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The composition of the tumor immune microenvironment
(TIME) is considered a key determinant of patients’ response
to immunotherapy. The mechanisms underlying TIME for-
mation and development over time are poorly understood.
Glioblastoma (GBM) is a lethal primary brain cancer for which
there are no curative treatments. GBMs are immunologically
heterogeneous and impervious to checkpoint blockade immu-
notherapies. Utilizing clinically relevant genetic mouse models
of GBM, we identified distinct immune landscapes associated
with expression of EGFR wild-type and mutant EGFRVIII can-
cer driver mutations. Over time, accumulation of polymorpho-
nuclear myeloid-derived suppressor cells (PMN-MDSC) was
more pronounced in EGFRvIII-driven GBMs and was correlated
with resistance to PD-1 and CTLA-4 combination checkpoint

Introduction

Immune checkpoints blockade can achieve remarkable treatment
outcomes for patients with cancer. Although mutational burden
and dysfunction in mismatch repair genes positively correlate with
efficacy of checkpoint blockade, in general, factors that predict
positive therapeutic response remain poorly understood. Moreover,
it is currently unknown whether cancer driver mutations influence
the tumor immune microenvironment (TIME) and how that might
have a role in therapeutic response to checkpoint blockade. Such an
unaddressed question is of paramount mechanistic value in the field
of tumor immunology.
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blockade immunotherapy. We determined that GBM-secreted
CXCL1/2/3 and PMN-MDSC-expressed CXCR2 formed an axis
regulating output of PMN-MDSCs from the bone marrow
leading to systemic increase in these cells in the spleen and
GBM tumor-draining lymph nodes. Pharmacologic targeting of
this axis induced a systemic decrease in the numbers of PMN-
MDSC, facilitated responses to PD-1 and CTLA-4 combination
checkpoint blocking immunotherapy, and prolonged survival
in mice bearing EGFRvVIII-driven GBM. Our results uncover a
relationship between cancer driver mutations, TIME composi-
tion, and sensitivity to checkpoint blockade in GBM and sup-
port the stratification of patients with GBM for checkpoint
blockade therapy based on integrated genotypic and immuno-
logic profiles.

Myeloid-derived suppressor cells (MDSC) represent major
immunosuppressive populations of the tumor microenvironment.
Generated by cancer-triggered emergency myelopoiesis (1), MDSCs
are immature forms of neutrophils and monocytes, and are referred
to as polymorphonuclear- (PMN-) and monocytic- (M-) MDSCs,
respectively (2). MDSCs exert their immunosuppressive function
through many mechanisms (1, 3) and can hinder the anticancer
activities of chemotherapy, checkpoint blockade immunotherapy,
and cancer vaccines (4).

Glioblastoma (GBM) is an incurable malignant primary brain
cancer with a short (15 months) median survival. It is characterized
by aberrant overexpression and amplification of EGFR in the majority
(65%) of patients, and many of these patients also have an intragenic
in-frame deletion mutant that encodes for a constitutively activated,
ligand-independent receptor known as EGFRVIII (5-7). The current
standard of care for patients with GBM is debulking surgical resection,
fractionated irradiation concomitant with the DNA alkylating agent
temozolomide (TMZ), followed by adjuvant TMZ. The recent success
of checkpoint blockade immunotherapies in cancer has not translated
in GBMs partly because GBMs have (i) alow incidence of intratumoral
lymphocytes with immunologic features of elevated T-cell exhaustion,
(ii) a high infiltration of MDSCs and immunosuppressive bone
marrow—derived macrophages (BMDM), (iii) an impermeable blood
brain barrier, (iv) a low abundance and/or ineffective antigen-
presenting cells (APC), and (v) a low frequency of neoantigens and
mutational burden (8, 9). GBMs develop asymptomatically until
clinical manifestation of late disease stages is observed, which curtails
detailed studies on the longitudinal evolution of GBM development
using patient samples. In addition, GBM’s genomic heterogeneity
challenges correlative studies of driver mutations on tumor-
microenvironment composition and function in patients. To over-
come these caveats, we leveraged our genetically engineered mouse
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models of EGFR wild-type (WT)- and EGFRvIII-driven de novo
GBM (10-13) to study the evolution of the TIME during disease
progression, and to investigate how driver-gene mutations dictate
immune composition and sensitivity to checkpoint blockade.

Here, we report that EGFR-WT and EGFRvIII-mutant GBMs
activate distinct signaling pathways that correlate with different
cytokine profiles and TIME, which in turn determine sensitivity to
PD-1 and CTLA-4 combination immune checkpoint blockade.
CXCL2 and CXCL3 produced by EGFRvIII-mutant GBM-induced
CXCR2-dependent local and systemic recruitment of PMN-MDSCs,
which correlated with resistance to PD-1 and CTLA-4 checkpoint
inhibition, whereas CXCR2 antagonism resulted in systemic decrease
of PMN-MDSC, enhanced the efficacy of combination immune
checkpoint blockade and prolongation of survival.

Materials and Methods

EGFR conditional GBM mouse model and procedures

All mouse procedures were performed in accordance with Beth
Israel Deaconess Medical Center’s Institutional Animal Care and
Use Committee. Lox-stop-lox (LSL)/Cre-mediated conditional ex-
pression of human EGFR WT, mutant EGFRVII], firefly luciferase
cDNAs and conditional deletion of Pten was achieved as described
elsewhere (10, 14-16). Cohorts of LSL-EGFR-WT;Cdkn2a~'";
PTENZ°LSL-Luc and LSL-EGFRVII;Cdkn2a ' ;PTENZ°%LSL-
Luc mice were injected with pTyf-TGFo-IRES-iCre or pTyf-iCre
lentiviruses respectively and were imaged by bioluminescence
imaging (BLI) for tumor staging as previously described in details
(10, 17). Briefly, BLI was initiated 3 weeks post-lentivirus injection
by intraperitoneal injection of Luciferin (Perkin-Elmer, #122799)
into animals for 10 minutes prior to imaging using an IVIS xenogen
imager (Perkin-Elmer). Animals were imaged every 7 days until
they became moribund, at which point the experiments were
terminated. BLI outputs of 10E07-10E08 (p/s/cm?*/sr) were arbi-
trarily labeled as early-stage GBMs, whereas BLI outputs of >10E08
(p/s/cm?/sr) were considered late-stage tumors since the lag time
between an animal that reaches >10E08 and moribund status is
historically short (<10 days).

Histopathologic analysis

Histopathologic processing of mice and brain tissues has been
described elsewhere (10-13, 18). For IHC, staining was performed
on glass slides containing microtome-cut (10-pum-thick) sections of
formalin-fixed paraffin-embedded tumor-bearing mouse brain sec-
tions from control animals, EGFR-WT or EGFRVIII-driven GBMs,
control or treated with the indicated therapies. The following primary
antibodies were used: cleaved caspase-3 (CC3; Cell Signaling Tech-
nology, #9661, 1:200) and Ki67 (NCL-ki67, 1:1,000, Novocastra).
Further details on the antibodies and the secondary antibodies can
be found in Supplementary Table S1. Ki-67 and CC3 staining was
quantified using ImageJ (ver. 1.53t; https://imagej.net/ij/index.html)
by two independent observers who were blind to the images. Images
were obtained on a bright field Olympus BX43 microscope with a
DP72 digital camera using a 20x objective and processed using the
cellSens Entry (ver. 1.3) imaging software. A minimum of three fields
of view per image, three images per tumors, and a minimum of n = 3
tumors were analyzed per condition.

In vivo reagents and treatment
GBM initiation and growth development was monitored by BLI
as described above and animals that reached >1 x 107 p/s/cm?/sr
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were randomly enrolled in treatment groups. All antibodies were
diluted with sterile 0.9% Saline (Hospira). Mice were injected
intraperitoneally with 200 pg of anti-PD-1 (clone RMP 1-14,
BioXcell) and/or 200 pg anti-CTLA-4 (clone 9D9, BioXcell), or
the isotype control IgG2a mAb (clone 2A3, BioXcell), every 3 days
for 3 doses total. For the immunodepletion experiments, mice were
injected with 200 g of anti-CD8 (clone 53.6.7, BioXcell) daily for
3 days prior to initiation of immune checkpoint blockade or with
200 pg anti-Ly6G (clone 1A8, BioXcell) 1 day prior to initiation of
immune checkpoint blockade and depletion treatment was contin-
ued every 3 days for three treatments total. AZD-5069 (MedKoo
Biosciences, #206473) was resuspended in Ora-Plus (Paddock) and
administered daily by oral gavage at a dose of 100 mg/kg body
weight for 12 days.

Tissue processing and flow cytometry

Tumor-bearing EGFR-WT and EGFRvIII-mutant GBM mice at
either symptomatic moribund stage or 3 days after completion of the
third and final dose of indicated treatment were perfused transcardiacally
with 10mL PBS, brains were harvested, and cerebellum removed. Brain,
tumor draining lymph nodes (TDLN), and spleen were minced and
resuspended in 1.5 mg/mL Collagenase type IV (Gibco, #17-104-019)
containing DNase I (Sigma, #D4263) in HBSS with calcium and
magnesium and incubated rotating at 37°C for 45 minutes, with
occasional gentle dissociation with a P1000 pipette and filtered through
a 100 pm (brain) or 70 um (TDLN and spleen) mesh filter and diluted
with HBSS. All washes were pelleted at 400 x gfor 5 minutes. Single-cell
suspensions of brain tissues were resuspended in 30% Percoll (Sigma,
#GE17-0891-02) in PBS for myelin removal by centrifugation at
700 x g for 15 minutes with low deceleration brake. Myelin layer
was carefully aspirated off, and cells were diluted in PBS and
pelleted at 400 x g for 5 minutes. Red blood cells (RBC) were
lysed using RBC lysis buffer according to manufacturer protocol
(BioLegend, #420302). Single-cell suspensions were blocked with
FC block (BioLegend, #101301) for 5 minutes and stained with
antibodies and viability dye (Zombie NIR Fixable Viability Kit,
BioLegend, #423105; or Zombie Yellow Fixable Viability Kit, Bio-
Legend, #423103). Cell surface antigens were stained 30 minutes at
4°C in the dark. Cells were washed 2x in PBS and fixed using a
FoxP3 Intracellular Staining Kit according to manufacturer proto-
col (eBioscience, #00-5523-00), then permeabilized and stained
with intracellular antibodies for 30 minutes at 4°C in the dark.
Cell suspensions were washed 2x in permeabilization buffer
and resuspended in PBS for analysis. A minimum of 20,000 events
were collected on a Beckman Coulter Gallios flow cytometer or BD
LSRFortessa and analyzed using FlowJo (version 10). Compensation was
performed using Ultracomp ebeads Compensation Beads (Invitrogen,
#01-2222-42), which were stained with appropriate antibody and ana-
lyzed on the same voltage and settings. Antibody combinations against the
following target antigens were used to define these cell types: BMDM,
CD45"CD11b*Ly6C~Ly6G 5 microglia, CD45'°CD11b*Ly6C ™ Ly6G
PMN-MDSCs CD45"CD11b"Ly6C°Ly6G'; M-MDSCs, CD45"
CD11b"LysC"Ly6G~; CD8" T cells, CD45"CD3"CD8"CD4~; CD4*+
T cells, CD45"CD3"CD4"CD8"; regulatory T cells (Treg cells),
CD45"CD3*CD4"CD8 Foxp3", tumor cells, CD45 hEGFR". Anti-
bodies details are listed in Supplementary Table S1.

MDSC suppression assay

MDSC-mediated suppression was assessed using previously estab-
lished methodology (19). Briefly, splenic MDSCs were isolated from
the spleens of tumor-bearing EGFR-WT and EGFRvIII-mutant GBM
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mice using the EasySep Mouse MDSC (CD11b*GR17) Isolation
Kit (StemCell Technologies, #19867). MDSC-splenocyte co-
cultures were incubated in DMEM containing 5% FCS (R&D
systems, S11150), 2 mmol/L glutamine (Corning, #25-005-Cl),
100 units/mL penicillin-streptomycin (Gibco, #15-140-122),
10 mmol/L HEPES (Corning, #25-060-Cl), and 20 pmol/L
B-mercaptoethanol (Gibco, #31350010). Serial dilutions of
MDSCs (2 x 10°, 1 x 10°, 1 x 10*) were plated in RPMI1640
(Corning, #15-040-CM) in flat bottom 96-well plates with 2 x
10° splenocytes per well isolated from OTI-TCR transgenic
mice [The Jackson Laboratory, C57BL/6-Tg(TcraTcrb)1100Mjb/],
stock No: 003831] and 0.1 nmol/L of ovalbumin peptide (OVA;s;_
2645 Sigma, #S7951-1MG) with 10 ng/mL of IL2 (Peprotech, #212-
12) for 72 hours. As control, OTI splenocytes were incubated with
OVA peptide (OVA,s5;_564) and IL2 without MDSC. 3H-thymidine
(Perkin-Elmer, 1 mCI, Catalog No. NET027W001MC1) was added
for the last 16 hours of a 72-hour culture, and thymidine incor-
poration was measured by MicroBeta plate counter (Perkin-
Elmer).

Bone marrow isolation

Symptomatic moribund tumor-bearing EGFR-WT and EGFRVIII-
mutant GBM mice were sacrificed followed by dissection of tibias. Tibias
were placed in ice cold RPMI1640 (Corning, #15-040-CM) to remove
muscles and were washed in 70% ethanol 5 minutes, and ice-cold PBS 5
minutes. Bone marrow was flushed with PBS, cells pelleted at 1,200 rpm
for 8 minutes followed by RBC lysis with ACK lysis buffer (Gibco,
#A1049201) for 1 minute at room temperature. Lysis was stopped
using RPMI1640+10% FBS (R&D systems, S11150). Cells were then
counted using trypan blue. Common myeloid progenitors (CMP;
Lin~Scal CD127 c-kit"CD16/CD327) and granulocyte monocyte
progenitors (GMP; Lin~Scal CD127 c-kit"CD16/CD32") myeloid
precursors were identified on a flow cytometer as described above.

RT-qPCR analysis of cytokine expression

Brain single-cell suspensions obtained as above were stained with
anti-CD45 and Zombie Yellow fixable viability dye and immediately
sorted on a FACS Aria Cell Sorter for viable CD45~ and CD45%
populations and immediately resuspended in Qiagen RLT buffer. RNA
was isolated using the Qiagen RNeasy Micro Kit (#74004) as per
manufacture protocol and eluted using 14 UL of RNAse free water.
Thirty-five nanograms of RNA was used for reverse-transcriptase
reaction using the SuperScript III cDNA Synthesis Kit (Invitrogen,
#11-752-050). Primers (Supplementary Table S2) were found in the
literature as cited or from Primerbank (20-22). qPCR was performed
using Sybr Green (Life Technologies, #4367659) on a Stratagene
Mx3000p (Agilent Technologies). Expression level was determined
using the ddCt method comparing CD45" to CD45 " expression and
normalizing to GAPDH.

GBM primary cultures

Isolation of EGFR-driven mouse GBM primary cell cultures have
been described previously (10-12, 18). Primary cultures of tumors
were established as follows: tumor tissue from brains of moribund
tumor-bearing EGFR-WT and EGFRvIII-mutant GBM mice were
excised and minced in 0.25% trypsin (wt/vol) 1 mmol/L EDTA and
allowed to disaggregate for 15 minutes at 37°C. The resulting cell
suspension was then strained through a 100-um cell strainer. The
single-cell suspension was washed in PBS twice and plated on 0.2%
gelatin-coated tissue culture plates. Cells were cultured with media that
consisted of DMEM supplemented with 10% heat-inactivated FBS and
antibiotics.

AACRJournals.org
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Human TCGA deconvolution analysis

Cell state fraction deconvolution analyses were performed on the
processed TCGA glioma (GBMLGG) RNA sequencing (RNA-seq)
dataset obtained from GDAC FireHose (RN AseqV2, RSEM). Cell state
fractions were calculated as previously described (23) using CIBER-
SORTx (24) input with gene signatures derived from a pan-glioma
single-cell RNA-seq dataset (25). Within the TCGA dataset, patients
were stratified into EGFR mutation groups based on results from a
prior publication (5). Patients with EGFRVIII mutations were defined
as those with high expression (transcript allele frequency >210%) of
EGFR containing an exon 1 to 8 junction (deletion of exons 2-7).
Patients with EGFR mutations were those that had any non EGFRVIII
mutation that exhibited either an allele frequency or transcript allele
frequency >10%. Patients with WT EGFR were not part of the
EGFRVIII and EGFR mutation groups and lacked focal amplifications
of EGFR. Comparisons of T-cell fraction differences between these
groups were performed using the Wilcoxon rank-sum test.

Quantitative proteomics and phosphoproteomics

Biological triplicates of primary cell cultures isolated from EGFR-
WT and EGFRVIII GBMs were harvested, lysed, and processed
for quantitative isobaric label-based Tandem Mass Tag (TMT)
mass spectrometry as follows. Cell pellets were harvested and lysed
with a buffer containing 50 mmol/L HEPES (pH 8.5), 8M urea,
150 mmol/L NaCl, protease inhibitors (mini-Complete EDTA-free;
Roche, #04693159001), and phosphatase inhibitors (PhosSTOP;
Roche, #4906845001). Cells were passed through a 22-gauge needle
and syringe, 15 times for mechanical lysis. Lysates were cleared
through centrifugation and protein concentrations were determined
using a BCA assay (Thermo Fisher Scientific, #23225). Equal amounts
of protein (4 mg) were reduced for 45 minutes at 37°C with 5 mmol/L
DTT, alkylated with 15 mmol/L IAA for 30 minutes at room tem-
perature in the dark, before final reduction with 5 mmol/L DTT for
15 minutes at room temperature. Protein contents were extracted
through methanol-chloroform precipitation, before resuspension in
50 mmol/L HEPES, 8 mol/L urea, and 150 mmol/L NaCl. For proteo-
Iytic digestion LysC (Thermo Fisher Scientific, #NC9223464) was
added at a substrate:enzyme ratio of 100:1 and incubated for 3 hours
at 37°C. Samples were then diluted to 1.5 mmol/L urea with 50 mmol/L
HEPES and digest overnight with Trypsin at room temperature
with a substrate:enzyme ratio of 50:1. The peptide solutions were
then acidified before solid-phase extraction via SepPak (Waters,
#WATO020515). Peptide samples were resuspended in 1 mL 50% ACN,
2 mol/L lactic acid, and 100 pg of each sample was removed, desalted,
and saved for protein-level measurements. Phosphopeptide enrich-
ment was performed according to ref. 26.

Nonphosphorylated peptides saved prior to enrichment and
enriched phosphopeptides were then suspended in 100 pL of
200 mmol/L EPPS pH 8.5 before the addition of 30 uL of anhydrous
acetonitrile, and 10 uL of a 20 pg/uL stock of TMT reagent. Samples
were incubated for 1 hour at room temperature before the addition
of 10 pL 5% hydroxylamine. A small portion of each sample was
mixed, desalted, and analyzed to determine relative analyte abun-
dance in each sample. The remaining sample was then mixed to
ensure equal loading of peptide and phosphopeptide content and
acidified before solid-phase extraction via SepPak. Following iso-
baric labeling, enriched phosphopeptides were enriched again for
phospho-tyrosine (pTyr) containing peptides. Enriched phospho-
peptides were resuspended in 450 puL of immuno-affinity purifica-
tion (IAP) buffer (50 mmol/L MOPS/NaOH pH 7.2, 10 mmol/L
Na,PO,, and 50 mmol/L NaCl). A phospho-tyrosine specific
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antibody (P-Tyr-1000, Cell Signaling Technology) was incubated
with protein A agarose beads (Roche) overnight at 4°C in 1% PBS to
bind the antibody to the beads. Subsequently, the antibody-bead
mixture was washed 3x with IAP before incubation with enriched
phosphopeptides for 1 hour at room temperature to enable capture
of pTyr containing peptides. The supernatant, containing enriched
phosphopeptides, was removed, de-salted using a SepPak, and
saved for offline fractionation. The beads were washed 1x with
IAP and 1x with H20 before performing two elutions using 75 UL
of 100 mmol/L formic acid. Enriched pTyr peptides were desalt-
ed and resuspended in 1% formic acid prior to nLC/MS-MS
analysis. Nonphosphorylated and phosphorylated peptides were
fractionated via basic-pH reversed-phase liquid chromatography
(27). Nonphosphorylated samples were resuspended in 5% ACN,
1% formic acid, and phosphorylated peptides were resuspended
in 1% formic acid before nLC/MS-MS analysis.

MS analysis

MS analyses were performed on an Orbitrap Fusion Lumos mass
spectrometer (Thermo Fisher Scientific) coupled to an Easy-nLC 1200
ultra-high pressure LC pump (Thermo Fisher Scientific). Peptides
were separated at 300 nL/min using an analytical column (75 m inner
diameter) that was packed self-packed with 0.5 cm of Magic C18 resin
(5 um, 100 A; Michrom Bioresources) followed by 35 cm of Sepax
Technologies GP-C18 resin (1.8 pum, 120 A). LC buffers consisted of
0.1% formic acid (buffer A) and 80% ACN with 0.1% formic acid and
LC gradients were optimized to ensure equal elution of peptides
throughout the analysis. Survey scans (MS1) were performed in the
Orbitrap (AGC target 1e6, 120,000 resolution, 100 milliseconds max-
imum injection time) and used to select the 10 most abundant features
for MS-MS (MS2) analysis. Candidate peaks were filtered on the basis
of charge sate >2 and monoisotopic peak assignment, and dynamic
exclusion (60 second =+ 10 ppm) was enabled. For nonphosphorylated
peptide analysis, only one charge state was selected for each precursor.
Precursor ions were isolated (AGC target = 2.5 X 10*) at a width of
0.5 Th using a quadrupole mass filter and fragmented with collision-
induced dissociation (CID, 35 NCE) in the ion trap with distinct
maximum injection time settings for nonphosphorylated (150 milli-
seconds) and phosphorylated (200 milliseconds) peptides. To alleviate
the effects of precursor ion interference (28), multiple fragment ions
were isolated (29) using synchronous precursor selection (SPS) prior
to HCD (55 NCE, SPS notches = 8, AGC target = 2.2 x 10°, maximum
injection time of 150 or 300 milliseconds for nonphosphorylated
and phosphorylated peptides, respectively) MS3 fragmentation and
Orbitrap analysis (50,000 resolution).

A compilation of in-house software was used to convert Thermo
“raw” mass spectrometric data to mzXML format, as well as to
correct monoisotopic m/z measurements and erroneous peptide
charge state assignments (30). The SEQUEST algorithm was used
to assign MS-MS spectra to a peptide identification (31). Static modi-
fications included TMT (229.16293 Da) on both the n-terminus of
peptides and lysine residues and carbamidomethylation of cysteine
residues (57.02146 Da). Phosphorylation (79.96633 Da) was includ-
ed for phosphopeptide experiments. Peptide spectral matches were
filtered to 1% FDR using the target-decoy strategy (32), before being
grouped into proteins which were then filtered to 1% FDR at the
protein level (30). Phosphorylation sites were localized with a modified
version of the AScore algorithm and phosphorylation sites with
an AScore >13 (P < 0.05) were considered localized (33). Proteins
and phosphorylation isoforms were quantified according to ref. 27.
“Relative abundance” expression values for each analyte (protein or
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phosphorylation isoform) and represent the signal-to-noise value of
each sample divided by the sum of all samples for each analyte
normalized to 100. For phosphorylated peptides, the quantitative
values were normalized to the relative abundance of the protein, to
account for changes in protein abundance upon treatment. All data
analysis was performed using R (http://www.R-project.org).

Gene ontology analysis

The proteomics data described above was used to identify genes
enriched in biological process (BP), molecular function (MF), and
cellular component (CC), we utilized the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) v7.0 (https://david.
ncifcrf.gov; refs. 34, 35) with GOTERMs BP, MF, and CC. All terms
with a P value (Benjamini or Benjamini-Hochberg adjusted) less than
0.05 were considered significant and ranked by the number of genes
identified in the group.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 9
(GraphPad Software). Values are given as mean £ SEM or SD as
indicated. Numbers of experimental replicates are given in the figure
legends. When two groups were compared, significance was deter-
mined using an unpaired two-tail ¢ test. When multiple groups were
compared, significance was determined using one-way ANOVA with
Tukey’s correction for multiple comparisons. Significance for survival
analyses was determined by the log rank (Mantel-Cox) test. A P-value
<0.05 is considered as statistically significant.

Data availability

The data generated in this study are available in the article and its
supplementary data files or upon request from the corresponding
authors.

Results

EGFR-WT and EGFRvIII GBMs have distinct cancer signaling
and immune composition profiles

EGFR-WT and EGFRVIII utilize unique and overlapping path-
ways to convey oncogenic signaling inputs (36). We previously demon-
strated that mice genetically engineered to overexpress human
EGFR-WT or EGFRVIII in the context of loss of both Cdkn2a
and Pten tumor suppressor genes in the CNS develop de novo
GBMs (10-13). In this study, EGFR-WT (n = 8) and EGFRVIII
(n = 9) mouse GBMs were blindly evaluated for neuropathologic
features. Both had frequent mitoses, moderate to dense cellularity,
brain infiltration, vascular proliferation, and necrosis, features con-
sistent with high-grade gliomas (Fig. 1A). In addition, EGFR-WT
GBM:s had small, round, slightly hyperchromatic nuclei with min-
imal cytoplasm (Fig. 1A), histologic features highly reminiscent of
small cell GBMs, which have a high frequency of EGFR amplifi-
cation (70%) and PTEN loss (>95%; ref. 37). In contrast, EGFRVIII
GBM cells had classical astrocytic morphology with readily iden-
tifiable glial processes, and moderate nuclear atypia (Fig. 1A). These
differing features, however, had no influence on overall survival of
GBM-bearing mice (median survival: 42 and 43 days for EGFR-WT
and EGFRVIII, respectively; Fig. 1B).

To better characterize EGFR-WT and EGFRVIII GBMs, we
performed an unbiased, comprehensive quantitative isobaric
label-based TMT MS analysis to measure expression of proteins
and phospho-isoforms (pTyr, pSer, and pThr) from mouse pri-
mary cell cultures derived from EGFR-WT and EGFRVIII GBMs
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(Fig. 1C-E). We identified 7,851 proteins across all conditions
that clustered separately (Fig. 1C). Gene Ontology (GO) analysis
of the significantly upregulated proteins demonstrated enrichment
for cell oxidation-reduction process, lipid metabolic process, cell
cycle, DNA repair and replication in EGFR-WT cells and cell
adhesion, cell migration, actin cytoskeleton organization, and angio-
genesis in EGFRVIII cells (Fig. 1D). To measure changes in signaling in
EGFR-WT and EGFRVIII GBMs, we performed successive phospho-
peptide enrichment and pTyr immunopurification and identified
6,054 phospho-peptides (210 pTyr) belonging to 1,807 unique proteins
and computed Log, fold change (FC) for each phospho-peptide
between EGFR-WT and EGFRVIIL In EGFRVIII GBM cells, higher
levels of Erbb3 pY1286 and pY1325 were observed (Fig. 1E). Erbb3 is
a ligand-binding, kinase-deficient EGFR family member, which oblig-
atory heterodimerizes with other ErbB members for signaling (38),
and has been shown to activate oncogenic EGFRVIII signaling (39).
Our results suggest that EGFRVIII may dimerize with ERBB3 for
oncogenic activity in GBM. In addition, higher levels of PDGFRA
pY754 were observed in EGFRVIII cells, corroborating our previous
results demonstrating that EGFRVIII requires PDGFRA activity for
oncogenic signaling (13). On the other hand, phosphorylation of the
EGEFR autophosphorylation site Y1110 and of the E3 ubiquitin ligase
Cbl at Y139 were upregulated in EGFR-WT (Fig. 1E). Although
observed in unrelated studies, the functional role of Cbl pY139 has
not been elucidated. Phosphorylation of EGFR pY1110 increases
kinase activity and plays a role in receptor trafficking and stability
(40, 41). These results suggest that differences in histopathologic
features in EGFR-WT and EGFRVIII GBMs are associated with dis-
tinct signaling events.

Increasing experimental evidence demonstrates that molecular
features of cancer have a direct impact on the TIME (42). Using flow
cytometry to characterize the TIME (Supplementary Figs. S1A and
S1B), we observed significantly elevated levels of CD45™ cells in EGFR-
WT (4.5 & 0.71-fold) and EGFRVIII (3.5 & 0.63 fold) GBMs when
compared with normal brain, but no statistically significant differences
between EGFR-WT and EGFRvVIII GBMs (Fig. 1F). Using CD45% and
CD45" to differentiate microglia from BMDMs (43), we observed that
the majority of CD45™ cells of normal brains were CD45'° microglia
(84.7£10.1% of total cells), whereas GBMs had markedly lower
fractions of microglia and a significant increase in other immune cell
types with differences in composition between EGFR-WT and EGFR-
vIII GBMs (Fig. 1G; Table 1). Compared with EGFR-WT GBMs,
EGFRVIII GBMs had significantly reduced numbers of CD4" T cells
(7.63% =+ 1.5 vs. 2.21% =+ 0.43, P = 0.0042) and Treg cells (4.78% =+
1.69 vs. 0.00021% =+ 0.0001, P = 0.0159) and elevated PMN-MDSCs
(5.46% =+ 1.01 vs. 14.33% =+ 1.51, P = 0.0001; Fig. 1G; Table 1). These
differences extended to cervical TDLNs and spleen of GBM-bearing
animals (Supplementary Figs. SIC and S1D). We did not observe
significant differences in CD8" T cells, M-MDSCs, and BMDMs
between EGFR-WT and EGFRvVIII GBMs (Fig. 1G; Table 1). In
TDLNs, significant increases in CD8" T cells, PMN-MDSCs,
M-MDSCs, and BMDMs and decreases in CD4" T cells in EGFRvIII
compared with EGFR-WT were observed (Supplementary Figs. S1C
and S1D). The spleens of EGFRvIII-mutant GBM-bearing mice dis-
played higher fractions of CD8™ T cells and BMDMs and decreases in
CD4" T cells, compared with EGFR-WT GBM-bearing mice (Sup-
plementary Figs. S1C and S1D). In contrast, splenic M-MDSCs and,
more prominently, PMN-MDSCs were lower in EGFRvIII GBM-
bearing mice compared with EGFR-WT GBM-bearing mice (Supple-
mentary Figs. S1C and S1D). Together these findings indicate that
the two types of GBM induced distinct systemic immunologic altera-
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tions and that EGFRVIII GBM displayed a systemic redistribution
of PMN-MDSCs, including tumor site and TDLNs.

We validated these findings in patients by conducting CIBER-
SORTx deconvolution analysis (44-46) on GBM TCGA data. We
identified neoplastic cells (differentiated-like, stemlike, and prolifer-
ating stemlike), nontumorigenic cells and immune cells in EGFR-WT
amplified and EGFR mutated/EGFRVIII human GBMs and we
observed a trend for reduced T-cell infiltration in EGFRVIII GBMs
(Fig. 1H). Together these results demonstrate that the immune cell
composition of symptomatic EGFR-WT and EGFRVIII GBMs are
distinctly different, both in mice and human patients.

Acquisition of immunosuppressive features during progression

In patients, GBMs are diagnosed in symptomatic, advanced stages,
which precludes studies on the evolution of the TIME during the
gliomagenesis process. We leveraged our models to understand the
development of the immune landscape during GBM progression. We
analyzed the immune compositions of early- and late-stage GBMs as
defined by BLI outputs (Fig. 2A; Supplementary Fig. S2A; ref. 47),
which positively correlated with the number of EGFR" GBM cells
(Supplementary Fig. S2B). The number of intratumoral CD45" cells
remained unchanged during progression (Supplementary Fig. S2C),
whereas the number of EGFR" cells significantly increased over time
in both GBM types (late vs. early GBMs, EGFR-WT 3.35 =+ 1.00-fold,
EGFRVIII 3.85 £ 1.26-fold) consistent with tumor growth (Fig. 2B).

Although no detectable changes were observed in microglia
(Fig. 2C), all other myeloid subsets displayed significant increases
during progression (Fig. 2D-F). Concomitantly, there was an increase
in Treg cells in EGFR-WT GBM, whereas in EGFRVIII GBM Treg cells
remained undetectable at both early and late disease stages (Fig. 2G)
and the numbers of CD4" and CD8" T cells did not change during
tumor progression (Fig. 2H and I). The numbers of PMN-MDSCs
were higher in EGFRVIII GBMs compared with EGFR-WT GBMs at
both stages of tumor progression (Fig. 2E). Concordantly, the levels of
CD4" T cells were significantly lower in EGFRVIII than in EGFR-WT
GBMs both in early- and late-stage tumors (Fig. 2H). To determine the
suppression capacity of MDSCs in EGFRvIII and EGFR-WT GBM
bearing mice, we performed suppression assays in vitro. We observed
significant reduction (EGFR-WT MDSC 70.9% =+ 4.3, EGFRVIII
MDSC 60.4% =+ 4.2) in antigen-specific responses of splenocytes from
OTI TCR-transgenic mice at 1:1 MDSC/splenocyte ratio (Fig. 2J),
indicating that MDSCs from EGFR-WT and EGFRvIII GBM mice
displayed similar suppressive capacity. Together these findings suggest
that the high levels of PMN-MDSCs in EGFRvIII GBMs might play a
role in mediating an immunosuppressive TIME by inhibiting the
expansion of CD4" T cells.

Flow cytometry analyses of TDLNs and spleens demonstrated
similar quantitative changes in key immune cell populations (Supple-
mentary Fig. S2D), confirming an influence of EGFRvIII GBM on
systemic immunity. Analysis of T-cell effector function showed no
significant changes in the number of Granzyme B* CD8" T cells or the
levels of Granzyme B protein in both EGFR-WT and EGFRvIII GBM
and TDLNs (Supplementary Fig. S2E). However, the ratio of CD8* T
cells to PMN-MDSCs, a measure of immunosuppression, decreased
during tumor progression in EGFR-WT GBM but was constitutively
low in EGFRVIII GBM (Fig. 2K). Contrary to previously reported
observations in syngeneic glioma mouse models (48), we did not detect
sexual dimorphism in PMN- or M-MDSC infiltration (Supplementary
Fig. S2F).

We observed significantly reduced proportions of CD8" effector
memory (Tgyv) and central memory (Tcy) T cells in EGFRVIII
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Figure 1.

Distinctive histopathological, signaling and immune characteristics of EGFRvIII and EGFR-WT GBMs. A, Representative H&E sections of mouse GBMs.
Scale bar = 50 um; inset = 10 um. B, Kaplan-Meier analysis of GBM mice. P = 0.1118; n.s., not significant, log-rank (Mantel-Cox), n = 21 each EGFR-WT and
EGFRUVIIl. €, Unsupervised clustering heat map and volcano plot of quantitative proteomics from EGFR-WT and EGFRvIII GBM-derived cells. n = 3 from
biological replicates for each line. D, GO analysis of significantly upregulated proteins in EGFR-WT and EGFRvIIl GBM cells. BP, biological processes.
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(Continued.) E, Unsupervised clustering heat map and volcano plots of quantitative phosphoproteomics from EGFR-WT and EGFRvIlI GBM-derived cells.
n =3 from biological replicates for each line. F, Flow cytometry of CD45" cells in normal brain (n = 4), EGFR-WT (n = 9), and EGFRvIII (n = 9) GBMs. G, Flow
cytometry of immune cells in normal brain (n = 4), EGFR-WT (n =10), and EGFRvIII (n = 9) GBMs. H, CIBERSORTX cell state fraction deconvolution analysis
performed on human TCGA glioma RNA-seq dataset from EGFR-WT (n = 62), EGFRvIII (n =15), and mutated EGFR (mut) other than vlil (n = 41). Left, plot
of T-cell fraction as percent of all cells, right panel, stacked percent fraction of all immune cells determined by CIBERSORTx. Mean + SEM of biological
replicates. **, P < 0.07; ns; not significant, unpaired t test, two-tailed (F, G).

compared with EGFR-WT GBMs in both early- and late-stage disease
(Fig. 2L). There were also lower fractions of CD4" T¢y in late
EGFRVIII compared with EGFR-WT GBMs (Fig. 2L). In TDLNs of
EGFRVIII GBM mice, we found significantly higher relative numbers
of CD8" Tgy and Tey cells than in EGFR-WT (Fig. 2M) but a
significant reduction in CD4 " Tgy and Ty in late-stage disease when
compared with EGFR-WT (Fig. 2M). Collectively, these results dem-
onstrate that EGFRvIII GBMs have a highly immunosuppressive
TIME characterized by elevated fractions of PMN-MDSCs and sup-
pressed lower relative numbers of effector and memory T cells.

In tumor-bearing mice and patients with cancer, MDSCs are
produced during cancer-driven emergency myelopoiesis, character-

ized by an increased output of undifferentiated myeloid cells from the
bone marrow in response to cancer (49). To determine if the increase in
PMN-MDSC observed in EGFRVIII GBMs was associated with a
distinct profile of myeloid progenitors and mature myeloid cells in
the bone marrow, we analyzed bone marrow from control nontumor-
bearing mice, and EGFR-WT and EGFRVIII GBM-bearing mice.
In EGFRVIII GBM-bearing mice, we observed a significant expan-
sion of Lin~ populations compared with control and EGFR-WT GBM-
bearing mice (Supplementary Fig. S2G). This was not due to an
increase of GMP or CMP, indicating a predominant expansion at
earlier stages of myeloid progenitors and a more rapid output of
Lin" cells from the bone marrow, as determined by the increased

Table 1. Immune composition of normal brain and EGFR glioblastomas.

Percent of CD45" cells + SEM P values
Normal brain EGFR WT EGFR vl WT vs. Normal vlll vs. Normal WT vs. vill
CD8" T cells 412 £1.35 27.03 + 3.68 27.29 + 15 0.0025 <0.0001 ns.
CD4™ T cells 112 +£ 0.59 7.63 +15 221 £ 0.43 0.0214 ns. 0.0042
Regulatory T cells n.d. 478 +1.69 0.00021 + 0.0001 n.d. n.d. 0.0159
PMN-MDSCs 0.33+0.15 5.46 £+ 1.01 14.33 £ 1.51 0.0088 <0.0001 0.0001
M-MDSCs 491+ 2.44 17.02 + 2.72 16.46 + 3.04 0.0228 0.0387 ns.
BMDMs 479 + 2.44 283 + 414 243 + 2.69 0.005 0.001 ns.
Microglia 84.72 + 5.03 9.76 + 2.33 15.41 £+ 1.03 <0.0001 <0.0001 0.0477

NOTE: Flow cytometry analysis of intratumoral CD45™ cells for the indicated cell type (percent). Data are mean + SEM of biological replicates, P values

from unpaired t test, two-tailed.
Abbreviation: ns, not significant.
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Figure 3.

Combination PD-1/CTLA-4 checkpoint blockade promotes CD8™ T cell-dependent therapeutic response in EGFR-WT but not in EGFRvIII GBM. A, Treatment
scheme of GBM mice. B, Left, Kaplan-Meier analysis of EGFR-WT GBM mice treated with indicated antibodies. Median survival (ms) in days. *, P = 0.0158,
log-rank (Mantel-Cox) test. Right, BLI outputs over time of a subset of mice from left. C, Kaplan-Meier analysis of EGFR-WT mice treated with indicated
antibodies. *, P = 0.0001, log-rank (Mantel-Cox) test. D, Left, Kaplan-Meier analysis of EGFRvIIl GBM mice treated with indicated antibodies. Right,
BLI outputs over time of a subset of mice from left. E, Flow cytometry of relative amounts of EGFR™ tumor cells in GBMs. Unbracketed; compared with IgG
control. F and G, Relative levels of cleaved caspase 3 CC3; (F) and Ki-67 proliferative index (G) on GBM tissue from the indicated treatments. n = 3 GBMs
and >3 serial sections stained for CC3 or Ki-67. Mean 4 SEM of biological replicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; unpaired t test,
two-tailed.

fractions of CD45"CD11b" cells in the spleen of EGFRVIII GBM-
bearing mice (Supplementary Fig. S2H). Consistent with these data,
the fractions of Lin* cells in EGFRvIII GBM-bearing mice were
significantly lower. In contrast, in bone marrow from EGFR-WT
GBM-bearing mice, the Lin" fractions dominated whereas the fre-
quencies of Lin~ populations, including GMP, were lower compared
with control and EGFRVIII GBM mice. In addition, the spleens of
EGFR-WT GBM mice had lower fractions of CD45*CD11b™ cells

compared with EGFRVIII GBM (Supplementary Fig. S2H). Together
these results indicate a higher production of myeloid progenitors and
output of myeloid cells in EGFRvIII GBM-bearing mice.

Checkpoint blockade treatment prolongs survival of EGFR-WT
GBM mice

The immunosuppressive milieu of GBM is considered to be a major
impediment to the clinical efficacy of immune checkpoint blockade

Figure 2.

Distinct immune profile evolution of EGFR-WT and EGFRvIII GBMs during progression. A, BLI of GBMs at early- and late-stage tumor progression. n = 6 each
EGFR-WT and EGFRVvIIl early and late stage. B, Relative number of EGFR™ GBM cells during early- and late-stage tumor progression. n = 4,6 and 4,6 for EGFR-
WT early and late stage and EGFRvIII early and late stage, respectively. C-I, Flow cytometry longitudinal assessment of the indicated cell types during
early- and late-stage tumor progression. J, Suppression of proliferation of T cells by MDSCs isolated from EGFR-WT and EGFRvIII GBM bearing mice.n = 4
for each control, EGFR-WT, and EGFRvIII mice. K, Ratio of CD8:PMN-MDSC from early- and late-stage GBMs. L, and M, Flow cytometry analysis of relative
CD8" and CD4™" Tgy and Ty cell subset from GBM (L) and TDLNs (M) tissues of early- and late-stage GBMs. All data are mean + SEM of biological replicates.
*, P <0.05; **, P <0.01; ***, P < 0.001; ****, P < 0.0001; unpaired t test, two-tailed.
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therapy (8, 9). We leveraged the divergent immune compositions of
EGFR-WT and EGFRVIII GBMs to analyze the efficacy of checkpoint
blockade therapy. We used BLI to track GBM growth and initiation of
treatment (Fig. 3A; Supplementary Fig. S3A) and mice were randomly
enrolled into a four-arm treatment study with (i) control IgG, (ii) anti-
PD-1, (iii) anti-CTLA-4, or (iv) anti-PD-1/anti-CTLA-4 combination
treatment, after which response was followed by BLI and animals were
monitored for survival (Fig. 3A). The majority of EGFR-WT GBM
mice treated with combination therapy displayed responses consistent
with sustained growth arrest and tumor regression, whereas single-
agent treatments yielded no response by imaging (Fig. 3B; Supple-
mentary Fig. S3A). Combination immune checkpoint blockade trans-
lated into a significant prolongation of survival in EGFR-WT GBM-
bearing mice (Fig. 3B), with 10% of the treated animals surviving
>100 days and tumor-free at termination. This survival benefit was
dependent on CD8" T cells because anti-CD8-mediated depletion
eliminated the therapeutic effect (Fig. 3C; Supplementary Fig. S3B).
Similar treatment of EGFRvIII GBM mice showed no inhibition of
tumor growth (Fig. 3D; Supplementary Fig. S3A) and no significant
prolongation of survival (Fig. 3D). We harvested GBMs, cervical
TDLNs, and spleens from EGFR-WT and EGFRVIII GBM mice at
the end of the third cycle of checkpoint blockade treatment, and upon
recurrence of GBM growth, and analyzed their immune compositions
by flow cytometry. Treatment of EGFR-WT mice with anti-CTLA-4
monotherapy and combination anti-PD-1/anti-CTLA-4 significantly
decreased the number of EGFR" tumor cells compared with IgG
control (2.7 £ 1.2-fold and 7.9 + 0.8-fold, respectively; Fig. 3E). This
paralleled increases in apoptotic index (Fig. 3F; Supplementary
Fig. S3C) and decreases in proliferative indexes (Fig. 3G; Supplemen-
tary Fig. S3C), cellular features that were annulled upon tumor
recurrence (Fig. 3E-G). There were no decreases in EGFR" tumor
cells in EGFRVIII GBMs similarly treated, reflecting the absence of
therapeutic benefit in GBMs bearing EGFRVIII mutation (Fig. 3E).
These outcomes were independent from levels of expression of PD-1
and/or CTLA-4 on CD8" T cells in GBMs, TDLNSs, and spleens
(Supplementary Fig. S3D).

Taken together with our findings of significantly lower numbers of
CD8" Tgy and Tey in EGFRVIIT GBM (Fig. 2K), this demonstrates
that EGFRVIII creates a highly immunosuppressive TIME that
negates the ability of combined PD-1 and CTLA-4 immune check-
point blockade to induce antitumor immunity. Conversely, EGFR-
WT GBM has a less immunosuppressive TIME that is sensitive to
combination PD-1/CTLA-4 immune checkpoint blockade, capable
of inducing a CD8* T cell-dependent antitumor response.

Checkpoint blockade treatment reduces intratumoral
PMN-MDSCs and BMDMs

To determine the cellular underpinnings of our results, we analyzed
the immune profiles of GBMs, TDLNs, and spleens during treatment
(Fig. 4A). In EGFR-WT GBM:s, the proportions of PMN-MDSCs were
decreased by CTLA-4 and combination PD-1/CTLA-4 immune
checkpoint blockade (Fig. 4B). In EGFRVIII GBMs, the fractions

EGFRvIII Glioblastomas Are Resistant to Checkpoint Therapy

of PMN-MDSCs were decreased by PD-1 and combination PD-1/
CTLA-4 immune checkpoint blockade (Fig. 4B). The relative numbers
of splenic PMN-MDSCs in EGFR-WT but not in EGFRVIII GBM-
bearing mice were also significantly reduced by PD-1, CTLA-4, and
combination PD-1/CTLA-4 immune checkpoint blockade (Fig. 4C),
whereas no changes were observed in TDLNs (Supplementary
Fig. S4A). Despite these decreases in PMN-MDSC in both GBM types,
their relative numbers in EGFRVIII GBMs remained significantly
higher than those in EGFR-WT GBMs (Fig. 4B).

Combination PD-1/CTLA-4 immune checkpoint blockade
decreased relative numbers of BMDMs in EGFR-WT and EGFRVIII
GBM (Fig. 4D); no effects in BMDM fractions were observed in the
spleens or TDLN in any treatment group (Supplementary Figs. S4B and
$4C). No changes were observed in CD8"', CD41 T cells, Treg cells,
M-MDSCs, and microglia in any treatment group (Supplementary
Fig. $4D). Despite the lack of changes in CD8" T cells, the decrease
of PMN-MDSCs induced by combination PD-1/CTLA-4 immune
checkpoint blockade in EGFR-WT mice translated into an increase
in CD8:PMN-MDSCs ratio compared with control (Fig. 4E), sug-
gesting a more immunologically active TIME after this combination
therapy. This was not observed in EGFRVIII mice (Fig. 4E), which
retained a strongly immunosuppressed TIME (high levels of PMN-
MDSCs).

In EGFR-WT GBMs, the relative numbers of PMN-MDSCs and
BMDMs increased upon recurrence (Fig. 4B-D), whereas no sig-
nificant effects were observed in spleen or TDLN (Fig. 4C; Supple-
mentary Figs. S4A-S4C). These changes translated into a decrease
in the ratio of CD8:PMN-MDSCs in the tumor site (Fig. 4E). PD-1
and combination PD-1/CTLA-4 immune checkpoint blockade did
not change the number of intratumoral GranzymeB"CD8" T cells
in both GBM subtypes (Supplementary Fig. S4E). In TDLN of
EGFR-WT mice, we observed low fractions of GranzymeB"CD8"
T cells, which increased after combination PD-1/CTLA-4 treatment
(Supplementary Fig. S4F). In contrast, in TDLNs of EGFRVIII mice,
GranzymeBCD8™" T cells were readily detected and were modestly
increased by combination PD-1/CTLA-4 immune checkpoint block-
ade treatment (Supplementary Fig. S4F). Notably, GranzymeB " CD8*
T cells remained higher in EGFRVIII GBM than in EGFR-WT (Sup-
plementary Figs. S4E and S4F), suggesting that CD8" T cells are
primed by tumor-associated antigens expressed in EGFRVIII GBM,
although functional antitumor immunity is restrained.

As a result of these findings, we further investigated changes
imposed on T-cell activation and expansion by GBM and checkpoint
immunotherapy. Assessment of GBMs showed that EGFR-WT GBMs
had proportionally low numbers of CD4" and CD8" Ty cells and
these numbers readily increased in response to combination PD-1/
CTLA-4 immune checkpoint blockade (CD8" Tgy; 5.06 + 0.64-fold
and CD4™" Tgy 42.6 £ 0.98-fold increases; Fig. 4F). In the TDLNs of
these mice, the relative numbers of CD8" Ty and Tey cells were
upregulated, although to a lesser extent by combination PD-1/CTLA-4
immune checkpoint blockade (CD8* Tgy 2.26 & 0.69-fold and CD8*
Tcwm 2.28 £ 0.7-fold increases; Fig. 4G). Similar increases were also

Figure 4.

Changes in PMN-MDSCs and BMDMs parallels checkpoint blockade efficiency. A, Flow cytometry of the indicated immune cells in GBMs, TDLNs, and spleens
of mice treated as indicated. EGFR-WT n =10, 7, 6, 8 and EGFRvIll n = 9, 4, 4, 5 for IgG, PD-1, CTLA-4, and PD-1/CTLA-4 checkpoint blockade, respectively
and n = 6 for recurrent EGFR-WT. B-D, Flow cytometry of PMN-MDSCs and BMDMs from GBM and spleen of mice treated as indicated. E, Ratio of CD8:
PMN-MDSCs from GBMs treated as indicated. F and G, Flow cytometry of relative CD8" and CD4™ Ty and Ty cell subset from GBM (F) and TDLNs (G) tissues
of mice treated as indicated. Nonbracketed comparisons with IgG controls (B-G). Mean + SEM of biological replicates. *, P < 0.05; **, P< 0.01; ***, P < 0.0071;

x5 P < 0.0001; unpaired t test, two-tailed.
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observed in CD4 " Tgy, cells at the GBM site (Fig. 4F) as well as CD4*+
Tgm and Tey cells at the TDLN (Fig. 4G). Together these results
suggest that in EGFR-WT GBM, after priming in TDLN, tumor-
reactive Tgyy cells translocated to the tumor where they were able
to expand after immunotherapy. In contrast, in EGFRVIII GBM,
TDLN contained a high fraction of CD8* Tgy; and Ty cells before
treatment which further increased after immunotherapy (Fig. 4G).
TDLN CD4" Tgy and Ty cells also relatively increased in number
after PD-1 or combination PD-1/CTLA-4 immune checkpoint
blockade (Fig. 4G). In these mice, intratumoral CD4" and CD8™"
Tgm cells were sparce, and there was no increase under any
treatment conditions (Fig. 4F), consistent with a TIME that
imposes suppression on T-cell expansion.

These observations are consistent with enhanced T-cell priming
in TDLN, indicative of a higher immunogenicity in EGFRvIII
compared with EGFR-WT GBM. However, although CD4" and
CD8" Tgy and Ty cells were induced in TDLN in response
to immunotherapy, they were significantly suppressed in the
GBM microenvironment (Fig. 4F and G). The paucity of Tgy and
Tcwm cells and the lack of response to combination PD-1/CTLA-4
immune checkpoint blockade correlated with high levels of PMN-
MDSC in EGFRVIII GBMs compared with EGFR-WT GBM in both
early- and late-stage disease (Fig. 2E).

PMN-MDSC depletion sensitizes EGFRvIII GBM to checkpoint
blockade treatments

We investigated whether PMN-MDSC were actively involved in the
resistance to immune checkpoint blockade therapy in EGFRVIII
GBMs. Anti-Ly6G immunodepletion in EGFRVIII mice (Supplemen-
tary Figs. S5A and S5B) did not change the levels of intratumoral
CD45" cells (Supplementary Fig. S5C) but improved survival in
control, CTLA-4, and combination PD-1/CTLA-4 immune check-
point blockade arms (Fig. 5A). Flow cytometry analysis showed no
changes in the numbers of CD8" T cells, CD4" T cells, Treg cells,
M-MDSCs, microglia, and BMDMs in control IgG-treated mice
(Fig. 5B-D; Supplementary Fig. S5D). In contrast, we observed
significant increases in the numbers of CD8" and CD4" T cells
during combination PD-1/CTLA-4 immune checkpoint blockade
(Fig. 5B-D), and increase in the numbers of CD4" T cells after
CTLA-4 blockade (Fig. 5C). PMN-MDSC depletion led to selective
enrichment of intratumoral GranzymeB"CD8' T cells with no
changes in TDLNs (Fig. 5E and F). Depletion of PMN-MDSCs
increased the numbers of intratumoral CD8" Tgy; cells following
combination immune checkpoint blockade (Fig. 5G), whereas no
changes in the TDLN CD8" and CD4™" T-cell subsets were observed
(Fig. 5H). Collectively, these results indicate that PMN-MDSCs
compromise the efficacy of combination PD-1/CTLA-4 immune
checkpoint blockade by preventing the intratumoral expansion of
primed T cells. Thus, elimination of PMN-MDSCs might represent
a promising therapeutic option to sensitize GBMs to immune
checkpoint blockade.

Distinct cytokine landscapes of EGFR-WT and EGFRvlll GBMs

Because immune cells constitute ~30% of GBM mass and
represent an important source of cytokine production, we analyzed
a panel of cytokines by RT-qPCR from EGFR-WT and EGFRvIII
GBMs sorted CD45" and CD45~ cells. We found that the majority
(27/39) of chemokines/cytokines were expressed at higher levels
within the CD45" immune fraction than the CD45 fraction in
both GBM subtypes (Fig. 6A; Supplementary Fig. S6A). In partic-
ular, we observed significantly higher levels of CXCL1, CXCL2, and

640 Cancer Immunol Res; 11(5) May 2023

CXCL3 expression in EGFRVIII CD45" cells when compared with
EGFR-WT CD45™" cells (Fig. 6A; Supplementary Fig. S6A). CXCLI,
CXCL2, and CXCL3 are ligands for the chemo-attractant neutrophil
receptor CXCR2 (50). Flow cytometry analysis of CXCR2 expres-
sion in EGFR-WT and EGFRvIII GBM immune cells showed
highest expression of CXCR2 on PMN-MDSCs when compared
with other myeloid populations including BMDMs, microglia, and
M-MDSCs (Fig. 6B; Supplementary Fig S6B). Combined with the
higher expression of CXCL1, CXCL2, and CXCL3 in EGFRvIII
(Fig. 6A; Supplementary Fig. S6A), these results offer a mechanistic
basis for the higher number of PMN-MDSCs observed in EGFRVIII
GBMs that provide these tumors with their intrinsic resistance to
immune checkpoint blockade.

Next, we pharmacologically targeted CXCR2 with AZD5069
(51, 52) in EGFRvIII GBM mice (Fig. 6C). In both control and
combination PD-1/CTLA-4 immune checkpoint blockade treated
animals, AZD5069 prolonged survival (Fig. 6D). In parallel, we
observed no changes in the number of intratumoral CD45" cells
between AZD5069 treated and control animals (Supplementary
Fig. S6C) while the levels of GBM PMN-MDSCs were reduced in
AZD5069 treated (Fig. 6E). However, AZD5069 treatment
markedly reduced PMN-MDSCs in TDLNs and to a lesser extent
in the spleen of GBM-bearing mice (Fig. 6E), indicating a systemic
decrease of PMN-MDSC, consistent with the established role of
CXCR2 in regulating neutrophil homeostasis, as well as mobili-
zation and trafficking from the bone marrow (53, 54). Concom-
itantly, AZD5069 treatment increased the fraction of intratumoral
GranzymeB"CD8" T cells (Fig. 6F), indicating that reduction of
PMN-MDSC correlated with enhanced generation of cytolytic
CD8" Tgg cells in response to immune checkpoint blockade.
Importantly, we observed a significant increase in the relative
number of intratumoral CD4™" T cells (Fig. 6G), which have a key
role in supporting the survival, expansion, and function of cytolytic
CDS8* T cells. There was also a clear trend for increased fractions of
total intratumoral CD8" T cells (Fig. 6G). AZD5069 treatment also
induced a systemic decrease in the proportions of M-MDSC and
BMDM detectable in the spleen of treated GBM EGFRVIII-tumor
bearing mice, whereas no changes of these cell populations were
observed at the tumor area including GBM and TDLN (Fig. 6G).
Collectively, these results demonstrate that inhibition of PMN-MDSC
recruitment from the bone marrow by AZD5069 treatment in EGFR-
vIII GBM mice caused a significant reduction in the relative numbers of
PMN-MDSCs systemically and at the tumor region, namely TDLN,
combined with a concomitant increase in the fractions of CD4" and
CD8" T cells (Fig. 6G), and an increase of intratumoral cytolytic
CD8™ T cells (Fig. 6F). Under these conditions, combination PD-1/
CTLA-4 immune checkpoint blockade could induce antitumor
immunity and extend survival.

Discussion

Despite recent advances in GBM multi-omics, technical limitations
prevent using patient material to decode mechanisms underlying the
development of the TIME. Among the challenges, human GBM:s are
almost universally diagnosed at advanced stages, thus preventing
assessment of the immunologic landscape and evaluation of thera-
peutic efficacy of immune checkpoint inhibition at early versus late
stages of human GBM. Here, we used genetic mouse models to
overcome this limitation and obtain knowledge about GBM immune
composition, its longitudinal evolution, and its role in shaping
response to immunotherapy. By comparing TIME in early and late
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Figure 5.

PMN-MDSCs depletion sensitizes EGFR-driven GBMs to PD-1/CTLA-4 checkpoint blockade treatments. A, Kaplan-Meier analysis of EGFRvIIl GBM mice
treated as indicated. P values log-rank (Mantel-Cox) test. B-D, Relative numbers of CD8* (B), CD4™" (C), and (D) regulatory T cells. E-H, Relative numbers
of Granzyme B™ CD8" T cells in GBMs (E) and TDLNs (F) and CD8" and CD4" T-cell subset from GBMs (G) and TDLNs (H) of PMN-MDSC (anti-Ly6G)
depleted EGFRvIII mice treated as indicated. Nonbracketed comparisons with IgG controls (B=H). Mean + SEM of biological replicates. *, P< 0.05; **, P< 0.01;

*** P < 0.001; ****, P < 0.0007; unpaired t test, two-tailed.

stages of GBM, we observed increases in myeloid infiltration over time,
especially changes in PMN-MDSCs and BMDMs, revealing a gradual
rise in immunosuppressive immune components that precluded
T-cell activation and CTL differentiation. These findings unequiv-
ocally support the conclusion that at the time of diagnosis in
patients, the GBM immune microenvironment is highly immuno-
suppressive and has already established a dysfunctional CD8§"
T-cell state. Under these conditions, efficacy of immune checkpoint
therapy is impaired, explaining why this treatment modality has
only limited success in GBM, in contrast to several other cancer
types, in which it is highly effective.

We observed discernable histopathologic characteristics and
distinct signaling properties between EGFR-WT and EGFRVIII
GBMs. We determined that EGFRVIII GBM induced a highly
immunosuppressive environment primarily due to the accumula-
tion of PMN-MDSC. Under these conditions, combination PD-1/

AACRJournals.org

CTLA-4 immune checkpoint blockade was unable to drive T-cell
activation and expansion or confer protective antitumor immunity.
Depleting PMN-MDSCs released the therapeutic effect of immune
checkpoint blockade that was restrained by these immunosuppres-
sive cells, and resulted in a prolongation of survival in EGFRVIII
GBM. Our results set a paradigm of two-fold clinical relevance.
First, our studies provide evidence that distinct cancer driver
mutations, in the same cancer type, differentially alter the TIME
in a manner that has a decisive impact on the outcome of check-
point immunotherapy. Second, our findings reveal that tumors
resistant to immune checkpoint blockade can be rendered amena-
ble to the therapeutic benefit of T-cell intrinsic immune checkpoint
blockade by concomitant interventions to release additional breaks
mediated by cellular checkpoint components of the TIME, such as
MDSC, which impose cell-extrinsic inhibitory effects on T-cell
expansion.
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An unexpected finding was that EGFR-WT and EGFRVIII
GBM:s not only had distinct intratumoral distribution of activat-
ed T cells, but also had TDLN distribution of activated T cells.
In EGFR-WT GBMs, tumors contained mostly CD8™ cells with a
Tgm and Tey phenotype, whereas these T-cell subsets were very
low in relative number in TDLN. In contrast, in EGFRvIII GBM,
TDLN tumors contained a high fraction of CD8" Tgy and Tem
cells, whereas these cell populations were sparce in the intratu-
moral space. These findings are indicative of a high ability of
EGFRVIII GBM to induce T-cell priming in TDLN, where DCs
induce presentation of tumor antigen and cross-priming of
tumor-specific T cells (55). This may be mediated by the EGFRVIII
mutation, which might serve as a neoantigen itself, or as an
inducer of other neoantigens thereby leading to oligoclonal or
polyclonal expansion of activated tumor-specific CD8" T cells in
TDLN. The high numbers of activated CD8" T cells in the TDLN
and the limited fractions of these activated CD8™ T cells in the
intratumoral area are consistent with a TIME that imposes sup-
pression of T effector-cell survival or expansion. Indeed, our
studies revealed that, in both early- and late-stage disease, EGFR-
vIII-bearing GBM contained higher fractions of PMN-MDSC, a
well-known immunosuppressive population, than EGFR-WT
GBM. The higher numbers of PMN-MDSC in EGFRvIII GBM
correlated with low numbers of CD4" T cells, which have an
instrumental role in supporting the survival and function of CD8"
cytolytic T cells. Intriguingly, the paucity of CD4" and CD8" Tgy
and T¢y cells makes the GBM TIME reminiscent of a “cold” tumor
because the targets of immune checkpoint blockade are missing
from this microenvironment.

Our results showed that combination PD-1/CTLA-4 but not
single immune checkpoint blockade induced CD8" T-cell activa-
tion and effector differentiation alongside reduction in the frac-
tions of PMN-MDSCs. The mechanisms underlying the effects of
immune inhibition of PD-1 and CTLA-4 are inherently differ-
ent (56, 57) and act on specific cells in anatomically defined
locations. CTLA-4 blockade is thought to act mainly in lymphoid
organs during T-cell receptor (TCR) engagement by recognition of
tumor antigens and initiation of immune activation. In contrast,
PD-1 blockade is thought to act predominantly on preactivated T
cells, to promote Ras and PI3K/Akt signaling, cell-cycle progres-
sion, cytokine release, and metabolic reprogramming (58-63). In
addition, PD-1 regulates differentiation, fate commitment, and
output of myeloid cells from the bone marrow during emergency
myelopoiesis (19). Consistent with the distinct but synergistic roles
of these checkpoint inhibitors, our results showed that combina-
tion PD-1/CTLA-4 but not single immune checkpoint blockade
induced reduction in the relative numbers of PMN-MDSCs along-
side with CD8" T-cell activation and effector differentiation.
Notably, we achieved prolongation of survival using combination
PD-1/CTLA-4 immune checkpoint blockade in EGFR-WT but not

EGFRvIII Glioblastomas Are Resistant to Checkpoint Therapy

in EGFRVIII because of a lesser immunosuppressive environment
in the former.

The higher immunosuppressive nature of the EGFRvIII GBM
microenvironment was due to the greater infiltration by PMN-
MDSCs in both early and late disease stages. The central role of
PMN-MDSC in shaping the immunosuppressive TIME of EGFRVIII
GBM is supported by our finding that depletion of PMN-MDSC
induced significant prolongation of survivals.

Our studies also demonstrated that the increased numbers of
PMN-MDSCs in EGFRVIII GBMs are associated with higher
expression of CXCR2 ligands, namely CXCL1, CXCL2, and CXCL3.
We documented a role for the CXCL1/2/3:CXCR2 axis in the
immunosuppressive properties of EGFRVIII GBM by pharmaco-
logic inhibition of CXCR2, which diminished the systemic levels of
PMN-MDSC and sensitized GBMs to the therapeutic benefit of
checkpoint blockade.

It should be noted that we only observed a modest decre-
ase in the relative numbers of intratumoral PMN-MDSC
during CXCR2 inhibition, perhaps reflecting a requirement for
a longer treatment schedule, but we did observe an expansion
of intratumoral CD4" and cytotoxic CD8" T cells. Together
these results indicate that CXCR2 antagonism diminished the
immunosuppressive TIME of EGFRvIII GBM. These data are
consistent with prior reports that inhibition of CXCR2 reduces
tumor MDSC infiltration and tumor growth in cancer models
(64-67) and improved the efficacy of PD-1 immune checkpoint
blockade (68, 69).

Relationships between neoplastic cell somatic mutations and
alterations in TIME composition in glioma are slowly emerg-
ing (43, 70) and might have a decisive impact on the efficacy of
checkpoint immunotherapy. Our present work revealed a previ-
ously unappreciated relationship among EGFR mutation status,
GBM TIME composition, and response to combination immune
checkpoint blockade, pointing to patient stratification for check-
point blockade therapy based on integrated genotypic and immu-
nological profiles, and to combinatorial targeting of TIME and
checkpoint inhibitors for the treatment of GBM.
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Figure 6.

EGFR WT and EGFRVIII GBMs have distinct cytokine profiles. A, Log, fold change (FC) of CD45"/CD45™ ratio from gRT PCR of the indicated cytokines from
flow-sorted CD45" and CD45~ GBMs. B, Expression (mean fluorescent intensity MFI) of CXCR2 on the indicated cell types from GBMs. Comparisons of
BMDMs, microglia, and M-MDSCs are to PMN-MDSCs. €, AZD5069 treatment schema of EGFRvIII mice. D, Kaplan-Meier analysis of EGFRvIIl GBM mice
treated with indicated treatments with or without AZD5069. M.S., median survival. P values log-rank (Mantel-Cox) test. E, Quantification of PMN-MDSCs in
GBM, spleen, and TDLNs. F, Quantification of GranzymeB*CD8™" T cells in GBMs of control and AZD5069-treated mice. G, Quantification of the indicated cell
typesin GBM, spleen, and TDLNs from control and AZD5069 treated mice. Data are mean 4+ SEM of biological replicates. *, P< 0.05; **, P< 0.01; ***, P< 0.001;

##x P < 0.0007; unpaired t test, two-tailed.
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