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ABSTRACT

ARTICLE HISTORY

Mutated proteins arising from somatic mutations in tumors are promising targets for cancer immunotherapy.
They represent true tumor-specific antigens (TSAs) as they are exclusively expressed in tumors, reduce the risk
of autoimmunity and are more likely to overcome tolerance compared to wild-type (wt) sequences. Hence, we
designed a panel of long peptides (LPs, 28-35 aa) comprising driver gene mutations in TP35 and KRAS
frequently found in gastrointestinal tumors to test their combined immunotherapeutic potential. We found
increased numbers of T cells responsive against respective mutated and wt peptides in colorectal cancer
patients that carry the tested mutations in their tumors than patients with other mutations. Further, active
immunization of HLA(-A2/DR1)-humanized mice with mixes of the same mutated LPs yielded simultaneous,
polyvalent CD8%/CD4" T cell responses against the majority of peptides. Peptide-specific T cells possessed a
multifunctional cytokine profile with CD4" T cells showing a Ty 1-like phenotype. Two mutated peptides (Kras
[G12V], p53[R248W]) induced significantly higher T cell responses than corresponding wt sequences and
comprised HLA-A2/DR1-restricted mutated epitopes. However, vaccination with the same highly immunogenic
LPs strongly increased systemic regulatory T cells (T,eg) numbers in a syngeneic sarcoma model over-expressing
these mutated protein variants and resulted in accelerated tumor outgrowth. In contrast, tumor outgrowth was
delayed when vaccination was directed against tumor-intrinsic Kras/Tp53 mutations of lower immunogenicity.
Conclusively, we show that LP vaccination targeting multiple mutated TSAs elicits polyvalent, multifunctional,
and mutation-specific effector T cells capable of targeting tumors. However, the success of this therapeutic
approach can be hampered by vaccination-induced, TSA-specific Tregs.
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Introduction

The expression of antigens (Ags) that discriminate malignant
from non-transformed cells and their recognition by T cells
form the basis of targeted cancer immunotherapy.', * Tumor
antigens (TAs) are grouped according to their tumor speci-
ficity. The first group of tumor-associated Ags (TAAs) can
also be expressed by non-transformed tissue and includes
over-expressed and differentiation Ags of the tissue the
tumor originates from>, Ags resulting from abnormal

posttranslational modifications®, and re-expressed cancer
germline Ags.>® In contrast, the second group of strictly
tumor specific antigens (TSAs) comprises mutated and
oncoviral Ags’, which are exclusively expressed by the
tumor and are not shared with normal tissue. Therefore,
TSAs reduce the risk of autoimmune adverse effects and
increase the chance to overcome immune tolerance com-
pared to non-mutated (self-) Ags.

Mutated TSAs can be of different quality for the
tumor.® Mutations in genes which are essential for
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oncogenesis are known as driver mutations.” Passenger
mutations are expendable to sustain a malignant pheno-
type, which can result in Ag-loss variants of the tumor
once a Darwinian selection pressure is imposed by ther-
apeutic intervention.'”'" Therefore, targeting driver muta-
tions in a TSA-specific therapy is indicative. Important
driver genes in colorectal™? and pancreatic'’® tumorigen-
esis are mutated alleles of the oncogene KRAS and the
tumor suppressor gene/oncogene TP53. Indeed, mutated
Kras and p53 proteins can comprise TSAs, as mutated
Kras epitopes around the hot-spot mutation site G12'**®
and also mutated p53 epitopes comprising hot-spot var-
iants have previously been described.'**’

We and others proved the existence of both TA-specific
CD4" and CD8" memory T cells (Tpem) in cancer patients
prior to any immunotherapeutic intervention.>*'"*> This
polyvalent T cell pool consists of effector and central
Tmem cells, which produce IFN-y upon Ag re-encounter
and can eliminate autologous tumor cells.”**®* However,
there is increasing evidence that tumor-associated immune
suppression can be mediated in an Ag-specific manner, too.
Our group has previously shown that TA-specific T, cells
are present in cancer patients, which can suppress the
proliferation of polyclonally activated conventional T cells
(Tcon cells) and inhibit TA-specific effector T cell responses
in vitro.' The origin of TA-specific T, cells and the
extent to which natural, thymic-derived T,.; cells (nT,g)
and/or induced T, cells (iT,.,) are involved in the sup-
pression of anti-tumor T cell responses is not clarified yet.
Further, it is not well understood whether TA-specific T,cq
cells are solely induced and expanded by a suppressive
tumor-microenvironment or possibly also by therapeutic
intervention.

Vaccinations are targeted cancer-immunotherapies pre-
destined to employ TAAs/TSAs with the goal to sensitize
the patient to recognize TAs de novo or boost preexisting
immune responses. Peptide vaccination allows for several
TAs and adjuvants to be readily combined in one formu-
lation. Herein, the use of peptide vaccines that are longer
than minimal MHC class I ligands (8-10 aa) has major
advantages.”® First, they need to be processed ensuring
effective (cross)-presentation by professional antigen-pre-
senting cells (APCs). This process is indispensable for
proper priming and activation of TSA-specific naive T
cells.’> ** Second, long peptides can provide several
MHC class I alleles with ligands, thus permitting a
broader cohort of patients to benefit from a vaccine.
Third, long peptides can comprise both MHC class I and
11 epitopes. Therefore, both cytotoxic CD8" T cells (CTLs)
as well as helper CD4" T cells (Ty) can be activated.
Particularly, TSA-specific T helper 1 cells (Tyl) assure
important roles in the tumor setting by licensing dendritic
cells (DCs) for effective cross-priming of naive CTLs.** In
addition, Ty cells can exert direct tumor-eradicating
functions.”> Moreover, combining several TSAs in one
vaccine might broaden the responses towards sub-domi-
nant epitopes®”’ and thereby prevent or delay the
tumor’s escape from immune surveillance through emer-
gence of Ag-loss variants.''

Following this line of thought, cancer vaccination with
long synthetic peptides™, presents a versatile and easily
applicable therapeutic platform. Indeed, peptide vaccination
was effective in eliciting tumor-protective immunity in animal
studies.®® Unfortunately, clinical translation has been consid-
erably less successful. Although TA-specific T cell responses
could broadly be elicited, they were of only little or no ther-
apeutic benefit. One possible explanation for this failure is
attributed to the fact that early trials mostly included late-
stage patients, generally displaying severe systemic immune
suppression that in the ‘pre-immune checkpoint inhibitor’ era
of immunotherapy could hardly be overcome.” Then small
clinical pilot studies (phase I/II) were launched exploring
vaccination with mutated Kras and p53 peptides for their
clinical benefit.*>*' Vaccination trials with mutated Kras pep-
tides in advanced-stage pancreatic cancer patients resulted in
longer survival of immune responders compared to non-
responding patients.*”** In a second study, immune responses
against mutated peptides were detected in the majority of the
patients.” Other patients were immunized using autologous
peripheral blood mononuclear cells (PBMCs) loaded with a
single long peptide harboring either a p53 or a Kras mutations
found in the patients’ tumors. Half of the patients in that
study showed TSA-specific immune responses after
vaccination.*!

Subsequently, recent studies focus on combining cancer
peptide vaccination with other cancer therapeutic interven-
tions, including surgically de-bulking of tumor masses, che-
motherapy, radiotherapy, small molecule inhibitors, immune
checkpoint blockade, and other concepts of immune
modulation.*> In combinatorial approaches several peptide
vaccines have entered phase III clinical trials.** Rammensee
and colleagues, for example, showed in a phase II trial for
metastatic renal cell carcinoma that overall survival was
associated with T-cell responses against IMA901 (a multi-
epitope peptide vaccine)*’. This led to a phase III study
combining IMA901 with sunitinib (a small molecule recep-
tor tyrosin kinase inhibitor). However, in this carefully
designed randomized multi-center study IMA901 did not
prolong overall survival in the IMA901 co-treated patient
cohort.*®

It is evident that more research is required in order to fully
understand the underlying mechanisms that hamper the
potential of TA-specific (peptide) vaccination. Our goal was
to gain more insight into vaccination-induced T cell responses
towards mutated oncogene/tumor suppressor gene derived
Ags. In this study we combined the most frequent mutations
in KRAS and TP53 found in gastrointestinal cancers and
explored preexisting immune responses against these
sequences in colorectal cancer (CRC) patients. We tested
their cancer immunotherapeutic potential in a multiple-epi-
tope long-peptide vaccination setting by utilizing HLA-I/II
double transgenic mice together with a syngeneic tumor
model, and assessed the tumor protective capacity of immu-
nogenic mutated long peptides in a preventive vaccination
setting. Furthermore, we aimed to investigate possible caveats
of this therapeutic approach, foremost immunosuppressive
counter-reactions through the induction and expansion of
Theg cells.



Results

Pronounced T cell responses against common hotspot
mutations in TP53 and KRAS in the blood and bone
marrow of CRC patients

To test for T cell responses against driver gene mutations of
GI tumors we assembled a panel of long peptides comprising
the most frequent KRAS*' and TP53°* hotspot mutations
found in CRC and pancreatic cancer. We also included the
BRAF V600E mutation®, which is a frequent driver mutation
in melanoma but is also found to a lower percentage (10.7%)
in GI tumors®'. For the structural design of the 19 long
mutated peptides, a respective oncogene mutation was placed
in the middle of a 28-35-mer peptide. As a result, the point
mutations were flanked by roughly 15 aa on either side taken
from the respective non-mutated, adjacent, natural human
protein backbone (Supplementary Table 1). As references,
corresponding wt peptides (eight in total) for each mutation
site displaying the unaltered protein sequences were also
tested (Supplementary Table 1). We analyzed a cohort of 26
CRC patients (Supplementary Table 2) to investigate the
relevance of mutation specific T cell responses in human GI
cancer patients who did not undergo previous immunother-
apeutic interventions. The enrolled patient cohort comprised
10 female and 16 male individuals in an age range from 40 to
85 years at sample collection and spanning tumor stages 1 to
4. Peripheral blood (PB) samples and bone marrow (BM)
samples were collected on the day of surgery prior the proce-
dure. The patients’ PB and BM were screened for memory T
cell reactivity against the panel of long peptides. Purified T
cells were in vitro re-stimulated on autologous DCs pulsed
with either mutated peptides or their wt counterparts. T cell
recall responses were monitored by IFN-y ELISpot analysis.
Along with T cell reactivity, paraffin-embedded tissue samples
of the same patients” primary tumors and metastases (24 out
of 26 patients, Supplementary Table 3) were sequenced for the
abundance of TP53, KRAS, and BRAF mutations in relevant
hotspot mutation site-comprising exons employing the
QIAsymphony technology.

The results of ELISpot assays performed with PBMCs of
representative CRC patients are shown in Figure 1A and
Supplementary Figure 1. Notably, the patient presented in
Figure 1A carried the point mutation p53 R175H in his
primary tumor and, indeed, T cells purified from PB were
significantly more responsive against the peptide harboring
the mutation R175H than towards the corresponding wt pep-
tide. Compared to the negative assay control (human IgG) the
patient showed T cell recall responses against several other wt
(p53 R273/R282 wt, Braf V600 wt) and mutated (p53 R273C,
p53 R248W) long peptides.

The response rates against all peptides tested within the
whole patient cohort are shown in Figure 1B. Anti-peptide
T cell responses were considered positive in case they
showed a significantly higher response than the IgG nega-
tive assay control applying the one-sided t-test. According
to the CIP (CIMT Immunoguiding Program) recommen-
dations ELISpot responses smaller than 6 spots per
100’000 PBMCs should be viewed with caution, which
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was the case in 1 out of the 43 ELISpot assays included
in the presented data. Following recent CIP suggestions
we also used a nonparametric statistical distribution-free
resampling (DFReq) test method together with the recom-
mended R based web tool (http://www.scharp.org/zoe/
runDFR/) suitable to detect moderate immune response
magnitudes (Moodie et al.>*®) for assessing immune
responses in the 42 samples meeting the CIMT criteria.
Response rates obtained with the DFR(eq) method are
shown in Supplementary Figure 2A. The response pattern
using the DFR(eq) method vastly resembles the results
obtained using the one-sided t-test (Figure 1B).

The resulting response rates for wt and mutated peptides
are comparable using t-test as well as the DFR(eq) method,
ranging from roughly 15% for the p53 R175 wt peptides to
around 50% for some of the mutated (p53 R248W/Q, Kras
G12V) and wt (p53 G245/R248 wt, Braf wt) peptides.
Interestingly, the frequencies of patients responding against
only one, two, three or more wt peptides were equally dis-
tributed throughout the patient cohort (Supplementary
Figure 2C). However, 70% of patients responded against
three or more mutated peptides simultaneously and only
30% against less than three. Cumulative analysis of peptide-
specific T cell recall responses (BM- and PB-derived responses
pooled) demonstrated that IFN-y production and therewith T
cell reactivity against mutated peptides was generally higher
than against wt peptides (Figure 1C). The same was true for
the accumulated paired analysis of all wt and mutated peptide
pairs tested (Supplementary Figure 2E, including all PB and
BM ELISpot results of the whole patient cohort). Further,
responses against mutated peptides were considered muta-
tion-specific if they elicited significantly higher IFN-y spot
counts than corresponding wt counterparts. The mutation-
specific ~response rates for the mutated peptides
(Supplementary Figure 2D) revealed, that the peptide repre-
senting the mutation p53 R175H was selectively recognized by
40% of patients and peptide p53 R248W by 20% of BM T cells
and 10% of patients’ PB T cells, respectively. Of note, the
peptides p53 R175H and p53 R248Q/W were possibly recog-
nized in an HLA-A2-restricted context.

As indicated by the abundance of wt peptide reactivity
it is likely that the IFN-y T cell responses observed, are
partially directed against epitopes within the non-mutated,
peptide backbone sequences flanking the mutation sites.
To address the question, which epitopes within the long
peptide sequences (mutated and non-mutated), could elicit
T cell responses in the analyzed patients, epitope predic-
tion was performed employing the NetMHC®”*® algo-
rithms. Within the present patient cohort HLA typing
was solely performed for the HLA-A2 allele and 5 five of
the 26 patients were tested positive (Supplementary
Table 3). To draw a more representative picture of which
epitopes could be recognized by the patient cohort, the
most frequent HLA class 1 and II alleles within the
German population were retrieved from Germany pop8
(n = 39689, www.allelefrequencies.net). Employing the
NetMHC version 4.0 for HLA class I and NetMHCII
version 2.3 algorithm for the HLA class II alleles all strong
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Figure 1. Relevance of mutation specific T cell responses in CRC patients. IFN-y ELISpot analysis with T cells derived from of peripheral blood (PB) and bone
marrow (BM) samples of 26 CRC patients. (A) IFN-y-ELISpot analysis of peripheral blood (PB) derived T cells from a representative (HLA-A*0201 negative) CRC patient
carrying the mutation p53 R175H in their primary tumor. Mutated peptide responses were tested against wt peptide responses (black *) and the negative assay
control ((-) lgG, gray *). Wt peptide responses were tested against the negative assay control ((-) IgG, gray *) applying unpaired Student’s t-test. The assay was
conducted in triplicates. (B) Percentage of patients responding to tested mutated and wt peptides in INFy-ELISpot analysis. Peptide responses were considered
specific in case they were significantly higher than responses towards the negative assay control (IgG, see Figure 1 (A)) in unpaired t-test. (C) Frequency of peptide-
specific T cell responses against wt and mutated peptides. Accumulated ELISpot data from blood and BM samples of 26 CRC patients (unpaired t-test). Peptide
responses were considered specific in case they were significantly higher than responses towards negative assay control ((-) IgG, see Figure 1 (A)) in unpaired t-test.
(D) Distribution of KRAS and TP53 mutations in the tumors and/or metastasis of the CRC patient analyzed previously by ELISpot assay. DNA for exon sequencing of
TP53 and KRAS genes was derived from paraffin embedded tissue of primary tumors and metastases of 24 CRC patients. (E) T cell reactivity of patients against wt and
mutated peptides correlated with the mutations detected in the patients’ tumors and/or metastasis. panel mut = patients carrying mutations included in the panel of
long peptides, other mut = patients carrying TP53 and KRAS mutations different from the mutations included in the panel of long peptides.

and weak HLA binding peptides were predicted and cate- and Kras G12V (red parts of the bars, Supplementary

gorized (Supplementary Figure 3). Interestingly, all of the
tested long peptides contain WT sequences around the
mutation site that have the potential to be weak and
strong MHC class I binders and therewith could elicit
CTL responses. According to NetMHC predictions the
number of potential wt epitopes comprising the mutation
site is lower as the number for potential epitopes not
comprising the mutation. However, the acquisition of the
respective mutations can give rise to neo-epitopes for
most of the peptides (indicated in light and dark red,
Supplementary Figure3A), some of which are strong bin-
ders, as it is the case for the mutated peptides p53 R248W

Figure 3A). A similar pattern of potential epitopes within
the long peptides can be observed for MHC class II bin-
ders (Supplementary Figure 3B). The number of potential
epitopes, however, is substantially lower than for MHC
class I epitopes. Surprisingly, there were no strong binding
neo-epitopes predicted for the mutated peptide p53
R175H, which is most frequently responded to peptide in
the investigated patient cohort.

Sequencing results revealed that 20 of the 24 tested patients
(83%) carried KRAS and/or TP53 mutations in their primary
tumors and/or metastasis (Figure 1D, Supplementary
Table 3), whereas no BRAF mutations could be detected.



TP53 (75%, 18 patients) mutations were more abundant than
KRAS mutations (29%, 7 patients). Moreover, 11 patients’
tumors and/or metastases (46% of all patients analyzed) har-
bored mutations that were included in the panel of long
peptides. Correlation of the ELISpot results with the abun-
dance of TP53 and KRAS mutations identified in the patients’
primary tumors and metastases revealed that patients carrying
a mutation that was tested for by ELISpot assay, were more
likely to be responsive against the respective mutated peptide
and sometimes showed a concomitant response against the
respective wt peptide, than patients carrying other mutations
in their tumors (Figure 1E). Instead, the latter patients showed
a higher proportion of responses against respective wt pep-
tides only (19% compared to 0 % for patients carrying panel
mutations). Taken together, our data provide evidence for
spontaneous immunogenicity of Tp53 and Kras hotspot
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mutations expressed in patients with primary and metasta-
sized colorectal cancer.

Mutation-specific T cell responses induced by multiple
long-peptide vaccination against mutated TP53 and
KRAS sequences in HLA-transgenic mice

Since we identified the existence of memory T cell responses
in CRC patients against wt and mutated peptide sequences
derived from hotspot mutation sites of KRAS, TP53 and BRAF
genes, we were encouraged to investigate the therapeutic
potential of these sequences. For active vaccination, mixes of
four to five mutated peptides or mixes of corresponding wt
peptides (Figure 2A) were tested in HLA-I/II double trans-
genic A2.DR1 dtg (Figure 2) as well as C57BL/6 mice
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Figure 2. Mutation-specific, polyvalent CD4* and CD8" T cell responses after vaccination with mutated and wt p53 and Kras derived peptides. (A)
Overview of recall responses against all peptides tested in HLA-humanized A2.DR1 dtg mice immunized with different long peptide cocktails. Six cohorts of mice
were immunized with one group of mutated (mut) or wild-type (wt) peptides (A to F), each, in PBS-based formulations including 50 pg of CpG ODN 1668 as an
adjuvant, twice on a bi-weekly bases. In vitro recall responses were obtained from combined IFN-y secretion assays and intracellular cytokine stainings performed
with CD90™ purified T cells from immunized mice. IFN-y secretion of CD8* and CD4™ T cells upon in vitro recall against single peptides of each respective mix (single)
and against whole peptide mixes (mix) presented by CD11c¢* DCs are displayed. Each peptide, peptide mix and control sample was tested in triplicates. Results are
plotted as means of triplicate assays + SEM. Data obtained from one of two identical lines of experiments are shown. (B)/(C) Mutation specific responses after
vaccination of A2.DR1 dtg mice with mutated peptides. Percentages of IFN-y secreting splenic CD8"* (B) and CD4™ (C) T cells upon in vitro recall against mutated
(mut) and wild-type (wt) peptides represented on CD11c* DCs. Results were accumulated from six cohorts of mice immunized with one group of mutated (mut) or
wild-type (wt) peptides (A to F, see Figure 2 (A)). Means of mutated and wt peptide triplicates are plotted and groups were tested for differences by applying two-
tailed Wilcoxon signed rank test. Representative data obtained from one of two identical lines of experiments are shown. Filled dot symbols: peptides used for
vaccination and in vitro recall response testing, open dot symbols: peptides used for in vitro recall response testing only, ns: not significant.
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(Supplementary Figure 4). To initially screen for the immu-
nogenicity of all peptides in the whole panel, animals were
immunized with PBS-based formulations of peptide mixes
and the adjuvant CpG ODN1668 twice on a bi-weekly basis.
Groups of three gender and age-matched mice were vacci-
nated with one out of six groups of peptides and analyzed on
day 28 after the first vaccination. Purified T cells from immu-
nized mice were Ag-specifically re-stimulated for 16 h on
peptide-pulsed DCs. Ag-specific T cell responses were
assessed via the production of the cytokines IFN-y, IL-2
and/or TNF-a by FACS-based cytokine secretion assays and/
or intracellular cytokine staining.

In vitro IFN-y recall responses of vaccination-induced
splenic T cells against each of the individual wt and mutated
peptides tested, as well as responses towards the whole peptide
mixes used for immunization, are displayed in Figure 2A for
MHC-humanized A2.DR1 dtg mice. The same analysis was
performed with immunized C57BL/6 wt mice (Supplementary
Figure 4). We detected in vitro recall responses against several
peptides in the same mix, indicating the induction of T cell
responses against multiple epitopes. These observations
proved to be true for both mutated and wt peptide mixes as
well as for both mouse strains, demonstrating the processing
and presentation of the tested long peptide Ags in a human
and murine MHC context. Furthermore, some of the long
peptides were highly immunogenic in A2.DR1 dtg (and
C57BL/6) mice, and thus efficiently induced CD8" as well as
CD4" T cell cytokine responses. Interestingly, the strongest
responses were elicited by similar peptides in both, the human
and the murine MHC context. In C57BL/6 mice the mutated
peptides p53 R248W/Q, p53 G245S, and Kras G12V/D/wt
were repeatedly highly stimulatory (Supplementary
Figure 4A). Similarly, the peptides p53 R248W/Q and Kras
GI12V/D/R excelled in the human MHC context of A2.DRI
dtg mice (Figure 2A). Since the used wt Kras sequences are
identical in human and mouse, murine immune responses
against long Kras peptides likely represented a true breaking
of self-tolerance.

We next addressed whether there was a general difference
between the immunogenicity of mutated and wt peptides
when employed for active vaccination. Therefore, a cumula-
tive analysis of in vitro recall responses towards wt and
mutated peptides after vaccination with mutated or wt peptide
cocktails was carried out. The readout of in vitro recall
responses after vaccination included the peptides used for
vaccination and the testing of T cell responsiveness towards
their corresponding wt or mutated peptide counterparts. The
same testing was conducted vice versa with T cells from wt
peptides vaccinated mice. All T cell responses from mutated
and wt peptide vaccinated mice were accumulated in two
groups, respectively, namely cytokine production induced by
mutated (Figure 2B and C - column labeled with ‘mut pep-
tides’) peptides and corresponding wt (Figure 2B and C -
column labeled with ‘wt peptides’) peptides. The analysis was
done for IFN-y secretion of splenic CD8" (Figure 2A) and
CD4" (Figure 2B) T cells, which resulted in the same tenden-
cies for both MHC contexts (for C57BL/6 data see
Supplementary Figures 4 B and C). Upon vaccination with
mutated peptides the cumulative CD4" and CD8" T cell

responses against mutated peptides were significantly higher
than those towards wt peptides in A2.DR1 dtg mice (CD4"
p = 0.0015, and CD8" p = 0.0040), whereas there were no
significant differences between the percentages of IFN-y posi-
tive T cells towards wt and mutated peptides after vaccination
with wt peptides. The same results were obtained in a murine
MHC context with C57BL/6 mice (CD4" p = 0.0002, and
CDS8" p < 0.0001).

In addition to splenic T cells, T cells purified from the
vaccination site draining lymph nodes (LNs) were analyzed
(exemplarily shown for CD4" T cells in Supplementary
Figure 5A). Pooled IFN-y secretion responses of LN T cells
of A2.DR1 dtg mice also indicate a mutation specificity after
vaccination with mutated peptides (p = 0.0166). The same
trend was found when analyzing intracellular TNF-a accumu-
lation after vaccination with mutated peptides for splenic
CD4" T cells (Supplementary Figure 5B, (p = 0.0451)) and
CD8" T cell responses. Taken together, active vaccination
with oncogene-mutation harboring long peptides generated
polyvalent, mutation-specific CD4" and CD8" T cell
responses in both a murine and a human MHC context.

Along with several direct tumor-eradicating functions,
CD4" T cells are prone to interact with and provide help to
CD8" T cells. To assess the significance of CD4" Ty cell help,
differentially purified T cell subsets from immunized mice
were tested in IFN-y secretion assays. Data were obtained
from vaccination of six cohorts of either A2.DR1 dtg or
C57BL/6 mice with the wt and mutated peptide cocktails.
Splenic T cells were either purified for CD8" or CD90" T
cells (comprising CD4" and CD8" T cells) and tested for in
vitro recall responses against respective wt and mutated pep-
tides in IFN-y secretion assays. Percentages of IFN-y positive
T cell subsets responsive against wt and mutated peptides
presented by CD11c” BM-derived DCs were cumulated for
this analysis (data obtained from A2.DR1 dtg mice and
C57BL/6 mice are shown in Supplementary Figures 4D and
E, respectively). CD4" T cells were the most responsive T cell
subset tested, showing the highest percentages of IFN-y secre-
tion compared to those of co-cultured splenic CD8" T cells
(p = 0.0041 for A2.DR1 dtg, p = 0.0080 for C57BL/6) and
CD8" T cells re-stimulated alone (p = 0.0019 for A2.DR1 dtg,
p = 0.0115 for C57BL/6). Furthermore, the presence of CD4"
T cells enhanced the in vitro responsiveness of co-cultured
CD8" T cells compared to CD8" T cells re-stimulated on DCs
in the absence of CD4" T cells. This was indicated by a
significantly higher IFN-y secretion of CD8" T cells derived
from the co-culture of CD90* CD4/CD8 T cells as compared
to CD8" T cells re-stimulated in the absence of CD4" in
CD57BL/6 mice (p = 0.0301) as well as in A2.DR1 dtg mice
(p = 0.0415). Taken together, the presence of CD4" T cells in
in vitro cultures enhanced CD8" T cell in vitro IFN-y secre-
tion and argues for the significance of Ag-specific T helper
cells to sustain an efficient CTL response towards TSAs.

Vaccination-induced, mutation-specific T cells are poly-
functional

After screening the peptide panel for immunogenicity, we
investigated in more detail whether mutated peptide-specific
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T cell responses showed signs of poly-functionality and cyto- higher than towards corresponding wt peptides as exemplarily
toxic properties. Therefore, A2.DR1 dtg mice were vaccinated shown for the whole peptide mixes and the p53R248W/
with previously identified, highly immunogenic long mutated p53R248wt peptide pair. Figure 3B to D summarize the
peptides (p53 R248W/Q and Kras G12V/D/R). T cells from response patterns towards the highly immunogenic peptides
vaccinated mice were purified and re-stimulated in vitro for from triplicate assays analyzed for IFN-y single positive
16 h on peptide pulsed DCs, and analyzed in combined IFN-  (Figure 3B), IL-2 single positive (Figure 3C) and IFN-y/IL-2
Y/IL-2 cytokine secretion assays. CD4" and CD8" T cells double positive (Figure 3D) T cells. Notably, peptides (see e.g.
secreted high levels IFN-y and IL-2 after re-stimulation with  p53 R248W) eliciting a strong IL-2 secretion relative to other
mutated peptides (Figure 3A). Importantly, vaccination with  peptides also displayed higher proportions of IFN-y secreting
highly immunogenic peptides elicited cytokine double-posi- and cytokine double positive T cells. Similar observations
tive, poly-functional CD4" as well as CD8" T cells (Figure 3A, were made in vaccination experiments employing C57BL/6
quadrant Q2 and Figure 3D). In accordance with results mice (Supplementary Figure 6).

shown above, the proportions of cytokine positive cells react- To estimate the tumor eradicating properties of vaccina-
ing towards the mutated peptides used for vaccination were tion-induced CTLs, we also analyzed the expression of
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Figure 3. Vaccination-induced, mutation-specific T cells show poly-functionality. (A) IFNy/IL-2 two-color cytokine secretion assay with splenic T cells purified
from A2.DR1 dtg mice immunized with the most-immunogenic peptides (p53 R24Q/W, Kras G12V/D/R, vaccine regimen: peptides in PBS-based formulations
including 50 pg CpG ODN 1668 as an adjuvant, twice on a bi-weekly basis). Cell surface markers were stained with fluorescently labeled monoclonal antibodies
against IFN-y (detection Ab), IL-2 (detection Ab), CD4, CD8, CD11c and NK1.1 (samples shown: T cells re-stimulated on DCs pulsed with wt peptide p53 R248 wt,
mutated peptide p53 R248W, most immunogenic mutated peptides mixed; negative control: dendritic cells pulsed with peptide solvent (DMSO) only) . (B)-(D)
Quantification of IFNy/IL-2 two-color cytokine secretion assay shown in (A). In vitro recall responses were obtained from two-color cytokine secretion assays (IL-2, [FN-
y) with pan-T cells purified from immunized A2.DR1 dtg mice. Percentages of IFN-y (B), IL-2 (C) and IFN-y/IL-2 (D) double-positive of CD8" and CD4" T cells upon in
vitro recall against single peptides, corresponding wt peptides and against whole peptide mixes (mix) presented by CD11¢* DCs are displayed. Results are plotted as
means of triplicate assays + SEM. (E) CD8" effector T cells derived from Kras G12V and p53 R248W mutated peptides vaccinated mice express markers of cytotoxicity
upon in vitro antigen-specific re-stimulation. Effector pan-T cells derived from A2.DR1 dtg mice vaccinated with Kras G12V/p53 R248W mutated peptides were in vitro
re-stimulated for 12 h on different peptide pulsed DCs. Fluorescently-labeled anti-CD107a mAb and GolgiStop reagent were added to the co-culture. Thereafter, live-
dead staining was performed and samples were fixed. Fixed cells were stained for markers granzyme B, IFN-y, CD11c, CD4, and CD8 with fluorescent-labeled mAbs.
CD107a plotted against granzyme B in CD8" T cells are shown. Samples displayed: T cell re-stimulated on DCs pulsed with mutated peptide p53 R248W and mutated
peptide Kras G12V, negative control: DCs pulsed with peptide solvent (DMSO) only. Percentages of granzyme B (F) and CD107a (G) positive of CD8" and CD4* T cells
from all different peptide samples tested are shown.
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cytotoxicity and degranulation markers granzyme B, perforin
and CD107a in T cells derived from multi-peptide vaccinated
A2 DRI dtg mice. When T cells were re-stimulated for 12 h
on peptide-pulsed DCs, CD107a was highly expressed and to
a lesser degree also granzyme B, whereas perforin was hardly
detectable. Interestingly, re-stimulation with Kras G12 pep-
tides (wt and mutated) led to relatively high proportions of
CD107a positive cells (Figure 4G) in both CD8" and CD4™ T
cell populations. The p53 R248W peptide elicited the highest
induction of granzyme B in CD8" T cells (Figure 3E and F).
Moreover, the proportions of granzyme B and CD107a posi-
tive CD4" and CD8" T cells were higher when they were re-
stimulated with mutated mixed peptides and single mutated
p53 R248W peptide pulsed DCs compared to re-stimulation
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with corresponding wt peptides, underlining once more the
preponderance for mutation-specific CTL responses. Hence,
CD8" and CD4" T cell responses, elicited by mutated long-
peptide vaccination with Kras G12V and p53 R248W pep-
tides, showed a poly-functional cytokine response pattern and
cytotoxic features by in vitro analysis.

Highly immunogenic mutated peptides carrying the
mutations p53 R248W and KRAS G12V comprise HLA-A2-
and HLA-DR1-restricted CD8" and CD4" T cell epitopes

In order to identify and validate the most immunogenic
mutated oncogene-derived sequences within the panel of
long peptides, the responses towards mutated peptides were
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Figure 4. Mutated p53 R248W and Kras G12D/V peptides are more immunogenic than corresponding wt peptides when used for vaccination of A2.DR1
dtg mice and comprise HLA class | and Il restricted epitopes. CD8™ (A) and CD4" (B) T cell recall responses against mutated and wt peptides tested in A2.DR1
dtg mice immunized with group A and C long peptide cocktails (vaccination regimen: peptides in PBS-based formulations including 50 pg CpG ODN 1668 as an
adjuvant, twice on a bi-weekly basis) or untreated mice are shown. In vitro recall responses were obtained from combined IFN-y secretion assays and intracellular
cytokine stainings performed with splenic CD90" purified T cells from immunized mice. IFN-y secretion of CD8™ T cells upon in vitro recall against respective single
peptides presented by CD11¢* DCs are displayed. Each peptide and control sample was tested in triplicates. Results are plotted as means + SEM. Differences were
tested for by unpaired, two-tailed t-test. (C) Putative class | and Il epitopes (highlighted in gray) within the long p53 R248W and Kras G12V peptide sequences. (D) -
(G) T cell recall responses against mutated and wt Kras G12(V) and p53 R248(W) peptides tested in A2.DR1 dtg mice immunized with the long peptides Kras G12V or
p53 R248W. In vitro recall responses were obtained from two-color cytokine secretion assays performed with splenic pan-T cells from immunized mice. Percentages
of IFN-y/IL-2 (D, E) double-positive CD8" (C, D) and IFN-y (F), IL-2 (G) positive CD4" T cells upon in vitro recall against short and long Kras or p53 peptides presented
by CD11c* DCs are displayed. Each peptide and control sample was tested in triplicates. Results are plotted as means of triplicate assays + SEM. Differences were

tested for by unpaired, two-tailed t-test. ns: not significant.



directly compared to those of corresponding wt counterparts.
In the HLA-A2/HLA-DR1 restricted context this comparison
identified the peptides p53 R248W and Kras G12V to be more
immunogenic than their wt counterparts when used for vac-
cination as the proportions of IFN-y secreting CD8"
(Figure 4A) and CD4" (Figure 4B) T cells upon in vitro re-
stimulation were significantly increased in this context.
Spontaneous responses against the peptides p53 R248W and
Kras G12V were negligible, as IFN-y secretion of T cells
purified from non-immunized animals did not exceed nega-
tive assay controls (depicted on the right-hand side panel of
each graph in Figure 4A and 4B). After identification of the
two most immunogenic mutated Kras and p53 derived pep-
tide sequences (2 out of the total 19 mutated peptide
sequences tested), we next determined possible epitopes that
could be processed from the long peptides and presented in
the employed HLA context. To identify HLA binding minimal
epitopes, the two long peptide sequences were subjected to in
silico prediction algorithms of the NetMHC*® and the
SYFPEITHI*® databases. Affinity scores for all overlapping
9-mer, 10-mer and 15-mer small peptides possibly processed
from the long peptides and binding to HLA-A*0201 and
HLA-DRB1*0101 were predicted and affinity scores for wt
and mutated sequences were compared. Subsequently, high
affinity predicted short peptide candidates were synthesized
and tested in in vitro re-stimulation assays with T cells derived
from respective long peptide vaccinated mice.

In silico algorithms predicted higher HLA-A*0201
(HLA-A2) binding affinity values for 10-mer minimal
epitopes than for 9-mer peptides of the long Kras G12V
peptide. The 10-mer peptides with the highest affinities
within the wt and the mutated Kras G12V long peptide
sequence encompassing the mutation site are listed in
Supplementary Table 4. Although both wt and mutated
10-mers were not predicted to be strong binders, the
mutated 10-mer peptide scored with a higher affinity for
HLA-A2 than the corresponding wt 10-mer (NetMHC
scores: 300.18 nM versus 506.91 nM, SYFPEITHI scores:
24 versus 22). In contrast to the moderate predicted bind-
ing affinities of potential class I epitopes, strong 15-mer
MHC class II binders for the HLA-DRB*0101 (HLA-DR1)
alloform within the long wt and mutated Kras peptides
were predicted (Supplementary Table 4). The four pep-
tides were synthesized and tested in in vitro re-stimulation
assays. T cells purified from mice immunized with the two
highly immunogenic mutated long peptides p53 R248W
and Kras G12V were re-stimulated on DCs pulsed with
putative wt and mutated short epitopes or respective long
peptides. T cell responses after in vitro re-stimulation were
assessed by combined IL-2/IFN-y secretion assays. While
the wt 10-mer peptide elicited a weak CD8" T cell cyto-
kine response, the corresponding mutated Kras G12V 10-
mer peptide generated a strong response by IFN-y/IL-2
double-positive CD8" T cells (Figure 4E). Moreover, the
strength of the cytokine response towards the short,
mutated peptides was comparable to that of the original
mutated long peptide. Additionally, the mutated predicted
MHC class II 15-mer binder elicited significantly higher
levels of IL-2 secretion in CD4" T cells than the respective
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15-mer wt peptide (Figure 4G). Unlike the minimal class I
wt epitope, the 15-mer wt peptide, albeit of lower immu-
nogenicity than the mutated peptide, was able to restimu-
late cytokine responses similar to those observed against
the 28 aa long Kras G12 wt peptide. This suggests that the
C-terminal portion of the peptide was not important for
binding to HLA-DRI. On the other hand, A2-restricted
responses against the long Kras wt peptide, that were not
mirrored in responses against the short peptide, may have
been directed against C-terminal cleavage products of the
long peptide, e.g. the high-scoring 10-mer Kras 20-29.
Our findings collectively suggest that the predicted Kras
G12V 10-mer and 15-mer peptides are indeed immuno-
genic HLA-I and II restricted epitopes within Kras.

Like for the Kras peptide, in silico prediction was per-
formed for the long, highly-immunogenic p53 R248W
peptide. The resulting predicted strongest minimal MHC
class I and II binders, however, failed to elicit T cell
responses in vitro re-stimulation experiments. As an alter-
native approach epitope mapping with overlapping short
peptides was performed. The HLA-DRB*0101 and HLA-
A*0201 affinity scores of all possible overlapping, MHC
class IT and I binding wt and mutated peptides are listed in
Supplementary Table 5. Overlapping 9-mer, 10-mer and
15-mer p53 R248(W) wt and mutated peptides were tested
in vitro for their potential to re-stimulate T cells purified
from A2.DR1 dtg mice immunized with the mutated, long
peptide p53 R248W and were compared to recall responses
against the respective long peptides. Data obtained from
IFN-y/IL-2 two color cytokine secretion assays revealed
that none of the overlapping 9-mer peptides elicited a
cytokine response above background controls as exemp-
lary shown in Supplementary Figure 7A. However, 10-mer
peptide SP-p53 R248W,,; ,5¢ elicited significantly higher
percentages of IFN-y/IL-2 double positive (Figure 4C)
CD8" T cells when compared to background controls
(for whole 10-mer epitope mapping see Supplementary
Figure 7B) although it did not score as a putative HLA-
A2 ligand (Supplementary Table 5). Testing of overlapping
mutated 15-mer peptides comprising the mutation site p53
R248W did not vyield a clear candidate peptide in two
consecutive, identically performed experiments. Five
mutated 15-mer peptides, however, elicited stronger cyto-
kine responses than all other 15-mers tested and were
therefore chosen for revalidation in a third experiment in
which they were tested against their corresponding wt 15-
mer counterpart peptides (see Supplementary Figure 7C
and D). Among them, the 15-mer p53 R248,,4 554, elicited
the strongest response when tested against its correspond-
ing minimal epitope wt counterpart (Figure 4E).

Figure 4C highlights the potential minimal HLA-A2 and
HLA-DRBI1 ligands identified within the sequences of the
long peptides p53 R248W and Kras G12V. HLA class I and
IT potential minimal epitope sequences are overlapping for the
p53 peptide, whereas the HLA class I restricted Kras G12V
10-mer is nested within the putative longer 15-mer HLA class
IT epitope. Nested and overlapping MHC class I and II epi-
topes have previously been suggested as a general phenom-
enon to provide efficient Ag presentation to both CD4" and
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CD8" T cells by the same DC and thereby ensure proper
priming of naive T cells.”>®

Vaccination with highly immunogenic mutated peptides
induces antigen specific T,., cells and accelerates tumor
growth

To investigate the tumor protective capacity of the mutated onco-
gene-derived long-peptide vaccine in vivo we generated syngenic
A2.DRI dtg sarcoma lines by carcinogen-induced tumorigenesis®
and subsequent passaging in vitro and in vivo within immune
deficient NOD/SCID mice and immunocompetent A2.DR1 mice
(see Supplementary Figure 8A). Several A2.DR1 dtg sarcoma cell
lines were established and characterized by histology to be fibro-
sarcomas displaying a spindle-like morphology, expression of the
mesenchymal marker vimentin, and the endothelial marker
CD29/integrin P1 (exemplarily shown for sarcoma line 2277-
NS* in Supplementary Figures 8B and 5C, respectively). CD31
expression of in vivo established tumors suggested their micro-
vascularization. Furthermore, the sarcoma cell lines expressed
differing levels of HLA class I, whereas no HLA class II expression
was detected or could be induced through IFN-y treatment.
Mouse Tp53 and/or Kras mutations were found in numerous
tumor cell lines but none of them expressed the hotspot mutations
of interest (Figure 4, Supplementary Table 6). We therefore stably
introduced a doxycycline (DOX)-inducible transgene for KRAS
GI12V and TP53 R248W joined by a linker and fused to an HA-tag
into the Rosa26 locus of the cell line 2277-NS** by site-directed
recombination (Supplementary Figure 8D-G, Supplementary
Figure 9).

Prior to launching tumor challenge experiments, differ-
ent clinically relevant adjuvant combinations were tested
to maximize vaccine-induced, anti-tumor T cell responses.
Therefore, we tested two clinically relevant incomplete
Freund’s adjuvants (IFAs), the mineral oil based
Montanide ISA 51 and the non-mineral oil Montanide
ISA 720, in different combinations with TLR ligands
CpG or poly(I:C) (Supplementary Figue 10A). CpG and
poly(I:C) have been pre-dominantly used as adjuvants in
clinical trials, because they not only ensure optimal DC
priming but were also shown to increase the Teg/T,eq
ratios.®’ Moreover, water-in-oil emulsions known as IFAs
protect peptide antigens from degradation, facilitate a slow
and lasting release depot, and mediate immune-activating
effects. Although previously found to lead to fatal seques-
tration and deletion of TAA-specific CTLs when used for
vaccination with minimal epitopes, IFAs are superior
adjuvants when used in combination with long synthetic
peptides, that require processing by APCs.®* In our experi-
mental system the formulation of peptides emulsified in
Montanide ISA 720 together with 50 pg of CpG ODN
1668 (Supplementary Figure 10B and C) elicited the high-
est effector T cell responses and was therefore used for
preventive vaccination prior tumor challenge.

For tumor challenge experiments groups of age- and
gender-matched A2.DR1 dtg mice were vaccinated with
either mutated (Kras GI12V, p53 R248W), wt (Kras
G12 wt, p53 R248 wt), or irrelevant (murine IgG
sequences comprising peptides 1gGy781, 18G273.304)

peptides formulated in Montanide ISA720/CpG ODN
1668 in a preventive setting three times prior tumor
inoculation. During the challenge experiments, mice were
boosted twice with peptide/CpG ODN 1668 vaccinations,
two weeks and four weeks after tumor inoculation
(Figure 5A).

Preventively vaccinated mice were inoculated with 5 x 10°
double mutant Kras/Tp53-HA-transgenic 2277-NS sarcoma cells
subcutaneously into the flank of each animal. One week after
tumor inoculation (day 0) transgene expression was induced
followed by two boost vaccinations (peptides + 50 pg CpG
ODN 1668 in PBS — week 2, week 4 after tumor inoculation).

The tumor growth curves of the differentially vaccinated
groups of mice reveal an unexpectedly accelerated tumor out-
growth starting day 14 post tumor-inoculation after vaccina-
tion with mutated (red curve) and wt (green curve) peptides
(Figure 5B). To elucidate the mechanism that facilitates the
unexpected vaccine-induced accelerated tumor growth, we
assessed the functionality of effector CD4" and CD8" T cells
in late-stage tumor bearing mice on the day of sacrifice by two-
color IFN-y/IL-2 cytokine secretion assay. When testing for
mutation-specific IFN-y responses in non-vaccinated tumor
bearing mice (inoculated with either the parental cell line or
the 2277-NS clone expressing specific mutations), recall
responses especially against the mutated p53 R248W peptide
were detected (Figure 5C, left panel; of note, the parental cell
line used for genetic engineering harbors a mutation at position
248 of Tp53 (R248H), which might explain a p53 R248W
cytokine response towards the parental cell line.) This result
suggests spontaneous immunogenicity of the introduced muta-
tions in the tumor in vivo and argues for a natural processing of
mutated tumor Ags. Further evidence was provided by the
observation that vaccination-induced preexisting polyfunc-
tional T cells were highly active after in vitro re-stimulation
(Figure 5D, very left panel). Importantly, the percentages of
tumor-induced IL-2/IFN-y double positive, mutated TA-spe-
cific T cells in non-vaccinated mice or in mice vaccinated with
irrelevant peptides were much lower than those after vaccina-
tion in non-tumor bearing mice (Figure 5D, right panels and
middle left panel, respectively), clearly indicating the effect of
vaccination. The highest percentage of restimulated T cells
reactive against p53 R248(W) or Kras G12(V) peptides was
found in vaccinated tumor-bearing mice (Figure 5D, very left
panel), suggesting that vaccination-induced effector T cell
responses in tumor-bearing mice were not hampered but
rather boosted in the presence of the tumor. Moreover, in
vaccinated tumor bearing mice mutation specificity of T cell
responses against each mutated epitope were preserved. In
addition, the vaccination with long peptides also induced
robust CD8" and CD4" T cell responses specific for MHC-1/
II-restricted wild type epitopes since they could be restimulated
using the p53 R248 wt long peptide.

As the in vitro effector T cell responses were not hampered,
but boosted in tumor bearing mice, we next assessed the
number of regulatory T cells (T,eg) in the periphery of chal-
lenged animals on the day of sacrifice (see Figure 5E).
Notably, the number of splenic T,y cells was significantly
increased in tumor-bearing animals vaccinated with mutated
(red group) and wt (green group) peptides compared to
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Figure 5. Tumor protection after vaccination with highly immunogenic peptides can be hampered by induction of mutation-specific regulatory T cells. (A)
Vaccination schedule for tumor challenge experiments. Depot: IFA-based formulation, Boost: boost vaccination containing CpG ODN 1668 and peptides in PBS
(water-based formulation). (B) Tumor growth curves of differently vaccinated A2.DR1 dtg mice inoculated with a 1:1 mixture of 2277-NS clones 5.2.2.1 and 5.2.2.2. In
total 5 x 10° tumor cells were subcutaneously administered in 100 pl of Matrigel on the right flank of each animal on day 0. Three groups of 5 A2.DR1 dtg mice each
(n =5), have been vaccinated prior to the challenge according to the vaccination schedule shown in (A) with either mutated (‘mut’ group: p53 R248W, Kras G12V), wt
(‘wt’ group: p53 R248 wt, Kras G12 wt), or irrelevant (‘irr’ group: 19G47_g1, 19G,73-304) peptides. Beginning on day 7 after tumor inoculation all groups of mice were fed
2 g/l DOX in the drinking water ad libitum until the end of the challenge experiment. Mice were boosted twice with respective water-based peptide/CpG
formulations during the challenge. n: number of biological replicates; error bars: mean = SEM (C)/(D) T cell responses against mutated and wt peptide sequences
tested for in A2.DR1 dtg mice immunized with p53 R248W and Kras G12V mutated peptides or non-vaccinated mice either challenged with 2277-NS clone 5.2.2.2,
parental line NS-2277 or from tumor-free mice are shown. In vitro recall responses were obtained from two-color cytokine secretion assays (IL-2, IFN-y) with pan-T
cells purified from immunized or non-vaccinated animals Percentages of IFN-y or IFN-y/IL-2 positive CD8" and CD4" T cells upon in vitro recall against single wt and
mutated peptides presented by CD11c¢* DCs are displayed. Each peptide and control sample was tested in triplicates. Results are plotted as means of triplicate assays
+ SEM. (E) Percentage of splenic T4 cells in differentially vaccinated tumor bearing mice compared to non-tumor bearing mice on the day of sacrifice (day 38 of the
tumor challenge experiment). T4 cells were stained for in whole splenocyte suspensions with fluorescent-labeled mAbs as CD4*CD3*CD25*Foxp3* living cells in
FACS. P values as per unpaired, two-tailed t-test are shown. irr: irrelevant, mut: mutated. (F) Mutated peptide p53 R248W and the corresponding wt peptide p53
R248 wt enhance antigen-specific Treq cell activity when used for vaccination. The antigen-specific activity of Teq cells purified from the spleen and lymph nodes of
C57BL/6 mice vaccinated with mutated or wt peptides was analyzed in T4 specificity assays. Groups of n = 3 mice were vaccinated with either wt or mutated
peptide mixes. Purified T,y cells were re-stimulated on CD11c* DCs pulsed with single peptides of the same mix used for vaccination and corresponding wt or
mutated peptides. The next day OVAs,3.330 antigen-specifically activated, proliferating OT-Il CD4* conventional T cells were added to the culture and proliferation
was measured additional 2 days later via the uptake of radioactive labeled *H-thymidine employing a scintillation counter. Respective control samples containing
only peptide pulsed DCs and activated conventional OT-II T cells but no purified regulatory T cells were handled identically. This leads to two sets of triplicate data
per tested peptide: one with T4 cells added and one without T4 cells. Percentages of specific suppression were calculated by using c.p.m. values of the different
assay plates. Differences were tested for by unpaired, two-tailed t-test. ns: not significant.

tumor bearing mice vaccinated with irrelevant peptides (grey specific TCR stimulation.”> In this assay, Tyeg cells purified
group) or to completely naive mice (square symbols group). from untreated C57BL/6 mice or from mice vaccinated with
Therefore, we wondered whether Ag-specific effector T cells mutated or wt peptides were re-stimulated with peptide-
were induced by the vaccination regimen along with Ag- pulsed DCs in vitro and their capacity to suppress the pro-
specific T, cells. To address this question, we established a liferation of activated ovalbumin-specific CD4" effector T
Tieq cell specificity assay for murine T cells which is based on  cells (OT-II T cells) was determined. Representative data
an increased suppressive activity of T, cells after antigen from one out of three suppression assays are shown in
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Figure 5F. Whereas there were no obvious differences in
suppression after re-stimulation with Kras peptides, an
increased suppression of effector T cells by T, cells derived
from mutation vaccinated mice were detected after re-stimu-
lation with mutated peptide p53 R248W. A similar observa-
tion was made for the corresponding p53 R248 wt sequence
and T, cells purified from wt peptide-vaccinated mice.

We therefore conclude that vaccination with highly immu-
nogenic wt and mutated long peptides like p53 R248W, har-
boring CD4" T cell epitopes, might comprise the risk to
induce a dominant, immune-inhibitory response by induction
of T cells during preventive vaccination. These Ag-specific
Theg cells may expand as a consequence of systemic immune
suppression elicited by the growing tumor, which accelerates
tumor outgrowth rather than delaying it due to a very efficient
Ag-specific inhibition of TSA-specific effector T cells.

Vaccination with low immunogenic mutated tumor
peptides delays tumor growth without T,.4 cell expansion

Based on the observations above, we returned to our bank of
A2.DR1 tumor cell lines and screened for lines with intrinsic
Kras and Tp53 mutations that may be less immunogenic. One
cell line (sarcoma line 39) carrying an MCA-induced intrinsic
Kras mutation at position G12 (Kras G12C) and a p53 muta-
tion (p53 C176F) was chosen for further tumor challenge
experiments (Figure 6A). Consequently, long peptides were
synthesized carrying these two mutations (Figure 6B) and
tested for their potential for active vaccination. Both of the
mutated peptides elicited mutation-specific responses when
compared to their wt counterparts in in vitro cytokine secre-
tion assays with T cells from mutated peptides vaccinated
mice (Figure 6C). The strength of the cytokine response
towards the p53 peptide comprising the mutation C176F,
however, was considerably lower than the response towards
the strongly immunogenic peptide p53 R248W
(Supplementary Figure 11).

When challenging preventively vaccinated mice (peptides/
Montanide ISA 720/CpG ODN 1668 vaccine formulations)
with sarcoma line 39 a growth delay in mutated-peptide
vaccinated animals was observed compared to non-vaccinated
(Figure 6E) and also wt peptide vaccinated mice (Figure 6F).
Analyzing the frequency of peripheral T, cells revealed that
T,eg levels were not elevated in tumor-bearing mice after
vaccination with mutated peptides, only after vaccination
with wt peptides, when compared to non-tumor-bearing
mice (Figure 6G). This observation supports our conclusion
that vaccination with highly immunogenic TSAs can lead to
an induction of Ag-specific T, cells as a natural counter-
regulatory mechanism of the immune system.

Discussion

In the present study we investigated the cancer immu-
notherapeutic potential of synthetic long peptide sequences
comprising common driver gene mutations at hot-spot sites
of GI cancers in the oncogene KRAS and the tumor sup-
pressor gene TP53. We identified mutation-specific T cell
responses in non-vaccinated CRC patients, demonstrating

their immunogenicity in vivo. Furthermore, we found in a
humanized mouse model that vaccination with mixtures of
long peptides comprising MHC class I and - II epitopes
derived from mutant Kras and p53 protein variants simul-
taneously induce robust cytotoxic and T helper cell
responses against multiple mutations. However, we also
encountered an important caveat of this therapeutic
approach by unraveling the induction of TSA specific T,
cells upon vaccination with strongly immunogenic wt and
mutated MHC class II epitopes that could drastically ham-
per vaccine effectiveness.

To assess preexisting memory T cell responses towards the
targeted TSAs, we analyzed Ag-specific IFN-y responses in
the BM and PB of CRC patients who had previously not
undergone immunotherapeutic intervention. In line with our
previous findings*****°, we detected both wt and mutated
peptide-specific memory T cell responses that were polyvalent
in the majority of patients. The responses against mutated
peptides were overall higher than those against wt peptides
arguing for mutation specificity of the tumor Ag specific T
cell pool in CRC patients and for immunogenicity of the
chosen mutations and long peptide sequences. Our observa-
tions are in accordance with investigations defining the pre-
existence of intrinsic and vaccination-induced TC responses
against wt and mutated Kras'>** and p53°*® sequences in
patients with gastrointestinal cancers.

Vaccination of HLA-transgenic A2.DR1 dtg mice with
mixes of up to five different long peptides resulted in poly-
valent CD4" and CD8" T cell responses against mutated Kras
and p53 peptides. Hence, the multi-epitope vaccine targeting
driver gene mutations met state-of-the-art requirements for
TSA-based vaccines. Most of the latest and more advanced
clinical trials for TSA-specific vaccines are based on the
administration of Ag cocktails*”*®. Another recent approach
delivers multiple Ags as an individualized neo-antigen
mRNA-polytope vaccine®”® which represents a promising
alternative to administration of antigens via synthetic pep-
tides. Eliciting a broad immune response against several
tumor-specific CD4 and CD8 epitopes has major advantages.
It circumvents the problem of selecting for tumor Ag-loss
variants'!, broadens the immune response towards sub-domi-
nant epitopes’®, and induces CD4" T cell responses that are
indispensable to prime and sustain an effective anti-tumor
CTL response®*”’. We were able to re-validate the latter
point in in vitro co-culture experiments. CD8" T cells from
vaccinated mice re-stimulated on peptide-pulsed DCs showed
significantly higher IFN-y production when co-cultured with
CD4" T cells than being re-stimulated on DCs in the absence
of helper T cells.

Mutated peptides generally elicited higher CD8" and CD4"
T cell responses than the corresponding wt peptides implying
that the mutation-comprising peptides were recognized as
foreign Ags endowed with higher immunogenicity than wt
sequences. Vaccination induced CD8" but also CD4™ T cells
displayed a poly-functional profile, characterized by simulta-
neous IFN-y and IL-2 expression and signs of cytotoxic activ-
ity in vitro. Moreover, according to their cytokine profile,
CD4" T cells presented a Tyl-like phenotype. A related
study focusing on the glioma antigen IDH-1 also showed
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Figure 6. Mutated peptide vaccination induced T cell responses against intrinsic mutations in A2.DR1 dtg sarcoma and was superior to wt vaccination in
controlling in vivo tumor growth (A) Sequencing histogram analysis of sarcoma cell line 39. Chromosomal DNA as well as cDNA of line 39 were used as templates
for amplification with gene specific primers (Kras and Tp53). Amplified PCR products were analyzed by Sanger sequencing to detect mutations in Kras and Tp53 genes
and mRNAs. (B) Amino acid sequences of the mutated peptides carrying intrinsic mutations used for vaccination. (C) Recall responses against mutated and wt
peptides sequences tested in A2.DR1 dtg mice immunized with p53 R176F (mur) and Kras G12C mutated peptides (vaccination regimen: peptides in PBS-based
formulations including 50 pg CpG ODN 1668 as an adjuvant, twice on a bi-weekly basis). In vitro recall responses were obtained from two-color cytokine secretion
assays (IL-2, IFN-y) with pan-T cells. Percentages of IFN-y/IL-2 double positive CD8" and CD4™ T cells upon in vitro recall against single wt and mutated peptides
presented by CD11c" DCs are displayed. Each peptide and control sample was tested in triplicates. Results are plotted as means of triplicate assays + SEM. (D)
Vaccination schedule for tumor challenge experiments. Depot: IFA-based formulation, Boost: boost vaccination containing CpG ODN 1668 and peptides in PBS
(water-based formulation). (E) Tumor growth curves of vaccinated and untreated A2.DR1 dtg mice inoculated with sarcoma line 39. 2.5 x 10° tumor cells were
subcutaneously administered in 100 pl of Matrigel on the right flank of each animal at day 0. One group of A2.DR1 dtg mice (n = 5) was vaccinated prior to the
challenge according to the vaccination schedule shown in Figure 5 (D) with mutated (‘mut’ group: p53 C176F, Kras G12V) peptides. Mice were boosted only once
with respective water-based peptide/CpG formulation during the challenge on day 14. n: number of biological replicates; error bars: mean + SEM. Significances per
unpaired two-tailed t-test are shown. (F) Tumor growth curves of differently vaccinated A2.DR1 dtg mice inoculated with sarcoma line 39. 2.5 x 10° tumor cells were
subcutaneously administered in 100 pl of Matrigel on the right flank of each animal at day 0. Two groups of 7 A2.DR1 dtg mice each (n = 7), have been vaccinated
prior to the challenge according to the vaccination schedule shown in (D) with either mutated (‘mut’ group: p53 C176F, Kras G12V) or wt (‘wt’ group: p53 C176 wt,
Kras G12 wt) peptides. Mice were boosted twice with respective water-based peptide/CpG formulations during the challenge. n: number of biological replicates; error
bars, mean + SEM. (G) Number of splenic T, cells of differentially vaccinated, tumor bearing mice of the experiment shown in (E) compared to non-tumor bearing
mice on the day of sacrifice. Teq cells were stained for in whole splenocyte suspensions with fluorescent-labeled mAbs as CD4"CD3*CD25Foxp3™ living cells in FACS.
Significance per unpaired two-tailed t-test are shown. vac: vaccinated, mut: mutated.

the importance of vaccine induced Tyl cell responses for
effective tumor control. In that study vaccination with a single
mutated IDH-1 HLA-DRBI-restricted epitope elicited a Tyl
effector CD4™ T cell response that was sufficient to delay the
outgrowth of IDH-1 mutant sarcomas in A2.DR1 dtg mice.”

We further identified Kras G12V and p53 R248W as highly
immunogenic mutated peptides in a human HLA-A2/HLA.
DRBI restricted context when used for active vaccination.
Memory T cell responses against the very same mutations
were also prominent in human CRC patients. However, p53
R175H 1is another highly immunogenic mutation in CRC
patients but was only weakly immunogenic after active

immunization in the two mouse strains. A possible explana-
tion for this discrepancy might be attributed to differences in
the antigen processing machinery or to differences in toler-
ance induction to intracellular self-antigens between humans
and mice.

As strongly immunogenic mutated peptides elicited CD8"
as well as CD4" TC responses, we concluded that these pep-
tides harbor HLA-A2 and HLA-DRBI-restricted mutated epi-
topes that are naturally processed by APCs. Within the long
Kras G12V peptide we validated the 10-mer Krass_;4 G12V to
be HLA-A2-restricted'® and nested within the HLA-DRBI-
restricted 15-mer Kras;_;; G12V that we herewith add to the
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list of class II alleles being able to present the Kras G12V
mutation”'. Conclusively, these promiscuous mutated Kras
epitopes are naturally processed and presented by a wide
range of mouse and human MHC class I and II alleles,
which highlights them as distinguished Ag targets for vacci-
nation. After in vitro epitope mapping we further suggested
the short peptides 10-mer p53,46.256 R248W and 15-mer
P53240.254 R248W as novel, overlapping HLA-A2 and HLA-
DRBI-restricted mutated epitopes. Together with C. Melief’s
findings®*, our results suggest that the region spanning amino
acids 190 to 260 (center of the DNA binding domain) within
the p53 protein seems to represent an immunogenic stretch.

To investigate the protective capacity of long peptide
vaccination on in vivo tumor growth we developed an A2.
DRI dtg syngenic sarcoma model. We anticipated that a
long peptide multi-epitope vaccine, being able to elicit
polyvalent, mutation-specific, multi-functional CTL and
Tyl responses would delay or prevent the outgrowth of
sarcoma lines over-expressing the respective mutations
when used in a preventive treatment setting.
Unexpectedly, vaccination with wt and mutated peptides
in the engineered highly immunogenic TSA system rather
accelerated tumor outgrowth instead of delaying it com-
pared to mice vaccinated with irrelevant peptides. Even
though peripheral effector T cell responses of vaccinated
mice were not hampered but boosted in tumor bearing
mice (arguing for natural processing of mutated epitopes
in vivo), they did not result in protection at the tumor
site. In addition to increased numbers of cytokine respon-
sive effector T cells, however, we detected significantly
increased numbers of peripheral T, cells in animals vac-
cinated with wt and mutated peptides during tumor chal-
lenge. T,y cell numbers in tumor challenge experiments
were, however, not elevated after vaccination against lower
immunogenic mutations. Here, mutation-specific vaccina-
tion delayed tumor outgrowth compared to vaccination
with wt peptides. It was previously shown that vaccines
are critically hampered by increased pre-treatment levels
of Ty cells and that depletion of T, cells can restore T
cell function and vaccination success’””’>. We previously
demonstrated that TAA-specific T, cells in the PB of
cancer patients were able to suppress polyclonally acti-
vated T cells in an Ag-specific manner. Moreover, after
depleting the PBMC T cell pool of T, cells, effector T
cell responses towards some of the tested TAAs
increased™.

We here demonstrate that vaccination with peptides con-
taining strongly-immunogenic MHC class II epitopes can
induce and expand TSA-specific Tyeg cells and is associated
with overall strongly increased T,., cell numbers in tumor
bearing mice. In contrast, the number of T, cells in non-
tumor-bearing mice vaccinated with highly immunogenic
peptides compared to mice vaccinated with lower immuno-
genic or non-vaccinated mice was not elevated. This suggests
that vaccination induced TSA-specific Tyeq cells only detri-
mentally expand in the context of an established tumor envir-
onment. The tumor growth curves support this notion.
Accelerated growth of highly immunogenic tumors started
not before 15 d post tumor inoculation, since tumor growth

did not differ between the groups during the first 14 d after
challenge, while the tumor was establishing. Induction of Ag-
specific Ty, cells by vaccination was previously observed. In
the field of autoimmune research, for example, induction of
Ag-specific Ty cells is discussed as a therapeutic option”. In
regard to cancer, P. Romero and colleagues reported increased
T,eg numbers in mice vaccinated against both a foreign (oval-
bumin) and non-mutated model-tumor antigens®. Another
study showed that ovalbumin-specific vaccine-induced T,
cells were able to home to the tumor microenvironment and
suppress conventional CD4" T cells, specific for the same
model Ag74. We here demonstrate that TSA specific Tieq cell
expansion and activity was associated with high immunogeni-
city of the TSAs, as TSAs of lower immunogenicity did not
induce Ag-specific T, cells. However, we cannot exclude the
possibility that in the tumor model with lower immunogenic,
endogenous mutations the systemic Ag load may have been
lower than in the tumor model with over-expressed highly,
immunogenic mutations which may have potentially influ-
enced the degree of T, cell stimulation and recruitment to
the tumor. Thus, our data does not allow a generalization of
this observation but one can speculate that the induction of
Ag-specific T,y cells may be a naturally occurring physiolo-
gical consequence to counterbalance very strong effector T
cell responses. Indeed, the levels of IFN-y producing T, cells
in our experimental system reaches the levels of T cell
responses during viral infections.”>””” However, such a poten-
tially beneficial effect converts into a disadvantage in a situa-
tion of tumor growth, as the tumor preferentially attracts and
expands T, cells in its microenvironment in an Ag-specific
manner.

In conclusion, we here showed that poly-functional CD8"
and CD4" helper type 1 effector T cells responses can simul-
taneously be induced against multiple mutated TSAs in the
context of long peptide vaccines. Our data further suggest that
increased immunogenicity of antigenic peptides can be asso-
ciated with induction of deleterious TSA specific T, cell
responses, if the peptide sequences chosen contain highly
immunogenic MHC class II epitopes. This phenomenon
might be avoided by the use of less immunogenic TSAs,
especially when targeting a Ty cell response, or by therapeutic
interventions that reduce the priming and expansion of T,
cells such as cyclophosphamide or anti-CTLA4 antibodies.

Materials & methods
Patient samples

Heparinized peripheral blood (PB) and bone marrow (BM)
samples from metastasized 26 CRC patients were obtained
after informed consent from the Surgical Clinic of
Heidelberg University. The protocol was approved by the
local Ethical Committee of the University of Heidelberg:
ethic vote #323/2004.

Antigens

The most relevant mutations in TP53, KRAS and BRAF genes
for colorectal and pancreatic cancer were chosen using the



IARC TP53 Database (version R17, November 2013)°* and
COSMIC database for somatic mutations in cancer (from the
Sanger Institute, COSMIC v69 Release)’’, respectively.
Peptides were produced by the DKFZ core facility for peptide
synthesis. After solid phase synthesis peptides were HPLC
purified and lyophilized. Lyophilized peptides were either
stored at —20°C or directly reconstituted in 100% DMSO to
stock concentrations of either 25 mM (short and long pep-
tides) or 10 mM (long peptides). Stocks were aliquoted (25 pl,
50 pl) and stored at —20°C. Possible HLA-A*0201 and HLA-
DRB1*0101 ligands that might be processed from the long
peptides were predicted using the SYFPEITHI” and
NetMHC®”® algorithms. Lists of peptides used can be
found in the Supplementary Tables 1, 4 and 4.

Exon sequencing from paraffin-embedded tissue

Exon sequencing was performed to screen for mutations in
the TP53, KRAS and BRAF genes in CRC patients’ tumors and
metastasis. Sequencing was performed by W. Weichert and R.
Penzel at the Institute for Pathology of the University of
Heidelberg. Briefly, slices from formalin-fixed and paraftin-
embedded tissues were deparaffinized via xylol-ethanol-treat-
ment. Tumor tissue-rich segments of the slices were selected
to purify genomic DNA (QIAsymphony DNA Mini Kit,
QIAGEN, 937236). Samples were sequenced in a fully-ato-
mized fashion employing QIAsymphony SP/AS instruments
(QIAGEN, 9001297/9001301).

Cell culture with primary human cells

Mononuclear cells were directly isolated by density gradient
(Biocoll, Biochrom, L6115) employing 50 ml Leucosep™™
tubes (Greiner, REF 227290). 20 ml sample volume was
thereby diluted with 10 ml RPMI-1640 medium (Sigma-
Aldrich, R8758). For adherence, cells in X-Vivo-20 medium
(Lonza, BE04-448Q) were plated on Petri dishes for 30 min.
Afterwards, the non-adherent cell fraction was removed by
repeated washing with RPMI-1640 and further cultured in
X-Vivo-20 supplemented with 100 IU/ml interleukin 2 (rHu
IL-2 (proleukine), Novartis, DA1318BG) and 60 IU/ml IL-4
(rHu IL-4, Miltenyi, 130-093-924). Adherent monocyte pre-
cursors were matured to dendritic cells by culture in X-Vivo-
20 medium containing 560 IU/ml of granulocyte macrophage
colony-stimulating factor (GM-CSF, Sanofi, NDC0024-5843-
05) and 1000 IU/ml IL-4 for 7 d.

Cell purification

DCs were purified from adherent cell cultures by depletion of
negative cells via magnetic separation with Dynabeads Pan
Mouse IgGs (Invitrogen, 110.42) coated with anti-CD3, anti-
CD19 and anti-CD56 antibodies according to manufacturer’s
instructions. From non-adherent cells cultures T cells were
purified employing the Dynabeads Untouched Human T-Cell
kit (Invitrogen, 113.44D).
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INF-y elispot assay

Interferon-y (IFNy) ELISpot assay for the detection of IFNy
secreting T cells were carried out as described previously*”°.
Accordingly, total T cells were cultured on peptide-pulsed
DCs in a 5:1 ration for 40 h. Assays were conducted in
triplicates for each of the peptides tested. IFNy secreting T
cells were detected with the Human INFy ELISPOT kit
(Mabtech, 3420-2A) according to manufacturer’s instructions.
Substrate reaction was stopped by washing three times with
ddH,0. ELISpot plate’s membranes were allowed to air dry
for 72 h in the dark. Plates were read facilitating a CTL
ImmunoSpot reader (CTL Technologies) and analyzed with
the ImmunoSpot software (CTL Technologies). As negative
controls served wells with DCs pulsed with human IgGs
(Sandoglobulin, CSL Behring, PZN-0571760).

Mice

H2 class I-/class II-knockout (B,m-deficient), HLA-A*0201/
D"a3 chimera (HHD) and HLA-DRI1 double transgenic (A2.
DRI dtg) mice,”® C57BL/6] mice, OTII TCR tg mice, and
NOD/SCID mice were bred locally under specific pathogen-
free conditions in the animal core facility of the German
Cancer Research Center (DKFZ), Heidelberg, Germany. A2.
DR1 dtg were generated by F.A. Lemonnier and purchased
from the Institute Pasteur, Paris. Mice of both genders (male
and/or female, 6-10 weeks of age) were used in all experi-
ments. During experimental procedures mice were kept in
individually ventilated cage systems (IVC racks). The protocol
containing all experimental (in vivo) procedures performed
with mice in the present work was formally approved by the
national animal care committee (Regierungspréisidium)
Karlsruhe, Germany.

Vaccination procedure

Mice were vaccinated with different mixtures of two to five
long peptides, always resulting in a total peptide amount of
50 nM per animal and vaccination shot. 5 ug of TLR9 ligand
CpG ODN 1668 (5- TCC ATG ACG TTC CTG ATG CT - 3,
ordered as HPLC-purified primer at Eurofins) per animal and
shot was used as an adjuvant. CpG and peptides were either
administered in water based (PBS) or in IFA (Incomplete
Freund’s Adjuvant; MONTANIDE™ ISA 720 VG sterile,
Seppic, 36059V) based formulation. Mice were injected with
100 and 50 ul of vaccines subcutaneously either in the neck
and the tail base (water-based formulations) or in the neck
and the flanks (IFA-based formulations). Vaccinations were
performed in two (water-based) or three (IFA-based) week
intervals. Boost vaccination were always carried out by sub-
cutaneous injection of water-based formulations into the neck
with only half the amount of antigens and CpG every second
week.

Tumor challenges

Six to eight weeks old mice were vaccinated in a preventive
setting with a prime-boost regimen. One IFA-depot was set
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in the beginning followed by two to three water-based
boost immunizations. Mice were inoculated with tumor
cells one week after the last boost immunization. 2,5 x
10° cells of Line 39 or 5,0 x 10° of cells of 2277-NS clones
were injected in 100 pl Matrigel™ Matrix (BD, 354234)
subcutaneously into the previously shaved right flank of
each animal. Every second week after tumor inoculation
mice received additional boost vaccinations. In case of
challenges with 2277-NS clones mice were fed with 2 g/l
doxycycline (Doxycycline hydrochloride, Sigma-Aldrich,
D9891-25G) in the drinking water starting on day 7 after
tumor inoculation until the end of the challenge ad libitum.
For better compliance of the bitter antibiotic, sugar was
added to the drinking water. Tumor growth was monitored
every three to four days by measuring tumor sizes with a
digital caliper.

Generation and engineering of MCA-induced tumor cell
lines

Several syngenic tumor cell lines for the A2.DR1 dtg mouse
strain were generated with carcinogen-induced tumorigenesis
through injection of the carcinogen 3-methylcholanthrene
(MCA) as described previously35. Cells were characterized
by H&E stainings with the kind help of Dr. Herpel from the
tissue bank at the NCT, Heidelberg, Germany. Cell line 2277-
NS was engineered to express p53 and Kras mutations in a
transgene construct (scheme see Supplementary Figure 8).
Transgenes were synthesized and introduced in pDonor221
Gateway entry vectors by the company Geneart (Life
technologies).

Generation of 2277-NS acceptor cell lines

To generate stable 2277-NS acceptor cell lines, a vector con-
taining a Flp recombinase target site, an antibiotic selection
marker (neomycin, Sigma-Aldrich, 1405-10-3), an eGFP
fluorescence marker as wells as homologous recombination
sites for mRosa26 was stably integrated into the Rosa26 locus
of the 2277-NS cell line by ZNF targeting (CompoZr®
Targeted Integration Kit - mRosa26, Sigma-Aldrich, CTIM-
IKT). Targeting of the mRosa26 locus was confirmed by
junction PCR according to the manufacturer’s recommenda-
tions. The 2277-NS/Flp isogenic acceptor lines were further
validated for single-copy integration of the FRT site.

Generation of 2277-NS transgenic clones expressing
chimeric mutant Tp53/Kras transgenes

For the generation of 2277-NS mutant Tp53/Kras transgene
expressing sublines, FRT expression vectors containing a hygro-
mycin (Invitrogen™, Life technologies, 10687-010) resistance
gene, tet repressor gene (tetR) as well as a tetracycline-respon-
sive CMV promoter were cloned upstream of the wt and
mutant chimeric mutant Tp53/Kras transgenes’ ORFs, respec-
tively, for inducible transgene expression. After sequence ver-
ification, the wt and mutated constructs were individually co-
transfected together with a Flp recombinase expression vector
(pOG44, Invitrogen™™, Life technologies, V6005-20) to

integrate the respective expressions constructs into the mouse
Rosa26 locus of the 2277-NS acceptor cell line by site specific
recombination. After selection (hygromycin positive/eGFP
negative), single colonies were picked and analyzed.

Preparation of tumors and organs from mice

At the end of tumor challenges tumors were excised from
sacrificed mice. Tumors were either snap-frozen for prepara-
tion of protein extracts for Western blot, embedded in Tissue-
Tek® (O.C.T.™ compound, Sakura, REF 4583) and frozen at
—-80°C, or used for preparation of single cell suspension for
FACS staining. Spleens and lymph nodes were removed from
vaccinated and tumor bearing mice. For preparation of bone
marrow (BM), femur and tibia from hind limbs were resected
from untreated mice.

Cell culture and purification of murine cells

All A2.DR1 dtg cell lines were cultured in DMEM (Sigma-
Aldrich, D6429) supplemented with 10% FCS (Biochrom,
S0415), 10 mM HEPES (Sigma-Aldrich, H0887) buffer
0.05 mM 2-Mercaptoethanol (Gibco, 31350-010) and
0.25 mg/ml Gentamicin (Sigma-Aldrich, G1397-100ML)
(referred to as mouse medium). B16-F1 melanoma cells
were in cultured DMEM supplemented with 10% FCS,
10 mM HEPES, 1.0 mM sodium pyruvate (Sigma-Aldrich,
$8636), 100 U/ml penicillin/streptomycin (Gibco, G1397-
100ML) and 0.05 mM 2-Mercaptoethanol. SW480 cells were
gown in RPMI-1640 medium containing 10% FCS, 10 mM
HEPES, 1.0 mM sodium pyruvate and 100 U/ml penicillin/
streptomycin. All cells grew adherent and were split via
trypsinization.

Single BM cell suspensions were prepared from bones using
mortar and pistil. Bone suspension was filtered to 100 pum cell
strainer to remove bone splinters. Afterwards, BM cell suspen-
sion was cultured for 6 d in mouse medium supplemented with
10 ng/ml murine GM-CSF (mouse GM-CSF, Miltenyi Biotec,
130-094-043) in petri dishes. Single cell suspensions from
spleen and LN samples were made by mincing the cell through
40 and 100 ul cell strainers (BD Falcon, REF352340 and
REF352360), respectively. Erythrocytes in spleen samples were
lysed with 2.5 ml ACK buffer (150 mM NH,Cl, 10 mM KHCO;,
0,1 mM EDTA, pH = 7.2-7.4) per spleen for 1 min. Reaction
was stopped with PBS and spun down.

DCs from BM cultures were purified positively with CD11c
(N418) MicroBeads (Miltenyi, 130-052-001). T cells were
purified either positively employing CD90.2 MicroBeads
(Miltenyi, 130-049-001) or negatively with the Pan-T Cell
Isolation Kit II (Miltenyi, 130-095-130) from spleen and LN
of mice. CD8" T cell subpopulation was gained from purified
T cells using the CD8a (Ly-2) MicroBeads (Miltenyi, 130-049-
401). Regulatory T cells were enriched from bulk T cell
populations with the CD4"CD25" Regulatory T cell Isolation
Kit (Miltenyi, 130-042-201).

CD11c" dendritic cells were always pulsed with 10 pmol of
respective long peptides or 25 pmol of short peptides in
X-Vivo-20 medium overnight. The next day purified T cells
were added in X-Vivo-20 medium in a 1:5 ratio for short term



in vitro restimulation for up to 20 h at 37°C and 5% CO,. For
detection of intracellular cytokines or degranulation markers
samples were treated with BD GolgiStop™™ (BD Biosciences,
containing monensin, 554724) in a 1:1500 dilution for 8
to 12 h.

Cytokine secretion assays

Cytokine secretion assays (Miltenyi, Mouse IL-2 Secretion
Assay Detection Kit (APC*) 130-090-987 Mouse IFN-y
Secretion Assay Detection Kit (PE) 130-090-516) were down-
scaled to a 96-well plate format and carried out in triplicates
for each tested peptide. 7.5 x 10* pulsed DCs were seeded in
X-Vivo-20 medium per well and incubated overnight. The
next day 3,75 x 10° purified T cells in X-Vivo-20 medium
were added (resulting in 1:5 DC:TC-ratio) and in vitro re-
stimulated for exactly 16 h. Afterwards an Fc receptor block-
ing was performed for 20 min on ice. Therefore 10 ul of a
culture supernatant from hybridoma cell line 2.4G2 produ-
cing an antibody against the murine Fc gamma receptor
(FcRII, CD32) was mixed with 90 ul of FACS buffer (1:10
dilution) per samples. Next the cells were labeled with 5 ul IL-
2 and/or 5pl IFNy Catch Reagents in a total volume of 100 pl
X-Vivo-20 medium for 20 min on ice. After labeling the
samples were resuspended in 200 ul fresh X-Vivo-20 each
for a cytokine secretion period of 3 h at 37°C and 5% CO,.
(Assay controls were resuspended in 200 ul X-Vivo-20 sup-
plemented with PMA (50 ng/ml) and Ionomycin (500 ng/
ml).) Then, samples were stained with surface marker anti-
bodies for FACS analysis.

FACS analysis

Following Fc receptor blocking (see above) a viability staining
was performed employing the LIVE/DEAD® Fixable Yellow
Dead Cell Stain Kit (Life Technologies, L-34959). The recon-
stituted dye was diluted 1:500 in FACS buffer (PBS with 1% v/
v of FCS) to achieve working concentration. A maximum of
one million cells was resuspended in 200 pl working solution
and incubated in the dark on ice for 20 min. Afterwards
samples were washed twice.

For cytokine secretion assays cell surface was stained for
20 min on ice in the dark with the following directly fluor-
escent-labeled antibodies: anti-CD4-FITC (BD, 553047), anti-
CD8-Pacific Blue (BD, 558106), IFNy-detector-PE (Secretion
assay kit, Miltenyi, 130-090-516), IL-2-detector-APC
(Secretion assay kit, Miltenyi, 130-090-987), anti-CD11c-PE-
Cy7 (BD, 558079).

In case of combinations of secretion assay and intracellular
cytokine stainings the surface markers were stained for with
anti-CD4-V500 (BD, 560782), anti-CD8-Pacific Blue (BD,
558106), IFNy-detector-PE (Secretion assay kit, Miltenyi,
130-090-516) anti-CD11¢-PE-Cy7 (BD, 558079). Before viabi-
lity staining employing ethidium bromide monoazide (EMA,
Sigma-Aldrich, E1374) was performed. Therefore, samples were
resuspended in FACS buffer containing 150 pg/ml EMA and
incubated on ice exposed to bright light for 10 min. Then
samples were washed twice and fixed with BD Cytofix/
Cytoperm™ Fixation/Permeabilization Kit (BD Biosciences,
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554715) according to manufacturer’s instruction. Intracellular
cytokines were stained for with anti-IL-2-FITC (BD, 554427),
anti-TNF-APC-Cy7 (BD, 560658) and IFNy-A647 (BD,
557735) for 30 min on ice in the dark.

When staining for degranulation markers anti-CD107a-
FITC (BD, 553793) antibody was added to in vitro restimula-
tion cultures. After fixation of samples with BD Cytofix/
Cytoperm™ samples were stained with anti-granzyme B-PE
(eBioscience, 12-8898), anti-perforin-APC (eBiosience,
17-9392), CD11-cPE-Cy7 (BD, 558079), anti-CD4-V500
(BD, 560782) and anti-CD8-Pacific Blue (BD, 558106).

Regulatory T cells were stained for after Fc blocking
and viability staining by first labeling the cell surface with
anti-CD4-FITC (BD, 553047), anti-CD8-Pacific Blue (BD,
558106), anti-CD25-PE  (Miltenyi, 120-001-294) for
20 min on ice in the dark. Cells were washed and fixed
with the Foxp3/Transcription Factor Staining Buffer Kit
(e-Bioscience, REF 00-5523-00). Fixed cells were stained
with anti-Foxp3-A647 (BD, 560401) on ice for 30 min in
the dark.

MHC molecules were stained for after Fc blocking and
viability staining using altering combinations of the following
antibodies: anti-HLA-A2-APC (BD, 561341), anti-HLA-DR-
APC (BD, 559866), anti-H-2Kb-PE (BD, 553570), anti-H-
2Db-PE (BD, 553574), anti-I-Ad/I-Ed-PE (BD, 558593) and
anti-I-Ab-FITC (BD, 553551).

All fluorescent antibody labeled cells were analyzed facil-
itating a FACS Canto II flow cytometer (being operated with
DIVA software FCS 3.0 (BD Biosciences)) and FlowJo soft-
ware (FlowJo, LLC).

Immunohistochemistry

Four micrometer consecutive cryostat sections were
mounted on Superfrost Ultra Plus® slides (Thermo
Scientific, 1014356190), dried for 10 min at RT and fixed
in —20°C cooled acetone for 10 min. Slides were washed
three times with PBS and then blocked with protein block
serum free, ready to use blocking solution (DAKO, X0909)
for 1 h at RT. In case of a streptavidin-biotin-coupled
staining, slides were additionally blocked with the
Avidin/Biotin Blocking Kit (Invitrogen, Life
Technologies, REF 004303) according to manufacturer’s
instruction. Slides were stained over night at 4°C with
the following primary antibodies: anti-CD31 (BD,
550274), anti-CD29/ITGB1 (eBioscience, 14-0291-81),
anti-vimentin (Cell Signaling), pan-HLA-A,B,C (clone
B9.12.1, a kind gift of Dr. G. Moldenhauer), pan-HLA-A,
B,C (clone W6/32, a kind gift of Dr. G. Moldenhauer) and
anti-HLA-A2-Biotin (Abcam, ab31564). The next day
slides were washed with PBS and incubated with either
secondary antibodies (chicken anti-rat-IgG-AlexaFlour®
594 (Invitrogen, A21471), chicken anti-rabbit-IgG-
AlexaFlour® 594 (Invitrogen, A21442) or goat anti-ham-
ster-IgG-Dylight 549 (ABD Serotec, STAR104D549GA)) or
streptavidin-AlexaFlour® 488 (Invitrogen, S-11223) for 1 h
at RT in the dark. Slides were washed and mounted with
VectaShield® mouting medium with DAPI (Vecta
Laboratories, H-1200) and a cover slip. A Leica DM IRB
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(Leica) microscope was facilitated for slide imaging and
resulting images were RGB merged using Image] software
(Wayne Rasband, NIH).

T,eq specificity assay

T,g specificity assays were conducted similar as described
elsewhere®?” with some necessary modifications for the
transfer into the murine system. 1 x 10* DCs were pulsed
in triplicates for each tested peptide overnight. The next
day purified T,egs (5 x 10*) were added in a 5:1 ratio and
restimulated overnight. The following day antigen-specifi-
cally pre-activated OT-II T cells were added to each well,
resulting in a 1:1 ratio of Tieg:Tcon. (OT-II T cells were in
vitro activated for one night on OVA-peptide pulsed DCs.)
After 48 h of culture 1 pCi °H tritium was added and
samples were incubated for another 24 h. Harvesting of
assay plates was performed as described. The specific
suppression by antigen-specific T,,s was calculated as
percent reduction in the proliferation of OT-II T,,,s com-
pared to values from mirror plates (plates with DCs and
Teons but without T,.s) according to the following for-
mula:

%specific supression =
[cpm(sample w/oTregs) —cpm(sample+Tregs) X100

cpm(sample w/oTregs)

Western blot

Total protein was isolated from tumor cell lysates or
harvested, previously-cultured cells with M-PER®
Mammalian  Protein  Extraction Reagent (Thermo
Scientific, 78501) supplemented with one tablet of protei-
nase inhibitors (Complete ULTRA Tablets, Mini, EDTA
free; Roche, 05892791001) according to manufacturer’s
instructions. Protein concentrations form cell lysates
were estimated photospetroscopically. Each well of the
gel was loaded with the same amount and volume of
protein. 4 X denaturing loading buffer (NuPAGE® SDS
sample buffer (4X), Novex® by Life technologies™, REF
NP0007) supplemented with DTT (100 mM) was added to
each sample. For denaturation samples were boiled for
10 min at 95°C and afterwards spun down. NuPAGE®
10% or 4-12% Bis-Tris Precast Gels (1.0 mm, 10 or 15
wells; Novex® by Life Technologies™, NP0302BOX or
NP0321BOX) were used for SDS-PAGE. PAGE was run
for roughly 1 h at constant voltage of 120 V. Proteins were
wet-blotted on Hybond-P PVDF Transfer Membrane
(0.45 pm, Amersham - GE Healthcare Life Sciences,
RPN2020F) at constant amperage of 400 mA for 45 min
in the 4°C facilitating a Mini Trans-Blot® Cell (Bio-Rad
Laboratories, 170-3930). Blocking with either performed
in 2.5% BSA (Sigma-Aldrich, A9418-50G) in PBS-T (PBS
plus 0.1% Tween-20) or 5% milk powder in PBS-T
depending on primary antibodies. Transgene expressing
was stained for with anti-HA tag monoclonal antibody
(1:1500 in 2.5% BSA/PBS-T, O/N, 4°C, Sigma-Aldrich,
H3663-200UL) and equal loading was shown with an

anti-p-actin antibody (1:10000 in 5% blocking milk, 1 h,
RT, MP Biomedicals, 691001). Both primary antibodies
were stained for with HRP-conjugated goat-anti mouse
antibody (1:3000, 1h at RT, Santa Cruz Biotechnology,
sc-2306)  followed by  substrate reaction using
Amersham™ ECL™ Prime (GE Healthcare, RPN2232)
according to manufacturer’s instruction.

Sanger sequencing for mutation screening

RNA was purified from cell pellets using the RNeasy® Mini
Kit (QIAGEN, 74104) according the manufacturer’s pro-
tocol. To eliminate possible genomic DNA contaminations
the RNA samples were treated with DNA-free™ DNA
Removal Kit (Ambion®, Life Technology, AMI1906).
Complementary DNA (cDNA) was synthesized from
RNA templates using the RETROscript® Kit (Ambion®,
Life technology, AM1710). To amplify Tp53 and Kras
sequences form cDNA and genomic DNA for sequencing
as templates gene specific primers were designed (see
Supplementary Table 6) and purchased from Eurofins,
Martinsried, Germany. PCRs were carried out using
Platinum Taq High Fidelity #DNA  polymerase
(Invitrogen, 11304-029) and 10 mM dNTP Mix (PCR
Grade, Invitrogen, Life Technologies, 18427-088). Trp53
and Kras PCR products were sent for Sanger sequencing
to external companies (GATC Biotech, Constance,
Germany and LGC Genomics, Berlin, Germany).
Received sequences were screened for mutations by align-
ment with corresponding wild-type sequences (Serial
Cloner, SerialBasics and BLAST, NCBI) and analysis of
sequencing histograms employing Chromas Lite software
(Technelysium).

Statistical analysis

Statistical analysis and graphs were made employing
GraphPad Prism software. Cytokine secretion assays,
ELISpot assays, T,y specificity assays and in vitro cyto-
toxicity assays were conducted in triplicates. T cell
responses against mutated and wt peptides were either
tested against each other or against respective assay (nega-
tive) controls employing two-tailed Student’s t-test.
Cumulative results were compared using two-tailed
Mann-Whitney test if not indicated elsewise. Differences
were considered statistically significant in case p < 0.05.
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