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ABSTRACT
◥

Purpose: The low mutational load of some cancers is considered
one reason for the difficulty to develop effective tumor vaccines. To
overcome this problem, we developed a strategy to design neopep-
tides through single amino acid mutations to enhance their
immunogenicity.

Experimental Design: Exome and RNA sequencing as well as
in silico HLA-binding predictions to autologous HLA molecules
were used to identify candidate neopeptides. Subsequently,
in silico HLA-anchor placements were used to deduce putative
T-cell receptor (TCR) contacts of peptides. Single amino
acids of TCR contacting residues were then mutated by amino
acid replacements. Overall, 175 peptides were synthesized
and sets of 25 each containing both peptides designed to
bind to HLA class I and II molecules applied in the vaccination.
Upon development of a tumor recurrence, the tumor-infiltrating

lymphocytes (TIL) were characterized in detail both at the bulk and
clonal level.

Results: The immune response of peripheral blood T cells to
vaccine peptides, including natural peptides and designed neopep-
tides, gradually increased with repetitive vaccination, but remained
low. In contrast, at the time of tumor recurrence, CD8þ TILs and
CD4þ TILs responded to 45% and 100%, respectively, of the vaccine
peptides. Furthermore, TIL-derived CD4þ T-cell clones showed
strong responses and tumor cell lysis not only against the designed
neopeptide but also against the unmutated natural peptides of the
tumor.

Conclusions: Turning tumor self-peptides into foreign antigens
by introduction of designed mutations is a promising strategy to
induce strong intratumoral CD4þ T-cell responses in a cold tumor
like glioblastoma.

Introduction
Glioblastoma (GBM) is the most frequent malignant primary brain

tumor in adults. Standard-of-care treatment for newly diagnosed
GBM includes tumor resection, radiation, and chemotherapy with
temozolomide (1, 2). Despite intensive efforts, the median survival
of patients with GBM is still in the range of only 16–20 months in
clinical trial populations (1). Because of the still poor prognosis,
numerous studies are testing approaches that aim at unspecific or
antigen-specific activation of immune responses by immune check-
point inhibitors (3, 4), different vaccination strategies including

peptide-pulsed or tumor lysate–pulsed dendritic cells (5–7), mRNAs
encoding tumor antigens (8), and peptides alone or in combination
with adjuvants (9–11). While successes toward increased progression-
free survival and quality of life have been seen in some patients, no
immunotherapeutic approach prolonged the survival of patients with
GBM in a randomized trial. The disappointing outcome of most trials
indicates that several key aspects are so far poorly understood and need
to be improved.

Because of intratumoral heterogeneity with differences in muta-
tions, expression profiles, and cellular characteristics of GBM among
patients as well as variation in the individual HLA background, it is
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desirable to develop truly personalized vaccination approaches. These
should be optimized with respect to the tumor characteristics of
each patient, including mutations, gene and protein expression
profiles, and HLA types. A key aspect for inducing efficient immune
responses is to identify putative tumor antigens that can be
employed in the respective vaccination approach (12). Mutations
and proteins that are highly expressed in the tumor are the most
interesting targets. CD8þ T cells are best known for their cytotoxic
function, which is so far considered critical for the tumor immune
response. However, it is becoming increasingly recognized that
CD4þ T-cell responses are also indispensable for tumor control
or eradication (13–16). On the basis of data from animal models as
well as human tumors, a personalized vaccination approach could
benefit from inducing both tumor-specific CD4þ and CD8þ T
cells (17–19). Recent promising data with a mutation-specific
peptide vaccine for IDH1-mutant glioma underscore the impor-
tance of tumor antigen-specific CD4þ T cells (11, 20).

Because peptides can relatively easily be synthesized in large quan-
tities at GMP grade and have low risks for antigen-induced anaphy-
laxis, they are particularly suited to develop personalized tumor
vaccines compared with whole proteins and tumor lysates (21).
Therefore, we reasoned that a personalized vaccine should contain
peptides designed to stimulate both CD4þ and CD8þ T-cell responses
against multiple tumor targets. Toward this aim, we first identified
tumor-specific antigens (TSA) and tumor-associated antigens (TAA)
based on somaticmutations and overexpressed/highly expressed genes
of the autologous tumor respectively from a patient with GBM and
some previously reported GBM antigens (7, 22, 23). Peptides from
TSAs and TAAs were then chosen based on predicted binding to the
HLA class I and II molecules of the patient. Most importantly,
considering the low mutational load of GBM and the low immuno-
genicity of self-proteins, we designed neopeptides by targeted muta-
tion of putative T-cell receptor (TCR) contact amino acids (AA) in the
selected peptides. With this, we followed two aims: (i) to increase the
number of possible target antigens, and (ii), to increase immunoge-
nicity rather than relying on the often poorly immunogenic and/or
poorly HLA-binding peptides derived from somatic mutations of the
tumor. This concept was based on our prior findings with an altered
peptide ligand (APL) of myelin basic protein (MBP), which was
designed to block disease activity by partial agonist or antagonist
activity in patients with multiple sclerosis (MS; ref. 24). However, we

observed a strong increase of disease activity and inflammation in the
brain in 3 of 8 patients receiving the highest dose of the APL peptide.
Mechanistic studies showed that APL immunization activatedCD4þT
cells that cross-recognized both the APL, the equivalent of a neopep-
tide, but also the natural unmutated MBP peptide. Interestingly, the
responses of some T-cell clones (TCC) against the natural peptide (N-
peptides) were significantly higher than against the “foreign” APL
peptide. On the basis of these findings, we adapted this concept as an
attractive approach toward personalized tumor vaccination in the
current study.

Materials and Methods
Ethical considerations

The current study was performed with the goal to increase the
possibility for improving the clinical outcome. A new treatment
method was used because the patient was aware of the poor
prognosis of standard therapy and wanted to try the vaccination.
By definition, this is an individual medical treatment (“compas-
sionate use”), which is not subject to special regulation for medical
research according to the Therapeutic Products Act (TPA) or Swiss
Federal Human Research Act (HRA). Consequently, individual
medical treatments are not approved by the Ethics Committee or
Swiss Agency for Therapeutic Product (Swissmedic), as they do not
constitute clinical trials for the purpose of systematically gaining
knowledge. Such an activity falls within the scope of the physician’s
professional freedom and requires comprehensive and documented
patient information. The patient was fully informed about and
consented to the steps of the personalized vaccination throughout
the treatment period.

Patient information
A 55-year-old man reported headache and memory impairment.

A cerebral mass was diagnosed by MRI, and the diagnosis of
an isocitrate dehydrogenase wild-type GBM was made following
surgical resection (first surgical resection). The patient received
standard of care with temozolomide-based radiochemotherapy and
maintenance with temozolomide. Comprehensive genomic profil-
ing (CGP; F1CDx assay) detected KRAS amplification (G12D),
ERRFI1 loss, CDKN2A/B loss, LZTR1 loss, and TERT promoter
methylation (�124C>T). Approved therapies for tumors with
KRAS amplification are cobimetinib or trametinib, but these ther-
apies are not approved for GBM. Because of further tumor pro-
gression, treatment with pembrolizumab, bevacizumab, and an
experimental, personalized peptide cocktail vaccination was initi-
ated. Because of further tumor recurrence, the patient underwent a
second surgical resection 14 months after diagnosis. Unfortunately,
the patient died 4 months later.

CGP
TumorDNAwas extracted from formalin-fixed paraffin-embedded

(FFPE) tissue of the primary tumor and analyzed by Foundation-
OneCDx (F1CDx) assay. The F1CDx assay detects genomic alterations
in a panel of 324 genes (all exons). For analysis, the Illumina HiSeq
2500 platform is used; hybrid capture-selected libraries were
sequenced (targeting >500� median coverage with >99% of exons).
Sequence data were analyzed by a customized pipeline to detect all
classes of genomic alterations, including base substitutions, insertions/
deletions (indel), genomic rearrangements (e.g., gene fusions), and
copy-number alterations (i.e., gene amplifications and homozygous
gene deletions).

Translational Relevance

Low mutational load is considered the main reason for the
difficulty to develop effective tumor vaccines. To overcome this
problem in a tumor with low mutational load, we performed a
highly personalized vaccination with neopeptides containing arti-
ficially designed single amino acid substitutions, that is, designed
neopeptides. The immune response of peripheral blood T cells to
vaccine peptides gradually increased with repetitive vaccination,
and tumor-infiltrating lymphocytes (TIL) responded strongly to
all vaccine peptides designed for HLA class II molecules and 45%
designed for HLA class I molecules. Furthermore, TIL-derived
CD4þ T-cell clones showed that designed neopeptides elicited
strong CD4þ T-cell responses against the unmutated natural
peptides and tumor cell lysis. Thus, turning tumor self-peptides
into foreign antigens is a promising strategy to induce intratumoral
CD4þ T-cell responses in a cold tumor.

Designed Neopeptides Activate Antitumor Immune Response
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GBM tissue, leukapheresis, and peripheral blood mononuclear
cell samples

Part of the primary GBM tissue from the first surgical resection was
immediately frozen at �80�C, which was used for RNA sequencing
(RNA-seq) and whole-exome sequencing (WES). The recurrent GBM
tissue from the second surgical resection was partly used for cryo-
preservation, which was subjected to imaging mass cytometry (IMC),
and partly for TIL isolation. Leukapheresis was collected prior to
treatment to isolate sufficient antigen-presenting cells (APC). PBMCs
were collected before and after peptide vaccination, which were used
for WES, HLA genotyping, or vaccine peptide testing.

DNA extraction, HLA genotyping, and WES
DNA was extracted from PBMCs and primary GBM tissue using

DNeasy Blood&TissueKits (Qiagen). The genotypes ofHLA class I (A
and B) and HLA class II (DRB1, DRB3, DRB4, DRB5, DPA1, DPB1,
DQA1, and DQB1) alleles were determined by high-resolution HLA
sequence-based typing (Histogenetics). The WES of PBMCs and the
primary tumor was performed at Genomics Facility Basel [Illumina
HiSeq 2500, 2�101 bp, Capture kit: Agilent SureSelect XT v6 (Virginia
Tech Biocomplexity Institute Genomics Sequencing Center Core
Facility, RRID:SCR_017958) þCOSMIC]. WES reads for tumor and
PBMCswere aligned to the human reference genome (hg19) using bwa
(arXiv:1303.3997). Secondary alignments as well as duplicate reads
were removed using samtools (25) and Picard, RRID:SCR_006525
(http://broadinstitute.github.io/picard/), respectively. Subsequently,
we performed Base Quality Score Recalibration and Indel realignment
usingGATK (26). The average coverage for the primary tumor analysis
was 255x and 85x for tumor and normal, respectively. On the resulting
WES alignments, Strelka (27), Mutect (28), and Varscan 2 (29) were
used to call somatic variants. Only variants called by at least two of the
callers were considered. TheWES raw data have been deposited to the
European Nucleotide Archive (ENA) with the accession codes
PRJEB56517.

RNA extraction and RNA-seq
RNA from primary GBM (RNeasy Mini Kit, Qiagen) were used for

RNA-seq using HiSeq 4000 System (Illumina), 2�150 bp, at the
Functional Genomics Center Zurich and yielded 154,153,378 read
pairs. STAR, RRID:SCR_004463 (version 2.4.2) was used to map (2-
pass) the RNA-seq reads against the human reference genome (hg19).
On the basis of TCGA-RNAseqv2 pipeline (https://webshare.bioinf.
unc.edu/public/mRNAseq_TCGA/UNC_mRNAseq_summary.pdf)
and the STAR alignment, quantile normalized gene counts were
determined. These quantile normalized gene counts were used to
compare the gene expression in the primary tumor with The Cancer
Genome Atlas (TCGA) GBM cohort. Gene expression data for
TCGA GBM cohort were downloaded from the Broad GDAC
Firehose [Broad Institute TCGA Genome Data Analysis Center
(2016): Analysis Overview for GBM (Primary solid tumor cohort) -
28 January 2016. Broad Institute of MIT and Harvard. doi:10.7908/
C16T0M0N]. Gene expression up to 1.5 times the interquartile
range greater than the 75th percentile in the cohort gene expression
distribution is considered high expression. Gene expression greater
than that is considered overexpression. The RNA-seq raw data have
been deposited to the ENA with the accession code PRJEB56507.

Identification of potential TSAs and TAAs
To determine TSAs containing somatic mutations, genomic DNA

was extracted from the primary GBM and PBMCs and analyzed using
WES. A total of 40 somatic mutants were found and used as TSAs for

vaccine peptide prediction (Supplementary Table S1). To identify
TAAs with high transcription levels in the tumor, RNA was extracted
from the primary GBM tissue and analyzed using RNA-seq. Over-
expressed/highly expressed genes in the primary GBM, when com-
paring with GBM cohort in TCGADatabase, were selected and used as
TAAs for vaccine peptide prediction (Supplementary Tables S2 and
S5). In addition, a total of 12GBM-associated TAAs (7, 22, 23) that had
been reported previously by immunopeptidome or sequencing anal-
yses were also used for vaccine peptide prediction (Supplementary
Table S3). Manual curation of the TSA/TAA based on transcription
and prior knowledge was performed to exclude peptides with putative
high risk of causing damage to vital organs, although we are aware of
the limitations of such estimates.

Prediction of TSA/TAA-derived N-peptides
Given the HLA genotype of the patient, TSA/TAA-derived

peptides were predicted using NetMHCpan 4.0 (30) and the
MHC-I and MHC-II binding prediction tools (IEDB_recom-
mended mode) of the IEDB Analysis Resource (31–33). According
to the binding motif and predicted binding affinity of the peptides
for HLA class I and II molecules, 78 N-peptides from TSAs or TAAs
were selected, which included peptides with a length of 9 AAs for
HLA class I molecules (N-class I-peptides, I_MUT/RNA/
GBM_X_0) and peptides with a length of 11–13 AAs for HLA
class II molecules (N-class II-peptides, II_MUT/RNA/GBM_X_0)
as shown in Supplementary Table S4.

Artificially designed mutation of predicted TSA/TAA-derived
N-peptides

To potentially strengthen the stimulatory effect, single AA sub-
stitutions were introduced at putative peptide-TCR contact positions
of the N-class I/II-peptides, which were deduced on the basis of
SYFPEITHI database (34), as shown in Fig. 1. These peptides are
referred to as designed neopeptides (D-neopeptides) as shown in
Supplementary Table S4.

Design of peptide cocktails for vaccination
Before thefirst vaccination, the 78N-peptides and their correspond-

ing D-neopeptides were tested with untouched PBMCs to examine
their stimulatory effects to T cells. PBMCs of the patient responded low
or had no response to all peptides, so we chose approximately 25
peptides from somatic mutants and reported GBM antigens for the
first and second vaccination (Supplementary Table S6). After the
second vaccination, the PBMCs of the patient were collected and
tested with the vaccine peptides (v-peptides) to examine the effect of
the peptide immunotherapy. Peptides that did not elicit a T-cell
response after several rounds of vaccination were taken out of the
peptide cocktail and replaced by others from the overall set of peptides
(Supplementary Table S4) in the subsequent vaccination.

Histologic analyses
Primary and recurrent GBMs were FFPE at the Institute of Pathol-

ogy and Molecular Pathology, University Hospital Zurich. Paraffin-
embedded tissue sections were used for hematoxylin and eosin (H&E)
staining, IHC staining for CD3 (Clone: LN10; Dilution: 1:500; Leica
Biosystems), and IMC. For IMC, an antibody panel (Supplementary
Table S7) was designed and used to target markers specific for GBM,
immune cell types/subsets, epithelial cells, activation, and prolifera-
tion. The preparation and staining of paraffin-embedded tissue sec-
tions, acquirement of images, and image data processing were per-
formed as described before (35).
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Figure 1.

Strategy for predicting TSA/TAA-derived peptides and for designing D-neopeptides by mutations of peptide-to-TCR contact positions. A, Primary GBM tissue and
PBMCs were collected for WES to identify somatic mutants in the tumor, which were considered as TSAs. Primary GBM tissue was also used for RNA-seq
to identify overexpressed/highly expressed genes in the tumor, which were considered as TAAs. PBMCs were used for DNA sequencing to identify the HLA
genotype of the patient. HLA binding was predicted for TSA/TAA-associated peptides from somatic mutants, overexpressed/highly expressed molecules, and
reported GBM antigens using NetMHCpan 4.0 Server and IEDB Analysis Resource and for the patient’s HLA class I and II molecules. A total of 78 N-peptides,
including N-class I-peptides and N-peptides with 11–13 AAs for HLA class II molecules (N-class II-peptides), were selected on the basis of predicted HLA
binding affinities. Designed mutations with the intent to increase the stimulatory strength of N-peptides by single AA substitutions of putative peptide-to-TCR
contact positions for TCR were introduced. These are referred to as D-neopeptides. A total of 175 peptides, including N-peptides (n ¼ 78) and D-neopeptides
(n ¼ 97), were selected as the peptide library for preparing vaccine peptide cocktails. B, Mutation strategy for designing D-neopeptides for HLA class I
molecules (D-class I-neopeptide). Using HLA-A�26:01 as an example, putative peptide-anchor positions 2, 6, and 9 as well as preferred AAs for HLA-A�26:01
are reported in the database of SYFPEITHI, which means that other positions, in particular positions 3, 4, and 5, are potential peptide-to-TCR contact positions.
Conservative or nonconservative AA substitutions were implemented in one of these positions for each N-class I-peptides. C, Mutation strategy for designing
D-neopeptides for HLA class II molecules (D-class II-neopeptide). The strategy is similar to designing D-class I-neopeptides; however, before analyzing the
peptide-anchor/contact positions for HLA/TCR, the 9 AA binding motifs of N-class II-peptides were analyzed using NetMHCII 2.3 Server and/or SYFPHEITI.

Designed Neopeptides Activate Antitumor Immune Response
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Isolation and expansion of TILs
Resected recurrent GBM tissue was washed [Iscove’s modified

Dulbecco’s medium (IMDM, GE Healthcare)] to remove blood clots
and collagen in a 100 mm Petri dish (Sigma-Aldrich) and then
mechanicallyminced in 5mLdigestion solution: IMDMwith 1mg/mL
collagenase A (Roche) and 50 U DNase (Roche). Small tissue pieces
were digested at 37�C for 1 hour with pipetting up and down every 10
minutes. The digested product was washed twice with IMDM and
passed through a 70 mmCell Strainer (Corning) to obtain a single-cell
suspension, which was centrifuged at 1,200 rpm for 10 minutes
at 20�C, the supernatant removed, and cells resuspended with 6 mL
30% Percoll solution (GE Healthcare). TILs were isolated using 30%/
78% Percoll gradients. For expansion, TILs were seeded at 1.5 � 103

cells/well in 96-well U-bottom plates (Greiner Bio-One) together with
1.5 � 105 irradiated autologous PBMCs (45 Gy), 1 mg/mL PHA
(REMEL, Thermo Fisher Scientific), and 20 U/mL human IL2
(hIL2 containing supernatant produced by T6 cell line kindly
provided by F. Sallusto, IRB, Bellinzona, Switzerland) in RPMI1640
medium (Sigma-Aldrich) containing 5% human serum (Blood Bank
Basel, Switzerland), 2 mmol/L glutamine (Thermo Fisher Scientif-
ic), 1% (vol/vol) nonessential AAs, 1% (vol/vol) sodium pyruvate, 5
mmol/L b-Mercaptoethanol (all Gibco), 100 U/mL penicillin, and
100 mg/mL streptomycin (Corning). Medium was changed by
aspirating half of the medium and adding the same volume of
fresh medium containing hIL2 every 3–4 days for 14 days until cells
were fully rested.

Proliferation assay
All peptides used in this study for stimulation purposes were

synthesized with C-terminal amide (Peptides & Elephants). For
peptide stimulation assay of PBMCs, untouched or CD45RA� PBMCs
were tested in the indicated conditions. CD45RA� PBMCs were
isolated by negative selection using CD45RA microbeads, human
(Miltenyi Biotec). In the tests, PBMCs were seeded at 2 � 105 cells/
well in 200mLX-VIVO15medium (Lonza) in 96-wellU-bottomplates
(Greiner Bio-One), and peptides were then added at a final concen-
tration of 5 mmol/L. Proliferations were measured at day 7 by 3H-
thymidine (Hartmann Analytic) incorporation assay. Proliferation
strength is displayed as stimulation index (SI). SI indicates the ratio
of counts per minute (cpm) in the presence of the peptide versus cpm
of the no peptide control.

For peptide stimulation, TILs were seeded at 5 � 104 cells/well
with 2 � 105 irradiated autologous PBMCs (45 Gy) as APCs in 200
mL X-VIVO 15 medium (Lonza) in 96-well U-bottom plates (Grei-
ner Bio-One) and stimulated with peptides at 5 or 10 mmol/L. The
anti-human HLA-DR/DP/DQ antibody (T€U39, kindly provided by
Stefan Stevanovic) was added at a final concentration of 10 mg/mL
to block the function of HLA class II molecules. Proliferation was
measured at day 5 by 3H-thymidine (Hartmann Analytic) incor-
poration assay.

For peptide stimulation assay of TCCs, TCCs were seeded at 2 �
104 cells/well with 1 � 105 irradiated autologous PBMCs (45 Gy) in
200 mL X-VIVO 15 medium (Lonza) in 96-well U-bottom plates
(Greiner Bio-One) with peptides at 5 mmol/L.

Cytotoxicity assay
Effector TILs or TCCs were stimulated with pooled peptides for

5 days or 4 days, respectively, using irradiated autologous PBMCs as
APCs. TILs and TCCs were then harvested, washed, and resuspended
with X-VIVO 15 medium (Lonza). Tumor target cells were detached
with accutase (Thermo Fisher Scientific), washed, and labeled with a

PKH26Red Fluorescent Cell LinkerKit (Sigma-Aldrich) for 3minutes.
After labeling, cells were washed three times with serum-containing
medium, resuspended with X-VIVO 15 medium (Lonza), adjusted to
2� 105 cells/mL, and added in 100 mL/well in 96-well U-bottom plates
(Greiner Bio-One). Effector TILs or TCCs were added to respective
wells containing PKH26-labeled target tumor cells at 1:1, 2:1, 5:1, and
10:1 effector-to-target ratios. Plates were centrifuged at 80 � g for 1
minute to improve effector-target cell contact and incubated for
24 hours. After incubation, plates were centrifuged at 250 � g for 5
minutes, supernatants removed, and cells detached with accutase
(Thermo Fisher Scientific). Cells were harvested, stained with a
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher
Scientific), and analyzed using a BD LSR Fortessa to analyze
PKH26þNear-IRþ dead target cells.

Flow cytometric analysis
For surface marker staining, cells were incubated with human IgG

(Sigma-Aldrich) and Live/Dead Aqua (Invitrogen) at 4�C for 30
minutes and then stained using fluorochrome-conjugated antibodies,
including FITC anti-human CD69 (FN50), PerCP/Cyanine5.5 anti-
human CD3 (HIT3a), PerCP/Cyanine5.5 anti-human CD19 (HIB19),
APC anti-human CD25 (BC96), APC/Cyanine7 anti-human CD4
(A161A1), Pacific Blue anti-human CD8 (SK1), Alexa Fluor 700
anti-human CD3 (HIT3a), Brilliant Violet 510 anti-human CD8
(SK1), APC anti-human CD194 (CCR4) (L291H4), Brilliant Violet
785 anti-human CD196 (CCR6) (G034E3), Brilliant Violet 711 anti-
human CD45RA (HI100), PE anti-human CD294 (CRTH2) (BM16),
Brilliant Violet 421 anti-human CD197 (CCR7) (G043H7) antibodies
(BioLegend), and CD4 mAb (S3.5), PE-Texas Red (Thermo Fisher
Scientific), at 4�C for 30 minutes. For intracellular staining, cells were
treated with fixation/permeabilization kits (eBioscience) and then
stained after surface marker staining for intracellular markers using
fluorochrome-conjugated antibodies (BioLegend), including FITC
anti-human/mouse granzyme B Antibody (GB11), at 4�C overnight.
Cells were then washed twice and resuspended with 1� PBS contain-
ing 2 mmol/L ethylenediamine tetraacetic acid (AppliChem) and 2%
FCS (Eurobio Scientific). Analyses were performed with LSR Fortessa
Flow Cytometer (BD Biosciences) and FlowJo software, RRID:
SCR_008520 (Tree Star).

T-cell cloning, specificity, and cross-reactivity
To generate CD4þ TCCs that recognize vaccine peptides, TILs

were stained with carboxyfluorescein succinimidyl ester (CFSE,
Sigma-Aldrich) and stimulated with pooled peptides, including
II_GBM_14_1, II_GBM_12_1, and II_GBM_24_1. Proliferating
(CFSElow) CD4þ T cells were sorted at day 9 as single cells into
96-well U-bottom plates using a Sorter (SH800S, Sony) and expand-
ed using irradiated allogeneic PBMCs (45 Gy), 1 mg/mL PHA
(Remel), and hIL2 in RPMI1640 medium containing 5% human
serum (Blood Bank Basel, Switzerland), 2 mmol/L L-glutamine
(Thermo Fisher Scientific), 100 U/mL penicillin (Corning), 100
mg/mL streptomycin (Corning), and 50 mg/mL gentamicin (Sigma-
Aldrich). Medium was changed by aspirating half of the old
medium and adding the same amount of fresh medium containing
hIL2 every 3–4 days for 14 days. The TCR b-chain phenotype of the
CD4þ TCCs was analyzed using fluorochrome-conjugated antibo-
dies (TCR Vb1, 2, 3, 5.1, 5.2, 5.3, 6.7, 7, 8, 9, 11, 12, 13.1, 13.6, 17, 18,
20, 21.3, 22, 23, Beckman Coulter) by FACS.

To identify the target peptides of CD4þ TCCs, TCCs were seeded at
2� 104 cells/well with 1� 105 irradiated autologous PBMCs (45Gy) in
200 mL X-VIVO 15 medium (Lonza) in 96-well U-bottom plates

Wang et al.
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(Greiner Bio-One) and stimulated with peptides II_GBM_14_0,
II_GBM_14_1, II_GBM_12_0, II_GBM_12_1, II_GBM_24_0, or
II_GBM_24_1 at 5 mmol/L. Proliferation was measured at day 3 by
3H-thymidine (Hartmann Analytic) incorporation and supernatants
collected for testing IFNg using ELISA.

TCRVb sequencing
To analyze the TCRVb repertoire, DNA samples were extracted

from the primary and recurrent tumors. The TCRVb sequencing was
conducted using the immunoSEQ Platform (Adaptive Biotechnolo-
gies). The sequencing data were analyzed using immunoSEQ analyzer
3.0 of Adaptive Biotechnologies based on CDR3, V-chain, and J-chain
sequences. The frequencies of Vb-Jb pairing in the primary and
recurrent tumors were visualized using Circos (36).

Cytokine measurement
Supernatants were harvested from TILs at day 5 after stimulation

with anti-CD2/CD3/CD28 antibody-loaded MACSibead particles
(Miltenyi Biotec) or peptides. Cytokines in the supernatants
were measured using LEGENDplex Multi-analyte Flow Assay kit
(#740722, BioLegend). Supernatants were harvested from TCCs at
day 3 after stimulation with peptides. Cytokines in the supernatants
were measured using ELISA MAX Standard Set Human IFNg
(BioLegend).

Statistical analysis
Statistical analyses were performed with GraphPad Prism 8.0,

RRID:SCR_002798. Unpaired t tests were used for statistical analyses.
Data are expressed as mean or mean � SEM, and the data were
considered statistically significant when differences achieved values of
P < 0.05.

Data availability statement
The data generated in this study are not publicly available due to

information that could compromise patient consent but are available
upon reasonable request from the corresponding author.

Results
Prediction strategy and designed mutations of TSA/TAA-
derived peptides

We performed a personalized vaccination (37) in a 55-year-old
patient with GBM (Supplementary Fig. S1A). We first identified
TSAs including somatic mutants and TAAs that were overex-
pressed/highly expressed in the primary tumor. We found 40 somatic
mutants (Supplementary Table S1). Furthermore, overexpressed/
highly expressed genes were identified by comparison with GBMs in
TCGA database (Supplementary Table S2). In addition, 12 TAAs that
had been reported in the context of GBM (7, 22, 23, 38) were also
included for peptide prediction (Supplementary Table S3).

Next, we identified TSA/TAA-derived N-peptides with predicted
high binding affinity and HLA motifs for the autologous HLA class I
and IImolecules (Fig. 1A; Supplementary Fig. S1B). A total of 78 TSA/
TAA-derived N-peptides, including N-class I-peptides and peptides
with 11–13 AAs for HLA class II molecules (N-class II-peptides;
Supplementary Table S4), were selected from 10 somatic mutants
(Supplementary Table S1), 22 overexpressed/highly expressed genes
(Supplementary Table S5), and 12 reported GBM antigens (Supple-
mentary Table S3). N-class I-peptides included: (i) four neopeptides
that contain naturallymutated AA fromTSAs (I_MUT_X_00), (ii) one
unmutated peptide from a TSA (I_MUT_X_0), (iii) 15 unmutated

peptides from overexpressed/highly expressed TAAs (I_RNA_X_0),
and (iv) 11 unmutated peptides from reported GBM antigens
(I_GBM_X_0). N-class II-peptides included: (i) five neopeptides that
contain naturally mutated AA from TSAs (II_MUT_X_00), (ii) three
unmutated peptides from TSAs (II_MUT_X_0), (iii) 13 unmutated
peptides from overexpressed/highly expressed TAAs (II_RNA_X_0),
and (iv) 26 unmutated peptides from reported GBM antigens
(II_GBM_X_0; Supplementary Table S4). The peptide nomenclature
is depicted in Supplementary Fig. S2A.

As key step of this study, we designed mutations in critical
AA positions of N-peptides to increase the number of neopeptides
available for vaccination and to enhance immunogenicity. Designed
mutations were introduced by first positioning peptides in
the peptide-binding grooves of HLA class I and II molecules
using known binding motifs in the database of SYFPEITHI and
then introducing single conservative, neutral, or nonconservative
AA exchanges in putative TCR contact positions (Fig. 1B and C).
These artificially mutated peptides are referred to as D-neopeptides.
The nomenclature of the D-neopeptides is as follows: I/II_MUT/
RNA/GBM_X_1/2 (Supplementary Fig. S2A; Supplementary
Table S4). Suffixes 1 or 2 are used to distinguish between the up
to two D-neopeptides of the respective N-peptide. Overall, 175
peptides from the above sources were synthesized (Supplementary
Table S4).

Vaccination strategy
The vaccination schedule after surgical resection and radioche-

motherapy and parallel treatment with pembrolizumab and bevaci-
zumab is schematically depicted (Supplementary Fig. S1A). PBMCs
collected before vaccination were tested with all N-peptides (n ¼ 78)
andD-neopeptides (n¼ 97). PBMCs did not or only poorly respond to
N-peptides and D-neopeptides (Supplementary Fig. S2B–S2D).
Therefore, we only chose 25 peptides from somatic mutants or
reported GBM antigens for the first and second vaccinations, and the
ratio of N-peptide and D-neopeptide is approximately 1:2 (Supple-
mentary Table S6). Peptide cocktails were subcutaneously injected for
vaccination, and the adjuvants were used to augment peptide-specific
immune responses.

Peripheral blood T-cell responses to vaccine peptides increase
with repetitive vaccination

To optimize the vaccine cocktail to induce strong immune
responses, we assessed the response of PBMCs to v-peptides after
vaccination. We used CD45RA-depleted (CD45RA�) PBMCs as a
source of memory T cells. Cells collected 20 days after the second
vaccination did not show stronger responses to v-peptides than
CD45RA� PBMCs collected before vaccination. Some responses
were even lower (Supplementary Fig. S3A). Therefore, we removed
the latter peptides, because they might have been inhibitory, replaced
them with others from the overall set of peptides, and finally used
24 peptides for the third vaccination (Supplementary Table S6).
CD45RA�PBMCs collected 40days after the third vaccination showed
increased responses to some v-peptides compared with CD45RA�

PBMCs collected before vaccination or after the second vaccination
(Supplementary Fig. S3B). However, responses to v-peptides remained
overall modest (Supplementary Fig. S3), whichmight be due to the low
precursor frequency of v-peptide–specificT cells in blood,migration of
vaccine-activated T cells into the tumor, or technical aspects, that is,
low sensitivity of the 3H-thymidine proliferation assay. Similarly, some
peptides were replaced or added, and 27 peptides were used for the
fourth vaccination (Supplementary Table S6).
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IncreasedT-cell infiltration inperivascular areas of the recurrent
tumor after peptide vaccination

One month after the fourth vaccination, a recurrent tumor
was resected, which allowed us to examine the potential effects of
peptide vaccination on TILs. TILs were studied in the primary and
recurrent tumor by H&E staining (Fig. 2A and B), CD3 IHC staining
(Fig. 2A and B; Supplementary Fig. S4A), and IMC for multimarker

analysis (Fig. 2C and D; Supplementary Fig. S5; Supplementary
Table S7). Few CD3þ TILs were found in the parenchymal areas of
both primary and recurrent tumor (Fig. 2A_i and B_i). However,
compared with the primary tumor (Fig. 2A_ii and C_top; Supple-
mentary Fig. S4B_top), the recurrent tumor showed increased CD3þ

TILs in the perivascular areas (Fig. 2B_ii and C_bottom; Supplemen-
tary Fig. S4B_middle) and peritumoral tissue (Fig. 2B_iii and D;

Figure 2.

Increased T lymphocyte infiltration in the recurrent compared with the primary tumor. H&E and CD3 IHC staining in the primary (A) and recurrent tumor (B). The
regions that are selected to show the CD3 IHC staining are indicated in the H&E-stained tissue sections. Expressions of GFAP (GBM cells), CD31 (vascular epithelial
cells), CD3 (T lymphocytes), CD8 (CD8þ T cells), and Ki67 (proliferatingmarker) in the perivascular areas of primary and recurrent tumor (C) and peritumoral areas of
the recurrent tumor (D) were detected by IMC. Scale bars are indicated in the figures.
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Supplementary Fig. S4B_bottom). Furthermore, few CD8þ T cells
were seen in the perivascular areas of the primary tumor (Fig. 2C_top),
while the number of infiltrating CD8þ T cells increased in the
recurrent tumor (Fig. 2C_bottom andD). In particular, CD4þ T cells
(CD3þCD8� T cells) were relatively abundant and infiltrated both
perivascular and peritumoral areas of the recurrent tumor but
not the primary tumor (Fig. 2C and D), and the tumor-infiltrating
CD4þ T cells displayed an activated (Supplementary Fig. S5A) and
proliferative phenotype (Fig. 2C and D). Natural killer cells were also
increased in the recurrent tumor (Supplementary Fig. S5B), and
infiltrating CD68þ macrophages that displayed a proinflammatory
phenotype (Supplementary Fig. S5C) might function as APCs to
activate and/or retain the TILs in the recurrent tumor (Supplementary
Fig. S5D). These results indicate that v-peptides might have stimulated
and expanded TILs after vaccination.

Composition, phenotype, and response to vaccine peptides of
TILs

Next, we isolated TILs from the recurrent tumor and characterized
them by immunophenotyping. Two-thirds of infiltrated T cells were
CD4þ, one-third CD8þ T cells, and all CD45RA� memory T cells
(Fig. 3A), and there were very few CD19þ B cells (Fig. 3B). CD4þ T
cells mainly showed a Th1 (CRTh2�CCR6�CCR4�)/Th2 (CRTh2�

CCR6�CCR4þ)-multifunctional phenotype, and CD8þ T cells were
mainly Tc1 (CRTh2�CCR6�CCR4�) cells (Fig. 3C). Accordingly,
TILs released IFNg , IL5, and IL13 after stimulation (Fig. 3D).We then
tested TILs against all N-peptides. TILs did not respond to N-class I-
peptides in proliferation assays (Supplementary Fig. S6) but reacted
strongly and in a dose-dependent manner to most N-class II-peptides,
including both v-peptides (labeled with #) and non-vaccine (nv)-
peptides (Fig. 3E). However, compared with nv-peptides, TIL
responses to v-peptides were much stronger (Fig. 3F). These results
indicate that repetitive vaccination with a complex peptide cocktail
containing D-neopeptides likely led to infiltration of proinflammatory
CD4þ and CD8þ T cells in the tumor.

Peptide vaccination induces robust intratumoral CD4þ T-cell
responses

To address the above point in more detail, we compared the
response of the TILs with v-peptides used in the first to fourth
vaccination rounds (Supplementary Table S6), including both N-
peptides and D-neopeptides, with nv-peptides for HLA class I and
II molecules (Supplementary Fig. S7). For class I-peptides, the
response rate to nv-peptides was low (5.36%), and an almost nine
times higher rate was observed to v-peptides (45.46%; Fig. 4A),
although the overall response was still low (Fig. 4B). For class II-
peptides, TILs responded to 43.53% of the nv-peptides, and strongly to
100% of the v-peptides (Fig. 4C and D). Importantly, v-D-class II-
neopeptides stimulatedmuchhigher TIL responses comparedwith nv-
D-class II-neopeptides (Fig. 4E), which also held for v-N-class II-
peptides (Fig. 3F). Hence, TILs preferentially respond to v-peptides
and more strongly to class II-peptides.

To confirm that peptides stimulated the TILs in anHLA-dependent
manner, we performed blocking studies with the anti-HLA-DR/DP/
DQ antibody (T€U39), which inhibited both proliferation and IFNg
secretion of TILs after stimulation with v-class II-peptides (Fig. 4F
and G) and confirmed HLA class II restriction of the TIL responses.
Furthermore, activation with v-class II-peptides not only led to
upregulation of activation markers, but also significantly increased
the fraction of cytotoxic granzyme Bþ CD4þ T cells (Fig. 4H).

D-neopeptides stimulate stronger TIL responses than
N-peptides

The purpose of artificially designing D-neopeptides was to induce
strong or even more robust T-cell responses against N-peptides with
the hope to foster T-cell infiltration and lysis of tumor cells. Comparing
the stimulatory strength of N-peptides with the corresponding D-
neopeptides for TILs disclosed that the latter elicited often stronger but
sometimes also weaker responses (Supplementary Fig. S7). For class
I-peptides, some v-D-neopeptides, such as I_GBM_6_1 (Fig. 5A),
I_MUT_1_1, I_GBM_3_1, and I_GBM_10_1 (Fig. 5B), induced
positive TIL responses, but TILs did not respond to any of the
corresponding N-peptides, indicating that vaccination with D-class
I-neopeptides did not activate CD8þT cells sufficiently against N-class
I-peptides, and/or the precursor frequencies were too low for detection
in the assays that we applied. This was different for TIL responses toN-
class II-peptides and D-class II-neopeptides (Fig. 5C and D). D-class
II-neopeptides elicited robust TIL responses, which applied to both
peptides with conservative (Fig. 5C), that is, AA exchanges with
similar physicochemical properties, including charge, hydrophobicity,
and size, but also neutral or nonconservative substitutions (Fig. 5D).
CD4þTILs responded better to D-class II-neopeptides compared with
N-class II-peptides based on upregulation of activation markers
(Fig. 5E) and cytotoxicity against autologous tumor cells (Fig. 5F).
The overall stronger TIL responses to D-neopeptides lends support to
the hypothesis that mutations in critical AA positions are likely to
stimulate T cells that have escaped negative selection and are recog-
nized with higher avidity than natural self-peptides.

To elicit cross-reactivity of T cells against both D-neopeptides and
N-peptides is a key aim of our approach. If T cells responding to D-
neopeptides did not cross-react with the N-peptides that the tumor
expresses, they would likely not be useful for the tumor defense. On the
other hand, if D-neopeptides induced cross-reactive T-cell responses
against the N-peptides, especially against the unmutated N-peptides, it
would open the possibility to target many more antigens in the tumor
than through naturally occurring mutations. Following this idea, we
focused our analyses on the peptide groups in which D-neopeptides
were used for vaccination but the corresponding N-peptides were not,
such as II_GBM_24_0 and II_GBM_24_1 (Fig. 5C), II_GBM_12_0
and II_GBM_12_1, II_GBM_14_0 and II_GBM_14_1, and
II_GBM_3_0 and II_GBM_3_1 (Fig. 5D). In these peptide groups,
TIL responses to both N-peptides and D-neopeptides were positive.
We further noticed that for some peptide pairs, including II_RNA_8_0
and II_RNA_8_1, II_GBM_15_0 and II_GBM_15_1, II_GBM_23_0
and II_GBM_23_1 (Fig. 5C), and II_GBM_17_0 and II_GBM_17_1
(Fig. 5D), when the D-neopeptide stimulated a positive TIL response
but was not used for vaccination, TILs had no or a low response to the
N-peptides. These data indicate, similar to the abovementioned expe-
rience in the MS trial (24), that D-class II-neopeptide vaccination
activates CD4þ T cells, which are cross-reactive against their unmu-
tated counterpart.

Vaccination with D-neopeptides induces cross-reactive T-cell
responses against N-peptides

Cross-reactivity against D-neopeptides and N-peptides cannot be
addressed adequately at the level of bulk TILs. We therefore generated
TCCs using a pool of three exemplary D-class II-neopeptides, includ-
ing II_GBM_12_1 from the dopachrome tautomerase (DCT),
II_GBM_14_1 from the receptor tyrosine-protein kinase erbB-2
(ERBB2), and II_GBM_24_1 from the receptor-type tyrosine-
protein phosphatase zeta 1 (PTPRZ1). CD4þ TILs responded strongly
to the peptide pool and proliferated, while the proliferation of CD8þ
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Figure 3.

TILs display a Th1/Th2-mixed phenotype and respond strongly to N-class II-peptides. A, Phenotypes and frequencies of na€�ve and memory CD4þ and CD8þ T-cell
subsets in PBMCs and TILs, whichwere collected after the fourth peptide cocktail vaccination, were detected by FACS. B, Frequencies of CD19þ B cells in PBMCs and
TILs were detected by FACS. C, Functional phenotypes of na€�ve and memory CD4þ and CD8þ T cells in PBMCs and TILs were detected by FACS. D, TILs were
stimulatedwith anti-CD2/CD3/CD28 beads for 5 days, and cytokines in the supernatantsmeasuredwith a bead-based immunoassay (LEGENDplexmultianalyte flow
assay kit). E, TILs were stimulated with 5 or 10 mmol=L N-class II-peptides for 5 days, and proliferation was measured by 3H-thymidine incorporation assay. Five
replicatewellswere tested for proliferation, and responseswere depicted as SI. The reddotted line indicates a stimulatory responseof SI¼ 2, and values above the red
dotted line were considered positive. F, Comparison of the proliferation levels of TILs after stimulation with positive nv- and v-N-class II-peptides at the
concentrations of 5 or 10 mmol/L. Five replicate wells were tested for proliferation. (#) indicates the peptide that was used in the first to fourth vaccinations. Data are
expressed as mean � SEM, and P values were determined using an unpaired t test.
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Figure 4.

TILs preferentially respond to v-peptides.A,Percentages of peptides among all predicted class I-peptides, nv-class I-peptides, and v-class I-peptides that stimulated
the TILs. B, Proliferations of TILs after stimulation with 5 mmol=L v-class I-peptides used in the first to fourth vaccinations for 5 days. Five replicate wells were
tested for proliferation. C, Percentages of peptides among all predicted class II-peptides, nv-class II-peptides, and v-class II-peptides that stimulated the TILs.
D, Proliferations of TILs were stimulated with 5 mmol=L v-class II-peptides used in the first to fourth vaccinations for 5 days. Five replicate wells were tested
for proliferation. E, Comparison of the proliferation levels of TILs after stimulation with positive nv- and v-D-class I/II-neopeptides. TILs were stimulated with

v-class II-peptides in the presence of a blocking anti-HLA-DR/DP/DQ (T€U39) antibody or isotype control. Proliferations of TILs (F) and concentrations of IFNg
in the supernatant (G) were detected 5 days after stimulation. Five replicate wells were set up for each condition, and cells were collected and pooled from
replicate wells for proliferation test. H, Expression levels of activation markers CD69 and CD25 as well as cytotoxicity marker granzyme B on/in CD4þ TILs
after stimulation with v-class II-peptides for 5 days. Five replicate wells were set up for each condition, and cells were collected and pooled from replicate wells
for testing. (#) indicates the peptide that was used in the first to fourth vaccinations. Data are expressed as mean � SEM, and P values were determined using
an unpaired t test.
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TILs was substantially lower. Proliferating (CFSElow) CD4þ T cells
were isolated by single cell sorting and expanded to generate CD4þ

TCCs (Fig. 6A). Specificity testing of the TCCs showed that 61 CD4þ

TCCs recognized II_GBM_12_1, 48 CD4þ TCCs recognized

II_GBM_14_1, and 31 CD4þ TCCs recognized II_GBM_24_1
(Fig. 6B). When testing cross-reactivity against D-neopeptides and
their corresponding N-peptides, we observed that most of the D-neo-
peptide–specific CD4þ TCCs cross-reacted with the N-peptides. This

Figure 5.

Single AA substitutions increase the stimulatory effect of D-neopeptides. Comparison of the stimulatory strengths of N-class I-peptides (A and B) or N-class II-
peptides (C andD) and their corresponding D-neopeptides by conservative (A, C) or nonconservative (B, D) AA substitution to TILs. Five replicate wells were tested
for proliferation, and responses were depicted as SI. E, Comparison of the expression levels of activation markers CD69 and CD25 as well as cytotoxicity marker
granzymeBon/inCD4þTILs after stimulationwithN-class II-peptides and their correspondingD-neopeptides. Five replicatewellswere set up for each condition, and
cellswere collected andpooled from replicatewells for testing. F,Comparison of the cytotoxicity of TILs to tumor cells after stimulationwith N-class II-peptide andD-
class II-neopeptide pools for 5 days. Three replicate wells were set up for each condition. (#) indicates the peptide that was used in the first to fourth vaccinations.
Data are expressed as mean � SEM, and P values were determined using an unpaired t test.

Wang et al.

Clin Cancer Res; 28(24) December 15, 2022 CLINICAL CANCER RESEARCH5378



Figure 6.

D-neopeptide–specific CD4þ T cells cross-react with the corresponding N-peptides.A, Procedure of generating D-class II-neopeptide–specific CD4þ TCCs. B, CD4þ

TCCs were stimulated with 5 mmol=L of the indicated individual peptides for 3 days, and then proliferation was measured by 3H-thymidine incorporation assay.
Number of CD4þ TCCs responding to II_GBM_14_1, II_GBM_12_1, or II_GBM_24_1. C–E, CD4þ TCCs were stimulated with 5 mmol=L of the indicated individual
peptides for 3 days. Three replicate wells were tested for proliferation, and responses were depicted as SI. C, Three different patterns of cross-reactivity between N-
peptides and D-neopeptides for CD4þ TCCs: CD4þ TCCswith lower avidity for N-peptides as compared with D-neopeptides (lower avidity); CD4þ TCCswith similar
avidity for N-peptides and D-neopeptides (similar avidity); and CD4þ TCCs with higher avidity for N-peptides as compared with D-neopeptides (higher avidity).
D,Concentrations of IFNg in the supernatantweredetectedbyELISA.E,Dose–response curves ofCD4þTCCs toN-peptides andD-neopeptides.F,Comparisonof the
cytotoxicity of CD4þ TCCs to tumor cells after stimulation with N-peptides or D-neopeptides for 4 days. Three replicate wells were set up for each condition.
G,Working model of how designed D-neopeptides elicit cross-reactive CD4þ T cells that also respond to the natural neopeptides and unmutated N-peptides and
mediate tumor cell lysis. (#) indicates the peptide that was used in the first to fourth vaccinations.
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cross-reactivity was seen with all three D-neopeptides (Fig. 6C).
Althoughmost D-neopeptide–specific CD4þTCCs responded slightly
less against the N-peptides (lower avidity groups), some CD4þ TCCs
showed similar (similar avidity groups) or even higher (higher avidity
groups) responses to the N-peptides based on proliferation (Fig. 6C),
IFNg secretion (Fig. 6D), and dose titration of the peptides (Fig. 6E).
Importantly, after stimulation with N-peptides, CD4þ TCCs showed
cytotoxic activity against the autologous tumor cells comparable with
those after stimulation with D-neopeptides (Fig. 6F). Furthermore, we
compared theTCR repertoire in the primary and recurrent tumors and
found that the dominant TCRs significantly changed in the recurrent
tumor after vaccine treatment (Supplementary Fig. S8A). The Vb-Jb
pairing of BV05-01/BJ01-02was dominant in the recurrent tumor, and
a TCRVb5.1þCD4þ TCC (Supplementary Fig. S8B), which responded
to the v-D-neopeptide II_GBM (DCT)_12_1 (Fig. 6A and C) and
corresponding N-peptides (Fig. 6C), was isolated from the TILs of the
recurrent tumor. Thus, vaccination with D-neopeptides can lead to
strongly cross-reactive, intratumoral CD4þ T-cell responses that are
directed against the N-peptides. Furthermore, these cross-reactive
responses show the desired proinflammatory phenotype and induc-
tion of tumor cell lysis (Fig. 6G).

Discussion
Recent peptide vaccination approaches to treat GBM or other

gliomas have shown promising results with respect to inducing
intratumoral T-cell responses (9–11), which suggest that individual-
ized vaccination approaches can increase antiglioma immune
responses, and, although preliminary, may also improve clinical out-
comes. On this basis, we hypothesized that the introduction of
designed AA modifications into unmutated TAAs may increase
immunogenicity against tumor self-peptides, particularly in a tumor
with low mutational load, and improve the effect of treatment. This
study confirms that vaccinationwith designed neopeptides could be an
interesting strategy to increase the number of tumor targets in cold
tumors and that it elicits robust intratumoral CD4þ T-cell responses
not only against the designed neopeptides, but also the unmutated
targets expressed by the tumor.

Although we observed a gradual increase of memory T-cell
responses with successive vaccination rounds in the peripheral blood,
T-cell responses remained modest, and therefore were only useful to a
limited extent with respect to assessing which peptides are optimal for
thefirst and successive rounds of vaccination. Thismay again in part be
due to the readout, that is, proliferation, which is less sensitive
regarding detection of low-frequency autoreactive T cells than for
example ELISPOT testing. Furthermore, memory T cells with spec-
ificity for v-N-peptides and v-D-neopeptidesmay have homed into the
tumor, which is supported by the IMC data and the very strong
responses of TILs.

Furthermore, while it is not clear why the induction of CD8þ T-
cell proliferative responses was weaker than those of CD4þ T cells,
several factors may have contributed. CD8þ T cells proliferate less
vigorously than CD4þ T cells, and antigen-specific proliferation as a
readout to test responses is likely not optimal. While the novel,
water-soluble adjuvant XS15 had previously been shown to induce
robust CD4þ and CD8þ T-cell responses (39), in our study, the
effects on CD4þ T cells were stronger than on CD8þ T cells. Route
of administration, peptide doses, and the intervals of administration
are other important factors. Despite these limitations, our concept
of introducing designed AA mutations into tumor-associated pep-
tides as outlined above was remarkably effective with respect to

inducing strong intratumoral CD4þ T-cell responses to 100% of the
v-class II-peptides.

At the level of bulk TILs, activation with D-neopeptides led to
efficient lysis of autologous tumor cells. The examination of bulk TILs,
however, did not permit to assess whether the responses to both N-
peptides and D-neopeptides were due to different T cells in the bulk
populations responding to one or both peptides or due to cross-
reactivity at the level of single TCCs. The latter case was our objective
based on prior experience with theAPL in theMS trial (24). To address
this aspect, we established over 100 CD4þ TCCs from bulk TILs with
three exemplary D-neopeptides that had been included in the vacci-
nation and assessed their cross-reactivity against both D-neopeptides
and corresponding N-peptides. These experiments led to several
interesting observations. In most cases, TCCs recognized both the
N-peptides and D-neopeptides albeit with different strengths fulfilling
the most important requirement. Specifically, the goal was to design a
mutated or foreign peptide, which presumably should be more immu-
nogenic than the unmutated self-peptide and activate an immune
response that is also directed against the unmutated antigen of the
tumor.We encountered three different reactivity patterns: lower, equal
or even better activation by the N-peptides versus the D-neopeptides.
These reactivity patterns are therefore almost identical to what we
found previously with the APL peptide that had been used in the MS
trial to induce downmodulation of disease activity (24). Furthermore,
it is promising that the functional responses included not only
activation of proliferation, but also the release of proinflammatory
cytokines and cytolysis of autologous tumor cells upon activation with
both D-neopeptide and N-peptides.

We replaced putative TCR contact positions by AA with either
conservative (similar), neutral, or nonconservative (different in
charge, size, and side chains) physicochemical characteristics. Of
note, some D-neopeptides stimulated bulk TILs efficiently and
much better than the N-peptides. However, the number of D-
neopeptides and the different types of mutations were too small
to systematically compare the efficiency of conservative versus
nonconservative AA replacements. In both cases, we observed
low/moderate or strong stimulatory capacity.

An important question that remains is how to apply this compli-
cated and multipronged approach for personalized tumor vaccination
to more patients and a broader range of cancers. Several prerequisites
would need to be met. The different sequencing steps, HLA genotyp-
ing, target predictions, and choices of peptides including the design of
the neopeptides would need to be performed rapidly in patients with
GBM, pancreatic cancer, or other tumorswith rapid progression.Next,
GMPpeptides would have to be used and need to be synthesized fast, at
large numbers and at an acceptable cost to accommodate clinical trials
with larger patient numbers. Furthermore, it would be important to
optimize peptide doses, vaccination intervals, and adjuvants, for
example, the inclusion of GM-CSF in addition to currently available
adjuvants. We anticipate that most of these steps can be overcome
either already now or in the near future.
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