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Treatment of an aggressive orthotopic murine 
glioblastoma model with combination checkpoint 
blockade and a multivalent neoantigen vaccine
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Abstract
Background. Although clinical trials testing immunotherapies in glioblastoma (GBM) have yielded mixed results, 
new strategies targeting tumor-specific somatic coding mutations, termed “neoantigens,” represent promising 
therapeutic approaches. We characterized the microenvironment and neoantigen landscape of the aggressive CT2A 
GBM model in order to develop a platform to test combination checkpoint blockade and neoantigen vaccination.
Methods. Flow cytometric analysis was performed on intracranial CT2A and GL261 tumor-infiltrating lymphocytes 
(TILs). Whole-exome DNA and RNA sequencing of the CT2A murine GBM was employed to identify expressed, so-
matic mutations. Predicted neoantigens were identified using the pVAC-seq software suite, and top-ranking candi-
dates were screened for reactivity by interferon-gamma enzyme linked immunospot assays. Survival analysis was 
performed comparing neoantigen vaccination, anti-programmed cell death ligand 1 (αPD-L1), or combination therapy.
Results. Compared with the GL261 model, CT2A exhibited immunologic features consistent with human GBM including 
reduced αPD-L1 sensitivity and hypofunctional TILs. Of the 29 CT2A neoantigens screened, we identified neoantigen-
specific CD8+ T-cell responses in the intracranial TIL and draining lymph nodes to two H2-Kb restricted (Epb4H471L and 
Pomgnt1R497L) and one H2-Db restricted neoantigen (Plin2G332R). Survival analysis showed that therapeutic neoantigen vac-
cination with Epb4H471L, Pomgnt1R497L, and Plin2G332R, in combination with αPD-L1 treatment was superior to αPD-L1 alone.
Conclusions. We identified endogenous neoantigen specific CD8+ T cells within an αPD-L1 resistant murine GBM 
and show that neoantigen vaccination significantly augments survival benefit in combination with αPD-L1 treat-
ment. These observations provide important preclinical correlates for GBM immunotherapy trials and support fur-
ther investigation into the effects of multimodal immunotherapeutic interventions on antiglioma immunity.

Key Points

1.  Neoantigen vaccines combined with checkpoint blockade may be promising treatments.

2.  CT2A tumors exhibit features of human GBM microenvironments.

3.  Differential scanning fluorimetry assays may complement in silico neoantigen prediction tools.
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The treatment of glioblastoma (GBM) remains a major chal-
lenge. With over 13 000 new cases diagnosed annually, 
GBM is the most common and lethal malignancy of the cen-
tral nervous system (CNS) in adults. Despite multimodality 
treatment that includes maximal surgical resection, radi-
otherapy, and temozolomide chemotherapy, nearly all pa-
tients will die from their diseases. Although there have been 
significant advances in understanding the molecular and 
genomic characteristics of GBM in order to guide new treat-
ment approaches, median patient survival has not increased 
significantly.1 Thus, there remains a clear need to develop 
more effective treatments for this disease. To this end, the 
success of immunotherapies in other cancers has stimu-
lated a search for effective immune-based treatments for 
GBM patients. However, to date the results of these efforts 
have been mixed. In newly diagnosed GBM, the dendritic 
cell–based tumor lysate vaccination, DC-Vax-L, appeared to 
improve survival in a subset of patients,2 whereas the anti–
epidermal growth factor receptor variant III peptide vaccine, 
Rintega, did not improve survival over the control group.3 
Moreover, anti–programmed cell death 1 (PD-1) immuno-
therapy did not improve survival as monotherapy in unsel-
ected recurrent GBM patients.4

Of the myriad barriers to effective brain tumor immu-
notherapy, one potentially critical consideration is that a 
more systematic approach to tumor-specific antigen iden-
tification and targeting is necessary to potently stimulate 
and direct T cells to treat GBM.5 To this end, the “cancer 
immunogenomics” concept represents an approach in 
which bioinformatics tools are used to predict candidate 
T-cell neoantigens from cancer genomics data. We have ap-
plied the cancer immunogenomics approach to neoantigen 
discovery in preclinical models6 and to the development of 
personalized polyvalent therapeutic cancer vaccines for 
patients with GBM.7–9 We previously employed a cancer 
immunogenomics approach to identify endogenous 
neoantigens in 2 orthotopic mouse GBM models, SMA-560 
and GL261.6 Using a screening approach that combined 
functional interferon-gamma enzyme linked immunospot 
(IFN-γ ELISPOT) assays and tetramer-based fluorescence 
activated cell sorting (FACS) analysis, we detected endoge-
nous CD8+ T-cell responses to 3 neoantigens derived from 
orthotopically transplanted, syngeneic tumors. In addition, 
we and others recently demonstrated that personalized 

cancer vaccines targeting predicted neoantigens in GBM 
patients can elicit tumor-specific immune responses.7–9 
Thus, cancer immunogenomics-mediated neoantigen 
targeting represents a compelling form of precision immu-
notherapy in GBM that merits further study.

To investigate neoantigen vaccine approaches in GBM, we 
leveraged our previous work in preclinical models to study 
therapeutic neoantigen targeting. Although the GL261 and 
SMA-560 models have provided key proof of concept that 
neoantigens can be identified and targeted, their sensi-
tivity to checkpoint blockade immunotherapy10–12 does not 
recapitulate the lack of response observed in human GBM 
checkpoint blockade clinical trials. Thus, we sought to em-
ploy a preclinical model that is less sensitive to checkpoint 
blockade treatment to determine if precision targeting of 
neoantigens could augment responsiveness to check-
point blockade. We applied a cancer immunogenomics 
approach to the highly aggressive CT2A GBM model to 
identify neoantigens specific to the tumor. We confirmed 
the reduced sensitivity of intracranial CT2A to checkpoint 
blockade and found that these tumors harbor a larger frac-
tion of tumor-associated macrophages and hypofunctional 
T cells compared with GL261 tumors. To identify CT2A 
neoantigen candidates for vaccination, DNA whole-exome 
and RNA sequencing were performed, and the pVAC-seq 
software suite13 was used to identify high-affinity H2-Db 
and H2-Kb restricted candidate neoantigens. Using IFN-
γ ELISPOT assays, we demonstrated that 13 of the 29 top 
ranked neoantigen candidates elicited CD8+ splenocyte 
responses in mice vaccinated with mutant peptide. Of 
those immunogenic candidates, we identified endoge-
nously primed neoantigen-specific CD8+ T-cell responses 
within tumors and draining lymph nodes to two H2-Kb re-
stricted neoantigens, Epb4H471L and Pomgnt1R497L, and one 
H2-Db restricted neoantigen, Plin2G332R. These neoantigens 
formed stable complexes with their respective major his-
tocompatibility complex (MHC) molecules based on dif-
ferential Scanning fluorimetry (DSF). Finally, we showed 
that multivalent therapeutic neoantigen vaccination with 
Epb4H471L, Pomgnt1R497L, and Plin2G332R in combination 
with anti–PD-L1 treatment was superior to either vaccine 
or anti–PD-L1 treatment alone, suggesting that combina-
tion vaccine and checkpoint blockade treatments may rep-
resent a therapeutic pathway in GBM and, potentially, in 

Importance of the Study

To date, GBM clinical trials testing standard immune-
checkpoint blocking antibodies have yielded mixed 
results. However, new strategies aimed at promoting 
immune recognition of tumor-specific neoantigens 
offer promising approaches to augment antitumor re-
sponses to immune-checkpoint blocking therapy. Thus, 
the characterization of checkpoint blockade–resistant 
GBM models that can enable combination neoantigen 
vaccine studies has been a major focus of the field. 
In this study, we show that unlike other syngeneic 
murine GBMs, the CT2A model exhibits significant 

resistance to immune-checkpoint blocking treatment. 
We characterize the immunogenicity of predicted CT2A 
neoantigens and perform survival studies in CT2A-
bearing mice, showing that polyvalent neoantigen vac-
cination combined with anti–PD-L1 blockade provides 
synergistic survival benefit compared with either mo-
dality alone. This work reveals new insights into a clin-
ically relevant model of GBM and provides a proof of 
concept for a combination immunotherapy approach 
that is the basis of an ongoing clinical trial by our group 
here at Washington University.



 1278 Liu et al. GBM anti–PD-L1 treatment and neoantigen vaccines

other cancers. By applying a cancer immunogenomics 
approach to identify endogenous neoantigen reactivity 
in an aggressive and treatment-resistant murine GBM, 
we provide a preclinical framework to investigate the ef-
fects of multimodality immunotherapeutic interventions in 
antiglioma immunity.

Materials and Methods

Animals and Cells

Animal studies were approved by the Institutional Animal 
Care and Use Committee at Washington University. 
C57BL/6 mice were purchased from Taconic Biosciences. 
Mice were housed in specific pathogen-free conditions. 
GL261 was obtained from the National Cancer Institute 
Tumor Repository. CT2A was obtained from Dr Peter Fecci 
(Duke University). Either 1 × 106 (subcutaneous) or 5 × 104 
(intracranial) GL261 or CT2A cells were implanted into 
6- to 10-week-old naïve syngeneic C57BL/6 mice. For in-
tracranial experiments, tumor cells were resuspended in 
5 µL phosphate buffered saline and injected into the right 
striatum of anesthetized syngeneic mice in a stereotactic 
frame. Subcutaneously implanted tumors were harvested 
when approximately 10  mm in greatest diameter (~2  wk 
for CT2A). Intracranially implanted tumors were harvested 
when mice became moribund.

Lymphocyte Isolation

Subcutaneous tumor-infiltrating lymphocytes (TILs) were 
isolated as previously described.6 Intracranial TILs were 
harvested by mechanical dissociation, and a Percoll den-
sity gradient was used to removed myelin and cellular 
debris. Draining lymph nodes and spleens were mechan-
ically dissociated and filtered through a 70-micron cell 
strainer. Mononuclear cells were isolated from spleens 
by Ficoll-Paque PLUS density gradient (GE Healthcare Life 
Sciences).

DNA Whole-Exome and RNA Sequencing

Libraries were captured using the Agilent Mouse Exome 
reagent. Sequencing was performed on an Illumina 
HiSeq2000. Sequence coverage was as follows: C57BL/6 
normal (92.1x) and CT2A tumor (82.4x). Data were aligned 
to reference sequence using Burrows–Wheeler Aligner 
v0.5.9, then merged and deduplicated using Picard v1.46 
(https://broadinstitute.github.io/picard/). Single nucleo-
tide variations (SNVs) were detected using the union of 
3 callers: (i) Samtools vr96314 intersected with Somatic 
Sniper v1.2.15 and processed through false-positive 
filter v1; (ii) VarScan v2.2.616 filtered by VarScan high-
confidence filter v1 and processed through false-positive 
filter v1; and (iii) Strelka v0.4.6.2.17 Insertions/deletions 
(indels) were detected using the union of 3 callers: (i) 
Genome Analysis Toolkit18 somatic-indel v5336 Pindel v0.5 
filtered with Pindel false-positive and variant allele fre-
quency (VAF) filters (params: --variant-freq-cutoff = 0.08); 

(ii) VarScan16 v2.2.6 filtered by VarScan high-confidence-
indel version v1; and (iii) Strelka17 v0.4.6.2. SNVs and 
Indels were further filtered using a Bayesian classifier 
(https://github.com/genome/genome/blob/master/lib/
perl/Genome/ Model/Tools/Validation/IdentifyOutliers.
pm), retaining variants classified as somatic with a bino-
mial log-likelihood of at least 3. Results were filtered to 
require expression of the mutant allele (fragments per kil-
obase of exon per million fragments mapped [FPKM] >1 
and at least one variant-supporting read in the RNA) and 
VAF >1%.

MHC Class I Binding Predictions

The potential for CT2A nonsynonymous missense muta-
tions to bind to H2-Db or H2-Kb molecules was predicted 
using the pVAC-seq pipeline (http://www.pvactools.
org/).13 Predicted binding affinity of half-maximal inhib-
itory concentration (IC50) <500 nM by at least 1 of 6 pre-
diction algorithms and a gene FPKM >1 were used at 
cutoffs for candidate neoantigens. Selection of candidates 
for screening was based on median predicted H2-Db or 
H2-Kb binding affinity and RNA-seq expression level (gene 
FPKM).

Peptide Immunization

For neoantigen immunogenicity screening, candidate 
neoantigens were divided into groups of 5 and adminis-
tered as peptide pools (Peptide 2.0). Subcutaneous in-
jections of pooled peptides (50  µg each) and 100  µg of 
polyinosinic-polycytidylic (polyIC) adjuvant were admin-
istered on days −10, −3, +4, +11, with contralateral subcu-
taneous CT2A tumor implantation on day 0. Spleens and 
tumors were harvested 2 weeks after implantation for 
ELISPOT assays. For survival experiments, synthetic long 
peptides were administered as subcutaneous injections 
(50 µg each) and 100 µg of polyIC adjuvant on days 3, 6, and 
9, after intracranial tumor implantation.

(mEpb4: ELEQFESTIGFKLPNLRAAKRLWK; mPomgnt1:  
ECIIPDVSLSYHFGIVGLNMNGYF; mPlin2: QQLQTTCQTVLV 
NAQRLPQNIQDQA)

Enzyme Linked Immunospot Assays

Naïve splenocytes were plated at a concentration of 
125 000 cells/well in 100 µL serum-free Cellular Technology 
Limited (CTL) media on precoated murine IFN-γ ELISPOT 
plates (CTL). CD8+ cells were isolated from spleens or tu-
mors using magnetic bead-based positive selection kits 
(Stemcell Technologies). Effector cells were added to a 
final concentration of 25 000 CD8+ TILs/well, 400 000 CD8+ 
splenocytes/well, or 200 000 cells/well for draining lymph 
nodes, for a total volume of 200  µL/well with peptide 
(10 µM) (Peptide 2.0). Concanavalin A (1 µg/well) was used 
as a positive control. Plates were incubated overnight at 
37oC and analyzed using the CTL ImmunoSpot kit. Positive 
responses were determined when a given neoantigen 
elicited a statistically significant CD8+ T cell response com-
pared with media controls.

https://broadinstitute.github.io/picard/
https://github.com/genome/genome/blob/master/lib/perl/Genome/
https://github.com/genome/genome/blob/master/lib/perl/Genome/
http://www.pvactools.org/
http://www.pvactools.org/
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Flow Cytometry and Cytokine Detection

Flow cytometric analysis of lymphoid and myeloid popu-
lations was performed on TILs using multicolor staining 
panels comprising antibodies purchased from BioLegend 
(myeloid: Ly6C: HK1.4, F4/80: BM8, Ly6G: 1A8, B220: 
RA3–6B2, CD11b: M1/70, CD4 GK1.5, I-ab: 25–9–17, NK1.1: 
PK136, CD11c: N418, CD8: 53–6.7, CD3: 17A2, CD45: 30-F11, 
PD-L1: 10F.9G2; lymphoid: Lag-3: C9B7W, TIM-3: RMT3–
23, CTLA-4: UC10–4B9, ICOS: C398.4A, FOXP3: MF-14, 
CD4: GK1.5, CD8: 53–6.7, TIGIT: 1G9, CD3: 145–2C11, Ox-40: 
OX-86, PD-1: 29F.1A12, CD19: 6D5, NK1.1: PK136, CD45: 
104, 4–1BB: 17B5). Intracellular staining was performed 
using the eBioscience Fixation and Permeabilization 
Buffer kit. For intracellular cytokine staining, cells were 
stimulated with 50  nmol/L phorbol 12-myristate 13-ac-
etate (PMA) and 500 nmol/L ionomycin for 4 to 6 hours 
at 37°C, 5% CO2, in the presence of 1  μg/mL brefeldin 
A (BD Biosciences). Surface staining was performed, and 
cells were fixed and permeabilized with the eBioscience 
Fixation and Permeabilization Buffer kit and stained for 
intraceullar IFN-γ, tumor necrosis factor alpha (TNF-α), 
and interleukin (IL)-2 (eBioscience Intracellular Fixation 
and Permeabilization Buffer Set, 88–8824–00). Analysis 
was performed on a BD Fortessa X-20 flow cytometer 
using FACSDiva software.

Differential Scanning Fluorimetry

H2-Kb and -Db heavy chains and β2-microglobulin (β2m) 
were each expressed in Escherichia coli strain BL21 and 
refolded from inclusion bodies, together with an ultravi-
olet (UV)-photocleavable peptide (FAPGNYPJL, where 
J represents the cleavable 3-amino-3-(2-nitro) phenyl-
propionic acid), as described previously.19 UV-mediated 
peptide-exchange reactions were performed in 96-well 
plates (CellTreat Scientific Products, #229190), as de-
scribed previously19 to obtain peptide/H2-Kb and H2-Db 
complexes of interest. DSF was performed using a 
QuantStudio 7 Flex System real-time PCR machine 
(Applied Biosystems), 384-well Microamp optical plates 
(Applied Biosystems, #4309849), and Microamp adhe-
sive film (Applied Biosystems, #4311971), as described 
previously,19 for all peptide/H2-Kb and H2-Db complexes. 
H2-Db and H2-Kb heavy chains and β2m were each ex-
pressed in E.  coli strain BL21 and refolded from inclu-
sion bodies as described for human leukocyte antigen 
A*02:01.19 Each 20  µL DSF reaction consisted of 2.5  µL 
of 40x SYPRO Orange dye (Invitrogen), 8.5 µL molecular 
biology grade water, 5  µL assay buffer (defined below), 
and the 4  µL UV-exchanged complexes. SYPRO Orange 
dye binds to hydrophobic regions of proteins that are ex-
posed upon denaturation, resulting in fluorescence en-
hancement. DSF assay buffer consisted of 40 mM HEPES, 
600 mM NaCl, and 12 mM EDTA for most experiments at 
a pH of 7.4. The real-time PCR machine was programmed 
for a temperature ramp rate of 1°C per minute from 25° 
to 99°C. Triplicate data points for each peptide/MHC were 
analyzed using OriginPro 2018 software. Several peptides 
were unable to be examined as complexes due to either 
solubility or stability issues.

Statistical Analysis

For comparisons of intergroup differences in mean number 
of spots on ELISPOT and for comparisons of melting tem-
perature (Tm) values between immunogenic and non-
immunogenic neoantigens, a two-tailed Student’s t-test 
was used to determine significance, with P < 0.05 as statis-
tically significant (GraphPad Prism).

Results

To determine the relative immunologic responses to 
checkpoint blockade in mice bearing GL261 or CT2A tu-
mors, mice harboring either intracranial GL261 or CT2A 
GBMs were treated with anti–PD-L1 and monitored for 
overall survival. Although previous work has shown that 
a high percentage of GL261-bearing mice can reject tu-
mors following checkpoint blockade treatment10–12 and that 
CT2A-bearing mice may be more resistant,20 we sought to 
compare responses between the 2 preclinical models di-
rectly. Treatment with anti–PD-L1 was started 7 days after 
intracranial tumor implantation and repeated every 2 days 
for a total of 3 treatments. Whereas untreated GL261-
bearing mice exhibited a median survival of 21 days, 50% 
of GL261-bearing mice survived long term following treat-
ment with anti–PD-L1 (Fig.  1A). In contrast, whereas un-
treated CT2A tumor–bearing mice experienced a median 
survival of 17.5 days, anti–PD-L1 treatment only modestly 
improved median survival to 22 days and did not lead to 
long-term survival.

To determine whether there were differences in the 
frequencies or phenotypes of immune cell populations 
that correlated with checkpoint blockade sensitivity, 
we assessed the composition and features of immune 
cells within the tumor microenvironments of mice with 
progressively growing GL261 or CT2A tumors by flow 
cytometry (Supplementary Figures 1–4). Although there 
was a trend toward increased absolute numbers of im-
mune cells infiltrating into CT2A tumors, this finding was 
not statistically significant (data not shown). In the innate 
immune compartment, CD11b+ F4/80+ tumor-associated 
macrophages comprised a significantly greater propor-
tion of CD45+ cells within CT2A tumors compared with 
GL261 tumors (Fig.  1B, left). There were no statistically 
significant differences between tumor-infiltrating mono-
cytes, microglia, DC1 or DC2 dendritic cell subsets, 
neutrophils, or B cells between GL261 and CT2A. 
Furthermore, while percentages of total CD3+ T cells and 
regulatory T cells were comparable between GL261 and 
CT2A, CD4+/CD8+ T-cell ratios were decreased in CT2A 
tumors (Fig.  1B, right). Although CD3+ T cells made up 
similar proportions of the overall immune infiltrate in 
each tumor type, both CD4+ and CD8+ T cells exhibited 
greater expression of a panel of immune checkpoint mol-
ecules in CT2A tumors relative to GL261 tumors (Fig. 1C). 
Both inducible co-stimulator (ICOS) and PD-1 were sig-
nificantly overexpressed within the CT2A CD4+ popu-
lation, whereas lymphocyte-activation gene 3 (LAG-3) 
and PD-1 were the 2 predominant checkpoint molecules 
overexpressed by CT2A CD8+ T cells compared with those 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa050#supplementary-data
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in GL261 tumors. Specifically, LAG-3 and PD-1 expres-
sion were identified in 80% and 95% of CD8+ T cells, re-
spectively. In addition, we observed a trend of increased 
expression of 4-1BB, CTLA-4, LAG-3, OX-40, and T-cell im-
munoglobulin and mucin-domain containing 3 (TIM-3) 
within CD4+ T cells harvested from CT2A compared with 
GL261 tumors. Thus, the T cells within CT2A tumors ex-
press higher levels of regulatory checkpoint molecules 
compared with T cells within GL261.

Having evaluated the checkpoint molecule phenotypes 
of T cells in CT2A and GL261, we next evaluated the endog-
enous intracellular cytokine production profiles of tumor-
infiltrating CD8+ and CD4+ T cells in GL261 and CT2A as 
a measure of TIL immune function immediately prior to 
tumor explant. TILs were isolated from GL261 and CT2A 
tumors once mice became moribund at approximately 
day 16 after intracranial tumor implantation, stimulated 
with PMA/ionomycin, and assessed for intracellular IFN-γ, 
IL-2, and TNF-α production by intracellular flow cytometry 
(Supplementary Figure 5). All combinations of cytokine 
production profiles were identified, and Boolean gating 
was performed to identify “triple positive” and “triple neg-
ative” cell populations, representing T cells staining posi-
tive or negative for all 3 cytokines, respectively. CT2A TILs 
contained significantly fewer triple-positive CD8+ T cells 
and trended toward a greater percentage of triple-negative 
CD8+ T cells compared with GL261 TIL (Fig. 1D), although 

not statistically significant. These same patterns between 
models were observed among CD4+ T-cell populations, al-
though the differences did not reach statistical significance.

Because CT2A tumors were less responsive to anti–
PD-L1 treatment, exhibited evidence of increased check-
point regulatory expression, and harbored T cells with 
decreased capacity for cytokine secretion, we wished 
to determine whether T cells within CT2A tumors had 
the ability to recognize CT2A-specific tumor antigens. 
To determine the identities of potential neoantigen tar-
gets recognized by the host immune system, we used a 
cancer immunogenomics approach to characterize the 
somatic mutation burden and subsequent expressed 
candidate neoantigen landscape in CT2A, similar to pre-
vious work in the GL261 and SMA-560 preclinical GBM 
models.6 To this end, we employed DNA whole-exome 
sequencing and RNA sequencing to detect expressed, 
tumor-specific missense SNVs and frameshift muta-
tions. This analysis revealed that CT2A harbored 2402 
missense and 96 frameshift mutations, of which 952 
were expressed as confirmed by RNA sequencing (gene 
FPKM >1) (Fig. 2A, Supplementary Table 1). We then em-
ployed the pVAC-seq bioinformatic pipeline13 to identify 
putative neoantigens predicted to bind class I MHC, H2-Db 
and H2-Kb. To determine candidate neoantigens, we priori-
tized candidates with median MHC H2-Db or H2-Kb binding 
affinities <500 nM and gene FPKM >1. Using these filters, 
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Fig. 1 Checkpoint blockade sensitivity and tumor-infiltrating immune cell distributions of GL261 and CT2A orthotopic murine GBMs. (A) Kaplan–
Meier survival curves following immune checkpoint blockade using monoclonal antibodies against PD-L1 in mice bearing intracranial GL261 or 
CT2A tumors (n = 15 per cohort). (B) Immune profiling of predominant myeloid and lymphoid populations present in progressively growing intra-
cranial GL261 and CT2A tumors (n = 5 per cohort). (C) Analysis of CD8+ and CD4+ T-cell expression of immune checkpoint molecules (n = 5 per 
cohort). (D) Intracellular cytokine analysis of GL261 and CT2A tumor-infiltrating CD8+ and CD4+ T cells. Boolean gating was performed to determine 
coexpression of IL-2, IFN-γ, and TNF-α.
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we identified 193 H2-Db‒ and 180 H2-Kb‒restricted high-
affinity neoepitopes in CT2A.

To determine which of the predicted neoantigens could 
be recognized by the immune system, we characterized 
the immunogenicity of the top 14 H2-Db and 15 H2-Kb 
candidate neoantigen peptides that were prioritized by 
median IC50 and evidence of expression (Fig. 2B). To as-
sess local and systemic T-cell responses to candidate 
neoantigens, mice bearing subcutaneous CT2A tumors 
were vaccinated with pools of neoantigen peptides, and 
both splenocytes and TILs were harvested. Of note, none 
of the combinations of pooled peptide vaccinations in-
duced rejection of the subcutaneous tumors. Positively 
selected CD8+ T cells from harvested spleen and TIL pop-
ulation were tested for reactivity to individual neoantigen 
peptides and irrelevant control peptides by IFN-γ ELISPOT 
assays. Of the 29 candidates screened, 13 elicited CD8+ 
T-cell responses in the spleens of mice vaccinated with 
their mutant peptides (Fig.  2B, left). In addition, for 10 
of the 13 candidates where immune responses were 
observed in the spleen, we also detected CD8+ T-cell re-
sponses in the TILs of vaccinated mice (Supplementary 
Figure 6). Representative ELISPOT data are shown for im-
munogenic neoantigens mPlin2, mEpb4, and mPomgnt1 
(red circles) and non-immunogenic neoantigens (black 
circles) (Fig. 2B, right).

Having demonstrated that 13 of 29 tested neoantigens 
could elicit CD8+ T cells in response to vaccination, we 
next asked whether we could detect evidence of endog-
enously primed immune responses to immunogenic 
neoantigens following orthotopic tumor implantation. For 
these experiments, we prioritized screening neoantigens 
where T-cell reactivity had been detected in both the 
spleen and TILs of immunized mice, and selected 9 
candidates for evaluation of endogenous immune re-
sponses. In non-immunized mice, CD8+ TILs isolated from 
orthotopically transplanted CT2A brain tumors demon-
strated increased IFN-γ production following stimulation 
with the H2-Kb restricted neoantigen, Epb4H471L (Fig. 3A). 
Within cervical draining lymph nodes, we also detected 
IFN-γ activation in response to Epb4H471L as well as to 
the H2-Db Plin2G332R and H2-Kb Pomgnt1R497L neoantigens 
(Fig.  3B). No endogenous immune responses were de-
tected against the other 6 candidates tested. Reactivity 
to all 3 neoantigens was also detected in the spleens of 
intracranial tumor–bearing mice, albeit at a significantly 
lower frequency than was found in the TILs or lymph 
nodes (data not shown).

We next explored the correlation between neoantigen 
immunogenicity and peptide-MHC stability for the CT2A 
candidate neoantigens. Of 29 neoantigens tested for im-
munogenicity, 13 generated immune responses, while 
endogenous CD8+ T cell responses were detected against 
3 of those epitopes. However, these findings did not cor-
relate with median predicted binding affinity or gene ex-
pression (Fig. 2A and data not shown). Prior work21,22 has 
suggested that peptide-MHC stability, rather than binding 
affinity, may represent an improved predictor of immu-
nogenicity. Furthermore, recent studies have shown that 
peptide-MHC stability can be used to accurately identify 
immunogenic neoantigens across multiple patient sam-
ples.19,21 Therefore, to assess the role of peptide-MHC 

stabilities in identifying immunogenic neoantigens, we 
employed a DSF assay19 to determine the thermal sta-
bility (Tm) of selected neoantigen/MHC. DSF analysis 
revealed that immunogenic CT2A neoantigens demon-
strated significantly higher Tm values compared with CT2A 
neoantigens for which no T-cell response was detected 
(Fig.  4A). Moreover, the 3 neoantigens that elicited en-
dogenous immune responses—mEpb4, mPomgnt1, and 
mPlin2—all harbored Tm values above the average (49.3°C) 
for all CT2A neoantigens (Fig. 4B). Thus, increased stability 
of the neoantigen peptide-MHCs correlated with observed 
immunogenicity.

Finally, given the presence of spontaneously arising 
neoantigen-specific immune responses with the CNS 
and secondary lymphoid organs of glioma bearing mice 
detected in both GL2616 and in CT2A, we tested the effect 
of therapeutically targeting neoantigens using person-
alized vaccines. Because GL261-bearing mice exhibited 
responses to anti–PD-L1 (Fig.  1A10,12), we determined 
whether a vaccine targeting the mutant Imp3 neoantigen, 
to which we have previously identified spontaneous im-
mune responses using immunogenomics approaches6 
could substitute for this treatment. Whereas GL261-
bearing mice treated with polyIC adjuvant alone exhib-
ited a median survival of 22 days, vaccination with the 
mImp3 synthetic long peptide (SLP) and polyIC adjuvant 
on days 3, 6, and 9 after tumor implantation resulted in a 
significant survival benefit and extended median survival 
to 46.5 days. We then applied this approach to the highly 
aggressive CT2A tumor. We focused on creating a vac-
cine that targeted the neoantigens to which we observed 
endogenous immune responses. Thus, we generated 
the SLPmEbp4,mPomgnt1,mPlin2 vaccine comprising 27-mer 
SLPs targeting the mutant Plin2G332R, Pomgnt1R497L, and 
Epb4H471L neoepitopes as well as polyIC adjuvant. To de-
termine the clinical efficacy of neoantigen vaccination, 
CT2A-bearing mice were treated with the adjuvant polyIC 
alone, neoantigen vaccine and polyIC, combination anti–
PD-L1 + polyIC, or combination of therapeutic vaccine 
with adjuvant and anti–PD-L1 blockade. Vaccinated mice 
were treated on days 3, 6, and 9 after tumor implanta-
tion, and mice treated with anti–PD-L1 were treated on 
days 7, 9, and 11. Mice treated either with adjuvant alone 
or with SLPmEbp4,mPomgnt1,mPlin2 vaccine with adjuvant ex-
hibited a median overall survival of 17.5 days, and mice 
treated with anti–PD-L1 with adjuvant exhibited a median 
overall survival of 25 days (Fig. 4B). In contrast, 60% of 
mice treated with combination SLPmEbp4,mPomgnt1,mPlin2” 
vaccine and anti–PD-L1 blockade demonstrated long-
term survival. To determine if vaccination increased the 
presence of neoantigen-specific T cells within TILs, we 
performed ELISPOT analysis on TILs from CT2A-bearing 
mice treated with polyIC alone, neoantigen vaccine and 
poly IC, combination anti–PD-L1 + polyIC, or combina-
tion of therapeutic neoantigen vaccine with adjuvant 
and anti–PD-L1 blockade (Fig. 5C). Compared with other 
treatment regimens, there was a statistically significant 
increase in tumor-infiltrating mEpb4-specific CD8+ TIL as 
well as a trend toward increased numbers of mPomgnt1- 
and mPlin2-specific T cells in response to the combina-
tion of checkpoint blockade and neoantigen vaccine. 
Taken together, combination neoantigen vaccination and 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa050#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa050#supplementary-data
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checkpoint blockade treatment improved the overall sur-
vival of mice harboring the aggressive CT2A tumor.

Discussion

In this study, we characterized the immunogenomic land-
scape of the aggressive orthotopic GBM CT2A model and, 
using this information, tested the efficacy of treatment 
of tumor-bearing mice with a CT2A-specific neoantigen 
vaccine combined with anti–PD-L1 blockade combina-
tion. We found that the orthotopic GBM model, CT2A, 
exhibited several immunologic features consistent with 
human GBM, including high tumor infiltrate of macro-
phages and evidence of hypofunctional T cells.22–24 In 
addition, we compared the sensitivity to checkpoint 
blockade of CT2A and GL261. While anti–PD-L1 mono-
therapy induced survival in a subset of GL261-bearing 

mice consistent with previous studies,10,12 treatment 
provided only a limited benefit to CT2A-bearing mice. In 
order to identify CT2A-specific neoantigens with which 
to study endogenous antitumor immune responses as 
well as to develop a therapeutic vaccine, we applied a 
cancer immunogenomics methodology to predict ex-
pressed neoantigen candidates. We detected endogenous 
immune responses to mutant Plin2G332R, Pomgnt1R497L, 
and Epb4H471L neoantigens and then showed for the first 
time that combining a neoantigen vaccine targeting these 
epitopes with anti–PD-L1 was more effective than either 
treatment as monotherapy.

Although the therapeutic vaccination of cancer has a long 
history,25 limited success was observed, likely due to the 
nature of antigens targeted as well as the lack, at the time, 
of other immune stimulating combination agents such as 
checkpoint inhibitors. Of the classes of cancer antigens 
that have been identified, neoantigens represent com-
pelling therapeutic targets due to (i) their cancer-specific 
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expression, (ii) the potential lack of tolerance to them due 
to their absence during immunologic development, and 
(iii) feasibility of candidate identification using widely em-
ployed genomics approaches. Since the conception of 
their systematic identification,26 numerous studies have 
demonstrated that at least a subset of genomically iden-
tifiable candidate neoantigens could be recognized by the 
immune system both in preclinical models and in patients. 
In addition, our group has previously applied a cancer 
immunogenomics approach to show that endogenous im-
mune responses can be generated to GBM neoantigens 
within the brain.6 Recently, personalized neoantigen vac-
cine trials have been developed against a growing number 
of cancer types, including GBM, following the initial re-
ports of experiences in melanoma.27–29 For patients with 
GBM, 3 recent studies showed that the neoantigen vac-
cines in GBM patients are safe and feasible and can gen-
erate GBM-specific immune responses.7–9 Ongoing studies 
(www.clinicaltrials.gov, NCT03422094) combine GBM 
neoantigens with various combinations of checkpoint in-
hibitors to determine how to optimize the generation of 
GBM-specific immune responses.

Thus, the work described with the CT2A model is highly 
relevant to current efforts within the clinical trial landscape 
in patients with GBM. The observation that combination 
neoantigen vaccine and anti–PD-L1 treatment significantly 
augments the effect of either treatment alone points to an-
other use for adjuvant checkpoint blockade in GBM beyond 
its use as a monotherapy to date. This study describes 
the first proof of concept in a preclinical model that com-
bining a personalized vaccine with checkpoint blockade 
may represent an effective therapeutic strategy which may 
be relevant to other cancers in addition to GBM. Although 
checkpoint blockade has revolutionized the treatment of 
a growing number of advanced malignancies,30 recent 
studies in newly diagnosed and recurrent GBM4 have 
not demonstrated clinical efficacy of anti–PD-1 treatment 

as a monotherapy in these settings. However, the recent 
observation of clinical benefit in a subset of GBM pa-
tients treated with anti–PD-1 in the neoadjuvant setting 
provides evidence that checkpoint blockade may be ben-
eficial in the appropriate context but insufficient to drive 
rejection.31 Given the complex ability of GBM to abrogate 
host antitumor immune responses, targeting T-cell inhibi-
tory receptors alone may be insufficient in the presence of 
weak preexisting antitumor immune responses. Thus, ther-
apeutic efforts aimed at driving effector immune cells and 
stimulating their activation in the GBM microenvironment 
coupled with strategies to alleviate tumor immune sup-
pression represent a rational combinatorial treatment ap-
proach. In GBM and in other cancers, clinical benefit with 
checkpoint blockade is likely to be augmented through 
combination approaches. In the study by Ott et al,28 2 pa-
tients with metastatic melanoma treated with a personal-
ized neoantigen vaccine demonstrated clinical responses 
after progression as well as an expansion of neoantigen-
specific T-cell responses when anti–PD-1 treatment was 
added to the therapeutic vaccine. Thus, while there are 
important immunologic insights to be gained from other 
preclinical GBM models, the CT2A model represents a plat-
form that models the response of most human GBM dis-
eases to single anti–PD-1/PD-L1 blockade and enables the 
development of strategies to enhance responsiveness or 
to explore alternative immune treatments.

Additional studies of the CT2A tumor revealed im-
portant features of its associated microenvironment. In 
order to gain a deeper understanding of the infiltrating 
immune cell distribution in brain tumors exhibiting dis-
tinct responses to treatment, we used high dimensional 
flow cytometry analysis to compare the phenotypes 
and functions of freshly isolated immune cells from 
orthotopic CT2A and GL261 tumors. Characterizations of 
human GBMs show that up to 30% of the tumor mass 
can comprise tumor-associated macrophages (TAMs), 
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a cell type that has been linked to accelerated disease 
progression and poor outcomes in cancer patients.24,25 
In our studies, we found evidence of significant accu-
mulation of TAMs within the CT2A GBM environment. 
Furthermore, the markers of T-cell exhaustion were more 
highly expressed in the CT2A model, with CD8+ T cells ex-
hibiting higher levels of LAG-3 and PD-1 and CD4+ T cells 
exhibiting higher levels of ICOS and PD-1. In particular, 
the observation of elevated LAG-3 and TIM-3 expression 
among CT2A CD8+ TILs represents a compelling finding, 
as upregulation of these alternative immune checkpoints 
has been implicated in mechanisms conferring resist-
ance to conventional checkpoint blockade24,32 and antag-
onistic antibodies have been developed to inhibit their 
function. Similar to results of other published studies 
in CT2A, we observed that higher expression of pheno-
typic markers were associated with T-cell exhaustion and 
greater reductions in T-cell cytokine output.24 Collectively, 
these findings of local tumor immune dysregulation in 
an anti–PD-L1 resistant murine GBM support the use 
of CT2A as a platform to evaluate targeted, combina-
tion immune treatment strategies in GBM. Given the 
distinct immunophenotypic profile of CT2A TILs, addi-
tional studies are warranted to better understand tran-
scriptional programs associated with immune therapy 
resistance.

Our genomic analysis of the GL26133 and CT2A models 
revealed that both tumors harbor tumor mutational burden 
(TMB) significantly greater than that typically observed in 

primary, newly diagnosed human GBM. Indeed, there are 
several scenarios in GBM in which a higher TMB state is 
observed. First, up to 20–30% of GBMs that recur following 
temozolomide chemotherapy exhibit the hypermutated 
genotype, due in large part to DNA base mispairing caused 
by alkylation which is propagated in the setting of muta-
tions in DNA mismatch repair genes.34–38 Moreover, low-
grade gliomas treated with temozolomide can also recur 
at a higher grade with the hypermutated genotype.36,39 
Secondly, a rare subset of newly diagnosed GBM pa-
tients, in both the pediatric40 and adult settings,6 can also 
present with tumors harboring the hypermutated geno-
type. Thus, given the mutational burden in the GL261 and 
CT2A models, it is conceivable that they could represent 
valuable systems for studying the immune responses to 
the high TMB GBM state, their distinct responses to check-
point blockade notwithstanding. Indeed, a number of 
studies have demonstrated a strong association between 
increased mutational burden and response to checkpoint 
blockade therapy in non-small-cell lung cancer,41,42 mel-
anoma,43–45 bladder cancer,46 and others.47–49 This asso-
ciation has also been observed in anecdotal studies in 
adult6 and pediatric40 GBM. Interestingly, we showed that 
CT2A-bearing mice exhibited increased survival when 
treated with a combination of checkpoint blockade and 
the polyIC adjuvant, albeit not as significant as with ad-
ditional neoantigen vaccine treatment. It is possible that, 
in high TMB settings, GBM may be susceptible to com-
binations of immunotherapies that bypass the need for 
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personalized immunogenomics. In particular, polyIC is a 
toll-like receptor 3 agonist that activates dendritic cells in 
draining lymph nodes and within the tumor microenviron-
ment. In combination with anti–PD-L1, this adjuvant may 
stimulate an immune response to CT2A that is augmented 
with directed neoantigen targeting. These compounds, as 
well as other potent immunostimulatory adjuvants, merit 
further study both alone and in combination with other 
immunotherapies.

Ultimately, the mutational burden in these cell lines 
reflects their genesis by means of chemical carcinogen-
esis rather than tumor evolution through treatment or 
germline disposition, and thus there are acknowledged 
differences between these preclinical models and some 
features of human disease. Additional models, such as 
the checkpoint blockade–resistant SB28 C57BL/6 model 
derived from in vivo genetic targeting using the sleeping 
beauty transposon system,50 harbor a lower mutational 
burden closer to the absolute number of exome-wide 
mutations (108)11 typically seen in adult GBM and there-
fore may also model relevant parameters of human GBM. 
Nevertheless, both the GL261 and CT2A cell lines re-
main models for neoantigen discovery and for studying 
the immune response to CNS tumors. Importantly, the 
higher the mutational burden, the more difficult it is to 
identify candidate neoantigens to which an immune re-
sponse can be detected. Thus, the immunologic valida-
tion of predicted neoantigens in higher TMB models is a 
particularly strong confirmation of the in silico process 
we and others have employed for immunogenomics-
drive discovery.

Our findings provide further validation that cancer 
immunogenomics approaches can be successfully em-
ployed to identify immunogenic neoantigens in murine 
brain tumor models, extending results we previously 
obtained in 2 other GBM models.33 Our sequencing and 
epitope prediction algorithms were similar to those 
used previously; we identified somatic missense muta-
tions through exome sequencing of tumor and normal 
tissue, followed by mutation expression analysis by RNA 
sequencing. While a number of studies have reported the 
use of internally developed immunogenicity scores to im-
prove neoantigen identification, these metrics have not 
been well validated. We employed a neoantigen discovery 
approach that prioritized predicted high-binding affinity 
candidates that were also transcriptionally present at high 
levels within the tumor. Our results indicate that CD8+ 
T-cell responses can be detected against neoantigens 
spanning both a range of predicted binding affinities 
within the IC50 < 500 nM limit as well as normalized gene 
expression scores. While the consideration of gene ex-
pression from RNA sequencing data improved our overall 
ability to identify immunogenic neoantigens, further en-
hancements to in silico neoantigen selection will be 
critical given increasing interest in the use of neoantigen-
directed therapies. Indeed, we found that no predicted 
affinity or genomic expression metric was able to distin-
guish immunogenic neoantigens from those in which no 
T-cell response could be detected. Further work will also 
be directed to understanding the role of other sources of 
neoantigens such as posttranslational modifications and 
noncoding sequences.51

Some studies have demonstrated that peptide-MHC sta-
bility is a more accurate predictor of immunogenicity than 
binding affinity.52,53 To test the added value of peptide-MHC 
stability in identifying relevant neoantigens, we employed 
a DSF assay19 using temperature denaturation to measure 
thermal stability of peptide-MHC for CT2A neoantigens. 
DSF analysis of H2-Kb–restricted CT2A neoantigens re-
vealed that higher Tm values were more predictive of 
T-cell reactivity than the conventional NetMHC54 peptide 
binding affinities. Given that testing the immunogenicity 
of all predicted peptides can be a slow and costly process, 
high-throughput evaluation of peptide-MHC stability may 
represent an additional efficient and orthogonal method of 
identifying immunogenic neoantigens where patient sam-
ples are limited or in instances of large tumor neoantigen 
burdens. Furthermore, once the factors influencing 
peptide-MHC interactions are more fully understood, it 
should be possible to develop algorithms that improve the 
success rate of neoantigen-based vaccines.

Taken together, this study provides novel preclinical 
evidence to suggest that combining vaccine efforts to 
clonally expand neoantigen-specific T cells with check-
point blockade could represent a therapeutic approach to 
GBM. Additional work is needed to understand how best 
to vaccinate against identified targets, which combination 
treatments may be most effective, and how to rationally 
address the intratumoral heterogeneity in GBM with spa-
tially targeted polyvalent methods. Moreover, although we 
have focused on CD8+ T cells in this study, further studies 
on the role of CD4+ T cells in anti-GBM responses will be 
critical to understand their role in therapeutic optimization.
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Supplementary data are available at Neuro-Oncology 
online.
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