)
have been shown to have important antitumor effects in
several studies [27-29]. However, a high CD4+/CD8+
TIL ratio itself was correlated with poor prognosis as
well as with tumor grade and malignancy in human GBM
[30]. In addition, CXCR4 not only promotes migration of
immunosuppressive cell populations but also negatively
affects cytotoxic CD8+ T cell function [31]. Our study
identified significant decrease in the CD4+4/CD8+ ratio in
the combination therapy group, indicating the concurrent
proliferation of cytotoxic CD8+ TIL following dual anti-
body treatment. The pro-tumor effects may be mediated by
CD4+ FoxP3+ regulatory T cells (Tregs), which suppress
activation of effector cells and provide immune escape
for gliomas [9, 15, 28]. The level of Tregs was found to
be significantly higher within the brain than in peripheral
compartments in our study. In addition, antibody treatment
improves pro-inflammatory cytokine production, namely
IFNy and TNFa. Our data suggest that TNFa production
is driven primarily by anti-PD-1 while both anti-CXCR4
and anti-PD-1 play roles in influencing IFNy production.
Likewise, CXCR4 blockade in a murine model of allergic
lung inflammation resulted in an increase in IFNy produc-
tion [4].

While we have shown significant survival benefit in a
murine glioma model with anti-CXCR4 and anti-PD-1 immu-
notherapy, it would be critical to characterize anti-CXCR4's
effect on the immunosuppressive tumor microenvironment
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further and to develop future experiments with patient-derived
xenografts and potentially patient clinical trials as well.

Conclusion

In this study, we co-administered a novel CXCR4 chemokine
receptor antagonist with anti-PD-1 to disrupt immunosuppres-
sion and induced a significant survival benefit as well as long-
term immunity. We assessed the immune cell composition of
the tumor microenvironment, which showed decreased density
of immunosuppressive myeloid cell populations, more favora-
ble T cell ratios and increased production of pro-inflamma-
tory cytokines following combination treatment. As a result,
CXCR4 may be a useful target to disrupt immunosuppression
in GBM to facilitate an antitumor immune response.
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