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Immunotherapy directed at the PD-L1/PD-1 axis has produced
treatment advances in various human cancers. Unfortunately,
progress has not extended to glioblastoma (GBM), with phase Il
clinical trials assessing anti-PD-1 monotherapy failing to show
efficacy in newly diagnosed and recurrent tumors. Myeloid-
derived suppressor cells (MDSCs), a subset of immunosuppressive
myeloid derived cells, are known to infiltrate the tumor microen-
vironment of GBM. Growing evidence suggests the CCL2-CCR2
axis is important for this process. This study evaluated the combi-
nation of PD-1 blockade and CCR2 inhibition in anti-PD-1-resistant
gliomas. CCR2 deficiency unmasked an anti-PD-1 survival benefit
in KR158 glioma-bearing mice. CD11b*/Ly6C"/PD-L1* MDSCs
within established gliomas decreased with a concomitant increase
in overall CCR2* cells and MDSCs within bone marrow of CCR2-
deficient mice. The CCR2 antagonist CCX872 increased median sur-
vival as a monotherapy in KR158 glioma-bearing animals and fur-
ther increased median and overall survival when combined with
anti-PD-1. Additionally, combination of CCX872 and anti-PD-1 pro-
longed median survival time in 005 GSC GBM-bearing mice. In both
models, CCX872 decreased tumor associated MDSCs and increased
these cells within the bone marrow. Examination of tumor-
infiltrating lymphocytes revealed an elevated population, in-
creased IFNy expression, indicating enhanced cytolytic activity, as
well as decreased expression of exhaustion markers in CD4* and
CD8" T cells following combination treatment. These data estab-
lish that combining CCR2 and PD-1 blockade extends survival in
clinically relevant murine glioma models and provides the basis on
which to advance this combinatorial treatment toward early-
phase human trials.
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lioblastoma (GBM), the most common malignant brain

tumor in adults, presents a challenge for neurooncologists,
as current therapies are minimally effective (1-8). Standard of
care for GBM relies on initial surgical resection of the tumor
mass followed by adjuvant radiation and chemotherapy with
temozolomide. However, these approaches yield only moderate
increase in survival rates, with current median survival for GBM
reported at 14.9 mo, with a <10% 5-y survival rate (1, 9). At-
tempts to target the immune system have presented encouraging
preclinical outcomes (10-12) as well as in some early-phase trials
(13, 14) but have failed to show progress in randomized phase III
clinical trials for either recurrent (CheckMate 143; ClinicalTrials.gov
Identifier NCT02017717) or newly diagnosed GBM (CheckMate
498; ClinicalTrials.gov Identifier NCT02617589) (15). Over-
coming the highly immune-suppressive environment characteristic
of GBM is paramount. Approaches utilizing inhibitors of immune-
suppressive mechanisms that directly promote tumor progression
and/or contribute to the immune-suppressed environment are

www.pnas.org/cgi/doi/10.1073/pnas.1910856117

under investigation. In all likelihood, an immune-based approach
for GBM will require the use of a combination of therapies to
achieve durable remissions.

GBMs can impact immune responses via multiple mechanisms
that include manipulation of distant tissues, e.g., promoting se-
questration of T cells within the bone marrow (16). Antitumor
T cell responses are also regulated by costimulatory and coinhi-
bitory signals that comprise the immune-checkpoint system. Re-
cent advances in immune-based therapies have targeted this
system via development of monoclonal antibodies directed
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Standard of care for glioblastoma (GBM) results in median
survival of <15 mo with 5-y survival <10%, highlighting the
need for novel treatments. Inmune checkpoint blockade has
been successful in various cancer subtypes. However, success
has not extended to GBM, largely due to the characteristically
immune-suppressive glioma microenvironment. Here, we re-
port targeting of myeloid derived suppressor cells (MDSCs), via
inhibition of CCR2, unmasks efficacy of checkpoint blockade in
GBM. Using checkpoint inhibitor-resistant murine glioma
models, we show combination treatment reduces MDSCs and
increases functional T cells within the tumors, and significantly
extends overall survival. Our results support targeting of CCR2-
expressing myeloid cells to enhance immunotherapies for
GBM, and warrant translation of this approach to early human
clinical trials.
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against either programmed death-1 or its ligand, i.e., PD-1/PD-L1.
Tumor cells exploit the PD-1/PD-L1 axis as a means to evade
immune surveillance by expressing PD-L1. The receptor for PD-
L1, PD-1, is expressed by T cells and, when stimulated, acts to
inhibit T cell activation/effector function. The use of checkpoint
inhibitors in certain cancers such as melanoma (17, 18), lung
(19), renal cell carcinoma (20), colon (21), and hepatocellular
carcinoma (22, 23) has proven effective. Although intratumoral
expression of PD-L1 in GBM has been observed, correlations
with patient outcome have been inconclusive or inconsistent (24—
26). Despite discrepancy in the prognostic ability of PD-L1 ex-
pression, these studies posit that the use of immune-checkpoint
inhibitor-based approaches is warranted, although this line of
therapy has failed as a single treatment in recurrent and newly
diagnosed GBM. While the reasons for these incomplete response
rates are poorly understood, it has been shown that a small subset
of GBM patients presenting with higher than typical mutational
load respond well to anti-PD-1 therapy (27). The success of PD-1
blockade in these patients suggests checkpoint blockade may be a
viable therapy for GBM. Moreover, the recent demonstration that
neoadjuvant PD-1 blockade provided a benefit for GBM patients
over adjuvant therapy has renewed interest in immune-checkpoint
inhibitor therapy in GBM (13, 14). Preclinical studies aimed at
augmenting the efficacy of checkpoint blockade via combinatorial
approaches targeting the immune suppressive microenvironment
are ongoing (28-32).

A subset of myeloid-derived cells with immunosuppressive
properties, termed myeloid-derived suppressor cells (MDSCs),
are known to be elevated in the peripheral blood of GBM pa-
tients (33). MDSCs infiltrate the glioma microenvironment, and
act as drivers of the immune-suppressive phenotype typical of
these tumors (33-42). The mechanism by which they traffic to
the tumor site is not entirely clear, although growing data suggest
chemokine receptors are important for this process, namely
chemokine receptor 2 (CCR2) (40, 43-48). Indeed, previous
reports indicate Ly6C™ inflammatory monocytes express CCR2
(43). Additionally, known ligands of this receptor (CCL2 and
CCL7) are expressed by gliomas and are thought to mediate
tumor recruitment of CCR2* cells (40, 44, 47, 49, 50). Approaches
that specifically target the MDSC population have been employed
in various tumor types where they have been shown to enhance
immunogenicity and, in some cases, even reverse resistance to
checkpoint blockade (51-55).

In this study, we sought to more clearly define the role of
CCR2 in immune-checkpoint inhibitor-resistant high-grade gli-
omas. Using CCR2-deficient mice, we report loss of CCR2 ex-
pression prevented egress of MDSCs from the bone marrow,
reduced glioma infiltration of these cells, and unmasked an anti-
tumor effect of PD-1 blockade. Further, use of a CCR2 antagonist,
CCX872, recapitulated the findings of genetic ablation, demon-
strating reductions in MDSC glioma infiltration and imparting an
enhanced anti-PD-1 survival effect. Taken together, we suggest
that disruption of the CCL2/CCR2 axis promotes sequestration of
CCR2* cells within bone marrow, limiting distribution of these
immune-suppressive cells to the tumor, and allowing for attenua-
tion of the immunosuppressive tumor microenvironment. As such,
the amelioration of immune suppression via CCR2 inhibition may
contribute to enhanced anti-PD-1 efficacy in gliomas.

Results

Distinct CCR2- and CX3CR1-Expresssing Myeloid Cell Populations in
Glioma-Bearing Mice. CCR2* cells do not represent the sole my-
eloid cell type present in gliomas, as CX3CR1* central nervous
system (CNS)-resident microglia are known to infiltrate as well.
As a means to investigate the glioma presence of these chemokine
receptor-expressing myeloid cell populations, we employed dou-
ble transr_%)enic mice that carry RFP in place of the CCR2 I;(7zé\e)vne
(CCR2®*WTYy and GFP in place of CX3CR1 (CX3CR1°T7WT)
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as knock-in alleles, enabling direct surveillance of CCR2* and
CX3CR1" cells. Two therapy-resistant murine glioma models
were employed, including the high-grade glioma KR158 model
and the recently reported GBM stem-like cell 005 GSC model
(56-58). These models exhibit common histological character-
istics of glioma, including areas of increased cell density, necrotic
regions within the tumor, invasion of normal brain parenchyma,
and pseudopalisading necrosis (SI Appendix, Fig. S1 A-C), con-
sistent with previously published results (56).

Fluorescent imaging confirmed the presence of both CCR2*
and CX3CR1* cells within KR158 tumors (Fig. 14). Flow-cytometric
analysis identified tumor-associated CCR2" and CX3CR1* cells
in both glioma models. However, the presence of both populations
was significantly higher in KR158 tumors (CCR2*, P = 0.048;
CX3CR1*, P = 0.012) (Fig. 1B). Analysis of the bone marrow
revealed a significant increase in CCR2" cells upon either KR158
(P =0.032) or 005 GSC (P = 0.001) tumor implantation, with no
change in this cell population as a result of phosphate-buffered
saline (PBS) injection (Fig. 1C). The GFP*/RFP* cell population
(CCR2*/CX3CR1%") was unchanged in the bone marrow of the
tumor-bearing animals.

We next sought to characterize the myeloid marker pheno-
types of the CCR2" and CX3CR1" populations in the tumor
microenvironment. In order to investigate these populations, tu-
mor infiltrates from glioma-bearing CCR2M*WVT,CX3CR1°F/WT
mice were subjected to flow-cytometric analysis of CD45, CD11b,
Ly6C, and Ly6G. Two distinct CD45* populations were identified,
designated CD45'% and CD45" (Fig. 1D). Analysis of these
populations revealed CD45'" events (Fig. 1 D, Upper) represent a
cell population that is primarily CX3CR1", likely representing
microglia. CD45™ (Fig. 1 D, Middle) events represent a more
heterogeneous cell population consisting of CCR2*, CX3CR1%,
and CCR27/CX3CR1"~ cells. Murine monocytic MDSCs are typ-
ically classified as C_Dllb*/LyGCh‘/Ly6G’. To examine the het-
erogeneous CD45™ population, we scrutinized CCR2" and
CX3CRI1* populations by expression of CD11b/Ly6C/Ly6G.
Flow-cytometric analysis of Ly6C/Ly6G noted 3 distinct Ly6C
populations: negative, intermediate, and high (Fig. 1E). Ly6G
expression was minimal in the tumors. Ly6C" events (Fig. 1 E,
Upper) represented a cell population that is primarily CCR2*/
CX3CR1*, while Ly6C™ (Fig. 1 E, Lower) events consist of
CCR2*, CX3CR1", and CCR27/CX3CR1~ cells. Ly6C™*" events
were determined to be CCR2/CX3CRI1 double-positive (SI Ap-
pendix, Fig. S2B). Similar analysis within bone marrow isolates
revealed 4 distinct populations: negative, Ly6C™"/Ly6G~, Ly6C"/
Ly6G™, and Ly6C™/Ly6G* (SI Appendix, Fig. S2C). Ly6C"/Ly6G~
events were primarily CCR2*/CX3CR1*, while Ly6C/Ly6G™,
Ly6C™*"/Ly6G~, and Ly6C™*"/Ly6G™ events were predominantly
CCR27/CX3CR1™. Tumor associated Ly6C™ cells were PD-L17,
although other cell populations express PD-L1 as well (SI Ap-
pendix, Fig. S2D).

Additional flow-cytometric analysis of CCR2- and CX3CR1-
expressing cells determined that CCR2*/CX3CR1™ cells were
MHCIIT*/F4/80~/CD11¢*/CD11b", CCR2*/CX3CR1* cells were
MHCII*/F4/807/CD11c*/CD11b"™, and CCR27/CX3CR1™ cells
were MHCIT*/F4/807/CD11c¢™/CD11b™4"™ (ST Appendix, Fig.
S3 A-D). Taken together, invading myeloid cells expressing the 2
chemokine receptors within the tumor microenvironment are
predominantly CCR2* or CCR2*/CX3CR1" double-positive, while
resident myeloid-like cells are predominantly CX3CR1™.

CCR2 Deficiency Unmasks an Anti-PD-1 Effect in Inmune-Checkpoint
Inhibitor-Resistant Glioma. To establish a role of CCR2 in glioma
and the potential impact of disrupting this receptor on the effi-
cacy of immune-checkpoint inhibitors, we evaluated the effect of
anti-PD-1 monotherapy in CCR2-sufficient and -deficient mice.
In KR158 tumor-bearing (n = 8 to 10/group) CCR2R**WT or
CCR2RFPRFP nice, we dosed with anti-PD-1 starting at day 7, as
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Fig. 1.

Distinct cell populations of CCR2- and CX3CR1-expressing myeloid cells in glioma-bearing mice. (A) Fluorescent images showing representative ex-

ample of section of KR158 tumor-bearing Ccr2RFPWT/Cx3cr1SFPWT normal (N) and tumor (T) tissue. Red fluorescence denotes CCR2™" cells, while green fluo-
rescence denotes CX3CR1™ cells. (Image magnification: 20x.) (B) Flow-cytometric analysis of tumor isolates from KR158 (n = 4) (Left) and 005 GSC (n = 3)
(Right) tumor-bearing Ccr2RFPWT:Cx3cr1SFPWT mice. Higher CCR2 single-positive (P = 0.048) and CX3CR1 single-positive (P = 0.012) cell populations in KR158 vs.
005 GSC glioma models are noted. (C) Flow-cytometric analysis of bone marrow cell populations in CCR2/RFP vs. CX3CR1/GFP in naive (n = 3) (Upper Left),
mock PBS-injected (n = 6) (Upper Right), 005 GSC (n = 3) (Lower Left), and KR158 (n = 6) (Lower Right) tumor-bearing Ccr2®™WT,Cx3cr1SFPWT animals.
Quantification shows increase in CCR2 single-positive cells in KR158 (P = 0.032) and 005 GSC (P = 0.001) tumor-bearing animals. (D) Flow-cytometric analysis of
tumor isolates from Ccr2®"WT-Cx3cr1SF"WT mice. The left graphs represent forward scatter (FSC) vs. CD45 plots demonstrating 3 CD45 populations: negative
(left), low (middle), and high (right). Blue arrows denote subpopulations plotted by expression of CCR2 and CX3CR1. CD45'° events (Upper) represent a
primarily CX3CR1™* cell population, while CD45" events represent a heterogeneous cell population consisting of CCR2*, CX3CR1*, and CCR2/CX3CR1™ cells. (E)
Flow-cytometric analysis of tumor isolates from Ccr2RFPWT,Cx3cr1SF"WT mice. The left graphs represent Ly6C* vs. Ly6G™ events and demonstrate 3 Ly6C
populations: negative (bottom), intermediate (middle), and high (top). Blue arrows denote subpopulations plotted by expression of CCR2 and CX3CR1.
Ly6C" events represent a cell population that is primarily CCR2*/CX3CR1*, while Ly6C™ events represent a heterogeneous cell population consisting of CCR2*,

CX3CR1*, and CCR27/CX3CR1~ cells. Representative plots are shown throughout. *P < 0.05; **P < 0.01.

described in Materials and Methods and followed until humane
end point (Fig. 24). Survival analysis indicated no change in
either median or durable survival due to CCR2 deficiency alone
or anti-PD-1 monotherapy as compared to CCR2-sufficient/non—
immune-checkpoint inhibitor-treated mice. However, when anti-
PD-1 was administered to CCR2-deficient mice, a significant
increase (P = 0.035) in overall durable survival was observed,;
differences in median survival between anti-PD-1 monotherapy-
treated strains (24 vs. 35 d) did not reach statistical significance.
For proof of concept in high mutational-burden tumors, we
found CCR2 deficiency also augmented PD-1 blockade in
GL261 tumor-bearing animals, with differential outcomes based
on initial treatment time and total dosing of the antibody (S
Appendix, Fig. S4). Indeed, the variation in responses of GL261
gliomas to anti-PD-1 monotherapy is known (30).

CCR2 Deficiency Has Reciprocal Effects on Presence of MDSCs in
Tumor and Bone Marrow. Imaging analysis of CCR2 promoter-
driven RFP and staining for the myeloid marker CD11b confirmed
the presence of CCR2* myeloid derived cells within KR158 glio-
mas (Fig. 2B). The presence of these cells was reduced in KR158
tumors from CCR2-deficient mice. Fluorescence imaging of
bone marrow revealed significantly elevated CCR2/RFP signal
(reported as pixel density vs. area of the cross-section) in non—
tumor-bearing CCR2-deficient mice (P = 0.029) as compared to
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CCR2-sufficient animals. Further elevation was observed in
both CCR2RFPWT (P = 0.011) and CCR2RFFPRFF (p = 0.036)
following KR158 tumor implantation (Fig. 2C).

Flow-cytometric analysis of the tumor-associated RFP* cell
population revealed a statistically significant decrease (P =
0.047) of this population, while similar analysis of bone marrow
showed a significant increase (P = 0.024) (Fig. 34) in CCR2-
deficient tumor-bearing mice. Not all CCR2" cells were found to
be Ly6C*. In order to more accurately examine the effect of
CCR?2 deficiency on the immune-suppressive cell population of
these mice, flow-cytometric analysis of immune cells isolated from
tumors and bone marrow of CCR2X™WT and CCR2XFPRFF mice
was performed. Analysis revealed a statistically significant re-
duction (P = 0.039) of MDSCs (CD45"/CD11b*/Ly6C™) within
KR158 tumors with a concomitant increase (P = 0.020) in bone
marrow (Fig. 3B). Additionally, investigation of this population in
the periphery was performed, and a significant reduction (P =
0.048) in the MDSC population present within spleens of tumor-
bearing animals was evident (SI Appendix, Fig. S54). The pro-
portion of RFP™ cells that are also Ly6C" within the bone marrow
is unchanged by CCR2 deficiency (Fig. 3C). However, when this
proportion was determined in tumors, a marked reduction (P =
0.007) of this population was noted with CCR2 deficiency.

It has been reported that MDSCs residing within the tumor
microenvironment prevent the entry of CD8" T cells into the

PNAS | January 14,2020 | vol. 117 | no.2 | 1131
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Fig. 2. Effect of Ccr2 deficiency on glioma-bearing mice. (4) Survival analysis
of KR158 tumor-bearing Ccr2R™WT and Ccr2RFPRP mice treated with or with-
out anti-PD-1. Ccr2 deficiency did not impact survival in IgG-treated Ccr2RFPWT
mice (n = 8), while anti-PD-1 treatment (n = 10) enhanced survival (P = 0.035)
in Ccr2-deficient mice only. Triangles mark anti-PD-1 administration. (B) Fluo-
rescent imaging of CD11b (green stain) in Ccr2®™WT and Ccr2®™R mice.
Representative images shown. (C) Fluorescent imaging of femur cross-section
from Ccr2RPPWT and Ccr2RPRFP naive and KR158 tumor-bearing mice. Loss of
Ccr2 enhanced CCR2/RFP signal in bone marrow of naive mice (P = 0.029),
which was further enhanced in tumor-bearing Ccr2RFPRFP animals (P = 0.036).
Representative images are shown. Quantification: average pixel density/cross-
sectional area from 3 consecutive sections, 3 mice/treatment group. *P < 0.05.

tumor (59). Despite a noted reduction in MDSCs within tumors,
an increase in CD4™ T cells (P = 0.031) was observed, while the
population of CD8* T cells remained unaltered by CCR2
knockout (SI Appendix, Fig. S5B). A significant increase (P =
0.003) of the ratio of CD8" T cellsyMDSCs was evident within
tumors derived from CCR2-deficient mice (SI Appendix,
Fig. S5C).

CCR2 Antagonist CCX872 Enhances an Anti-PD-1 Effect to Improve
Survival. Given the enhanced anti-PD-1 effect in CCR2-deficient
KR158 tumor-bearing mice, we hypothesized that pharmacologi-
cal antagonism of CCR2 would augment the efficacy of immune-
checkpoint blockade. To test this hypothesis, we evaluated the
effect of an orally active, high-affinity CCR2 antagonist, CCX872
(60-62), to slow progression of gliomas when combined with anti-
PD-1 therapy. To determine the effect on survival, KR158 glioma-
bearing mice were treated with anti-PD-1 and/or CCX872 and
followed to humane end point. Vehicle/immunoglobulin G (IgG)-
treated and anti-PD-1 monotherapy-treated animals showed no
difference in median or durable survival. In contrast, CCX872
monotherapy increased (P = 0.002) median survival time (32 d vs.
50 d), while combination treatment resulted in a significant du-
rable survival advantage over vehicle/IgG (P = 0.001) and
CCX872 single treatment (P = 0.001) (Fig. 4B). Median survival of
005 GSC tumor-bearing animals was increased (30 vs. 49 d; P =
0.005) with combination treatment, although no CCX872 mono-
therapy effect was observed (Fig. 4C).

CCX872 Impedes Invasion of MDSC into Tumors and Prevents Egress
from Bone Marrow. Similar to findings in CCR2-deficient mice,
flow-cytometric analysis of CCX872-treated KR158-bearing ani-
mals revealed a decrease (P = 0.038) in the population of CD45"/
CD11b*/Ly6C" cells within the tumor microenvironment (Fig.
5A). A significant increase (P = 0.028) of this population was
observed in bone marrow. Analysis of 005 GSC tumor-bearing
animals mirrors the results observed with KR158 gliomas, i.e., a
significant reduction (P = 0.015) in the Ly6C" cell population
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within the tumors, and a concomitant increase (P = 0.028) of this
population in the bone marrow was seen (Fig. 5B).

We next investigated the effect of CCX872 treatment on the 3
CCR2- and CX3CRI1-expressing subpopulations. KR158 or 005
GSC bearing CCR2RFPWT.CX3CR1CMWT mice were treated
with either vehicle or CCX872. Immune cell populations were
subsequently isolated and subjected to flow-cytometric analysis
of CCR2/RFP and CX3CR1/GFP expression, as well as for
CD45, CD11b, Ly6C, and Ly6G. Analysis of KR158 tumors
revealed a significant decrease (P = 0.003) in RFP™, i.e., CCR2*/
CX3CR1™ cells with CCX872 treatment. Similarly, CCR2*/
CX3CRI1" reported a decrease (P = 0.032) with CCX872 treat-
ment (Fig. 5 C, Upper). Consistent with previous results, CCX872
treatment reduced (P = 0.004) CD45"/CD11b*/Ly6C" cells
within KR158 tumors (Fig. 5 C, Lower). Parallel analysis was
performed in 005 GSC glioma-bearing animals. A significant
reduction of CCR2 single-positive (P = 0.003), CX3CR1" (P =
0.003), as well as CCR2/CX3CR1 double-positive (P = 0.042)
events (Fig. 5 D, Upper) were observed in tumors from CCX872-
treated mice. Analysis of CD45"/CD11b*/Ly6C™ cells within 005
GSC tumors also showed a reduction (P = 0.020) in Ly6C"
events with CCX872 treatment (Fig. 5 D, Lower).

CCX872/Anti-PD-1 Combination Therapy Enhances Activation and
Reduces Exhaustion of Intratumoral T Cells. The effects of combi-
nation therapy on T cell populations in 005 GSC glioma-bearing
wild-type (WT) mice were evaluated. Peripheral CD4" and
CD8" T cell populations in blood (SI Appendix, Fig. S64) and
lymph nodes (SI Appendix, Fig. S6B) were not impacted by any of
the treatments. A significant increase in tumor-infiltrating
CD45%/CD3*/CD4* T cells was noted with combination ther-
apy (P = 0.044), while a trend (P = 0.056) toward increased
percentage of CD45%/CD3*/CD8" T cells was observed (Fig. 64).
Neither of the monotherapies produced changes in these tumor-
infiltrating T cell populations.

To assess the activation status of tumor-infiltrating T cells, we
evaluated IFNy expression using IFNy reporter with endogenous
poly(A) transcript (GREAT) IFNy reporter mice, which have
YFP under the control of the IFNy promoter. No significant
increase in IFNy expression was noted with either monotherapy.
However, glioma-infiltrating T cells from tumor-bearing mice
administered the combination therapy had a significant increase
in IFNy expression (Fig. 6B, P = 008). Examination of T cell
exhaustion markers (PD-1*/Tim3%) on CD4" and CD8* T cells
within tumors derived from all treatment groups determined that
only the CCX872/anti-PD-1 combination therapy produced sig-
nificant reductions of CD45%/CD3*/PD-1"/Tim3*/CD4" (Fig.
6C, P = 0.029) and CD45"/CD3*/PD-1"/Tim3*/CD8* (Fig. 6D,
P =0.011) T cells. These data suggest combination therapy re-
sults in enhanced tumor infiltration of lymphocytes that are less
dysfunctional.

Discussion

Since the inclusion of temozolomide into the standard-of-care
regimen for GBM, little progress has been made in the develop-
ment of effective treatments for this disease. Stagnating survival
rates underscore the need for next generation approaches for the
treatment of GBM. While immunotherapy-based approaches have
been attempted, most clinical trials involving these modalities
have failed to report significant outcomes. Elevated levels of
MDSCs, both in the peripheral blood and tumor microenviron-
ment of GBM patients, have been described (34, 39). MDSCs are
known to potentiate immune suppression in GBM and may con-
tribute to the failure of immune therapies for gliomas (34-40, 42).
The exact mechanism by which MDSCs traffic to the tumor is not
wholly defined, although evidence supports a role of CCR2 in this
process (40). As such, we set out to determine if mice bearing
immune-checkpoint inhibitor-resistant gliomas would gain a
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Fig. 3.

Impact of Ccr2 deficiency on peripheral and tumor MDSC populations. (A) Flow-cytometric analysis of RFP* events in Ccr2RFPWT (n = 6) vs. Ccr2RFPRFP

(n = 6) mice. Population of RFP" cells within the tumor microenvironment (Upper) is reduced (P = 0.047) but increased (P = 0.024) in bone marrow (Lower) of
Ccr2-deficient animals. (B) Flow-cytometric analysis of CD45*/CD11b*/Ly6C™ events in Ccr2RFPWT (n = 5) vs. Ccr2RPRFP (n = 5) mice. Population of CD45%/
D11 b*/LyGChi cells within the tumor microenvironment (Upper) was reduced (P = 0.039) but increased (P = 0.020) in bone marrow (Lower) of Ccr2-deficient
animals. (C) Quantification of percentage of RFP™ cells that are CD45*, CD45%/CD11b*, and CD45*/CD11b*/Ly6C" within bone marrow (Upper) and tumor
(Lower) in Ccr2RPPWT (n = 5) vs. Ccr2RFPRFP (n = 5) mice. Ratios remain unchanged in bone marrow but show a significant reduction (P = 0.007) of CD45*/
CD11b*/Ly6CM cells in tumors of Ccr2RFPRFP ys. Ccr2RFPWT mice. Representative plots are shown throughout. *P < 0.05; **P < 0.01. FSC, forward scatter.

survival advantage with inhibition of CCR2. Indeed, we
demonstrate that blocking CCR2 by either gene deletion or
pharmacological antagonism is able to unmask efficacy of
immune-checkpoint blockade in 2 clinically relevant murine
glioma models. Our data suggest that the enhanced survival is a
consequence of reduced MDSCs within the glioma microenviron-
ment, a concomitant increase of this cell population within bone
marrow, and an increase in functional tumor-infiltrating lymphocytes.

Selection of KR158 and 005 GSC glioma models allowed for
evaluation of our proposed treatment paradigm in immune-
competent mice that recapitulate many of the features of human
GBM (e.g., morphology, lack of hypermutation, and aggressive/
invasive growth), and, importantly, immune-checkpoint inhibitor
resistance. Nonetheless, the models do present with limitations.
First and foremost, human GBM is classically heterogeneous in
nature, and use of a single cell line to elicit a glioma does not
necessarily recreate that feature. Furthermore, these lines rely
on p53 mutation and aberrant RAS signaling to induce tumors,
while human GBM typically presents with additional common
mutations, including EGFR, IDH, and PDGFRa.

Previous work using the CCR2RFPWT.CX3CR1°FPWT double-
transgenic reporter mouse demonstrated the presence of 3
CCR2- and/or CX3CR1-expressing cell populations in GL261
tumors (63), and our findings extend this observation to more
clinically relevant murine models of therapy resistant gliomas.
Tumor-associated myeloid (TAM) cell infiltration is an estab-
lished characteristic of GBM and has a known influence on
disease progression, with both resident microglia and bone
marrow-derived infiltrating monocytes potentially exerting tu-
mor growth-promoting activities (35, 40, 43, 45, 46, 63, 64).
Understanding specific roles of the various myeloid cell subsets
in glioma progression will be critical in the development of novel
therapeutics that aim to mitigate their protumorigenic effects.

Studies aimed at targeting microglia have been conducted, as
increased microglial infiltration in gliomas has been associated
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with poorer outcomes in patients. Modulation of the chemokine
receptor characteristically expressed by microglia, CX3CR1, by
our laboratory and others reported modest reductions in survival
time with CX3CR1 deficiency in murine models of glioma (43,
45). An indirect effect of CX3CR1 deficiency on the presence of
MDSC-like monocytes within CNS tumors and an associated
increase of IL1p and the CCR2 ligand, CCL2, has been reported
(43). In this study, we identified a CX3CR1*/Ly6C" that is
present within the glioma that may impact response to treat-
ment, as cells with similar phenotype have been linked to
treatment resistance in response to anti-VEGFR2 inhibitors
(65). Furthermore, Butowski et al. (66) investigated the efficacy
of using a colony-stimulating factor 1 receptor (CSF1R) inhibitor
as a means to modulate microglia within the GBM tumor mi-
croenvironment but found no clinical benefit. This approach of
broadly targeting CSFR1-expressing myeloid populations, which
include microglia, macrophages, mast cells, and osteoclasts, may
limit overall efficacy within the CNS. Additionally, impacting
brain-derived microglia and/or myeloid cells after they gain entry
into the tumor requires drug penetration of the blood-brain
barrier. The approach reported herein may hold value for more
specific intervention by antagonizing only the CCR2-expressing
subpopulation of myeloid cells. Furthermore, retention of MDSCs
in the bone marrow as a consequence of CCR2 disruption does
not require drug penetration of the blood brain barrier.
Disruption of CCR2 not only leads to reduced MDSCs within
tumors but an associated accumulation of these cells in the bone
marrow. A role for CCR2 in mobilization of leukocytes from the
bone marrow has been reported previously (48, 67-69), and the
mechanism likely involves interactions with another chemokine
receptor, CXCR4 (70). The egress of CCR2™ cells from the bone
marrow and influx into the tumors may be mediated by any
known ligand for CCR2. In addition to CCL2, MCP-3 (CCL7)
has been shown to be integral in migration of CCR2* monocytes
out of the bone marrow (48). Expression of CCL2 has been
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Fig. 4. Effect of combinatorial CCX872/anti-PD-1 treatment on survival of
KR158 and 005 GSC glioma-bearing mice. (A) Schematic representation of
CCX872 and anti-PD-1 treatment schedules. Survival analysis of KR158 (n=8
to 10) (B) and 005 GSC (n = 8 to 10) (C) tumor-bearing WT mice treated with
CCX872 and anti-PD-1. In KR158 glioma-bearing mice, CCX872 increased
median survival (P = 0.002, 32 vs. 50 d). Combinatorial treatment increased
durable survival (P = 0.001); 005 GSC-bearing animals had an increase in
median survival (P = 0.005, 30 vs. 49 d) with combinatorial treatment. Tri-
angles mark anti-PD-1 administration. The bracket indicates CCX872 ad-
ministration. *P < 0.05; **P < 0.01.

shown to correlate with survival time in human GBM patients,
with patients who exhibit low CCL2 expression surviving longer
than individuals expressing high levels of this chemokine (40).
This trend was recapitulated in GL261 glioma-bearing mice (47,
63). Considering the heterogeneity in CCL2 expression observed
in human patients, the variation in myeloid cell infiltration and
survival between KR158 and 005 GSC CCR?2 antagonist-treated
gliomas noted in our study may reflect differences in CCR2 li-
gand expression between the 2 models. Nonetheless, given the
redundancy in ligands for CCR2, approaches targeting either
CCL2 or CCL7 individually may not be fruitful (71), warranting
our approach of directly targeting CCR2.

While CCR2 deficiency did not impact overall survival of
KR158 glioma-bearing mice, a CCX872 monotherapy was ob-
served, albeit only in the KR158 model and not in 005 GSC
tumor-bearing animals. Possibilities for this discrepancy include
expression of CCR2 on implanted KR158 cells that would be a
target of CCX872. Availability of highly specific anti-murine
CCR?2 antibodies limited a direct assessment of this potential
mechanism. Compensatory mechanism(s) as a consequence of
global germline loss of CCR2 are known and may not arise
similarly from acute pharmacologic antagonism of this receptor,
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thereby leading to distinct outcomes. Lack of ligand, e.g., CCL2,
internalization has been shown in mice devoid of CCR2, with
concomitant increases in levels of circulating CCL2 (72). Ele-
vated CCL2 may then bind and activate other chemokine re-
ceptors, namely CCR1 or CCR11. Additionally, CCL7 may be
similarly affected and is known to bind CCR1 and CCR3 in
addition to CCR2. These compensatory changes may not
be sufficiently triggered by short-term pharmacologic blockade
of CCR2.

MDSCs have potential for wide-ranging impacts on T cell
activation and proliferation (73). The effects are exerted via an
array of mechanisms including arginase-1/inducible nitric oxide
synthase (Arg-1/iNOS) expression (74, 75), reactive oxygen
species production (76, 77), and recruitment of T-regulatory cells
(78). Studies have suggested that infiltration of MDSCs into the
GBM microenvironment is associated with a reduction in in-
filtrating lymphocytes (35). Additionally, it has been reported
that PD-1 blockade increases tumor T cell infiltration in models
of melanoma and colon cancer via an IFN-y-dependent mech-
anism (79). In the models used herein, CCR2 antagonist mono-
therapy had no impact on intratumoral T cell populations,
while PD-1 blockade alone only marginally increased CD8" T
cells, although not significantly. However, elevated populations
of both CD4* and CD8" T cells within 005 GSC tumors were
observed with combination treatment. The increased T cell
populations may be due to increased infiltration or reduced
T cell death within tumors. Exhaustion has been shown to pro-
mote T cell apoptosis via the PD-1/PD-L1 axis and therefore may
contribute to loss of T cells at the tumor site (80). Using PD-1/
Tim3 double expression on CD4" or CD8* T cells as a marker
for exhaustion (81, 82), we determined that only the combination
therapy was able to reduce the population of exhausted T cells
within the tumor. Given that anti-PD-1 treatment alone did not
enhance survival in either model, and was able to only marginally
increase intratumoral T cell population, these data may suggest
the reduced exhaustion with combination therapy may be driving
improvement in overall survival. Recently published clinical re-
search has suggested that altering the timing of delivery, par-
ticularly as a neoadjuvant intervention, of anti-PD-1 agents
improves efficacy of immune-checkpoint inhibitors for GBM
patients (13, 14). In light of these results, future experiments
should include investigation into the timing of administration of
PD-1 blockade in combination with CCR2 antagonism. For in-
stance, preconditioning the immune-suppressed tumor micro-
environment via neoadjuvant CCR2 antagonism of MDSCs may
further enhance an anti-PD-1 effect on infiltrating lymphocytes,
yielding an even greater survival benefit with this combinatorial
approach.

To summarize, our data show that CCR2 deficiency augments
anti-PD-1 treatment and unmasks a survival advantage in
glioma-bearing mice. These results are recapitulated with CCR2
antagonism in mice bearing either KR158 or 005 GSC murine
glioma models, supporting the hypothesis that CCR2 antago-
nism, when delivered in conjunction with anti-PD-1, may be a
viable approach for the treatment of human gliomas. The use
of anti-PD-1-resistant syngeneic murine models enhances the
translational value of this study as compared to others that have
relied on immune-deficient mice or anti-PD-1-responsive glioma
models. Furthermore, the use of CCX872 (currently in Phase 1b
clinical trials for the treatment of pancreatic cancer [ClinicalTrials.
gov Identifier NCT02345408]), in combination with a clinically
available treatment (PD-1 blockade) would allow for expedited
translation of these preclinical results into early-phase human
clinical trials.

Materials and Methods

Cell Culture. KR158 glioma cells were maintained in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% heat-inactivated fetal bovine
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Fig. 5. Impact of combinatorial CCX872/anti-PD-1 treatment on peripheral and tumor myeloid cell populations. (A) Flow-cytometric analysis of Ly6C* vs.
Ly6G* events in KR158 tumor isolates (Upper) and bone marrow cell populations (Lower) from vehicle-treated (n = 6) and CCX872-treated (n = 6) animals.
Drug treatment resulted in a reduction (P = 0.038) of Ly6Chi events within tumors and an increase (P = 0.028) in bone marrow. (B) Flow-cytometric analysis of
Ly6C* vs. Ly6G* events in 005 GSC tumor isolates (Upper) and bone marrow cell populations (Lower) from vehicle-treated (n = 6) and CCX872-treated (n = 5)
animals. Drug treatment resulted in a reduction (P = 0.015) in LyEiChi events within tumors and an increase (P = 0.028) in bone marrow. (C) Flow-cytometric
analysis of tumor isolates from KR158 tumor-bearing Ccr2®"WT/Cx3cr1SF"WT mice depicting CCR2* vs. CX3CR1* (Upper) and Ly6C™* vs. Ly6G* events (Lower)
from vehicle-treated (n = 5) and CCX872-treated (n = 7) animals. Drug treatment resulted in a significant reduction of CCR2* (P = 0.024) and CCR2*/CX3CR1*
(P =0.032) events. The lower graphs report a reduction (P = 0.004) in Ly6Chi events within tumors. (D) Flow-cytometric analysis of tumor isolates from 005 GSC
tumor-bearing Ccr2RFPWT/Cx3cr1SFPYT mice depicting CCR2* vs. CX3CR1* (Upper) and Ly6C* vs. Ly6G* events (Lower) from vehicle-treated (n = 6) and
CCX872-treated (n = 6) animals. Drug treatment resulted in a reduction of CCR2* (P = 0.003), CX3CR1* (P = 0.003), and CCR2*/CX3CR1* (P = 0.0419) events.
The lower graphs report a reduction (P = 0.020) in Ly6C" events within tumors. Representative plots are shown throughout. *P < 0.05; **P < 0.01.

serum (FBS) and 1% penicillin—streptomycin; 005 GSC glioma cells were injected 3-mm deep into the right cerebral hemisphere. The surgical site was
cultured as neurospheres in serum-free Advanced DMEM/F12 medium sup- closed via suture, and the animal was placed into a warm cage for
plemented with 2 mM L-glutamine, 1% N2 supplement, 2 mg/mL heparin, postsurgical monitoring.
0.5% penicillin-streptomycin, 20 ng/mL recombinant human EGF, and 20 ng/mL
recombinant human FGF-basic. GL261 glioma cells were cultured in Roswell Drug Treatments. CCX872 was delivered for 21 d, beginning on day 7 after
Park Memorial Institute (RPMI)-1640 supplemented with 10% FBS, 4 mM  tumor cell injection, by oral gavage at a dose of 90 mg/kg, twice daily. Animals
L-glutamine, and 1% penicillin-streptomycin. All cells were grown in a also received either anti-PD-1 (catalog no. BE0146, clone RMP1-14; BioXcell)
humidified incubator at 37 °C with 5% CO,. DMEM, Advanced DMEM/F12,  or nonimmune IgG (catalog no. BE0089, clone 2A; BioXcell) treatment in-
N2 supplement, EGF, bFGF, L-glutamine, and antibiotics were obtained from jected intraperitoneally alone or in combination with CCX872, every third day
Gibco-BRL (Invitrogen). Heparin was purchased from Sigma-Aldrich. FBS was beginning on 7 d after implantation, for a total of 5 doses (loading dose of
from HyClone (Thermo Scientific). 500 pug/100 pL, followed by 4 doses of 200 1g/100 pL). A control group of mice
was treated in parallel to drug administration with vehicle and/or non-
Animals. WT C57BL/6, Ccr2-deficient (Ccr2RFPRFP[B6.129(Cg)-Ccr2t™2¢/)]),  immune IgG. The number of mice used in each treated group is indicated
and Cx3cr1-deficient (Cx3cr1SFSFP[B6,129P-Cx3cr 1™ 'H%/)]) mice were obtained ~ within the figure legends.
from The Jackson Laboratory. IFNy reporter mice (GREAT) were from The
Jackson Laboratory. Ccr2RFPWT/Cx3cr19FPWT mice (double knock-in) were  Kaplan-Meier Analysis for Survival. For Kaplan-Meier survival analysis, per-
generated via in-house breeding. All procedures involving animal housing centages of surviving mice in the various groups were recorded daily after
and surgical protocols were followed according to the guidelines of the  either KR158 or 005 GSC glioma cell implantation, until end point or 100 to
University of Florida Institutional Animal Care and Use Committee. 120 d, at which time, all remaining animals were euthanized. Humane end
point was defined by a lack of physical activity, body weight reduction
Intracranial Injection of GBM Cells. Animals were anesthetized using isoflurane >15%, loss of righting response, body score <2, onset of seizures, or signs of
and administered analgesia prior to cell injection. While under anesthesia, pain/distress. Log-rank test was used to determine significance between the
the surgical site was prepared, a 2- to 3-mm incision was made at the midline experimental groups.
of the skull, and a small burr hole was drilled 1-mm posterior and 2-mm lateral
from bregma. KR158 glioma (7.5 x 10%), 005 GSC glioma cells (5 x 10%), or Bone Marrow Imaging. Mice were euthanized, after which, femurs were
GL261 glioma cells (0.75 to 1 x 10°) in a total volume not exceeding 2 pL were removed and fixed in 4% paraformaldehyde (PFA) at 4 °C for 3 d with
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Fig. 6. Impact of combinatorial CCX872/anti-PD-1 treatment on CD4* and CD8" T cells. (A) Flow-cytometric analysis of CD45%/CD3*/CD4* and CD8"
events within tumor extracts from vehicle/lgG-treated (n = 7), CCX872/IgG-treated (n = 4), vehicle/anti-PD-1-treated (n = 6), or CCX872/anti-PD-1-treated
(n = 4) 005 GSC glioma-bearing mice. The population of CD45*/CD3*/CD4* cells (upper square) was significantly increased (P = 0.044) with combination
CCX872/anti-PD-1 treatment as compared to vehicle/IgG, while the CD45*/CD3*/CD8* population (lower square) trended toward increase (P = 0.056)
between the same groups. (B) Flow-cytometric analysis of side scatter (SSC) vs. CD45*/CD3*/IFNy* events (denoted by square) within tumor extracts from
vehicle/IgG-treated (n = 7), CCX872/IgG-treated (n = 4), vehicle/anti-PD-1-treated (n = 5), or CCX872/anti-PD-1-treated (n = 6) 005 GSC glioma-bearing
mice. The population of CD45"/CD3*/IFNy* cells was significantly increased (P = 0.008) with combination CCX872/anti-PD-1 treatment as compared to
vehicle/IgG. (C and D) Flow-cytometric analysis of CD45%/CD3*/PD-1*/Tim3*/CD4" (C) and CD8™" (D) events within tumor extracts from vehicle/lgG-treated
(n =7), CCX872/IgG-treated (n = 4), vehicle/anti-PD-1-treated (n = 6), or CCX872/anti-PD-1-treated (n = 4) 005 GSC glioma-bearing mice. The population
of CD45%/CD3*/PD-1*/Tim3*/CD4* cells (circled population) was significantly decreased (P = 0.029) with combination CCX872/anti-PD-1 treatment as
compared to vehicle/IgG. The population of CD45*/CD3*/PD-1*/Tim3*/CD8" cells (circled population) also decreased (P = 0.011) between the same
groups. Representative plots are shown throughout. *P < 0.05; **P < 0.01.

constant agitation. Following fixation, femurs were decalcified using 14%
ethylenediaminetetraacetic acid (EDTA)/9% ammonium hydroxide (wt/vol;
pH 7.1) decalcifying solution at 4 °C for 3 d with constant agitation,
changing solution every 24 h. Bones were then washed in PBS for 2 h and
then soaked in 30% sucrose at 4 °C overnight with constant agitation. Bones
were then embedded in optimal cutting temperature medium, sectioned,
and analyzed by fluorescent microscopy.

Immunohistochemistry. For immunohistochemistry, brain sections from
Ccr2RFPWT and Ccr2RFPRFP mice were first permeabilized with 0.5% Triton
X-100 for 15 min at room temperature, followed by heating slides (immersed
in a boiling water bath for 25 min) in a buffer containing 10 mM sodium
citrate, 0.05% Tween 20, pH 6.0. Slides were then cooled to room temper-
ature for 20 min, washed with PBS 3 times, and blocked with 10% goat
serum in PBS for 30 min. The sections were incubated in primary antibodies
at 4 °C overnight. Antibodies used are listed in S/ Appendix, Table S1. The
following day, sections were washed 3 times with PBS and incubated sub-
sequently in goat anti-rat Alexa 594 (dilution 1:1,000; BD Pharmingen). The
sections were then washed 3 times with PBS, counterstained with 4’,6-
diamidino-2-phenylindole, and imaged by fluorescent microscopy.

Flow Cytometry. Mice were euthanized using CO, asphyxiation at experi-
mental end point. Following euthanasia, the spleen and femur were re-
moved and placed in PBS. The animal was subsequently perfused with 0.9%
saline via cardiac puncture, and the brain removed. Bone marrow was
extracted by flushing with PBS using a 25-gauge needle. Splenocytes were
liberated by fracturing the organ capsule between glass slides and rinsing with
fluorescence-activated cell-sorter washing buffer (PBS and 1% FBS) (FACS),
followed by needle puncture with an 18-gauge needle. Splenocytes were then
collected by centrifugation (4 °C, 380 x g, 5 min), resuspended in FACS, and
passed through a 50-um cell strainer. Splenocytes and bone marrow samples
were then centrifuged (4 °C, 380 x g, 5 min), resuspended in ACK lysis buffer
(Gibco, Invitrogen), and incubated for 1.5 min at room temperature
(Splenocytes) or 10 min (bone marrow) at 4 °C. At the end of incubation, lysis
was halted using 9 mL of FACS buffer. Cells were then centrifuged (4 °C,
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380 x g, 5 min), resuspended in PBS, and collected in 1.5-mL microcentrifuge
tubes. Tumors were then excised from brains and minced using a razor
blade. Tissue was suspended in 4 °C Accumax dissociation solution (In-
novative Cell Technologies) and incubated at 37 °C for 5 min, followed by
5 min of agitation at room temperature. Cells were then passed through a
70-um strainer, centrifuged (4 °C, 380 x g, 5 min), and resuspended in 4 mL
of 70% Percoll (70% Percoll and 1% PBS in RPMI-1640 cell medium). This
cell suspension was then gently layered beneath a 37% Percoll layer (4 mL,
37% Percoll and 1% PBS in RPMI-1640 cell medium) using an 18-gauge
needle and centrifuged (30 min, room temperature, 500 x g), and the
interface was removed and placed into a 1.5-mL microcentrifuge tube. All
cells were then washed with ice-cold PBS, counted by trypan blue exclu-
sion, aliquoted to 1 x 10° cells/100 pL, and blocked using 0.5-ug anti-mouse
CD16/32 (101320; Biolegend) for 30 min at 4 °C. Subsequently, cells were
stained for markers of interest (see S/ Appendix, Table S1 for antibodies
used) for 30 min at 4 °C. Cells were then washed twice in ice-cold PBS and
either fixed in 4% PFA for 30 min and resuspended in FACS buffer or left
unfixed if isolated from reporter mice. Intracellular staining of FoxP3 was
carried out according to manufacturer instructions using the eBioscience
FOXP3/Transcription Factor Staining Buffer Set (no. 00-5523-00; Invi-
trogen). Stained samples were analyzed using single-color compensa-
tion on either a BD LSR Fortessa flow cytometer (BD Biosciences) or a Sony
SP6800 spectral analyzer and quantified using FCS Express software (De
Novo Software).

Statistical Analysis. Student t test was performed in SigmaPlot (SigmaPlot) as
indicated in the results. P values were calculated using Student t test with
2-tailed distribution. Survival data were subjected to log-rank test using
GraphPad Prism 5 software (GraphPad Software) to determine statistically
significant differences between groups. A P value of <0.05 was considered
significant and is indicated by symbols depicted in the figures and figure
legends.

Data Availability. All data are included in the main text and S/ Appendix.
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