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Survival of glioma (GBM) patients treated with the current
standard of care remains dismal. Immunotherapeutic ap-
proaches that harness the cytotoxic and memory potential of
the host immune system have shown great benefit in other
cancers. GBMs have developed multiple strategies, including
the accumulation of myeloid-derived suppressor cells (MDSCs)
to induce immunosuppression. It is therefore imperative to
develop multipronged approaches when aiming to generate a
robust anti-tumor immune response. Herein, we tested
whether combining MDSC depletion or checkpoint blockade
would augment the efficacy of immune-stimulatory herpes sim-
plex type-I thymidine kinase (TK) plus Fms-like tyrosine kinase
ligand (Flt3L)-mediated immune stimulatory gene therapy.
Our results show that MDSCs constitute >40% of the tumor-
infiltrating immune cells. These cells express IL-4Ra, inducible
nitric oxide synthase (iNOS), arginase, programmed death
ligand 1 (PDL1), and CD80, molecules that are critically
involved in antigen-specific T cell suppression. Depletion of
MDSCs strongly enhanced the TK/Flt3L gene therapy-induced
tumor-specific CD8 T cell response, which lead to increased
median survival and percentage of long-term survivors. Also,
combining PDL1 or CTLA-4 immune checkpoint blockade
greatly improved the efficacy of TK/Flt3L gene therapy. Our
results, therefore, indicate that blocking MDSC-mediated
immunosuppression holds great promise for increasing the
efficacy of gene therapy-mediated immunotherapies for GBM.
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INTRODUCTION
Malignant brain tumors (gliomas [GBMs]) are highly aggressive and
immunosuppressive cancers.1–5 Despite implementing the current
standard of care, which includes resection followed by radiotherapy
and chemotherapy with temozolomide, GBMs still carry a dismal
median survival of 14.2 months.5,6 Robust and durable clinical bene-
fits of immunotherapeutic strategies in tumors such as melanoma,
prostate cancer, and leukemia have been achieved, and this has
driven research efforts into developing a variety of immunothera-
peutic strategies for GBMs.2,7–12
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While, traditionally, it was accepted that the CNS was an immune-
privileged organ, recent research has challenged that dogma.4 The
evidence for permeability of the blood-brain barrier (BBB) under con-
ditions of inflammation and tumor growth, such as in GBMs, the
presence of lymphatic drainage, and the antigen-presenting ability
of microglial cells reveals a more dynamic interaction of the central
nervous system (CNS) with the systemic immune system.13–16 Arm-
ing the immune system to mount a robust anti-tumor response is an
attractive therapeutic approach, since the cytotoxic and memory
responses of its effector cell populations can be specifically targeted
to the tumor cells in the brain parenchyma.

Aiming to harness the power of immune stimulatory approaches
to implement more effective treatments for GBMs, we developed
a combined conditionally cytotoxic immune stimulatory gene
therapy strategy for GBMs that is currently being tested in a phase
I clinical trial at our institution (https://clinicaltrials.gov; identi-
fier: NCT01811992).17–20 The gene therapy approach entails using
adenoviruses (Ads) encoding herpes simplex virus type-I thymi-
dine kinase (Ad-TK) and Fms-like tyrosine kinase 3 ligand
(Flt3L), which are injected into the tumor followed by ganciclovir
(GCV) administration. Thymidine kinase converts GCV to its
active metabolite, which leads to tumor cell lysis, with concomitant
release of tumor antigens and damage-associated molecular pattern
molecules, i.e., HMGB1.18,19,21,22 Flt3L mediates dendritic cell
(DC) recruitment and expansion into the tumor microenviron-
ment (TME). The DCs pick up the tumor antigen, traffic it to
the draining lymph nodes, and prime a robust anti-tumor cyto-
toxic and memory T cell response, leading to tumor regression
and long-term survival.18,19
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Gliomas have been shown to employ a variety of mechanisms to sup-
press the immune system, such as downregulation of MHC class I
molecules, production of transforming growth factor-b (TGF-b),
vascular endothelial growth factor (VEGF), prostaglandin E2, and
IL-10, expression of ligands of checkpoint receptors, such as PD-1,
and accumulation of immunosuppressive cells, such as myeloid-
derived suppressor cells (MDSCs), regulatory T cells (Tregs), and
tumor-associated macrophages (TAMs).23–30 It has been previously
shown in human samples and experimental GBM models that
MDSCs are powerful inhibitors of anti-tumor immune responses.30,31

Through a variety of mechanisms that inhibit T cell activation and
expansion, including the production of arginase and inducible nitric
oxide synthase (iNOS), reactive oxygen species and/or reactive
nitrogen species (ROS and/or RNS), release of IL-10, expansion of
regulatory T cells (Tregs), and inhibition of T cell migration, MDSCs
have been shown to promote immunosuppression and tumor pro-
gression.32–36 Targeting specific mechanisms of immune suppression
are critical to increasing the effectiveness of immunotherapies. Here-
in, we aimed to test the hypothesis that MDSCs accumulate in the
GBM TME and inhibit tumor-specific immunity. Thus, we hy-
pothesized that blocking MDSC accumulation in the GBM TME
would enhance the TK/Flt3L-induced anti-tumor T cell immunity.
Also, expression of checkpoint receptor ligands by glioma cells
and tumor-infiltrating MDSCs, such as programmed death ligand-1
and CD80, restrict the priming and activation of anti-GBM T cell
responses.37 A combinatorial approach aiming to activate anti-
GBM immunity and abolish immunosuppressive cells and immune
checkpoints would thus provide a powerful therapeutic strategy
against GBMs. We therefore tested the impact on the therapeutic
efficacy and long-term survival of combining MDSC depletion or
programmed death ligand 1 (PDL1) or CTLA-4 blockade with the
TK/Flt3L gene therapy. Our data show that GBMs induce the accu-
mulation of massive quantities (40%–80% of the tumor-infiltrating
immune cell population) of immunosuppressive MDSCs within the
TME and that blocking MDSC accumulation or abolishing MDSC-
mediated immune suppression through PDL1 or CTLA-4 blockade
greatly augments the efficacy of immune-stimulatory gene therapy.
These combination strategies lead to enhanced CD8 T cell re-
sponses, improved median survival, and an increased percentage of
long-term survivors. Thus, our results provide evidence supporting
the development of combination immune-stimulatory strategies
aimed at overcoming GBM-induced immune suppression and the
use of checkpoint inhibitors in GBMs. Since the TK/Flt3L gene
Figure 1. GBM Induces MDSC Expansion in Bone Marrow Culture In Vitro and
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therapy is already in clinical trials (https://clinicaltrials.gov; Iden-
tifier: NCT01811992) and clinical-grade reagents for checkpoint
blockade inhibitors are readily available, translating this combina-
torial approach from bench to bedside should be possible in the
near future.

RESULTS
GBMs Induce MDSC Expansion in Bone Marrow Culture In Vitro

and in the GBM TME In Vivo

Various preclinical studies have demonstrated that immunothera-
peutic strategies, such as gene therapy,38 passive immunotherapy,39

adoptive T cell transfer with T cells activated against tumor antigens,
or chimeric antigen receptor (CAR)-engineered T cells,40–42 can be
successful in animal models of GBM. However, glioma cells utilize
a variety of mechanisms to escape from the anti-tumor immune
response, such as the downregulation of MHC class I molecules,
production of TGF-b, VEGF, prostaglandin E2, and IL-10, and accu-
mulation of immunosuppressive cells, such as MDSCs, regulatory
T cells (Tregs), and tumor-associated macrophages (TAMs).32,33

MDSC accumulation has been associated with tumor burden, meta-
static stage, and diminished overall survival in a range of tumor types,
and expansion of circulating MDSCs has been observed in glioma pa-
tients.30,31,43 Therefore, we set out to assess if secreted factors by GBM
cells in culture could induce the expansion of immature myeloid cells
from bone marrow cultures (BMCs) in vitro. When we cultured bone
marrow cells with GBM cell culture supernatant, a 1.4-fold expansion
of MDSCs was observed (p < 0.01, Figure 1A). To study the impact of
MDSCs on anti-GBM immunity, we examined the myeloid cell
compartment in a syngeneic GL26GBMmodel in immunocompetent
C57BL/6 mice (Figure 1). TME-infiltrating immune cells were iden-
tified as CD45high cells; MDSCs were identified as CD11b+/Gr 1+ cells
within CD45high cells. Strikingly, 40% of the CD45high cells in the
GBM TME were composed of CD11b+/Gr 1+ MDSCs (Figure 1B).
MDSCs were further identified as granulocytic (Gr-1high) or mono-
cytic (Gr-1low) MDSCs. H&E staining of cytospin preparation of
MDSCs purified from GL26 tumor showed the characteristic poly-
morphonuclear and monocytic nuclear shapes for Gr-1high and
Gr-1low cells (Figure 1B). GL26 tumors showed similar levels of the
Gr-1high and Gr-1low lineages (Figure 1B). To advance our under-
standing about their lineage commitment and immunosuppressive
potential, we used the pan macrophage (F4/80) and pan DC
(CD11c) markers. Based on the expression of F4/80 and CD11c,
we identified four distinct populations of myeloid cells within the
in the GBM TME In Vivo

6 GBM cells. MDSC expansion was analyzed on day 6 of the culture. MDSCs were

nt’s t test, and mean ± SEM are shown. (B–E) MDSCs were examined in the TME,

BS in the same stereotactic coordinates and euthanized at day 30 post implantation

for the proportions of Gr-1high (Ly6G+, Ly6Clow) and Gr-1low (Ly6G�, Ly6Chigh) cells.

the TME. (C) CD11b+, Gr-1+ cells were further differentiated on the basis of F4/80

(DP) cells. (D and E) MDSC expansion in the spleen (D) and blood (E) was analyzed

phs show the data combined from 4–5 animals per group. Mean ± SEM are shown.

-1low cells, data were analyzed using one-way ANOVA, followed by Tukey’s test for

https://clinicaltrials.gov


www.moleculartherapy.org
CD11b+/Gr-1+ population (Figure 1C): cells that expressed only
CD11c (CD11c+ cells), cells that expressed only F4/80 (F4/80+ cells),
cells that expressed both CD11c and F4/80 (DP), and cells that did not
express either CD11c or F4/80. The greatest expansion of DP cells was
seen in GL26 tumors (Figure 1C). Interestingly we also observed a
3.2-fold expansion of MDSCs in the spleens of moribund GL26
tumor-bearing mice, suggesting the occurrence of extramedullary
hematopoiesis compared to wild-type (WT) mice (p < 0.01; Fig-
ure 1D). No significant expansion of circulatingMDSCs was observed
in GL26 tumor-bearing mice (Figure 1E).

To test whether MDSC expansion was a universal phenomenon
across several GBM models, we also analyzed MDSC expansion in
M7 and OL61 neurosphere-induced GBM models. M7 and OL61
neurospheres were derived from sleeping beauty transposase sys-
tem-induced tumors in wild-type mice.44,45 While M7 tumors were
generated using NRASG12V and SV40-large T antigen plasmids,
OL61 tumors contained NRASG12V, short hairpin (sh)-targeting
p53, and platelet-derived growth factor b (PDGFb) overexpression.44

Almost 80% of the CD45high compartment was comprised of MDSCs
(Figure S1A). The proportion of Gr-1low cells inM7 and OL61 tumors
was 1.3-fold (p < 0.05) and 1.4-fold (p < 0.01) higher than that of the
Gr-1high cells (Figure S1A). F4/80+ cells were the dominant myeloid
population in M7 tumors (48% of the CD11b+/Gr-1+ population),
while the CD11c+ population was observed to be highest in OL61 tu-
mors (12% of the CD11b+/Gr-1+ population; Figure S1B). In contrast,
no expansion of splenic MDSCs was seen in M7 and OL61 spleens
(Figure S1C). Circulating MDSCs were expanded in OL61 tumor-
bearing mice (Figure S1D).

Thus, MDSCs constitute the dominant population of the TME-infil-
trating immune cells in a variety of GBM models; this myeloid cell
compartment was composed of highly heterogeneous lineages whose
expansion is potentially influenced by the distinct tumor microenvi-
ronments of three GBM models tested.

TME-Infiltrating MDSCs Express T Cell-Immunosuppressive

Molecules, Such as IL-4Ra, Arginase, and iNOS

Signaling through IL-4Ra has been shown to activate STAT1, STAT3,
and STAT6 transcription factors, which regulates the production of
TGF-b, arginase, and ROS and/or RNS.46 IL-4Ra expressing myeloid
cell expansion has been observed in cancer patients. Furthermore,
SNPs in IL-4Ra gene are associated with better survival in GBM
patients.47 GL26 cells andM7 andOL61 neurospheres do not produce
interleukin 4 (IL-4) (Figure S2), and the most likely source of IL-4 is
CD4 T cells, mast cells, or TME-infiltrating eosinophils.48 Arginase
and iNOS metabolize arginine and deplete it from the extracellular
environment, thereby interfering with the expression of the CD3z
chain and preventing the upregulation of cell-cycle regulators cyclin
D3 and cdk4, thus inhibiting T cell proliferation (Figure 2A).34 There-
fore, we examined the expression of IL-4Ra on splenic and TME-
infiltrating MDSCs. GL26 TME-MDSCs showed a 12-fold increase
(p < 0.001) in IL-4Ra expression compared to splenic myeloid cells
(Figure 2B). We then assessed the expression of iNOS and arginase
on CD11b+, Gr-1+ MDSCs from the spleen and the TME of the
various GBM models. GL26 TME-MDSCs showed a 6.5-fold (p <
0.001) increase in arginase expression compared to splenic MDSCs
(Figure 2C). A small induction in iNOS expression was observed in
GL26 TME-MDSCs (p < 0.05, Figure 2C). An increase in IL-4Ra
expression was also observed in TME-MDSCs from M7 and OL61
models compared to the corresponding splenic MDSCs (p < 0.001,
Figure S3A). M7 and OL61 TME-derived MDSCs showed a 14-fold
(p < 0.01) and 3.5-fold (p < 0.01) induction in arginase expression
compared to corresponding splenic-MDSCs (Figure S3B). M7
TME-MDSCs showed the greatest increase in iNOS by 14.2-fold
(p < 0.001), while no increase in iNOS expression on TME-MDSCs
from OL61 models was observed (Figure S3B). Overall, GBM TME-
infiltrating MDSCs expressed high levels of molecules involved in
eliciting T cell suppression, and we next tested the immunosuppres-
sive potential of the GBM TME-infiltrating and splenic MDSCs.

The Glioma Microenvironment Determines Myeloid Cell-

Mediated Immunosuppression

MDSCs from the TME and the spleen were observed to be phenotyp-
ically distinct with regard to the expression of key immunosuppressive
enzymes, such as iNOS and arginase, suggesting that TME-MDSCs
may be distinct from the splenic MDSCs with regard to inducing
T cell suppression. We next examined how the expression of these
enzymes would relate with the T cell-suppressive potential of TME-
infiltrating or splenic MDSCs. To do this, MDSCs purified from the
TME or the spleens of GL26 tumor-bearing animals were cultured
with 5-(and 6)-carboxyfluorescein diacetate succinimidyl ester
(CFSE)-labeled OT-1 splenocytes that were then stimulated with the
cognate peptide SIINFEKL (Figure 3A). T cells from the OT-1 mice
are engineered to recognize the SIINFEKL peptide, and almost
100% of the T cells underwent cell division in response to SIINFEKL
stimulation (Figure 3B). When Gr-1high or Gr-1low CD11b+ MDSCs
from the TME of GL26 tumors were added to the culture, the percent-
age of T cells that proliferated in response to the peptidewas reduced to
�40% (p < 0.001; Figure 3B). Gr-1low cells weremore effective at inhib-
iting antigen-specificT cell proliferation compared toGr-1high cells and
at ratios of two or four T cells to one Gr-1lowMDSC, only 30%–40% of
T cells underwent proliferation (p < 0.005; Figure 3B). Also, in accor-
dance with our data regarding the phenotypic distinction with regard
to IL-4Ra, arginase, and iNOS expression between the TME-derived
and splenicMDSCs, we did not see any effect of splenicMDSCs on an-
tigen-specific T cell proliferation (Figure 3B). Furthermore, MDSCs
isolated from spleens and bone marrow from WT mice also did not
inhibit T cell proliferation in response to antigen stimulation (Fig-
ure 3C), suggesting that, while present in WT animals, the CD11b+,
Gr-1+ cells are progenitors of myeloid lineages that lack immuno-
suppressive potential and that tumors have the ability to skew these
immature myeloid cells to an immunosuppressive phenotype.

Depletion of MDSCs Enhances the Efficacy of Conditionally

Cytotoxic Immune-Stimulatory Gene Therapy

Our data showed that the GBM TME was infiltrated with
massive quantities of MDSCs, which can exert powerful tumor
Molecular Therapy Vol. 25 No 1 January 2017 235
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Figure 2. TME-Infiltrating MDSCs Express T Cell Immunosuppressive Molecules, Such as IL-4Ra, Arginase, and iNOS

(A) Model depicting how signaling through IL-4Ra can induce arginase expression. Arginase and iNOS metabolize arginine and deplete it from the extracellular environment,

thus creating a deficiency of this amino acid for T cells. (B and C) Surface expression of IL-4Ra (B) and intracellular levels of arginase and iNOS (C) on tumor-infiltrating and

splenic CD11b+/Gr-1+ MDSCs from GL26 tumor-bearing mice was determined by flow staining at moribund stage. In (B) and (C), the dot plots show the gating for CD11b+/

Gr-1+ cells from GL26 spleen and tumor. The gray-shaded histograms represent staining for the corresponding marker on splenic MDSCs, while the thick black line shows

the staining pattern onMDSCs from the tumor. The black-dashed and -dotted lines show staining for isotype controls on splenic and tumor MDSCs, respectively. Bar graphs

show the geometric MFI values for IL-4Ra, arginase, and iNOS on splenic and TME-derived MDSCs normalized to MFI for isotype stains. 4–5 tumor-bearing animals were

analyzed in each group. Data were analyzed using paired Student’s t test. Mean ± SEM are indicated. *p < 0.05; ****p < 0.001.
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antigen-specific T cell suppression. Thus, we wished to test the hy-
pothesis that, by depleting MDSCs, it would be possible to enhance
the efficacy of immunotherapies. We previously developed a condi-
tionally cytotoxic (TK+GCV)-immune stimulatory (FLT3L) gene
236 Molecular Therapy Vol. 25 No 1 January 2017
therapy approach that is currently being tested in a phase I clin-
ical trial at our institution (https://clinicaltrials.gov; Identifier:
NCT01811992).18–21 The success of this gene therapy approach relies
on the generation of a robust anti-GBM cytotoxic and memory T cell
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response; thus, we wished to assess whether the presence of such large
numbers of immunosuppressive MDSCs would interfere with the
anti-GBM T cell response induced by the gene therapy. If our hy-
pothesis was correct, then the efficacy of the gene therapy would
be enhanced after depleting MDSCs. To this end, we made use of
Gr-1-depleting antibody.49,50 The effect of MDSC depletion was
examined in combination with immune-stimulatory TK/Flt3L gene
therapy in the GL26 model harboring the surrogate tumor antigen,
ovalbumin (OVA), which allowed us to monitor the generation of
tumor-specific T cells using the H2Kb-tetramer. Gr-1 antibody
administration resulted in the depletion of CD11b+/Gr-1+ cells
from the tumor, spleen, and blood of GL26 tumor-bearing animals;
no effect was observed on the frequency of F4/80+ or CD11c+ cells
(Figure 4A). Administration of TK/Flt3L gene therapy to GL26
tumor-bearing mice induced a 4-fold increase in the percentage of
TME-infiltrating CD11c+ DCs (p < 0.05 for saline + Rat immunoglob-
ulin G [IgG] versus TF + Rat IgG; Figure S4). Additionally, combina-
tion of Gr-1-depleting antibody with TK/Flt3L gene therapy did not
have any effect on the infiltration of CD11c+ DCs to the TME (p >
0.05 for TF + Rat IgG versus TF + Gr-1 depletion; Figure S4). The
depletion efficacy was sustained for approximately 4 days, after which
the MDSCs reappeared in the spleen and circulation. Gr-1-depleting
antibody was administered such that the depletion of MDSCs would
coincide with the peak of TK/Flt3L-induced T cell response, which
previous studies from our lab have shown to occur at 7 days post
immune-mediated gene therapy (Figure 4B).18,20 Administration of
Gr-1-depleting antibody to mice bearing GL26-OVA tumors did
not confer any survival benefit (p > 0.05 for saline + isotype control,
median survival [MS] = 32 days versus saline + Gr-1 antibody, MS =
35 days; Figure 4C). Gr-1 antibody administration to TK/Flt3L-
treated GL26-OVA tumor-bearing mice significantly enhanced the
efficacy of the gene therapy. While 50% of the TK/Flt3L-treated
GL26-OVA tumor-bearing animals were alive at 55 days post tumor
implantation, 77% of the TK/Flt3L + Gr-1 depletion-treated animals
survived long term (Figure 4C). Of note, starting the administration
of the Gr-1-depleting antibody to GL26 tumor-bearing animals at
11 days post tumor implantation did increase the median survival
time, indicating that early intervention with the Gr-1-depleting anti-
body as a single agent to deplete MDSCs can provide survival benefit
(p < 0.01 for isotype control, MS = 31 days versus Gr-1 antibody,
MS = 37 days; Figure S5). The effect of MDSC depletion was also
tested in mice bearing tumors generated with the parental GL26
cells in the absence of the strong surrogate antigen OVA. Gr-1 anti-
body administration to TK/Flt3L-treated GL26 tumor-bearing mice
significantly enhanced the efficacy of the gene therapy. While 40%
Figure 3. GBM TME-Infiltrating MDSCs Elicit Inhibition of Antigen-Specific T C

(A) Diagram depicting the experimental design to analyze the immunosuppressive poten

spleens of moribund GL26 tumor-bearing mice (B) or the spleen and bone marrow (B

transgenic mice. Cultures were stimulated with 100 nMSIINFEKL peptide for 4 days, afte

CFSE stains from unstimulated splenocytes (T only), splenocytes undergoing rapid prolif

proliferation in the presence of MDSCs from the TME, spleen, or BM. Numbers in pare

together from 2–3 experiments. Tumors and spleens from 3–5 mice were pooled toget

cells. Mean ± SEM are indicated. Data were analyzed using one-way ANOVA, followed
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of the TK/Flt3L-treated GL26 tumor-bearing animals were alive at
50 days post tumor implantation, 80% of the TK/Flt3L+Gr-1 deple-
tion-treated animals survived long term (p < 0.005 for TF + isotype
control, MS = 41 days versus TF + Gr-1 antibody, MS = not yet
reached; Figure 4D). We also tested the efficacy of combining
MDSC depletion with TK/Flt3L gene therapy in the highly aggressive
OL61 model. Administration of TK/Flt3L gene therapy increased the
median survival of OL61 tumor-bearing mice to 22 days. Addition of
the MDSC-depletion antibody further enhanced the median survival
to 28 days (p < 0.05 for saline versus TF +MDSCdepletion; Figure S6).
Our data therefore clearly showed that the efficacy of anti-GBM im-
mune-gene therapy is strongly impacted by the presence of MDSCs
and that strategies that are aimed at blocking the expansion or activa-
tion of MDSCs are an important adjuvant to immunotherapeutic
strategies that can significantly prolong progression-free survival.

Depletion of MDSCs Enhances the TK/Flt3L-Induced Anti-GBM

CD8 T Cell Response

The TK/Flt3L gene therapy induces a vigorous anti-tumor cytotoxic
and memory T cell response. GBM-infiltrating MDSCs inhibit
T cell proliferation and, given that the efficacy of the immune-stimu-
latory gene therapy was enhanced by Gr-1 depletion in the GL26
GBM model, we examined the impact of MDSC depletion on the
quantity and quality of anti-tumor T cell response in this experi-
mental paradigm (Figure 5A). Using OVA-expressing GBM cells,
we were able to quantify tumor-specific CD8 T cells by making use
of the SIINFEKL-H2Kb tetramer. Our data showed an �3-fold in-
crease in the frequency of tumor-specific CD8 T cells in the TME after
the administration of the TK/Flt3L gene therapy; this was further
increased �1.3-fold (p < 0.05) in the presence of MDSC depletion
(Figure 5B). The percentage of total TME-infiltrating CD3, CD4, or
CD8 T cells was not changed by Gr-1 depletion, indicating the impact
of MDSCs on tumor-antigen-specific T cells only (Figure S7A). To
test the impact of MDSC depletion on the cytotoxicity of CD8
T cells in the TME, we stained the CD8 T cells for granzyme B
(Gzb). TK/Flt3L gene therapy resulted in a 2-fold increase in the fre-
quency of Gzb+ CD8 T cells compared to saline-treated animals. This
was further enhanced in the presence of MDSC depletion by 1.2-fold
(p < 0.05; Figure 5C). No difference in the tumor-specific CD8 T cell
frequency or Gzb release was observed after MDSC depletion in
the absence of TK/Flt3L gene therapy, indicating that absence of
MDSCs augments the TK/Flt3L-induced anti-tumor CD8 T cell
cytotoxic response (Figures 5B and 5C). While the frequency of
interferon (IFN)g+ T cells in the TME was not changed by the com-
bination of MDSC depletion with TK/Flt3L gene therapy (Figure 5D),
ell Expansion

tial of myeloid cells. (B and C) Gr-1high and Gr-1low MDSCs purified from the TME and

M) of WT mice (C) were cultured with CFSE-labeled splenocytes from Rag2/OT-1

r which proliferation was analyzed by flow cytometry. Flow plots show representative

eration in response to SIINFEKL (T + pep), and the effect on SIINFEKL-induced T cell

ntheses indicate the ratio of splenocytes to MDSCs. Graphs show data combined

her for each experiment to obtain sufficient number of Gr-1high and Gr-1low myeloid

by Tukey’s multiple comparisons. ***p < 0.005; ****p < 0.001.



Figure 4. Depletion of Gr-1+ Myeloid Cells Enhances the Efficacy of Immune-Stimulatory Gene Therapy

(A) GL26 tumor-bearing animals were administered the Gr-1 depletion antibody twice (at 14 and 18 dpi) and analyzed for tumor-infiltrating, splenic, and circulatingMDSCs by

flow cytometry at 21 dpi. The percent of CD11b+/Gr-1+, F4/80+ and CD11c+ within the CD45+ cells in the tumor, spleen, and blood were compared between the isotype and

Gr-1 depletion group. (B) Schematic showing experimental paradigm of MDSC depletion with TK/Flt3L gene therapy. Mice with GL26-OVA tumors or GL26 tumors were

(legend continued on next page)
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tumor-specific T cell IFNg release by splenic CD8+ T cells was
enhanced by 2-fold (p < 0.01) in the presence of MDSC depletion
(Figure 5E). Likewise, we observed a 1.5-fold (p < 0.05) increase in
the percentage of splenic IFNg+ CD8+ T cells in the wild-type
GL26 tumor-bearing mice treated with MDSC depletion in combi-
nation with TK/Flt3L gene therapy (Figure S8). Thus, our data
demonstrate that, by combining MDSC depletion with TK/Flt3L im-
mune-stimulatory gene therapy, we can strongly boost the quantity
and quality of TK/Flt3L-induced anti-GBM T cell response, leading
to an increase in median survival and the percentage of long-term
survivors.

Immunosuppressive Checkpoint Blockade Enhances the

Efficacy of TK/Flt3L Immune-Mediate Gene Therapy

Immunosuppressive checkpoints, such as CTLA-4 and PD-1, nega-
tively regulate T cell activation.37 CTLA-4 competes with CD28 in
binding with great affinity to CD80 and CD86 and therefore interferes
with the priming and expansion of T cells (Figure 6A). PD-1 binds to
PDL1 and PDL2 and leads to T cell apoptosis and inhibition of
effector functions. Circulating monocytes from GBM patients express
high levels of PDL1 (Figure 6A).23,51 Since our data showed that
MDSC depletion enhanced the quantity and quality of anti-GBM
T cell response, we assessed whether MDSCs from GBM-bearing
mice expressed the ligands for CTLA-4 and PD-1. We analyzed the
expression of PDL1 and CD80 on tumor-infiltrating and splenic
MDSCs. Our data show that PDL1 was expressed on splenic MDSCs
from the GL26 GBM model; its expression was strongly enhanced
12-fold (p < 0.001) on MDSCs from the GL26 TME (Figure 6B).
CD80 expression was induced 32-fold (p < 0.001) on MDSCs from
GL26 TME compared to the splenic MDSCs (Figure 6C). PDL1
and CD80 expression was also enhanced on TME MDSCs from the
M7 and OL61 GBM model (Figure S9). We next tested the effect of
blocking PDL1 or CTLA-4 in combination with TK/Flt3L gene ther-
apy. As before, the timing of antibody administration coincided with
the peak of the gene therapy-induced T cell response (Figure 6D).
PDL1 neutralization strongly enhanced the long-term survival of
GL26-OVA GBM-bearing mice; 80% of the mice were alive at day
98 as compared to 50% of mice from the gene therapy alone group
(Figure 6E). PDL1 blockade in the absence of TK/Flt3L gene therapy
also enhanced the survival of GBM-bearing mice (p < 0.05; MS =
33 days for isotype control versus MS = 43 days for PDL1 neutraliza-
tion antibody). CTLA-4 blockade also enhanced the survival propor-
tion of GBM-bearing mice treated with TK/Flt3L gene therapy, such
that 57% of GBM-bearing mice survived beyond day 100 post tumor
implantation compared to 28% in the TK+Flt3L gene therapy alone
group (Figure 6F). Thus, our data demonstrate that inhibition of
checkpoint signaling through PD-1 or CTLA-4 improves the efficacy
of immune-stimulatory gene therapy, inducing a potent anti-GBM
CD8 T cell response.
treated with TK/Flt3L gene therapy on day 12 or day 9, respectively. Gr-1 depletion an

therapy, as indicated in the figure, and animals were monitored for survival. (C and D) Ka

least n = 5 tumor-bearing mice were analyzed for each group. MS indicates the median

test. ***p < 0.005.
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In order to assess potential inflammatory and neuropathologic auto-
immune effects of PDL1 neutralization or MDSC depletion, mice that
survived long term post TK/Flt3L + MDSC depletion or TK/Flt3L +
PDL1 neutralization antibody administration were subjected to
detailed immune-histochemical analysis using myelin basic protein
(MBP), CD4, CD8, and CD68 antibodies (Figure S10). Staining
with MBP revealed that the demyelination seen with tumor growth
in saline-treated mice was significantly reduced in TK/Flt3L-treated
mice, indicating tumor regression and recovering myelination.
Furthermore, no significant difference was observed in MBP staining
in mice that received MDSC depletion or PDL1 neutralization
antibodies in combination with TK/Flt3L, indicating the absence of
autoimmunity-induced neuropathology. While CD4+ and CD8+

T cells and CD68+ macrophages were observed within the tumors
of saline-treated mice and around the injection site in long-term sur-
vivors from the TK/Flt3L-treated cohort, no significant differences
were observed between TK/Flt3L alone and the combination of TK/
Flt3L with MDSC depletion or PDL1 neutralization. There was no
further increase in inflammatory cellular infiltrates in the presence
of MDSC depletion or PDL1 neutralization. MBP staining in spinal
cord sections was uniform across the various groups. No staining
for CD4 and CD8 T cells was observed in spinal cord sections, indi-
cating the absence of inflammation in the spinal cord (Figure S10).
CD68 staining was observed throughout the spinal cord and, as
explained in our previous study, most likely indicates a lesion in
the pyramidal tract.18 Overall, no overt autoimmune reactivity was
observed by the administration of MDSC depletion or PDL1 neutral-
ization antibody in combination with TK/Flt3L gene therapy.

DISCUSSION
Evidence from tumors such as colorectal cancer have demonstrated
that examination of the immune cellular infiltrates (presence of
CD3 and CD8 T cells and memory T cells), localization (center of
the tumor or at the invasive margins), and functional response
(TH1 CD4 T cells and cytotoxic CD8 T cells) constitutes a robust pre-
dictive marker for evaluating overall survival and relapse after surgical
resection.52 In melanomas and breast cancer, these parameters have
also been predictive of responses to immunotherapies.53,54 While
quantitative and qualitative analysis of T cells within the TME is an
important determinant, the data we presented herein clearly show
that overcoming tumor-mediated immune suppression is essential
to developing robust immunotherapeutic strategies. GBM is one of
the most immunosuppressive cancers, and effective tumor regression
would require that immunotherapeutic approaches be accompanied
by a second line of treatment that eliminates restrictions on the
generation of a potent anti-GBM immune response. We observed
that MDSCs accumulate to levels of up to 80% of tumor-infiltrating
immune cells in the GBM TME, and they were extremely potent sup-
pressors of antigen-specific T cell proliferation. The content of the
tibody was administered twice intraperitoneally (i.p.) 6 days and 11 days post gene

plan-Meier survival analysis of GL26-OVA (C) or GL26 (D) tumor-bearing animals. At

survival (MS) time for each group. Data were analyzed using log-rank (Mantel-Cox)
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TME-infiltrating myeloid cells was distinct, depending upon the
tumor model. Some studies have attempted to find a link between tu-
mor mutations and the immune response against the tumor.55,56 For
example, an increased ratio of MDSCs to CD8 T cells was observed in
tumors grown in animals lacking TP53.57 Additionally, IL-15 deletion
in colorectal tumors and IFNg locus deletion in melanomas resulted
in impaired immune surveillance and tumor growth.58 A similar
mechanism may be at play in GBM tumors. Our analysis of the
TME-infiltrating myeloid cells shows a significant heterogeneity in
the content and phenotype of these cells, depending on the GBM
model that the myeloid cells are analyzed from. We hypothesize
that the genetic landscape of GBMs could be a key determinant of
the tumor-infiltrating immature myeloid cells’ function and could
thereby impact the efficacy of immunotherapies.

The success of the TK/Flt3L gene therapy relies on the induction of a
robust cytotoxic and memory T cell response.18,20 In order to ensure
that recruitment and expansion of powerful anti-tumor cytotoxic T
lymphocytes is not repressed, we made use of the Gr-1-depleting anti-
body to eliminate immunosuppressiveMDSCs from theGBMTME. A
previous study from our lab showed that antibodies successfully cross
the blood-brain barrier (BBB) and penetrate into the TME; the loss of
BBB integrity associated with GBM growth may further support this
process.59–63 A preliminary analysis of Gr-1 antibody-treated mice
showed that the efficacy of depletion lasted for approximately 4 days.
Therefore, to ensure themaintenance of TK/Flt3L-induced tumor-spe-
cific T cell proliferation, we administered the antibody so that MDSCs
would be eliminated from the GBMTME around the peak of the T cell
response, which occurs 7 days after the administration of gene ther-
apy.18,20,64 In agreement with our hypothesis, we saw that combining
MDSC depletion with the TK/Flt3L gene therapy increased the fre-
quency of tumor-specific CD8 T cells in the TME and increased cyto-
toxicity as indicated by enhanced granzyme B production. Although
the increased frequency of tumor-specific CD8 T cells could result
from either increased proliferation or decreased apoptosis of the CD8
T cells, our in vitro data regarding the impact of MDSCs on antigen-
specific CD8 T cell proliferation do suggest that depleting immuno-
suppressive MDSCs allows for amplified tumor-specific CD8 T cell
proliferation in the TME (Figure 7). The enhanced CD8 T cell response
was accompanied by an increased median survival and percentage of
long-term survivors of GBM-bearing mice. Of note, while the effect
on CD8 T cells is one of the major mechanisms by whichMDSCs exert
immunosuppression, they have also been shown to support tumor
growth by promoting angiogenesis, establishing a pre-metastatic
niche, and decreasing tumor cell apoptosis and response to chemo-
Figure 5. Depletion of Gr-1+ Myeloid Cells in GBM-Bearing Mice Enhances Tum

(A) GL26-OVA tumor-bearing mice were treated with saline or TK/Flt3L gene therapy on

day 16. T cell responses were analyzed at day 21. (B) Tumor-specific CD8 T cells w

SIINFEKL-Kb tetramers by flow cytometry. (C and D) Activation status of CD8 T cells w

infiltrating immune cells restimulated with the tumor lysate. (E) Splenic T cells were analyz

tumor lysate and staining for intracellular IFNg. Flow plots show representative stains for

from 2–3 experimental repeats, with 4–5 mice per repeat. Data were compared using S

groups. Means are indicated. *p < 0.05; ***p < 0.005.
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therapy.32,33 Thus, depleting MDSCs can be an attractive adjuvant to
many other anti-GBM therapies that target any of the above pathways.

Another immunosuppressive mechanism occurring within the TME
is mediated by the engagement of immune checkpoint blockade re-
ceptors like PD-1, CTLA-4, LAG-3, and TIM-3, among others. Recent
clinical trials have demonstrated remarkable results with the use of in-
hibitors of immune checkpoints, such as anti-CTLA-4 and anti-PD-1
antibodies, in patients with late-stage melanoma and squamous cell
lung cancer.8,9 While under conditions of homeostasis, the engage-
ment of checkpoint receptors and ligands serves to prevent auto-
immunity, and tumors utilize these pathways as a mechanism of
immune escape. MDSCs from the GBM TME expressed PDL1 and
CD80; thus, binding of these ligands to their cognate receptors
PD-1 and CTLA-4 on T cells would hinder the TK/Flt3L-induced
anti-GBM T cell response. Combining the administration of PDL1-
or CTLA-4-neutralizing antibodies with the TK/Flt3L gene therapy
showed a significant improvement in the median survival of GBM-
bearing mice along with an increase in the percentage of long-term
survivors. PDL1 is known to be expressed on glioma tissues, and
our blockade with the neutralizing antibody does not distinguish be-
tween the impact of PDL1 expressed by glioma cells or MDSCs. PDL1
blockade with TK/Flt3L gene therapy showed increased efficacy over
the combination of CTLA-4 blockade with TK/Flt3L gene therapy.
Both CD80-CTLA-4 and PDL1-PD-1 binding have similar negative
effects on T cell activity; however, the timing of T cell inhibition
and the downstream signaling pathways of immune inhibition by
these two immune checkpoints are different.65,66 While CTLA-4
functions during the priming phase of the T cell response, PD-1 func-
tions during the effector phase.65,66 The blockade antibodies were
administered to coincide with the peak of the TK/Flt3L-induced
T cell response, at which point, inhibition by the PDL1-PD1 pathway
is more critical and is possibly why the PDL1 neutralization antibody
administration shows better efficacy. Nevertheless, our data indicate
that removing checkpoint blockade enhances the efficacy of gene
therapy-mediated immunotherapeutic approaches in an intracranial
mouse GBM model. Additionally, our data also highlight the impor-
tance of developing multipronged strategies, since MDSC depletion
and immune checkpoint blockade as single treatment modalities pro-
vide only a slight therapeutic benefit. This is also evident from the sur-
vival benefit obtained by the administration of TK/Flt3L gene therapy
and MDSC depletion together in the highly aggressive OL61 model.
The observations by Wainwright and colleagues,67 showing maximal
survival benefit when PDL1, CTLA-4, and IDO are blocked simulta-
neously, also support this assertion.
or-Specific CD8 T Cell Responses

day 12 post implantation, followed by administration of Gr-1-depleting antibody on

ithin the TME of GL26-OVA tumors were analyzed by staining for PE-conjugated

ithin the TME was analyzed by staining for granzyme B (Gzb) and IFNg in tumor-

ed for antigen-specific IFNg release by stimulating splenocytes from each group with

tetramer density, Gzb, and IFNg stains in each group. Graphs show data combined

tudent’s t test to compare values between TK/Flt3L and TK/Flt3L + Gr-1 depletion



Figure 6. PDL1 and CTLA-4 Blockade Enhance the Survival of TK+ Flt3L-Treated GBM-Bearing Mice

(A) Schematic showing PDL1- and CD80-induced checkpoint blockade. PDL1 and CD80 on MDSCs can bind to PD-1 and CTLA-4, respectively, and inhibit T cell pro-

liferation and activation. (B and C) Surface expression of PDL1 (B) and CD80 (C) on tumor-infiltrating and splenic CD11b+/Gr-1+ MDSCs from GL26 tumor-bearing mice was

(legend continued on next page)
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In summary, the data reported here indicate that eliminating
MDSC-mediated immunosuppression is a critical adjuvant to
enhance the efficacy of immunotherapeutic strategies. Controlling
the progression of intractable cancers, such as GBM, will require
not only a potent activation of the host anti-tumor immune
response, but also the eradication of barriers that can limit the pro-
gression of the immune response once activated. Since the TK/Flt3L
gene therapy approach and checkpoint inhibitors for CTLA-4
(ipilimumab) and PD-1 (nivolumab and pembrolizumab) are
currently being tested in clinical trials, a combinatorial approach
utilizing these modalities should be readily testable in patients in
a phase I clinical trial.

MATERIALS AND METHODS
Reagents

DMEM-F12, FBS, PBS, N2, and B27 supplements and penicillin-
streptomycin were purchased from GIBCO, Life Technologies.
Epidermal growth factor (EGF) and fibroblast growth factor (FGF)
were purchased from Peprotech. Anti-mouse CD11b, Gr-1, and
CD45 antibodies were obtained from BD Biosciences. F4/80 (BM8)
and IL-4Ra (I015F8) antibodies were purchased from Biolegend.
Ly6G (IA8), Ly6C (HK1.4), CD3 (145-2C11), CD4 (RM4-5), CD8
(53-6.7), CD11c (N418), CD80 (16-10A1), PDL1 (10F.9G2), and
iNOS antibodies were from eBiosciences. SIINFEKL tetramers were
obtained from MBL International. Arginase antibody was from
R&D Systems. For immunohistochemistry, MBP (MAB386) primary
antibody was purchased from Millipore, CD4 (ab183685) and CD68
(ab125212) antibodies from Abcam, and CD8 (361003) antibody
from Synaptic Systems. Goat anti-rabbit HRP, goat anti-rabbit
biotin-labeled, and rabbit anti-rat biotin-labeled secondary antibodies
were obtained from Dako.

Cell Culture

GL26 cells were obtained from the National Cancer Institute and
GL26 cells expressing ovalbumin (OVA) were obtained as detailed
in Yang et al.68 GL26 and GL26-OVA cells were cultured as before.68

M7 and OL61 neurospheres were a gift from Dr. John Ohlfest
(University of Minnesota).44 Neurospheres were derived from tumors
generated in C57BL/6 mice using the Sleeping Beauty (SB) trans-
posase system.44,45 Tumor tissue was dissociated using HyQTase
(HyClone), passed through a 70-mm cell strainer, and cultured
in media containing DMEM-F12, N2, and B27 supplements, 1%
penicillin-streptomycin (Invitrogen), Normocin (Invivogen), and
supplemented with 20 ng/mL EGF and 20 ng/mL FGF (Peprotech).
Growth factors were added every 2 to 3 days, and cells were passaged
once to twice each week, depending on density.
determined by flow staining at moribund stage. Dot plots show gating for CD11b+/Gr-1

black line represent staining on splenic MDSCs and tumor MDSCs, respectively. The bla

MDSCs, respectively. Bar graphs show the geometric MFI values for PDL1 and CD80 no

group. (D) Mice with GL26-OVA tumors were treated with saline or TK/Flt3L gene th

administered two times, 6 days and 11 days post gene therapy, as indicated in the figure

GL26-OVA tumor-bearing animals treated with saline or gene therapy and PDL1- or CT

**p < 0.01; ***p < 0.005. MS indicates median survival.
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Glioma Models and Gene Therapy

All animal experiments were performed in accordance with protocols
approved by the University Committee on Use and Care of Animals
(UCUCA) at the University of Michigan. Intracranial xenograft GBM
models were developed as described before.19,68 Briefly, 20,000 GL26
cells, 60,000 GL26-OVA cells, or 20,000 M7 or 10,000 OL61 neuro-
spheres in 1 mL DMEM were stereotactically implanted in the right
striatum of syngeneic female C57BL/6 mice (6–8 wk; Taconic) at
the coordinates of 0.5 mm anterior and 2.0 mm lateral from the
bregma and 3.0mm ventral from the dura.18,19 The adenoviral vectors
used in this protocol are first-generation Ad.hCMV.hsFLT3L (Ad-
Flt3L) + Ad.hCMV.TK (Ad-TK). Gene therapy was administered
12 days, 10 days, and 7 days post GL26-OVA, GL26, and OL61 tumor
implantation, respectively, as described before.19 Briefly, mice
received 5 � 108 plaque-forming units (pfu) of Ad-Flt3L and 1 �
108 pfu of Ad-TK in 1.5 mL volume in three locations at 3.5 mm,
3.0 mm, and 2.5 mm ventral from the dura, followed by ganciclovir
(GCV; TSZ Chemicals) administration twice a day for 10 days.19,68

Myeloid Cell Depletion

250 mg of the Gr-1-depleting antibody or rat IgG2b isotype control
(Bio-X-Cell, clone RB6-8C5) was administered intraperitoneally
(i.p.) as indicated in the figures.49,50

Immune Checkpoint Blockade

PDL1- (clone 10F.9G2) and CTLA-4 (clone 9D9)-neutralizing anti-
bodies were purchased from Bio-X-Cell. Mice were injected with
200 mg of each antibody i.p as indicated in the figures.

Flow Cytometry

Tissue preparation was carried out as before.17,19,64,69 All cell suspen-
sions obtained from tissues were resuspended in PBS containing 2%
fetal calf serum (FCS) (flow buffer) for antibody staining for flow cy-
tometry. All flow data were acquired on a FACSAria flow cytometer
(BD Biosciences) and analyzed using Flow Jo version 10 (Treestar).
To analyze the myeloid cell population, cells were stained with anti-
mouse CD45, CD11b, Gr-1, Ly6G, Ly6C, F4/80, and CD11c anti-
bodies. For characterization of cell-surface markers, cells were stained
with anti-mouse IL-4Ra, CD80, and PDL1 antibodies. Intracellular
iNOS and arginase stains were performed on percoll (GE Health-
care)-purified tumor-infiltrating leukocytes (TILs) and splenocytes
using the BD intracellular staining kit (BD Biosciences) following
the manufacturer’s protocol. For T cell functional analysis, percoll-
purified TILs were stained with anti-mouse CD45, CD3, CD8, and
SIINFEKL-H2Kb-tetramer-PE in flow buffer for 30 min at 4�C after
blocking non-specific binding with CD16/CD32. Cells were washed
+ cells from the GL26 spleen and tumor. The gray-shaded histograms and the thick

ck-dashed and -dotted lines show staining for isotype controls on splenic and tumor

rmalized to MFI for isotype stains. 4–5 tumor-bearing animals were analyzed in each

erapy on day 12. PDL1-neutralization antibody or CTLA-4-blocking antibody was

, and animals were monitored for survival. (E and F) Kaplan-Meier survival analysis of

LA-4-blocking antibody. Data were analyzed using the log-rank (Mantel-Cox) test.
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two times with flow buffer prior to data acquisition. For granzyme B
and IFNg stains, purified TILs were stimulated with 100 mg/mL of
GL26-OVA lysate for 24 hr in 10% FCS-containing media supple-
mented with IL-2. Brefeldin and monensin were added for the last
6 hr of the culture. Cells were first stained with CD3 and CD8 anti-
bodies, followed by intracellular stains for granzyme B (eBioscience)
and IFNg (BD Biosciences). Intracellular stains were performed using
the BD intracellular staining kit according to the kit instructions.
Dead cells were excluded from analysis using a fixable viability dye
(eBioscience). Tumor-specific IFNg release by splenic CD8 T cells
was analyzed as above. Wild-type GL26 cells were used to prepare
the lysate when testing the anti-tumor CD8+T cell response in the
GL26 model.

MDSC Expansion Assays

0.5 � 106 bone marrow cells were cultured in 500 mL of media con-
taining DMEM (10% FCS) and conditioned media (CM) from
GBM cell lines. Fresh media was added every 2 days, and MDSC
expansion in the culture was examined on day 6 by flow cytometry.

T Cell Proliferation Assays

MDSCs were purified from the brains and spleens of moribund GL26
mice or the spleens and bone marrow of naive wild-type mice by flow
sorting. Gr-1high and Gr 1low MDSCs were purified separately. Briefly,
tumor tissue was carefully dissected out from the brain and homoge-
nized using a Tenbroeck (Corning) homogenizer in DMEM media
containing 10% FCS. TME-infiltrating immune cells were enriched
from the homogenized suspension using a 30%/70% Percoll (GE Life-
sciences) density gradient. The purified immune cells were labeled
with CD45, CD11b, and Gr-1 antibodies, and MDSCs were purified
by flow sorting. Purified Gr-1high and Gr-1low MDSCs were cultured
with CFSE-labeled total splenocytes from Rag2 knockout/transgenic
OT-I T cell receptor mice (Taconic) at various ratios. Cultures were
stimulated with 100 nM SIINFEKL peptide (Anaspec) for 4 days. Cells
were then stained with anti-mouse CD3 and CD8 antibodies in flow
buffer, and T cell proliferation was analyzed by CFSE dye dilution.

Cytokine Array

For the cytokine array of GBM cells and neurospheres, 2� 106 cells in
2 mL media were cultured for 2 days, after which the supernatant was
collected by centrifugation. Total protein concentration was quanti-
fied in the supernatants using the BCA protein assay (Pierce), and
equal amounts of protein were used for the Proteome Profiler Cyto-
kine array (R&D Systems). Pixel density was analyzed using ImageJ
software.

Immunohistochemistry

PFA-fixed 5 mm paraffin-embedded brain and spinal cord sections
mounted on electrostatic slides were de-paraffinized and subjected
Figure 7. Blocking MDSC-Mediated Immunosuppression Enhances the Efficac

Administration of TK + GCV results in tumor cell lysis, and Flt3L induces the recruitment

dying cell. DCs traffic to the LNs and prime CD8 T cell response. The activated T cells

MDSCs, the inhibition on T cell proliferation and cytotoxicity is abolished, leading to en
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to antigen retrieval for 20 min at 98�C in 0.1 M citrate buffer (pH
6) or Tris EDTA buffer (pH 9). This was followed by three 5-min
TBS-Triton X (TBS-Tx) washes. Endogenous peroxidase was inacti-
vated by 0.3% H2O2 incubation for 15 min, followed by three
5-min TBS-Tx washes. Sections were blocked in 10% goat serum
for 1 hr at 37�C, then incubated with either MBP (1:500 dilution),
CD4 (1:1,000 dilution), CD8 (1:2,000 dilution), or CD68 (1:200 dilu-
tion) in 1% goat serum in TBS-Tx for 24 hr at 4�C. The next day,
sections were washed four times for 5 min in TBS-Tx. The secondary
antibodies used were anti-rabbit HRP labeled (goat polyclonal,
1:1,000), anti-rabbit biotin labeled (goat polycolonal, 1:1,000) and,
anti-rat biotin labeled (rabbit polyclonal, 1:1,000). Sections were
then developed with 3, 30-diaminobenzidine (DAB) (Biocare Medi-
cal) with nickel sulfate precipitation. The reaction was quenched
with 10% sodium azide, and sections were washed for 5 min four
times in 0.1 M sodium acetate and twice in PBS before dehydrating
in xylene and coverslipping with DePeXMountingMedium (Electron
Microscopy Sciences). Images were obtained on the Olympus BX53
microscope at the bright field setting.

Statistical Analysis

Data were analyzed using GraphPad Prism version 6.01. Animal
studies were carried out with at least 4–5 animals in each group.
The statistical test used is indicated in each figure. p < 0.05 were
considered significant.
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