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ABSTRACT

Immune checkpoint blockade (ICB) is currently evaluated in patients with glioblastoma (GBM), based on
encouraging clinical data in other cancers, and results from studies with the methylcholanthrene-induced
GL261 mouse glioma. In this paper, we describe a novel model faithfully recapitulating some key human
GBM characteristics, including low mutational load, a factor reported as a prognostic indicator of ICB
response. Consistent with this observation, SB28 is completely resistant to ICB, contrasting with treatment
sensitivity of the more highly mutated GL261. Moreover, SB28 shows features of a poorly immunogenic
tumor, with low MHC-I expression and modest CD8" T-cell infiltration, suggesting that it may present
similar challenges for immunotherapy as human GBM. Based on these key features for immune reactivity,

ARTICLE HISTORY
Received 18 May 2018
Revised 11 July 2018
Accepted 12 July 2018

KEYWORDS

Immune checkpoint
blockade; Glioblastoma;
GL261; SB28; Mutational
load

SB28 may represent a treatment-resistant malignancy likely to mirror responses of many human tumors.
We therefore propose that SB28 is a particularly suitable model for optimization of GBM immunotherapy.

Introduction

Glioblastoma (GBM), the most prevalent primary brain tumor,
has a very poor prognosis despite standard of care treatment
comprising surgical resection followed by radiochemotherapy."*
In other cancers immunotherapy is already revolutionizing ther-
apeutic options, which has encouraged testing similar approaches
in GBM.”® Nevertheless, the absence of any clinical breakthrough
to date indicates that better understanding of the particularities of
human GBM in response to immunotherapy is needed.
Unfortunately, to achieve this, human GBM cells cannot be used
for most preclinical mechanistic studies of immunotherapy
because of the obligation to use a fully immunocompetent animal
model. Mouse models are frequently used and two main cate-
gories can be considered: spontaneous or orthotopically
implanted. Spontaneous models can be engineered to recapitulate
molecular characteristics of human GBM, using known onco-
genes leading to malignant transformation. These models are
invaluable for many aspects of glioma biology, but variations in
penetrance and kinetics do not always lend themselves to testing
immunotherapy protocols.”® For orthotopically implanted mod-
els, cells from GBM cultured lines can be implanted in a syngeneic
recipient mouse of a chosen age, at a chosen time, using a

predetermined number of cells known to reproducibly generate
tumors in vivo within a certain time.”

The immunotherapies for GBM most intensively studied to
date focused on T-cell mediated responses. These have been
induced by therapeutic vaccines, after adoptive T-cell therapy,
or indirectly through immune checkpoint blockade (ICB).>°
For many years it was assumed that CD8" T cells would be
the principle effector cell, able to kill GBM cells expressing a
tumor-associated peptide bound to MHC-I molecules.
However, since, MHC-I can be downregulated in human
GBM, this may jeopardize the efficacy of anti-tumoral
immune responses unless the immunotherapeutic strategy
also restores expression.'”'! Regarding CD4" T cells recog-
nizing MHC-II presented peptides, their role in GBM anti-
tumor immunity is now being recognized, with IDH muta-
tion-specific CD4" T cells observed in patients, and the ther-
apeutic potential of CD4" T-cell promoting vaccines being
demonstrated in brain tumor models.'>"?

One of the most clinically impressive immunotherapy mod-
alities reported to date is based on ICB using antibodies.'*"” In
cancer indications for which efficacy is demonstrated in both
animal models and human cancer (e.g. melanoma), the
mechanisms behind ICB are becoming clearer. Specifically, the
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invigorated anti-tumor immunity seems to be manifested by
both CD4" and CD8" T cells specific for neoepitopes arising
from unique mutations in the tumors."® For ICB and brain
tumors, there are encouraging clinical results in the case of
melanoma and non-small-cell lung cancer brain metastases.'”'®
Comparable data targeting the PD-1/PD-L1 axis in GBM has
yet to be published;'” moreover, there are uncertainties regard-
ing use of PD-L1 expression as a biomarker in GBM, con-
founded by the lack of standardized methodology for its
detection in tumor tissue.”>*' Clinical correlates of responsive-
ness to ICB include an infiltration with T cells prior to treat-
ment, and the mutational load of the tumor.** Regarding T-cell
infiltration, this is highly variable, but not considered to be
abundant.’>*> Human GBM is mainly considered not highly
mutated, even if cases of hypermutated GBM are described, as
with POLE deficiency, biallelic mismatch repair deficiency, or
even within areas of the same tumor.>**” Based on this current
knowledge of human GBM, some mouse models are starting to
be analyzed for the same critical features.

Two of the most used orthotopically implanted models in
GBM immunotherapy are the methylcholanthrene-induced
GL261 model and the SMA-560 model, which is of sponta-
neous origin. The mutational landscapes of these models have
been characterized in vitro, with a surprisingly high number
of mutations and predicted neoepitopes in both models.*®
More recently, we reported the SB28 GBM model that was
genetically engineered to target p53, RAS and PDGF in vivo,
but which can be used as a cell line with predictable tumor
formation and kinetics after orthotopic grafting in syngeneic
mice.”® However, to date, the mutational landscape of SB28
has not been described, nor has its suitability been assessed
for testing clinically translatable ICB.

In this study, we assessed in vitro expression of key molecules
involved in immune interactions, and report that SB28 may be
less visible than GL261 to T-cell immunosurveillance due to
absence of constitutively expressed MHC-I and MHC-IIL
However, both cell lines may ultimately impede immune attack
due to IFNy inducible expression of PD-L1. Whole exome
sequencing and RNA sequencing of in vitro cultured, low pas-
sage SB28 cells revealed a very low mutational load for SB28 and
consequently few predicted neoepitopes. Resequencing SB28
after in vivo passage revealed acquisition of further mutations,
but mutational load remained low and similar to human GBM.
Immunohistological analysis of SB28 showed the tumor invad-
ing normal brain parenchyma, with a sparse T-cell infiltration.
An immunotherapy protocol based on anti-PD-1 and anti-
CTLA-4 double ICB was curative in over 50% of GL261 bearing
mice, but totally ineffective in SB28. These results suggest that
SB28 will be a highly stringent model for optimizing immu-
notherapy that may reflect treatment resistance of certain
human GBM.

Materials and methods
Cell lines

Murine SB28 and GL261 were cultured in DMEM containing
4.5 g/l glucose and 10% FCS. For cell culture, cells were

detached from plastic with accutase (Sigma-Aldrich). The
cell lines were tested mycoplasma-negative.

Immunophenotyping and antibodies

Where indicated, we used IFNy (Immunotools) at 100U/ml
for 48 h prior to staining. For cell surface staining, we used
the following antibodies: from BD Pharmingen: anti-MHC-I
(H-2Db) biotin (KH95), anti-FAS (CD95) PE-Cy7 (Jo2), anti-
PD-L1 (CD274) BV421 (MIHS5), anti-CD40 Biotin (3/23),
anti-ICAM-1 (CD54) PE (3E2), anti-MHC-II (I-A/I-E)
Biotin (2G9), Streptavidin APC. From Biolegend: anti-CD80
APC (16-10A1), anti-PD-1 (CD279) PE-Cy7 (29F.1A12), anti-
CD86 AF647 (GL-1), Streptavidin PE-Cy7. And from
Molecular probes: Streptavidin PE. Data were collected on a
Gallios flow cytometer (Beckman Coulter) using Kaluza for
Gallios software (Beckman Coulter, version1.0) and processed
using Kaluza analysis software (Beckman Coulter, version 1.5)

Mice, implantation procedures, and treating antibodies

Female, 6-8 weeks C57BL/6] mice (Charles River Laboratories)
were implanted intracranially with glioma cells using a stereo-
taxic apparatus (Stoelting). Mice were anesthetized with a mix-
ture of Ketamine 80 mg/kg (Warner-Lambert) and Rompun
10 mg/kg (Bayer). The indicated number of GBM cells was
injected in 2 pl HBSS in the pallidum (2.6 mm lateral to the
bregma and 3.5 mm below the skull). Mice were monitored
daily and sacrificed at a veterinary authority-stipulated end-
point (15% weight loss and/or other clinical signs and symp-
toms). Antibodies for in vivo experiments were: anti-PD-1
(RMP1-14), anti-CTLA-4 (9D9), rat IgG2a isotype control
(2A3), and mouse IgG2b isotype control (MPC-11) all from
BioXcell. All animal experimental studies were reviewed and
approved by institutional and cantonal veterinary authorities in
accordance with Swiss Federal law.

Genomic analysis

DNA and RNA were extracted from dry pellets with AllPrep
DNA/RNA Mini Kit (Qiagen). Whole exome sequencing
(WES) was performed using an Agilent protocol with 100
pair-end reads. MuTect and Haplotype Caller were used for
variant calling, and SNPeff for variant annotation. Frameshift
and missense mutations are noted for each cell line. To pre-
dict peptide binding we used to following algorithms:
NetMHCPan 4.0/IEDBv2.18 MHCI for MHC-I, and
NetMHCIIpan 3.2/IEDBv2.18 MHCII for MHC-II. Gene
ontology analysis was done using PANTHER. Displayed num-
ber of mutations is always the median of all replicates (2
replicates for GL261 in vitro, 3 replicates for SB28 in vitro, 3
replicates for SB28 ex vivo). RNA-seq was performed using
the TruSeq stranded RNA protocol on Illumina. The reads (50
bp) were mapped with the TopHat v2.0.13 (default para-
meters) software to the reference genome on new junctions
and known annotations. Biological quality control and sum-
marization were done with the PicardTools v1.80. Counts
were obtained by HTSeq and Rsubread featureCounts. The
normalization and differential expression analysis was



performed with the R/Bioconductor package edgeR v.3.4.2,
for the genes annotated in the reference genome.

Immunofluorescence

Brains were collected after trans-cardiac perfusion with
Ringer’s solution, to avoid intravascular cell contamination,
then immerged in 30% sucrose overnight and embedded in
Tissue-Tek® OCT (Sakura) before freezing in liquid nitrogen.
Samples were stored at —80°C, sectioned on a Cryostat
(Leica), fixed with PFA 4% then blocked using 5% BSA and
2.5% normal goat serum (Sigma-Aldrich). Primary Ab used
were: rabbit anti-GFP (Proteintech), hamster anti-CD3
(Biolegend, 145-2C11), rat anti-CD31 (Biolegend, MEC13.3),
rat anti-CD8 (Thermofischer, 4SM15). Secondary Ab used
were: goat anti-Rabbit AF488 (Abcam), donkey anti-Rabbit
AF647 (Abcam), goat anti-hamster DyLight™ 488 (Biolegend),
mouse anti-rat eFluor 660 (eBioscience, r2a-21B2).
Hematoxylin and eosin staining was performed with standard
protocols. Images were acquired with a Zeiss Axio Imager Z1,
Axio Imager.Z2 Basis LSM 800, or a Zeiss Axioscan.Z1 micro-
scope with either x20 or x40 objectives. Images were then
processed using Zeiss Zen pro software.

Ex vivo cell sorting

Mice were sacrificed at d21 when tumor burden was certain.
We isolated tumor cells (Adult Brain Dissociation Kkit,
Miltenyi Biotec) and stained them with anti-CD45 PE (30-
F11) and anti-CD11b AF700 (M1/70), both from Biolegend.
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300,000 CD457/CD11b /GFP" cells were sorted (FACSAria II,
Becton Dickinson). DNA and RNA were purified (as
described in Genomic analysis), and 3 samples were
sequenced. Results shown for ex vivo samples are the median
of 3 independent replicates.

Results

Flow cytometric phenotyping of SB28 and GL261 GBM
cells as an indicator of immune visibility

Interactions between tumor and immune cells in vivo rely
upon cell-cell contact via specific molecular interactions.
We used flow cytometry to examine expression of a panel
of key molecules on SB28 and GL261 cells in vitro.
Moreover, we also immunophenotyped cells after IFNy
stimulation to mimic a situation where IFNy-secreting
immune cells infiltrate the tumor. MHC-I and MHC-II
molecules are essential for presenting peptide antigens to
CD8" and CD4" T cells, respectively, and their expression
was strikingly different between SB28 and GL261: GL261
constitutively expressed MHC-I, whereas SB28 was consti-
tutively MHC-I negative (Figure 1). After IFNy stimulation,
MHC-I expression was increased on GL261, and it was
induced on SB28. Concerning MHC-II expression, this
was IFNy inducible for GL261, but negative for SB28. The
immune regulatory molecule CD274 (PD-L1), was not con-
stitutively expressed in either cell line, but was IFNy indu-
cible in both. CD80 and CD86 are ligands of the
stimulatory CD28 receptor, and the inhibitory CTLA-4
receptor’’: CD80 was expressed constitutively by both
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Figure 1. In vitro expression of key molecules for immune interaction by SB28 and GL261 glioma lines. Flow cytometry was used to assess surface expression of the
indicated markers by SB28 (A) and GL261 (B). Filled curves: specific antibody staining (Ab); open curves: isotype control antibody (iso). Lower light-gray histograms
show constitutive expression (-IFNy); upper dark-gray histograms show staining of cells stimulated for 48 hours with 100 U/ml IFNy (+ IFNy). Representative staining

profiles of 3 independent experiments.
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lines, but more highly by SB28; CD86 was not detected.
Expression of CD40 was tested because of its importance in
immune interactions and its debated role in GBM,*! but it
was not expressed at the surface of either GBM line. An
IFNy-induced expression of the adhesion molecule CD54
(ICAM-I) was present in both models. The death receptor
Fas ligand (CD95) was constitutively expressed in both
lines and upregulated by IFNy.

SB28 has a lower mutational load than GL261

We analyzed the mutational landscape in SB28 and GL261 by
whole exome sequencing (WES) of the respective cell lines. To
our knowledge, such in-depth characterization of tumorigenic
cell lines derived from an engineered GBM model such as
SB28 has not previously been reported. We performed WES
of in vitro GL261 and SB28 cells, compared with spleen cells
from syngeneic mice to determine the number of tumor-
specific missense and frameshift mutations. After application
of all filters to the WES data (see methods), we identified 67
frameshift and 41 missense mutations for SB28, and 212
frameshift and 4766 missense mutations for GL261
(Supplementary Figure S1). The identity of all mutations
identified for SB28 is available in Supplementary Table S1
(details were previously published for GL261°%). The differ-
ence in magnitude of the mutational load between the two
models is striking, with a total of 108 somatic mutations for
SB28, compared to almost 50-fold more mutations, 4978 in
total, for GL261 (Figure 2). Gene ontology analysis of the
mutated genes from SB28 showed that most mutations were
similarly distributed across multiple pathways. One exception
was the PDGF signaling pathway with almost 10% of muta-
tions involved (Figure 2A); this is consistent with the genetic
strategy used to create the model, and reflects similar altera-
tions commonly found in the proneural subtype of human
GBM™. The extremely large number of mutations detected in
GL261 were predictably (in view of the carcinogen used for
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induction) diversely distributed, with few predominant path-
ways implicated (Figure 2B, Supplementary Table S1).**

SB28 is highly tumorigenic but modestly infiltrated by
immune cells

To study growth in vivo of our cell lines and assess their tumor-
igenicity, we implanted SB28 and GL261 cells orthotopically in
syngeneic mice and determined symptom free survival
(Figure 3A). For the SB28 model, a titration assay demonstrated
an inverse correlation between the number of cells injected and
the median survival. Importantly for a model assessing therapies,
tumors developed in 100% of mice at all cell doses tested. Injecting
less than 1,600 SB28 cells prolonged survival but gave a shallower
survival curve. The group implanted with 1,600 cells had a steep
survival curve, with a median survival (MS) of 29 days, offering a
useable window for experimental procedures, and a predictable
period of sacrifice. We also show survival after injection of mice
with 50,000 GL261 cells (Figure 3A, dashed line); the MS was
similar to that obtained with 1,600 SB28. This similar tumor
growth using these cell numbers facilitates comparison of both
models after therapy. To further characterize SB28 in vivo, we
performed histological analysis of brains from untreated mice
with advanced tumors. Hematoxylin and eosin staining showed
high cellularity of the tumor area, with clear invasion of the
normal parenchyma in some areas (Figure 3B).
Immunofluorescence showed highly heterogeneous, but never
abundant, T-cell infiltration (Figure 3C, D), comprised of both
CD8" (Supplementary Figure S2.) and CD4" cells (not shown).
Areas of hypervascularization, based on staining for CD31 were
identified at the tumor margin (Figure 3E). Flow cytometry ana-
lysis of the infiltrating immune cells revealed a higher proportion
of CD4" T cells compared to CD8" T cells, some of which were
Foxp3" Tregs. Around 50% of CD8 T cells expressed PD-1 and
almost 60% of macrophages were PD-L1 positive (Supplementary
figure S3). A modest T cell infiltrate was also detected in small
tumors at day 13 after implantation (data not shown).

B

mutated pathway

SB28

GL261

Figure 2. SB28 has a far lower mutational load than GL261 glioma. Whole exome sequencing (WES) was performed for in vitro SB28 (A) and GL261 (B), red circle size
represents total number of non-synonymous somatic mutations (missense and frameshift). Outer circles represent pathways targeted by mutations, the most
targeted for SB28 is highlighted in green, and corresponds to the PDGF signaling pathway. (Details of pathways targeted in Supplementary Table S1.).
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Figure 3. High tumorigenicity of SB28 and GL261 gliomas after orthotopic implantation. (A) Mice injected intracranially with the indicated numbers of SB28 glioma
cells, or with 50,000 GL261 glioma cells; symptom-free survival is plotted, with corresponding median survival (MS) shown. (B) Hematoxylin and eosin staining
(coronal section) from an SB28 implanted mouse at appearance of terminal symptoms, dashed line outlines tumor based on hypercellularity. (C, D, E) Representative
photomicrographs showing tumor cells (GFP*), CD3* T cells (C, D), and CD31* vessels (E). Scale bar: 50 pm.

Mutations and predicted neoepitopes of SB28 after in
vivo passage

Mutations in cancer cells can give rise to neoepitopes that can
render the tumors visible to adaptive anti-tumor immune
responses present in an immunocompetent host. We therefore
extended analyses to report not only on the SB28 cell line in
vitro, but also after 21 days in vivo in syngeneic mice. We
assessed whether these putative neoepitopes could be
expressed, using RNA-seq. We then ran algorithms to predict
peptide binding to MHC-I or MHC-II to estimate potential
neoepitope formation (Figure 4). In vitro, a median of 50
mutated genes were expressed; 4 neoantigens were predicted
to generate neoepitopes for MHC-I and 7 for MHC-II
(Figure 4B). To then determine whether the expressed muta-
nome had been sculpted after 21 days of orthotopic growth,
we sorted GFP™ SB28 tumor cells. Whole exome sequencing
and RNA-seq revealed a modest overall increase of mutations
from a median of 108 to 132 mutations after in vivo growth
(Supplementary Figure S4). Correspondingly, this increase in
mutation number resulted in an increased number of neoan-
tigens for MHC-I, with 9 neoantigens predicted, but more
stable for MHC-II, with 6 predicted neoantigens (Figure 4B).

Differential sensitivity of SB28 and GL261 to anti-PD-1
and anti-CTLA-4 blockade

We next determined whether the highly divergent molecular
profiles of SB28 and GL261 would correlate with different
responses to immunotherapy. We treated mice bearing intra-
cranial SB28 or GL261 tumors with a combination of anti-

PD-1 and anti-CTLA-4 blocking antibodies (Figure 5A), a
combination that has shown efficacy for several cancer indi-
cations in patients.>>** SB28 implanted mice were totally
resistant to this ICB protocol, with no cured mice, nor any
prolonged survival (Figure 5B). In contrast, the GL261
implanted mice were highly sensitive to this treatment, with
over 50% long term survivors (Figure 5C), consistent with
previous reports for this model.>>*®

Discussion

Major advances in understanding biological processes in neu-
roncology have benefitted enormously from judicious use of
animal models, but for GBM, these conceptual advances have
not yet led to development of new treatments that dramati-
cally change clinical outcome for patients. The recent progress
in immunotherapy for cancer, particularly ICB, is reshaping
the field of oncology by transforming the way we treat
patients with previously incurable malignancies.”” Following
promising clinical results, a large number of clinical trials are
currently exploring the potential of ICB for multiple cancer
indications, but some trials failed to prove any benefit, and
others have yet to report their findings, as is the case for most
GBM trials. In view of the human and financial investment in
ICB clinical trials, together with the ethical considerations in
proposing an experimental therapy with known toxicities,
improving our understanding of GBM-immune interactions
in relevant animal models is necessary and important.*®
Unfortunately, the requirements for modelling GBM-immune
interactions are rather different to those for understanding
other aspects of tumor biology, most notably because of the
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obligation to use immunocompetent animals. Nevertheless, as
recent advances have shown, promising genetically engineered
GBM models in immunocompetent mice have been and are
still being developed, but to our knowledge have not focused
on recapitulating low mutational load.” To complement cur-
rent clinical research, we need to assess those features of a
GBM model that matter to anti-tumor immunity. This would
appear to be a good starting point to interpret data from
experimental immunotherapies. Clearly, if other aspects of
GBM biology are also reproduced, this would render the
model even more robust, but if immune visibility is very
different to human GBM, direct extrapolations will be unreli-
able. In awaiting the “perfect” GBM model, one pragmatic
approach is to analyze currently used models for their likely
interactions with the immune system.

For an anti-tumor immune response to take place, some
key requirements are needed. First of all, the tumor cells
should be antigenic, this feature is determined by peptides
presented on MHC molecules which are recognized by T cells.
These peptides are generated from antigens that can be of two
origins, either tumor-associated antigens (TAA) or tumor-
specific antigens (TSA). TAA are typically molecules over-
expressed or aberrantly expressed by tumor cells, compared
to healthy cells. They have the advantage of being expressed
by many patients with a specific tumor, but their lack of
specificity leading to potential off-target effects, and potential
immunological tolerance to these self-antigens can sometimes
limit their application for immunotherapy. In this study we
focused on TSA and specifically on neoantigens derived from
mutations. These mutations, if expressed, can lead to genera-
tion of neoepitopes that can potentially be presented on MHC
molecules and elicit T-cell mediated immune responses. But
counteracting the natural process of peptide presentation,
tumor cells can exhibit a phenotype that facilitates immune
escape, such as low or absent expression of MHC molecules

and/or limited generation or expression of immunogenic pep-
tides. Some of these features are described for human GBM,
with low expression of MHC-I'"'" and a low mutational
load*” leading to generation of few neoepitopes.*' Regarding
MHC-I, the SB28 model, with constitutive absence of expres-
sion, accurately recapitulates the characteristics of certain
human GBM exhibiting MHC loss.*> We also demonstrate
that the estimated number of expressed neoepitopes is very
low, corresponding to only 21 peptides predicted to bind to
H-2K® or H-2D". This is clearly much lower than in the
GL261 and SMA-560 GBM models that are commonly used
in immunotherapy studies, for which there were a predicted
264 and 161 MHC-I binding peptides, respectively.*®
Expression of antigenic epitopes by a tumor is necessary,
but not sufficient for inducing an anti-tumor immune
response. Immunogenicity depends upon additional immune
cells and mechanisms. For example, efficient priming of naive
tumor-specific T cells generally occurs most efficiently in
draining lymph nodes subsequent to migration of tumor-
antigen loaded professional antigen presenting cells (APC*’).
Alternatively, naive T cells could in some cases enter the CNS
and be directly primed at the tumor site. Intriguingly, SB28
constitutively expresses CD80 which could in theory offer co-
stimulation of T cells via its ligand CD28. However, we did
not detect significant numbers of naive T cells infiltrating
SB28 (data not shown). Moreover, before SB28 could present
antigen, local production of IFNy would be necessary to
induce MHC-I expression; the most likely source being
already activated T cells or NK cells. Therefore, it is more
likely that T-cell activation occurs through cross-presentation
by local APC, as reported in other brain tumor models.****
Further evidence for low immunogenicity could be reflected
by low infiltration by immune cells, as we show for SB28 in this
study. In comparison, T-cell infiltration in human GBM is highly
variable and reported to be  undetectable by
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immunohistochemistry in around 20% of patients.”” However,
the overall importance of immune infiltration will likely depend
upon localization and subset representation, for example, low
CD8"/high CD4" T-cell infiltration was associated with a worse
prognosis.*> Moreover, the presence of immunosuppressive cells
and molecules will undoubtedly play a role. Indeed, analysis of
SB28 tumor ex vivo by RNA-sequencing revealed expression of
multiple potentially immunosuppressive molecules (PDLI,
CD80, B7H3, GAL9, CD155 and TGFp), and flow cytometry
analysis of infiltrating immune cells showed presence of Tregs
(Supplementary Figure S3 and data not shown). The in vivo
microenvironment did influence the expressed mutanome of
SB28, since ex vivo profiling indicated a different number of
mutations and neoepitopes from the line analyzed in vitro and
that analyzed ex vivo (108 vs. 132 expressed mutations), with a
common core of mutations found from the two analyses (data
not shown). To fully understand whether this in vivo reshaping
of the mutanome is due to immune pressure or other mechan-
isms would require further study.

The CD80 that we show to be expressed by SB28 GBM
cells (and by GL261 cells after IFNy stimulation), has the
potential to act as a co-inhibitory ligand for activated T cells
that express CTLA-4, and to promote function of Tregs that
are constitutively positive for CTLA-4.%° Moreover, in the
presence of IFNy, PD-L1 expression is induced on both
SB28 and GL261, which could engage and inhibit PD-1
expressing T cells; RNA-sequencing data further supported
the expression of PD-L1 on SB28 ex vivo, along with several
other IFNy induced genes (data not shown). Moreover, flow
cytometry analysis showed high expression of PD-1 on T cells
and PD-L1 on macrophages (Supplementary figure S3).
Altogether, these features support the rational to target both
pathways by blocking CTLA-4 and PD-1, a strategy also tested
in certain clinical trials.'”” We demonstrated a complete
absence of response to this clinically relevant double ICB
treatment in SB28, in contrast to the positive therapeutic
effect in GL261, as previously reported.”>>® These profiles of
response correlate with the difference in mutational load
between the models, a factor linked to clinical responses to
ICB in patients with malignancies other than GBM.'®*"*®
Regarding GBM and mutational load, previous studies have
situated this malignancy in the lower half of human cancers
when they are ranked according to the number of somatic
mutations.*' If we consider SB28 mutational load on the same
scale, the figures would be close to the median value reported
for GBM. This magnitude of mutational load has been esti-
mated to “occasionally” form neoantigens.*' In contrast, if we
visualize GL261 mutational load, it is even more highly
mutated than the median value for melanoma, but below
values reported for hypermutated GBM resulting from bialle-
lic mismatch repair deficiency.*’ Further mutanome analyses
for GBM are now being carried out and differences can be
observed between untreated and recurrent tumors, with cases
of hypermutated GBM in recurrent tumors.”® But even within
the same untreated tumor, areas of hypermutation can be
identified, as described very recently.”” The different GBM
models now available to us can be valuable tools for studying
corresponding human GBMs with comparable mutational
burdens and their response to therapy with ICB or in

combination with other treatment modalities such as
chemo-radiotherapy.”* 2%

The results of our study highlight the value of different GBM
models for recapitulating different types of immune interactions
likely in different human gliomas. Immune visibility through
neoepitope expression is only one of many aspects to be taken
into account for optimal therapy, with future challenges that must
include targeting other aspects of the tumor microenvironment
to promote infiltration of functional immune cells with anti-
tumor activity. We anticipate that the stringent SB28 model that
we describe here, refractive to anti-PD-1 and anti-CTLA-4 ICB,
will offer many opportunities to develop and test approaches to
improve anti-glioma immunity that will be of value to GBM
patients who show similar unresponsiveness to therapy.
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