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Abstract

Anti-PD-1-based therapy has resulted in a minimal clinical response in malignant gliomas. Gliomas contain numerous
glioma-associated microglia/macrophages (GAMs), reported to contribute to an immunosuppressive microenvironment
and promote glioma progression. However, whether and how GAMs affect anti-PD-1 immunotherapy in glioma remains
unclear. Here, we demonstrated that M1-like GAMs contribute to the anti-PD-1 therapeutic response, while the accumu-
lation of M2-like GAMs is associated with therapeutic resistance. Furthermore, we found that PD-L1 ablation reverses
GAMs M2-like phenotype and is beneficial to anti-PD-1 therapy. We also demonstrated that tumor-induced impairment of
the antigen-presenting function of GAMs could limit the antitumor immunity of CD4" T cells in anti-PD-1 therapy. Our
study highlights the impact of GAMs activation on anti-PD-1 treatment and provides new insights into the role of GAMs in
regulating anti-PD-1 therapy in gliomas.
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and leads to reinvigorating T cell antitumor responses and
tumor rejection [2]. Anti-PD-1/PD-L1 therapy improved
patient survival in many advanced malignancies, but no
breakthrough in GBM [3-6]. A phase III clinical trial
(Checkmate 143) demonstrated that nivolumab, which tar-
gets PD-1, did not produce survival benefits compared with
bevacizumab in recurrent GBM patients, and only 7.8% of
patients showed objective responses [4]. The underlying
mechanisms of glioma resistance to anti-PD-1therapy are
not fully clear. As the key effector cells of anti-PD-1 therapy,
T cells have been characterized by their poor infiltration and
uniquely severe exhaustion signature in GBM, which may be
regulated by the immunosuppressive TME [7-9].

Glioma-associated microglia/macrophages (GAMs) are
the most abundant immune cells, constituting up to 30-50%
of the bulk glioma cells [10, 11]. They are generally divided
into the proinflammatory M1 phenotype and anti-inflamma-
tory M2 phenotype, but it is noteworthy that their activation
is a highly dynamic process and can polarize or interconvert
under various regulatory factors [12, 13]. M1-like GAMs
are often associated with the expression of major histocom-
patibility complex class II (MHC-II), CD80, CD86, CD40,
and inducible nitric oxide synthase (iNOS), whereas CD206,
arginase 1 (Argl), PD-1, and PD-L1 are associated with
more M2-like GAMs [14-17].

GAMs are usually activated into M2-like phenotypes
as key drivers of the local immunosuppressive microenvi-
ronment [18-20]. GAMs can directly mediate the anergy,
exhaustion, and apoptosis of lymphocytes by expressing
PD-L1 and FasL and secreting immunosuppressive cytokines
such as transforming growth factor-beta (TGF-f), interleu-
kin (IL)-10, and IL-6, which weaken antitumor immunity
and promote tumor immune escape [19, 21]. A recent study
has shown that a higher density of CD68"HLA-DR™ mac-
rophages were observed in PTEN-mutated glioblastoma,
while enrichment of PTEN mutations was associated with
non-response to anti-PD-1 therapy [22].

On the other hand, microglia and macrophages are also
essential phagocytes and antigen-presenting cells (APCs) in
the glioma microenvironment, which can modulate innate
and adaptive immune responses necessary for tumor eradica-
tion/suppression [23, 24]. In particular, MHC-II-restricted
antigen presentation is essential for CD4™ T cell-mediated
antitumor immunity, which is required for responses to anti-
PD-1/PD-L1 immunotherapy [25, 26].

Given the crucial role of GAMs as immune modulators
in glioma, an in-depth understanding of the activation and
function of GAMs in the context of anti-PD-1 treatment is
essential to reveal the underlying mechanisms of immu-
notherapy resistance in glioma. Here, we demonstrate that
activation of M1-like GAMs is necessary for responding to
anti-PD-1 therapy, while accumulation of M2-like GAMs is
responsible for therapy resistance. Furthermore, we found
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that GAMs-derived PD-L1 inhibited the M1-like activation
of GAMs and weakened anti-PD-1 therapy. We also investi-
gated the potential effect of GAMs on CD4* T cell-mediated
antitumor immunity in anti-PD-1 therapy.

Materials and methods
Animals and cell lines

Male C57BL/6J mice, aged 6-8 weeks, were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China). PD-L1-deficient (PD-L17"") mice
on the C57BL/6 background were bred in-house [27]. OT-1I
transgenic mice were purchased from the Model Animal
Research Center of Nanjing University (Nanjing, China).
All the mice were housed under pathogen-free conditions at
the Laboratory Animal Center of Fujian Medical University
(Fuzhou, China).

The glioma cell line GL261-Luc was obtained from
Dr. Lie-Ping Chen (Yale University). The murine micro-
glial cell line BV2 was purchased from the China Center
for Type Culture Collection (CCTCC, Wuhan, China). The
cell lines were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin—streptomycin. The tumor-
conditioned medium was collected after 24 h from 80% con-
fluent GL261-Luc cultures and filtered through a 0.22-um
filter. All cell lines were tested using a PCR mycoplasma test
kit (HuaAn Biotechnologies, China) to ensure that the cells
were free of mycoplasma contamination and were reliable
for experiments.

Tumor model and treatment

Male wild-type (WT) or PD-L1~/~ C57BL/6J mice
(6-8 weeks old) were used for orthotopic glioma experi-
ments. Briefly, anesthetized mice were immobilized
and mounted on a stereotactic head holder in a flat skull
position. GL261-Luc cells (1 x 10%) were stereotacti-
cally injected in a 4 uL volume into the right striatum at
2 min following coordinates: 2 mm lateral from bregma
and 2.5 mm deep from the cortical surface. The needle
was slowly removed from the injection canal, the bone
pore was sealed with bone wax, and the skin was sutured.
The mice whose tumors were too small (radiance < 10°
p/s/cm/sr) or too large (radiance > 10® p/s/cm/sr) on day
6 after tumor inoculation were excluded. Tumor-bearing
mice were randomized into groups by random figure
table. The tumor size was measured by bioluminescence,
and the survival time of mice was observed. The mice
were euthanized when they showed predetermined signs
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of neurological deficits (failure to ambulate, weight
loss > 30% body mass, lethargy, hunched posture) or the
experiment was completed.

For anti-PD-1 treatment, mice were intraperitoneally
injected with anti-PD-1 antibodies (clone G4) at a dose of
10 mg/kg from day 7, 10, or 16 after tumor inoculation.
The same follow-up dose of antibodies was administered
three days later.

For GAMs depletion, clodronate liposomes were ste-
reotactically injected into the tumor in a 10 pL volume.
The control group received PBS control liposomes at the
same volume.

For CD4* T cell depletion, mice were intraperitoneally
injected with 500 pg anti-CD4 antibodies (clone GK1.5)
on day 7 after tumor inoculation. The same follow-up dose
of antibodies was administered three days later.

In vivo bioluminescent imaging

In vivo bioluminescence imaging was performed in the
tumor-bearing mice. Before imaging, mice were intraperi-
toneally injected with 200 pL of 15 mg/mL p-luciferin
(Perkin-Elmer, USA) and left for 10 min. Luminescence
was detected using IVIS Spectrum (Perkin-Elmer, USA),
and image analysis was performed using Living Image
Software (Perkin-Elmer, USA).

Fluorescence-activated cell sorting (FACS) analysis

For cell preparation, mice were euthanized using carbon
dioxide, and transcardial perfusion was performed with
chilled PBS for 3 min to remove blood, followed by dis-
section of the brain. Tumor-bearing hemispheres were dis-
sociated into single cells using a gentleMACS Octo Disso-
ciator (Miltenyi Biotec, Germany) and solutions provided
with the Adult Brain Dissociation Kit (Miltenyi Biotec,
Germany) according to the manufacturer’s instructions.
The dissociated tissues were filtered using 70-pm strainers,
and debris and contaminating erythrocytes were removed.
For immunofluorescence staining, the cells were preincu-
bated with anti-CD16/CD32 (clone 2.4G2) for 20 min, fol-
lowed by 30-min incubation with conjugated antibodies for
extracellular markers. Intracellular antigens were detected
using an intracellular fixation and permeabilization buffer
set (eBiosciences). All the antibodies used in these experi-
ments are listed in Supplemental Table 1. Proper isotype
and compensation controls were performed in parallel.
Cells were analyzed using a FACSVerse flow cytometer
(BD Biosciences, USA), and data were processed using
FlowlJo software (Tree Star, USA).

Immunohistochemistry and immunofluorescence

The tissues were fixed in 4% paraformaldehyde for 24 h,
embedded in paraffin, and sectioned serially (3 um). For
immunohistochemical staining, the slides were deparaffi-
nized and subjected to graded rehydration. After antigen
retrieval (citrate buffer, pH 6.0) and blocking with goat
serum, the slides were incubated with primary antibodies at
a dilution of 1:2000 for Ibal (Abcam, USA) overnight. The
primary antibodies were detected using a rabbit-enhanced
polymer detection system (PV9001, Zhongshan Golden
Bridge Biotechnology, China) with a polyclonal horseradish
peroxidase-conjugated secondary antibody and 3,3'-diam-
inobenzidine substrate. For immunofluorescence staining,
the tissue sections were blocked with goat serum follow-
ing heat-induced antigen retrieval. Primary antibodies were
then incubated at a dilution of 1:100 for Ibal or CD4, CDS,
and PD-L1 overnight. The secondary antibodies conjugated
to Alexa Fluor 488, 568, and 647 were incubated with the
slides at 1:200 dilution for 2 h at room temperature, and
4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich,
USA) was used as a nuclear counterstain. All images were
taken using the EVOS™ FL Auto Imaging system (Thermo
Fisher) and analyzed using Image J software.

Microglia isolation and cultivation

Microglia were isolated from 6- to 8-week-old C57BL/6
mice brains using an Adult Brain Dissociation Kit (Miltenyi
Biotec, Germany) and magnetic CD11b microbeads (Milte-
nyi Biotec, Germany). Briefly, the cerebrum was removed
and cut into small pieces. The tissue was dissociated via
enzymatic digestion using a gentleMACS Octo Dissociator
(Miltenyi Biotec, Germany). The cell suspension was filtered
through a 70 pM cell strainer, and debris and red blood cells
were removed. The desired cells were labeled with CD11b
MicroBeads for 20 min, washed with PBS, and magnetically
separated. Labeled CD11b-positive cells (microglia) were
enriched and harvested for purity checks and further tests.

To cultivate microglia, isolated microglia were seeded
into 48-well plates at a density of 1x 10° cells per well in
100 uL. DMEM medium containing 10% FBS (Gibco, USA),
1% penicillin/streptomycin (Gibco, USA), 5 ng/mL recombi-
nant TGF-$1 (PeproTech, USA), and 10 ng/mL recombinant
mouse macrophage colony-stimulating factor (M-CSF, Pep-
roTech, USA). Half of the medium was changed every three
days for seven days before further treatment.

Naive CD4" T cell isolation and co-culture assay
The EasySep™ Mouse Naive CD4 T Cell Isolation Kit

(Stemcell Technologies Inc., Canada) was used to purify
naive CD4* T cells (CD4*CD44'°¥CD62L"#") from the
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spleens of OT-II mice according to the manufacturer’s
instructions. For T cell co-culture assays, primary micro-
glia were pretreated with 50% tumor-conditioned medium or
complete DMEM supplemented with 50 pg/mL ovalbumin
(OVA) 323-339 peptide (GenScript, China) for 24 h. Then,
the microglia were washed with PBS and co-cultured with
naive CD4 T cells labeled with CFSE at a ratio of 2:1. After
three days of co-culture, both microglia and T cells were
analyzed using FACS, and the supernatant was collected for
cytokine detection.

Cytokines analysis by cytometric bead array

Cytokine levels in the supernatant of co-cultured cells were
measured using a cytometric bead array Mouse Inflamma-
tion Kit (BD Biosciences, USA). The kit was used according
to the manufacturer’s instructions to measure the levels of
mouse IL-6, monocyte chemoattractant protein-1 (MCP-1),
interferon-y (IFN-y), tumor necrosis factor a (TNF-a), IL-
12p70, and anti-inflammatory cytokine IL-10 in a single
sample. Briefly, mouse inflammation standards were pre-
pared with 2 mL of assay diluent, and six mouse inflamma-
tion capture beads were mixed thoroughly. Next, 50 uL of
mixed capture beads was incubated with the same volume of
each mouse inflammation standard dilution or each sample.
Then, 50 pL of mouse inflammation PE detection reagent
was added to all assay tubes and incubated for 2 h at room
temperature, protected from light. After washing with wash-
ing buffer, the samples were measured using a FACSVerse
flow cytometer (BD Biosciences), and the data were ana-
lyzed using FCAP Array version 3.0.1.

Statistics

Statistical analyses were performed using Prism 9 soft-
ware (GraphPad, Canada). All data were shown as the
mean + SD unless otherwise stated, and significant differ-
ences were determined using a two-tailed Student’s 7 test or
one-way ANOVA with Tukey’s multiple comparison test.
Kaplan—Meier survival curves were analyzed with a log-rank
test. P values < 0.05 were considered significant (*P <0.05,
**P<0.01, ***P <0.001).

Results

GAMs are dominant immune cells accumulated
during the glioma progression

To evaluate the role of GAMs in glioma progression and
the TME molded, we assessed the kinetics of GAMs infil-
tration and activation in glioma generated by intraceregral
inoculation of GL261-Luc glioma cells in C57BL/6J mice.
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We found that the majorities of immune cells infiltrating the
tumors were GAMs (Fig. 1a—c). In particular, CD8* T cells,
but not CD4* T cells, rarely invade the core of the tumor
(Fig. 1b). Meanwhile, the expressions of CD206, PD-1, and
PD-L1 on GAMs continued to increase during tumor pro-
gression. In addition, MHC-II expression also increased in
the early stage of tumor progression but slightly decreased
in the late stage (Fig. 1d). These data indicate that GAMs are
the dominant immune cells that dynamically shift to M2-like
immunosuppressive phenotypes with glioma progression.

Accumulation of GAMs with M2-like phenotype
accompanies resistance to anti-PD-1 therapy

So far, no obvious clinical benefit was substantiated in a
randomized phase III clinical trial evaluating an anti-PD-1
antibody therapy for recurrent glioblastoma [4]. Indeed, no
therapeutic effect was observed in intracerebral transplanted
GL261-Luc tumors treated with anti-PD-1 antibody treat-
ment on days 16 after tumor inoculation. However, anti-
PD-1 therapy led to 83.3% and 50% tumor regression and
long-term survival in mice when the treatment began on days
7 and 10, respectively (Fig. 2a—d). To investigate the effect
of GAMs on anti-PD-1 antibody therapy, we compared the
infiltration and activation of GAMs on days 7 and 16 when
the tumors were sensitive or resistant to anti-PD-1 therapy.
FACS analysis revealed that GAMs significantly increased in
number and expressed more Argl, PD-1, and PD-L1 on day
16 than on day 7 after tumor inoculation. (Fig. 2e). These
data suggest the correlation between the M2-like transition
of GAMs and resistance to anti-PD-1 therapy.

GAMs depletion impaired the antitumor efficacy
of anti-PD-1 therapy

To confirm the role of GAMs in anti-PD-1 therapy, we
attempted to deplete GAMs via intratumoral injection of
clodronate liposomes (Fig. 3a). The results showed that
clodrosome treatment significantly decreased F4/80% GAMs
(Fig. 3b), but did not reduce tumor growth or prolong the
survival time of mice (Fig. 3c—e). Furthermore, GAMs
depletion weakened the efficacy of anti-PD-1 therapy, with
reduced survival (33.3% vs. 50%) and shortened median
survival (36 vs. 68.5 days) (Fig. 3c—e). These data suggest
that GAMs may partially mediate the antitumor efficacy of
anti-PD-1 therapy.

Anti-PD-1 antibody treatment promotes T cells
infiltration and GAMs M1-like activation

To determine the potential mechanisms of anti-PD-1 ther-
apy in gliomas, we analyzed the infiltration and activation
of T lymphocytes and GAMs after anti-PD-1 treatment.
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We found that anti-PD-1 treatment, when given 7 days
after tumor inoculation, led to a significant increase in
the frequency of T cells but did not affect the proportion
of CD8% T, CD4" T, or Treg cells (Fig. 4a). Meanwhile,

D28
dek
D14 D21 ke .
* *
100 50 K
» 8
T 80 D 40
o g © °
+ 60 & 30
35 o
L 40 § 20 ,
= 2 O 10
ES ES
0- 0
D3 D7 D14 D21 D3 D7 D14 D21
kkk
*hkk
261 | 4’2542 289 100 adad °
k| [} L] L]
o @ 80 %
o i 60 +
: A 40 r
2 7
W X 20 E
023 | ° 216, 0 X

D3 B7 D14 D21

¢ The representative IHC images for Ibal* cells in the tumor area on
days 7, 14, 21, and 28 after tumor inoculation (scale: 100 pm). The
statistical analysis results are shown in the right panel. Ctrl: contralat-
eral brain, Peritumoral: peritumoral area, defined as 100 pm from
the tumor boundary, Intratumoral: intratumoral area. n=4-5. d The
phenotype of GAMs was analyzed by FACS on days 3, 7, 14, and 21
after tumor inoculation (n=4-5). *P <0.05, **P <0.01, ***P <0.001

anti-PD-1 treatment did not affect the frequency of GAMs.
Still, it significantly increased the MHC-ITtiNOS™* M1-like
cells in GAMs (Fig. 4b). It is noteworthy that T cells and
GAMs did not show significant changes in infiltration
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or activation when anti-PD-1therapy began from day 16
postinoculation (data not shown). These results suggest
that anti-PD-1 therapy can promote T cells infiltration and
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showed the change in tumor volume on day 21 compared to day 6 for
each mouse. d Kaplan-Meier survival curve showed a significant dif-
ference between the control and anti-PD-1 antibody arms. e Expres-
sion of immune molecules in GAMs on days 7 and 16 after tumor
inoculation (n=35). *P <0.05, ***P <0.001

M1-like activation of GAMs, which are limited to early-
stage tumors.
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PD-L1 ablation reverses GAMs M2-like phenotypes
and favors anti-PD-1 therapy

High levels of PD-L1 in cancer cells are associated with
tumor immune evasion and response to anti-PD-1 therapy
[28]. However, the role of GAMs-derived PD-L1 in anti-
PD-1 therapy against gliomas remains unclear. We found that
GAMs are the primary PD-L1-expressing non-neoplastic
cells in the TME by FACS and immunofluorescence stain-
ing (Fig. 5a, b). To investigate the impact of GAMs-derived
PD-L1 on anti-PD-1 therapy, we implanted wild-type
GL261-Luc cells into PD-L1~"~ mice. Our results showed
that the lack of PD-L1 expression in host cells, mainly in
GAMs, tended to prolong the survival time of tumor-bearing
mice, although the difference did not reach statistical sig-
nificance (P =0.054). Furthermore, a statistically nonsig-
nificant trend in enhancing the efficacy of anti-PD-1 therapy
was also observed in PD-L1~~ mice compared to WT mice
(Fig. 5c—f). More importantly, PD-L1 deficiency markedly
promoted the M 1-like activation of GAMs, accompanied by
upregulation of MHC-II, iNOS, CD80, CD86, and CD40
(Fig. 5g). These findings indicate that GAMs-derived PD-L1

@ Springer

Ctrl aPD-1 Ctrl aPD-1

tion (n=5). b Anti-PD-1 therapy did not change the frequency of
GAMs but increased MHC-IITiNOS™ M1-like cells (n=5). *P <0.05,
**P<0.01, ***P<0.001

is essential for maintaining M2-like activation of GAMs and
modestly affects the efficacy of anti-PD-1 therapy.

Antigen-presenting ability impairment of GAMs
limits CD4" T cell-mediated antitumor immunity
in anti-PD-1 therapy

APCs, including microglia or macrophages, mediated MHC-
II-restricted antigen presentation is essential for CD4" T cell-
dependent antitumor immunity [29]. So we wondered whether
GAMs might impact anti-PD-1 therapy through interaction
with CD4* T cells. To explore this, we first confirmed the
effect of CD4™ T cells on anti-PD-1 therapy by depleting
CD4™" T cells. The results showed that CD4* T cell depletion
promoted tumor outgrowth and eliminated anti-PD-1 efficacy
in glioma-bearing mice (Fig. 6a—e). We also observed that
CD4™" T cells were in close contact with GAM:s in the glioma
microenvironment (Fig. 7a). Then we isolated primary micro-
glia and co-cultured them with naive CD4" T cells derived
from OT-II mice (Extended Data Fig. 2a, b). We found that
microglia loaded with OVA peptides could effectively induce
the proliferation of naive CD4* T cells, but proliferation was
inhibited when microglia were preincubated with the tumor-
conditioned medium (Fig. 7b). FACS analysis demonstrated
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DAPI (blue) in glioma tissues. (scale: 50 pm) b Analysis of PD-L1
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ment arm before and after treatment (days 6 and 21), divided by treat-
ment group. All images were analyzed at the same color scale. e The
waterfall plot showed the change in tumor volume on day 21 com-
pared to day 6 for each mouse (n=6~7). f Kaplan-Meier survival
curve (n=6~7). g Analysis of GAMs activation in WT and PD-L1
KO glioma-bearing mice 14 days after tumor inoculation (n=4).
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Fig. 7 Tumor-conditioned medium inhibits the proliferation and acti-
vation of CD4" T cells by impairing the antigen-presenting function
of microglia. a Immunofluorescence staining shows that CD4™ T cells
(pink) contacted closely with GAMs (green) in the tumor microenvi-
ronment (scale: 50 pm). b The proliferation analysis of OT-II naive
CD4* T cells. After 72 h co-cultured with tumor-conditioned medium

that tumor-conditioned medium treatment significantly down-
regulated MHC-II expression but upregulated CD80 and PD-1
expression in microglia (Fig. 7c). Moreover, cytokine analy-
sis of co-cultured cell supernatants showed that tumor-condi-
tioned medium treatment significantly decreased the expres-
sion of IFN-y and TNF-a, but increased IL-10 and MCP-1
in microglia or CD4" T cells (Fig. 7d). These results suggest
that tumor-induced downregulation of MHC-II expression in
microglia could hinder antigen-specific CD4* T cell prolif-
eration and Th1 differentiation, which may further impair the
efficacy of anti-PD-1 therapy.

or DMEM pretreated OVA-loaded microglia, the proliferation of
CD4* T cells was measured by flow cytometry based on CFSE sig-
nal (n=4). ¢ Activation analysis of co-cultured microglia cells by
FACS (n=4). d Detection of cytokines in co-cultured supernatant
by cytometric bead array (n=4). TCM Tumor-conditioned medium,
*P<0.05, ¥*P<0.01, ***P <0.001

Discussion

In this study, we show that GAMs were able to adopt dif-
ferent phenotypes and affect the effect of anti-PD-1 immu-
notherapy on gliomas. At the early stage of the tumor, the
application of anti-PD-1 is conducive to M1-like activation
of GAMs and enhances the antitumor response. Correspond-
ingly, the M2-like activation transition of GAMs in advanced
tumors is difficult to reverse with anti-PD-1 therapy and is
associated with therapy resistance. Furthermore, our experi-
ments show that upregulation of PD-L1 or impairment of
MHC-II expression inhibits the M 1-like activation of GAMs.
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Anti-PD-1 monotherapy for recurrent GBM patients has
failed to show survival benefits [4, 30]. The mechanisms
leading to therapy resistance are still poorly understood.
Our results demonstrate that the efficacy of anti-PD-1 mon-
otherapy in the GL261 model is closely related to the time
of therapy initiation. Over 80% of GL261-bearing mice
with long-term survival when given anti-PD-1 therapy
7 days after tumor inoculation, while no mice have sur-
vival benefits when given 16 days postinoculation (Fig. 2c,
d). Whether tumor intrinsic or extrinsic factors constitute
the main determinants of response and resistance to anti-
PD-1 therapy is currently highly confusing [31]. Here, we
show a potential association between GAMs activation and
anti-PD-1 treatment response. The emergence of anti-PD-1
treatment resistance is accompanied by the transforma-
tion of GAMs from M1 to M2, which express more PD-1,
PD-L1, and Argl (Fig. 2e). The initial state of GAMs has
been reported to exhibit anti-glioblastoma activities and
prolong the survival of PD-1-treated glioma-bearing mice,
even when CD8* T cells are absent, which suggests that the
innate immune system may mediate the therapeutic effects
of anti-PD-1 [32, 33]. Here, we found that the depletion
of GAMs could weaken the efficacy of anti-PD-1 therapy,
supporting the above view (Fig. 3). Mechanistically, the anti-
PD-1 therapy promotes M1-like activation in GAMs, which
may contribute to the therapeutic efficacy (Fig. 4b). How-
ever, in advanced tumors, GAMs are hard to reprogram into
M1-like phenotypes by anti-PD-1 therapy. All these results
highlight the importance of the activation state of GAMs for
the efficacy of anti-PD-1 therapy in gliomas.

High PD-L1 expression levels have been observed in
tumor-associated APCs [34-36]. We confirmed that GAMs
are the primary non-neoplastic cells that upregulate PD-L1
expression in gliomas (Figs. 1d, 5a, b). Importantly, we
found that loss of PD-L1 expression on host cells, espe-
cially GAMs, markedly activated M 1-like GAMs and could
modestly improve anti-PD-1 therapy (Fig. 5d—g). PD-L1
has been found to provide backward signals restraining the
antitumor activities of PD-L1-expressed T cells [37], so we
reason PD-L1 also restricts the M 1-like activation of GAMs.
This inference also supports a recent report by Zhu et al.,
which shows that PD-L1 high expression in human GBM
was significantly correlated with the M2-polarization of
macrophages [17]. Our results highlight the role of the PD-1/
PD-L1 pathway in GAMs M1/M2 activation and provide
a new perspective to understand the underlying molecular
and cellular mechanisms of PD-1/PD-L1 blockade therapy.

Accumulating evidence indicates the importance of CD4*
T cells in tumor immunotherapy [26, 38, 39]. CD4* T cell
depletion eliminated anti-PD-1 efficacy in our glioma-bear-
ing mice model (Fig. 6¢c—e). CD4* T cell-mediated tumor
rejection mainly depends on APCs that endocytose, pro-
cess, and present tumor antigens on their MHC-II to activate
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tumor-specific CD4* T cells [40, 41]. Our results revealed
that glioma-derived factors could impair MHC-II expres-
sion in microglia, the most critical APCs in the CNS [42],
leading to the inhibition of antigen-specific proliferation
and Th1 activation of CD4* T cells. In addition, a previous
study showed that microglial MHC-II expression is down-
regulated in high-grade human gliomas [43]. These results
further emphasize the impact of GAMs activation on anti-
PD-1 therapy because of its potential effect on the antitumor
immunity of CD4" T cells.

The major limitation of our study is that all the experi-
ments were done with a single glioma model. GL261-Luc
cells are known to be immunogenic and respond to anti-
PD-1 therapy, which cannot accurately represent immu-
notherapy response in human GBM [44]. However, even
though this model is PD-1-sensitive, PD-1 monotherapy
does little to limit tumor progression when given 16 days
postinoculation. These results suggest that the time when
anti-PD-1 treatment can exert the best effect may be in the
early-stage gliomas.

In summary, our study shows that GAMs can facilitate or
hinder anti-PD-1 therapy depending on their activation state.
MI1-like GAMs are important for anti-PD-1 immunotherapy
against glioma, while the accumulation of M2-like GAMs is
associated with therapy resistance. Moreover, PD-L1 expres-
sion upregulated or MHC-II impaired in GAMs probably
weakens anti-PD-1 therapy. These findings support GAMs
as a potential biomarker for therapy response or target to
improve anti-PD-1 treatment in gliomas.
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