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ABSTRACT

Pancreatic adenocarcinoma (PDA) remains one of the most lethal cancer types, with
patients presenting with late-stage disease at time of diagnosis. Surgical resection, the only
curative treatment, is limited to patients without metastases, a minority of those diagnosed.
PDA is refractive to radiation and chemotherapy due to the dense stroma that is a hallmark of
the tumor microenvironment. Despite the abundance of novel therapies available for other
tumors, little progress has been made in the development of treatments for PDA.
Immunotherapy in the form of induced adaptive immunity has the potential to infiltrate the
tumor microenvironment and overcome the characteristic resistance mechanisms of PDA.

Mutations that arise during the development of PDA are specific to cancer cells and
have therefore escaped the regulatory mechanisms that prevent cytolytic T cells from
recognizing antigens that are also present on normal cells. Recent sequencing technology has
allowed the genomic analysis of many cancers, including brain, breast, colorectal, ovarian,
and pancreatic cancers. By targeting immunotherapy to the specific mutome of an individual
tumor, a personalized treatment can be developed that is not limited by the presence of
specific molecules involved with tumor cell proliferation, such as EGFR overexpression.

Therapeutic vaccines for tumor immunotherapy rely on activating immune effector
cells, especially CD4+ helper T cells and CD8+ cytolytic T cells, capable of specifically
recognizing epitopes expressed by tumor cell antigens. An obstacle has been identifying
epitopes that are specifically recognized by tumor cells and not by normal tissues. Although
genome-wide sequencing technologies have shown that human pancreatic cancer cells are
not considered a hypermutated cancer and the tumor is not well infiltrated with effector T

cells, this thesis shows that subdominant epitopes are capable of inducing an anti-tumor



response when coupled with appropriate immune-activating agents, including checkpoint
blockade antibodies. Furthermore, we show that both unmutated and mutated tumor antigens
can induce tumor-specific immunity, and that the addition of an agonist OX40 antibody
fundamentally reprograms these effector cells to overcome tumor-induced exhaustion that
synergizes with an anti-PD-1 antibody to provide near-complete, durable tumor rejection.
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CHAPTER ONE: Identifying targetable tumor epitopes

Summary

Pancreatic ductal adenocarcinoma (PDA) is not considered a hypermutated cancer,
with next-generation sequencing methods identifying an average of 63 mutations per tumor.
Furthermore, with the exceptions of a few driver genes such as KRAS, TP53, CDKN2A, and
SMADA4, these mutations are frequently patient specific. However, these novel mutations are
not present in normal cells and provide a potential source of neo-epitopes for targeted
immunotherapy. The success of this approach depends on establishing a strategy for singling
out the most relevant targets for immunotherapy directly from sequencing data.

Several algorithms have been developed that predicted how well a peptide sequence
will bind to major histocompatibility (MHC) molecules. These have shown some success in
predicting which epitopes are likely to induce tumor-reactive T cells; however, it has become
standard practice to prioritize mutations that are predicted to bind to MHC molecules with
high affinity, typically less than 50 nM. By expanding our sample pool of epitopes to those
that are predicted to have lower affinity binding to MHC molecules, we identified a pool of
epitopes that were capable of inducing a robust CD8+ T cell response despite having only
modest predicted affinity for MHCI. Furthermore, due to an error in the initial sequencing
analysis, we are able to show that T cell responses can be induced to unmutated epitopes by

immunizing with an artificially altered peptide sequence.



Introduction

Cancer cells accumulate tens to hundreds of somatic mutations during their
development, collectively referred to as the cancer "mutome." The number of mutations
varies between tumor types, with the highest mutations rates being observed in colorectal
cancer with microsatellite instability (MSI-CRC), non-small cell lung cancer (NSCLC), and
melanoma, and the lowest rates in blood and pediatric cancers(Vogelstein et al., 2013). A
fraction of cancer mutations that occur in expressed genes are processed by the proteasome to
generate novel peptides (termed mutant neoantigens) which are loaded onto major
histocompatibility complex (MHC) molecules for T cell recognition. Mutant neoantigens
provide ideal targets for immunotherapy because they arise from mutated gene products and
are essentially foreign antigens that are presented only by MHC on the surface of tumor cells
and not normal cells. Furthermore, as these neoantigens arise during tumor development, the
T cell repertoire capable of recognizing mutant neoantigens with high avidity are not deleted
by central tolerance. However, many tumor types have limited mutational landscapes with
few neoantigens that are ideal targets for vaccine therapy. Additionally, neoantigens may
have an effect on increased tumor antigenicity without being directly presented to effector T
cells: these mutations may result in improved proteasomal processing, thereby increasing the
amount of wild-type epitopes available for loading onto presentation molecules; they may
improve translation, which would result in more transcript available for MHC presentation;
or they may improve binding to major histocompatibility (MHC) molecules, allowing for
priming of T cells that are specific for an unmutated epitope. This latter situation is not a
unique feature of neoantigens and can be taken advantage of for priming of T cells reactive to

tumor-shared antigens, using altered-peptide ligands.
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There are several publicly-available algorithms that predict the affinity of an epitope
for MHC molecules. These algorithms are limited in that they are only capable of predicting
how well an epitope will bind to the presentation machinery, not how well a T cell receptor
(TCR) will recognize a given epitope. However, it is unlikely that an epitope that does not
bind stably to an MHC molecule would be able to trigger TCR signaling, allowing for
activation of the epitope-reactive T cell. Many of the studies currently published use high
affinity as a corollary for T cell reactivity. However, the epitope features important for
binding to MHC molecules are not necessarily the same features that are required for T cell
recognition. It is likely that there is some minimal threshold of binding to MHC that must be

reached in order to trigger a T cell response, and that threshold has yet to be determined.



Results
Identification of tumor (neo)epitopes

Initial exome sequencing data was analyzed and found 596 non-synonymous, single
nucleotide substitutions in the Panc02 cell line. For all mutations, candidate 8-11 amino acid-
long neoantigens were predicted for H-2Kb and H-2Db using publically available major
histocompatibility complex (MHC) class I epitope-binding prediction algorithms. The
epitope binding prediction algorithms NetMHC3.2, NetMHC3.4, and NetMHCpan predicted
that 245 mutations arising from non-synonymous single nucleotide substitutions would create
epitopes capable of binding to either H-2Kb or H-2Db. Of these, 49 (8.2% of total mutations)
were predicted to generate at least one neoantigen with an affinity for either H-2Kb or H-2Db
of less than 50 nM by at least one algorithm and thus were considered strong binders. An
additional 197 (33.1% of total mutations) were predicted to have an affinity of greater than
50 nM but less than 500 nM. Neoantigens were predicted in genes with functions both
putatively related to oncogenesis, such as signaling and chaperone pathways, as well as in
genes occurring in pathways likely unrelated to oncogenesis. Although screened by
prediction algorithms, mutations occurring in unexpressed hypothetical proteins and splice
junctions were excluded from in vivo screening. Long peptides were synthesized
corresponding to 6 genes which contained mutations and were predicted to be oncogenic
"driver" genes, as well as 25 mutated peptides not predicted to be immunogenic (affinity less
than 500nM), in addition to the 132 mutated peptides predicted to be immunogenic (affinity
greater than 500nM) for a final total of 169 peptides used for in vivo screening in the initial
round. To increase the breadth of the screened mutome, we used an aftinity of less than 1000

nM as the cutoft for predicted immunogenicity. The full list of screened mutations is shown
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in supplemental table 1.1. This larger panel of epitopes was screened by IFN-y ELISPOT to
determine their ability to induce a CD8+ T cell response. Synthetic long peptides of greater
than 15 amino acids have previously been used in immunization experiments to induce
productive CD8+ T cell responses (Melief, 2009). We therefore created pools of 5 or 6
peptides (20 amino acids in length with the putative mutation at position 11) and immunized
C57BL/6 mice with 10 ug of each peptide (50 ug total) in poly I:C as adjuvant as described
in methods to test for the ability to induce interferon-gamma in CD8+ T cells (Figure 1.1).
CD8+ T cells were isolated from splenocytes using negative selection, and evaluated for
interferon-gamma production by ELISpot using the TAP-deficient cells lines T2-Kb and T2-
Db as antigen-presenting cells (APCs, expressing class I MHC molecules from mouse),
pulsed with 2 ug/mL 20mer peptide. In total 23/163 (14%) peptides induced a measurable
interferon-gamma response in (table 1), with 7 of these inducing a robust response (more
than 100 spots per 100,000 CD8+ T cells). RNAseq was used to verify the expression of
mutated genes and further refined this number to 14/124 (11%) expressed, immunogenic
peptides derived from the Panc02 tumor cell line (Table 1.1).

After this initial screening, it was determined that many of the putative neoantigens
previously identified were the result of errors in translating the genomic mutations to protein
mutations and did not accurately reflect the non-synonymous single nucleotide substitutions
present in the Panc02 cell line. Therefore, it was necessary to re-analyze the raw sequencing
files to accurately determine the characteristics of the Panc02 genomic landscape. However,
the previously identified immunogenic epitopes do reflect expressed genes in the Panc02 cell

line, and the artificially introduced amino acid changes result in altered peptide ligands that



Candidate
Mutations

AMHC == epitopes that will
bind to MHC |

Predict antigen l 20mer peptides

A

v
cultured and T-2
‘iched CD8+ - O\ APC
phocytes

l

IFN-gamma
ELISPOT Readout
B
] 4
& &
N O
S &

&

Exome
Sequencing

synthesized that contain
potential epitopes

&
v v
I |
0 7

Days

Figure 1.1 Screening of immunogenic epitopes

(A) Diagram of tumor neoepitope identification, from exome sequencing to in vivo

verification.

(B) Schedule of immunizations for ELISpot analysis. Immunizations consisted of pools of 5-

6 mutant Panc02 20mers + OVA 20mer combined with 10 ug of poly I:C in AddaVax as

adjuvants.



Table 1.1 Immunogenic epitopes identified by in vivo screening

Ig:ﬁggzr hét::t 20mer Peptide Sequence
3 Olfr1247 SLKTHSQEGRCKALSTCSSH
11 Slc5a9 WRRVCNINAITLLAINIFLW
14 Olfr549 CADIRVNVWYVLSVLLSTVV
20 Myolg LQGDVAFGHSNLFIRSPRTL
23 Ace ALEKIAFLPFAYLVDQWRWG
35 Musk WAYGVVLWEIVSYGLQPYYG
41 Slc17a6 GYIASRLAANPVFGAAILLT
43 Ankrdl1 YAEYVTYTGSVLLDGKPLSK
44 Glbl112 GSSAEESHLSCLNWSTLVPL
48 Gm10717 TFFSDFVIFQTFKWMFLIFL
51 Gml10715 RSYSVHFSFFKFFSDFVIFQ
53 Zfp955b EDVAVNFSLGHWALLDSYQK
60 Ttcl8 ASEMHFIFLRSGHIYLEEKE
66 Map2k5 MLWLALGPFCGMENQVLVIR
68 Olfr984 FRTFPMDKAVCVLYTMVTPM
74 Ampdl QRFDKFNDKYSPVGASELRD
75 Z1p541 KMIQTKSVAQWVEYYYIWKK
77 Rasa3 TERIYSLFNLSMGKLEKMQE
84 Clen7 ALGLRHLVVVGNHNQVVGLV
94 Notch2 AELINCQADVSAVDDHGKSA
133 Kcnjl2var2 DGKLCLMWRVANLRKSHIVE
135 Ktnlvar3 VISEKEKEITGLCNELESLK
156 Rnf26 FTFGGLQALGALLYSCYSGL

Peptide identifier and sequences for the initially identified 23 immunogenic Panc02 peptides




may have improved T cell priming capabilities compared to the wild-type sequences,
therefore these epitopes were not excluded from immunogenicity studies. The raw
sequencing files were aligned to the mm9 reference genome using bowtie2 (Langmead,
Salzberg, 2012), variants were called using freebayes (Garrison, Marth, 2012) and then
subsequently annotated using Annovar (Wang et al., 2010). Mutome-specific peptide
sequences were extracted using R (R Core Team, 2016) and then analyzed by a locally-
maintained NetMHC3.4 software package (Lundegaard et al., 2008). All mutated epitopes
predicted to bind to either H-2-Kb or H-2-Db with an affinity of less than 1000 nM were
manually curated by the Integrated Genomics Viewer (IGV) (Robinson et al., 2011;
Thorvaldsdottir et al., 2013). The full pipeline is available on the git repository:
https://github.com/rosgood/Panc02 Variant ID.git.

From this most recent analysis of the Panc02 exome sequencing, 878 non-
synonymous mutations were identified, with 269 of these predicted to bind either H-2-Kb or
H-2-Db with an affinity of less than 1000 nM. 150 mutations were in expressed genes, and
48 of these had been previously screened for in vivo immunogenicity. After validating each
mutation in IGV and removing mutations present in the mouse mm9 dbsnp
database(Waterston et al., 2002), 70 novel mutations were identified that were predicted to
bind to mouse H-2-Kb or H-2-Db. These were screened for the ability to induce interferon-
gamma responses in isolated CD8+ T cells as well as in whole splenocyte fractions (Figure
1.2). ELISpot analysis of mice immunized with pools of 5 peptides (following the schedule
in Figure 1.1), using Ova;s,.17; as a positive control revealed 15/70 (21%) peptides to be
immunogenic (Table 1.2) Interestingly, immunization with 2 of these peptides resulted in

interferon-gamma responses only when whole splenocytes were pulsed with peptide, but not
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Figure 1.2 Panc02-specific neoepitopes are capable of inducing interferon-y responses
from CD8+ t cells
Immunization with 20mer peptides corresponding to mutant Panc02 peptides was performed
according to Figure 1.1B. Peptide identifier is defined in Table 1.1. Isolated CD8+ T cells
were stimulated overnight with T2 APCs pulsed with cognate peptides on an interferon-y

capture plate and resulting spots counted. Each bar represents the mean of triplicate wells +

SEM.



Table 1.2 Validated immunogenic neoepitopes identified by whole-exome sequencing
and in vivo screening

Peptide Best Predicted | Predicted

Identifier |Protein:mutation Peptide Sequence Epitope Affinity (nM)
175|Bsg:p.A8P MAAALLLPLAFTLLSGQ LPLAFTLL 425
176|Ccdc67:p.N186T KCSQFQKQAQTYQTQLNGKK [QAQTYQTQL 857
184|Cwc22:p.G507A AQQRTYEKFFALLAGRFCML [RTYEKFFAL 33
197|Hmenl:p.C2362W | VHVSDTGRYVWVAVNVAGMT | YVWVAVNV 955
201 [Kansl1:p.P129A ELRAELLGRQAVLEFSLENL AVLEFSLENL 816
212 [Ndufs6:p.V4A MAAALTFRRLLTL AALTFRRLL 59
218 |Pnpla7:p.W1153C |[LSGWWLLWKRCNPLATKVKV [LLWKRCNPL 435
219|Ppp2r3a:p.T1971 SHRNSLDTNLISMLFQNLSE ISMLFQNL 2
220 | Prkcb:p.E449Q KEPHAVFYAAQIAIGLFFLQ AVFYAAQI 441
222|Rimbp3:p.G685V | KEMQGLQFQPVHPSETSETT QGLQFQPV 103
230 | Tg:p.R2226L KVGTAWKQVYLFLGVPYAAP [QVYLFLGV 12
231 | Tmem30c:p.L1691 [ANSIFNDTITISYNLNSSTQ NSIFNDTITI 125
237|Ttn:p.E19018A IKIVRLTTGSAYQFRVCAEN SAYQFRVC 31
238 | Tubgl:p.G143W EGFVLCHSIAWGTGSGLGSY IAWGTGSGL 621
239|Uspl19:p.P829S VQQRPQVPSISISKCAACQR ISISKCAAC 862
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when isolated CD8+ T cells were stimulated with the T2 APC, indicating either CD4+ T cell
reactivity (as T2 cells do not express class I MHC molecules from mouse and therefore
cannot stimulate a CD4+ response) or a deficiency in processing the 20mer peptide for
MHCI presentation by the T2 cell line. When CD8+ T cells are isolated from mice either
treated with autologous GVAX (as described in methods) or bearing Panc02 tumors, no
detectable responses are seen to the identified epitopes, indicating that these are not dominant
epitopes from the Panc02 tumor (Figure 1.3). A complete list of immunogenic epitopes,

including the identified altered-peptide ligand epitopes, is available in Table 1.3.

Epitope Mapping

To further characterize the identified immunogenic epitopes, mapping experiments were
performed. For the identified immunogenic neo-epitopes, it would be expected that the
mutated residue could either be recognized directly by the TCR, or that it would improve
recognition of the native peptide sequence by improved presentation, either by improved
MHCI binding or by improved loading onto MHCI molecules. The altered-peptide ligands
(identified in screen 1, which reflect unmutated, expressed tumor sequences) are expected to
improve recognition of the native peptide sequence, therefore it would be expected that the
altered amino acid from the immunizing peptide would likely fall in an anchor position when
mapped. Exact peptides of the immunogenic peptides were synthesized for all epitopes 8-11
amino acids in length for all epitopes predicted to bind with less than 1000 nM affinity
(Table 1.4). Mice were immunized with 20mer peptides as before, and then ELISpot analysis
was performed using T2 cells pulsed with either the 20mer immunization peptide or the

appropriate minimal epitope(s). ELISpot results are shown in Figure 1.4. In some cases,
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Figure 1.3 Responses to the immunogenic peptides are not primed by the tumor or by
autologous GVAX

Mice were primed with 2 doses of GVAX given in 3 limbs, while Panc02 tumor-bearing mice
received no treatment. Peptide identifier (as defined in Table 1.1) is shown with the T2 APC

MHC restriction. Symbols represent each replicate with a line at the mean = SEM.
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Table 1.3 List of immunogenic altered peptide ligands and mutant neoepitopes

Peptlfie Mutant 20mer Peptide Sequence A.ltered peptide
Identifier Gene ligand (APL)?

3| Olfr1247 SLKTHSQEGRCKALSTCSSH

11|  Slc5a9 WRRVCNINAITLLAINIFLW

14| Olfr549 CADIRVNVWYVLSVLLSTVV

20 Myolg LQGDVAFGHSNLFIRSPRTL

23 Ace ALEKIAFLPFAYLVDQWRWG

35 Musk WAYGVVLWEIVSYGLQPYYG

41| Slcl7a6 GYIASRLAANPVFGAAILLT

43| Ankrdl1 YAEYVTYTGSVLLDGKPLSK APL
44| Gibll2 GSSAEESHLSCLNWSTLVPL APL
48| Gml0717 TFFSDFVIFQTFKWMFLIFL

511 Gml0715 RSYSVHFSFFKFFSDFVIFQ

53] Zfp955b EDVAVNFSLGHWALLDSYQK APL
60 Ttcl18 ASEMHFIFLRSGHIYLEEKE APL
66| Map2k5 MLWLALGPFCGMENQVLVIR

68| Olfr984 FRTFPMDKAVCVLYTMVTPM

74|  Ampdl QRFDKFNDKYSPVGASELRD

75 Zfps541 KMIQTKSVAQWVEYYYIWKK

77| Rasa3 TERIYSLFENLSMGKLEKMQE APL
84 Clen7 ALGLRHLVVVGNHNQVVGLV

94| Notch2 AELINCQADVSAVDDHGKSA APL
133| Kenjl2var2 | DGKLCLMWRVANLRKSHIVE

135| Ktnlvar3 VISEKEKEITGLCNELESLK

156/ Rnf26 FTFGGLQALGALLYSCYSGL

175 Bsg MAAALLLPLAFTLLSGQ

176 Ccdc67 KCSQFQKQAQTYQTQLNGKK

184 Cwc22 AQQRTYEKFFALLAGRFCML

197] Hmcenl | VHVSDTGRYVWVAVNVAGMT
201| Kansll ELRAELLGRQAVLEFSLENL
212] Ndufs6 MAAALTFRRLLTL
218| Pnpla7 LSGWWLLWKRCNPLATKVKV
219| Ppp2r3a SHRNSLDTNLISMLFQNLSE
220 Prkcb KEPHAVFYAAQIAIGLFFLQ
222| Rimbp3 KEMQGLQFQPVHPSETSETT
230 Tg KVGTAWKQVYLFLGVPYAAP
231 Tmem30c ANSIFNDTITISYNLNSSTQ
237 Ttn IKIVRLTTGSAYQFRVCAEN
238| Tubgl EGFVLCHSIAWGTGSGLGSY
239] Uspl9 VQQRPQVPSISISKCAACQR
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Table 1.4 Minimal epitopes of immunogenic peptides

Peptide Predicted
Identifier  [Protein:mutation Minimal epitope |affinity (nM)
20{Myolg:p.K696N VAFGHSNL 7
20|Myolg:p.K696N VAFGHSNLF 10
20{Myolg:p.K696N VAFGHSNLFI 177
23| Ace:p.G473A KIAFLPFAYL 387
23| Ace:p.G473A IAFLPFAYLV 390
441GIb112:pG36C LSCLNWSTL 632
44|GIb112:pG36C SCLNWSTLV 844
66|Map2k5:p.A11G CGMENQVLV 380
66[Map2k5:p.A11G LALGPFCGM 427
66|Map2k5:p.A11G CGMENQVLVI 897
77[Rasa3:p.T203S RIYSLFNL 20
77|Rasa3:p.T203S RIYSLFNLSM 391
77|Rasa3:p.T203S LSMGKLEKM 395
77|Rasa3:p.T203S SLFNLSMGKL 564
77|Rasa3:p.T203S FNLSMGKL 931
77|Rasa3:p.T203S IYSLFNLSM 969
84|Clen7:p.D771G VVVGNHNQV 256
175|Bsg:p.A8P LPLAFTLL 425
175|Bsg:p.A8P LLPLAFTLL 643
237|Ttn:p.E19018A SAYQFRVC 31
237|Ttn:p.E19018A SAYQFRVCA 437
237|Ttn:p.E19018A SAYQFRVCAE 973
239|Usp19:p.P829S ISISKCAAC 862
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Figure 1.4 Mapped epitopes of immunogenic peptides

Mice were immunized with pooled 20mer peptides and isolated CD8+ T cells were tested for
reactivity to the minimal epitope. Epitope sequence are listed in Table 1.4 and are ordered
according to their predicted affinity. Altered peptide ligands are marked as “(APL)” after the
peptide identifier and MHC-restricted allele. Symbols represent each replicate with a line at

the mean + SEM.
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multiple minimal epitopes were capable of inducing interferon-gamma responses at the same
level or better than the 20mer immunizing peptide, indicating that the responding T cells may
recognize multiple epitopes (particularly where the different epitopes only differ by the
addition of one amino acid at the C-terminal end of the epitope) and each epitope screened is
sampling the same pool of responsive peptides, while in other cases there are several minimal
epitopes that induce a response, but not at the same level as seen with the 20mer. This could
be because the number of T cells responding to stimulation with the 20mer peptide represents
the whole peptide responsive repertoire, and each minimal epitope represents a fraction of
that repertoire. There are some immunogenic peptides that have not yet been tested and in
some cases we did not see robust responses to the immunizing peptide, so these experiments
will be repeated. Furthermore, there are some examples where there was a strong response to
the immunizing peptide, but no response was seen to the minimal epitopes, indicating that the
epitope responsible for inducing the CD8+ T cell response is not predicted to bind to MHCI

and has yet to be identified.

Cross-reactivity to native peptide sequences

Non-synonymous mutations may induce tumor-reactive T cells by presentation of the
mutation to the T cell receptor, in which case it would be recognized as a foreign epitope; by
increasing the affinity for the MHCI molecule, in which case the mutation provides an
optimal anchor residue; or by improving epitope production, either by introducing an
improved sequence for proteasomal cleavage or TAP-mediated MHC loading. In the first
instance, tumor-reactive T cells would not be deleted through central tolerance mechanisms

because the epitope exists only within the tumor, similar to a foreign antigen. In the second
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and third instances, the native epitope may not bind MHC with strong enough affinity to
activate a naive T cell (but could trigger TCR signaling in a primed T cell) and therefore
wouldn’t necessarily trigger thymic deletion, or reactive T cells escaped thymic deletion. For
the identified neo-epitopes, cross-reactivity to native epitopes would not determine the anti-
tumor efficacy of the vaccine, but for the altered-peptide ligand epitopes, it would be
expected that cross-reactivity to native epitopes would be a requirement for anti-tumor
efficacy. To determine the cross-reactivity to the native peptide sequences, mice were
immunized with the neoantigen peptides and altered peptide ligands according to the
schedule in figure 1, and ELISpot assays were performed using T2 APCs pulsed with either
the corresponding 20mer native peptide or the mutant 20mer peptide and resulting interferon-
gamma responses from isolated CD8+ T cells were analyzed (Figure 1.5). While only a few
of the selected epitopes were tested for ability to induce a cross-reactive response, the three
altered peptide ligands tested were able to induce similar levels of interferon-gamma with
either the altered peptide or the native peptide. However, only one of the nine neoantigen
peptides tested was capable of inducing a cross-reactive response, despite robust responses to

the mutant peptide.
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Figure 1.5 Immunization with some mutant neoepitopes and altered peptide ligands can
induce cross-reactivity to the wild-type sequence

Mice were immunized with pooled 20mer peptides corresponding to the mutant neoepitopes
and altered peptide ligands, and isolated CD8+ T cells were analyzed for cross-reactivity to
the wild-type 20mer. Altered peptide ligands are marked as “(APL)” after the peptide
identifier and MHC-restricted allele. Symbols represent each replicate with a line at the mean

+ SEM.
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Supplementary Table 1.1

Peptide

Identifier Gene Name 20mer Peptide Sequence Mutation
1 Olfr1136 LIRMDPQLHIAMYFFLSHLS P58A
2 Olfr1217 FANSGAICIILFSLLLVSYG 1209L
3 Olfr1247 SLKTHSQEGRCKALSTCSSH R232C
4 Olfr1278 TEMVLLVAMALDRYVAICKP W120L
5 Gatm ISTIKVNIRNGNSLGGGFHC A398G
6 4833422F24Rik LFLLGLLGESVWYLHRYLTD A241V
7 Fat4 RRLPLPSPSLWQLLRVWGLL C22wW
8 Chrnb2 VSYDGSIFWLLPAIYKSACK P147L
9 Hsd3b3 SNTIIKALKNNFILRGGGKS K154N
10 Ptgrl EYVTEGFEKMAAAFMGMLKG P310A
11 Slc5a9 WRRVCNINAITLLAINIFLW 1672T
12 Niacrl NCDIYSSVDLPFFTTLSFTY A272P
13 Emid2 CRWPGPCANLMSYRTLIRPT VI3M
14 Olfr549 CADIRVNVWYVLSVLLSTVV G201V
15 0dz3 SLVTGDYLYNVSYSNDNDVT F1561V
16 Fam92b EARPLTDTNPPPSVPWPLAS A241P
17 Bcl2ald TCLQTSFQFWTRIHNE G123T
18 Olfr770 TTLFCVVLSYAYIIKTILKF V215A
19 Olfr806 LITEFYLLAALSYDRYVAIC M116L
20 Myolg LQGDVAFGHSNLFIRSPRTL K696N
21 Kenj12 MVEATAMTTQPRSSYLANEI A312P
22 Cacnbl LTSLRRNLSFCGGLEASPRG W503C
23 Ace ALEKIAFLPFAYLVDQWRWG G473A
24 Stab1l IHKANYIAANRVFHTVTALR G486R
25 Pfkm MNNWEVYKLLSHVRPPVSKG A389S
26 Olfr121 SLSVKRFAFATFSEVPGECF K22T
27 Gprlll PVLHHNGCVATTFFVHFFYL AA56T
28 Arhgap28 AVMLKAFFREMPTSLFPVEY L470M
29 Fhod3 EKEDKLSEDRVTGLWSTSLQ A809V
30 Slc6a?7 GSQSPKPLMVNMRKYGGITS H607N
31 Supv3l1 YTTGEEVEVQTYERLTPISV K344T
32 Dnahc9 PAVKQSISKFIAFVHISVNK M3013I
33 Daam? LRQHENAILDTHLDFFEMVR K326T
34 Vps39 KANSPLKGHEWTVQYLQHLG R538W
35 Musk WAYGVVLWEIVSYGLQPYYG F797V
36 Rimbp2 VHLCVARYSYTPFDGPNENP N200T
37 Mugl QASSVEVEMNIYVVLARLTA R11871
38 Abcc9 DATVTEGGENISVGQRQLFC F1446I
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Supplementary Table 1.1 (continued)

Peptide

Identifier Gene Name 20mer Peptide Sequence Mutation
39 Supt5h VVTVRHQAVTLKKDNRFAVA Q575L
40 Zfps40 VNQGIVFNNHKRLNAGEKAT Q159K
41 Slc17a6 GYIASRLAANPVFGAAILLT R153P
42 Smgl GENTYGRKSLVQELRINNVT G103V
43 Ankrd11 YAEYVTYTGSVLLDGKPLSK L2456V
44 Glb1l2 GSSAEESHLSCLNWSTLVPL G36C
45 Slc6a20a LLIVLVETIANCYVYGLKRF K430N
46 Muc6 IFTATCGDDVAATFSIQLRR P8OA
47 A330008L17Rik SPVRWISKPGFFFFFLLLQV C81F
48 Gm10717 TFFSDFVIFQTFKWMFLIFL K213T
49 Gucy2d SVLSVVFWSVRLWADSLSLL L53R
50 Gm10647 FCLFCFVFVFSQAPSDYHRV G88S
51 Gm10715 RSYSVHFSFFKFFSDFVIFQ T200K
52 Gm10719 DFVIFQVVKWMFLIFLDFQF K214M
53 Zfp955b EDVAVNFSLGHWALLDSYQK P23H
54 Gm14403 LDPSQKSLYKDVMLETHRNL G31D
55 Gm11168 VCISHFSRFSLISSFFKSSS V67L
56 Gm904 TIGFMCGVGLLFLLIPFLKE F38L
57 Hephll MHAVNGYMYGIQPGLSMCKK S6301
58 Col6a5 SDALHNEFQLCTFKNRNPML G85C
59 Irgl EHEARHSFQYMACASLLDGS V338M
60 Ttcl8 ASEMHFIFLRSGHIYLEEKE N982S
61 Btnl4 FSFHEASFSGSLFPYFRLKS T490S
62 Zfpa23 KKAEFIKGSHMCNVCSRTFF K939M
63 Gprl25 SGNLFTSLSQATFDYLGSLR G160A
64 Keng3 YDALERPRGWWLLYHALVFL R120W
65 Olfr151 TAFMYLKPSTISSLAQENVA L2641
66 Map2k5 MLWLALGPFCGMENQVLVIR AllG
67 Rosl EITQVFSNISRTMLNVPELQ G627R
68 Olfrog4 FRTFPMDKAVCVLYTMVTPM S§272C
69 Gtf2ird2 YEQMLQDEAAMVVRGLPEGL V140M
70 Olfr1356 PFIYSLRNKDTQKALGKLLR M297T
71 Cts3 SAVASLGPISFVIDAWHESF V244F
72 Vmnlr235 KTILLQLSTFILCYIISCLF M264|
73 Scn9a CKLSDFAAALTPPLLIAKPN Al1797T
74 Ampdl QRFDKFNDKYSPVGASELRD N378S
75 Zfp541 KMIQTKSVAQWVEYYYIWKK C1209W
76 Tpen2 ITLWNVMVVNTWQVILEAYK N637T
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Supplementary Table 1.1 (continued)

Peptide

Identifier Gene Name 20mer Peptide Sequence Mutation
77 Rasa3 TERIYSLFNLSMGKLEKMQE T203S
78 Lactb LGLALGAKLVFGLRGAVPIQ V58F
80 Fam75d3 YQGLTKAYAVTPGDHLSPSP A221T
81 Utp20 LTNVFAVLSAENLSEATASI K1243E
82 Cantl TGSRAQEENTLFSYLKKGYL W127L
83 Cblb YELYCEMGSTLQLCKICAEN F370L
84 Clen7 ALGLRHLVVVGNHNQVVGLV D771G
85 Cnppd1 NDEWGAAGGVTVATLNALER A155T
86 Fbfl FSSSLNTLSSLVEASHLTTS R798L
87 Gkap1 VLSSVLTTASPFALLQVDSG R15P
88 Irf7 YTETLLQHVSPGLQLELRGP T277P
89 Jakl YDPNQRPFFRDIMRDINKLE A839D
90 Ktnl VISEKEKEITYLCNELESLK D9geY
91 Mars SAICRYFFLLWGWEQDDLTN C73W
92 Mmp10 DPALSFDSVSMLRGEVLFFK T300M
93 Mocs3 LSRDEILRYSPQLLLPELGV R65P
94 Notch2 AELINCQADVSAVDDHGKSA A19695
95 Pik3r5 EEEEDLEMDRYCAERDSLLS H333Y
96 Ptpnll TIQMVRSQRSVMVQTEAQYR G507V
97 Rbm5 TALSPYASLAINNIRLIKDK V2591
98 Rhpn2 VHFLDPHCSALLAGAKEGDY S548L
99 Rrsl QAKKERVAKNVLNRLRNLAR Al194V
100 Slc16a13 FFIPYVHLVANLQDLGWDPL H240N
102 Slc35b3 NLTGVMLISLPLCADAVIGN A203P
104 Syncrip ISVANNRLFVASIPKSKTKE G248A
105 Tm7sf3 YNFFETTIKFTPANIGYARA Al60T
106 Ubginl ASMFENTPGMOQALLQQITENP G12A
107 Vprbp PVSLPRTPRIGNGIASRLGS A905G
108 Zbtb4a3 MAHRRWIHVKPERLEQAWDG A248P
109 4933409G03Rik GGDDEDGGDEYGDDGDGGDD D122Y
110 Acsm2 ASLTMHHLWKHPRLFTLWGN P32H
111 Actr8 ELWIYQREWQHFGVRMLRER R610H
112 Ankrd11lvar2 GHKSLCVNEVLSFYVPMVDV W2625L
113 Arhgap30 HPVVPLVAPQSQTYAFETQT R1076S
114 Arvcf KRRVRQLRGLSLLVALLDHP P405S
115 Baz2a SIFVSPTSPPRLGESVLQDN G373R
116 C2cd3 TSPWSSFMSDLSEVLSPQPT M2073L
117 Cedcl113 DIKITAAEFSKLRSRRKSKA Q76K
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Supplementary Table 1.1 (continued)

Peptide
Identifier Gene Name 20mer Peptide Sequence Mutation

118 Ccdc67var2 LKAQFSKLTSTFEKLRLHOM N106T
119 Cpa4d LLDNEDEEMQNNEGIERSGD H107N
120 Csn3 RSVLNFNQYERNYYHYRPSL P60R

121 Daglb TDLVPSDIAACFTLLHQQQD G238C
122 Dip2bvar2 SEGETVVNVLHFKKDAGLWH D324H
123 Dip2b ERIASVLGDKAHLNAGDNVV G805A
124 Emilin2var2 AEPSQLPGIPCSKESGMKDI $258C
125 Fam83c TLGHSKLDLIAKYHQLQGAR T710A
126 Frmdé RGKDYILKHIQNMHKDQFAL P201Q
127 Fxr2 PQRRNRSRRRCNRGNRTDGS R594C
128 Fzd9 AMEIPMCRGIVYNLTRMPNL G52V

129 Gm10564 RAGRDVEPRARATRRDWEPR S154R
131 Hdgfrp3 QSRKSPGDEDGKDCKEEENK D167G
132 Itpr3 EEPGGKNVRRFIQGVGHMMS S916F
133 Kcnjl2var2 DGKLCLMWRVANLRKSHIVE G216A
134 KIh17 ISKNFLSKTVLAEPLIQDNP Q248L
135 Ktnlvar3 VISEKEKEITGLCNELESLK D986G
136 Lonrfl YLEDVKIENGNEIRSLRELH D739N
137 Lrfnl APTLTMLCAKMGLLFVPPAI T54M

138 Lrrc66 GMWPQSPVELIDSQDEQVTD R351I

139 Lrrcclvar2 QNMDDAFRRQGDEIVEAHQA V958G
140 Lrrccl QNMDDAFRROMDEIVEAHQA VI58M
141 Mbtd1 ITAIKKONILYNPKEKADWF H12Y

142 Mtap2 YYKNGTVMAPGLPEMLDLAG D807G
143 Mybbpla MKYALKRLITALGVGREAAR G78A

145 Otopl SQHOQKMQCRFYGVLVGSVLG D307Y
146 Paiplvar2 RAPEQTKPQRDPPSSQDKIP Al17D

147 Pion LVLHLNSHCSSADFEVFHLM A675S5
148 Ppig KERDHETTKETEKPLDPKGK K499T
149 Prdmil6 VSNSSQGATAPTGSEEKFDG A573P
150 Prkcb DLTSRNDFMGFLSFGISELQ S258F
151 Prkcc VPSLCGVDHTDRRGRLQLEI E156D
152 Prrc2b MMPSYMDPRISPTRTPVDFY T703S
153 Psd PSSSLGSGNENDEAGGEEDV D350N
154 Psg28 MEVSSELFSNVCTSWQRVLL G11v

156 Rnf26 FTFGGLOALGALLYSCYSGL T85A

157 Rrslvar4d QFARLKGIRPEKKTNLVWDE D134E
158 Shank2 KYETDLGKDRKADDKKNMLI R702K
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Supplementary Table 1.1 (continued)

Peptide

Identifier Gene Name 20mer Peptide Sequence Mutation
159 Slc27a3 QGFLHFHDRTEDTFRWKGEN G529E
160 Tatdn2 EESHTKVSVENEASALDRSS K286N
161 Thrap3var3 GRGAFPRGRGWFMFRKSSTS RI06W
162 Thrap3var2 HDKFSGEEGEMEDDESGTEN 1930M
163 Ttnv2 GVGEPLESAPALMKNPFVLP E25599A
164 Usp28 YNDISVTESSLEELERDSYG W631L
165 Wdfy3var2 TELCHPPRHMAQKEQEEKLY T43A
166 Wnt3 SCEVKTCWWAEPDFRAIGDF Q224E
167 Zfp423var2 LAHIHQAHANHKHKCPMCPE Q329H
168 Zfp687 LKTHFRTHGMPFIRARQGGS A1225P
169 Braf APPSDSTGPQTLTSPSPSKS 13137
170 9530053A07Rik RVQAFRHGTDTVIETKFGLL M938T
171 Abccb AFRAQASFTAEHDALMDENQ Q1144
172 Acsm2 TFHMNIKKLIHIQWGHQEAP P32H
173 Ap2a2 AKTVFEALQAAACHENLVKV P489A
174 Arfgefl CAVSMDELLSATHPRMFSLQ T1155
175 Bsg MAAALLLPLAFTLLSGQ A8P
176 Ccdcb7 KCSQFQKQAQTYQTQLNGKK N186T
177 Cd63 VKFLLYVLLLPFCACAVGLI A20P
178 Chadl LEGNMLEELRAGTFGALGSL P150A
179 Claspl ALQSHLKNSDNIVSLPQSDR S545N
180 Cog8 SRVGADFRGQVAPVFQRVAI L373V
181 Coll7al YSNVTQDLMDVFQTYGTIPG F1366
182 Cpqg AEITGSMYPEQVVLVSGHLD E281Q
183 Cspgd EGISVELEVLATVIPLDVQN P1360
184 Cwc22 AQQRTYEKFFALLAGRFCML G507A
185 Dennd4a TALSGGRSDLVYNSLSKDNV G908V
186 Dmbt1 PTDQTTAEQTTVPDYTPIGT P448T
187 Dnah11l YNYTTPRSFLEQISLFKSLL K3048
188 Dnah5 SDVTWFDKAVGSLVEEEFGE V2845
189 Dnahé LYGEVNNVTLKWKDGLMALS E1806
190 Edem3 DIIFDIEDYIVTTEAHLLPL F450V
191 Eftud2 LLRLVCKKFFCEFTGFVYDMC G424C
192 Glrx IQSGKVVVFITPTCPYCRKT K20T
193 Gm13154 RLSFAQRTLYMDVMLENYNN 139M
194 Gm7120 LGIFCLVADRFLRFPIIQHN L59F
195 Gsg2 NLQHFHRTVLRFSSATDLLC S739R
196 Hebpl MGMTVPVSFAVFPNEDGSLQ L86V
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Supplementary Table 1.1 (continued)

Peptide
Identifier Gene Name 20mer Peptide Sequence Mutation

197 Hmcnl VHVSDTGRYVWVAVNVAGMT 2362
198 Hydin AVSPAVHFSFPSHNFGTCFI T4349
199 Igsfo AGVVGGVCFLAVAVLVSILA G747A
200 ll6st MSAPTIWLAQALLF R5T
201 Kansl1 ELRAELLGRQAVLEFSLENL P129A
202 Lrfnl MTSLVHLTLSLNTIGQVAAG R98L
203 Mcm8 IPHQLLRKYIAYARQYVHPR G636A
204 Megfll CKLPESSYVEIKSPVHLGSP M1017
205 Mroh1 QCFNTKVLGIMVETKDPALK K779M
206 Mtcll VEQLQKEKSPLRSGSFLCSR R1272
207 Mycbp2 IRLDKVVPLKGNVKYAVRLR E1822
208 Myh10 SGAGKTENTKNVIQYLAHVA K190N
209 Myo7b DVNADTILHYQQELPKYLRG H1910
210 Myo7b KVLKELVPQNVTRLMSSEEW L1962
211 N4bp2 PSTHPLHNSGFDLPGTDGDQ S222F
212 Ndufsé MAAALTFRRLLTL V4A
213 Nfat5 VQQHPSTPKRYTVLYISPPP H63Y
214 Nxf3 HKTLSACKEILFGSESIKTM F309L
215 Pcdhb13 SATDSDSGSNGHITYSLLLP A482G
216 Phkb IGCLGTSKIYPILGKTVVCY R559P
217 Plekha7 RLFPQLOTYVAYRPHPPQLR P841A
218 Pnpla7 LSGWWLLWKRCNPLATKVKV W1153
219 Ppp2r3a SHRNSLDTNLISMLFQNLSE T1971
220 Prkcb KEPHAVFYAAQIAIGLFFLQ E449Q
221 Rab11fip5 PVPRPHNSISYTLLSQKVLG S992Y
222 Rimbp3 KEMQGLQFQPVHPSETSETT G685V
223 Salla GKVANTNVTLHALRGTKVAV Q179H
224 Samd9l IERYFSEVODLNSFWHSGVV 51498
225 Scn9a EFCKLSDFAATLDPPLLIAK Al1795
226 Shroom2 KVVNLLLSLSRRLARVENAL G1372
227 Slcobd1 QSVPTSWNSMRLGLMSTVWR S593R
228 Sysl VLNALTCALGMLYFIRRGKQ L81M
229 Tg TVCDNSSIQVWCLTAERLGV G1355
230 Tg KVGTAWKQVYLFLGVPYAAP R2226
231 Tmem30c ANSIFNDTITISYNLNSSTQ L1691
232 Tmem44 VPLTSLSHCKALRTMTAISR P325A
233 Trpvd TKKCPGVNSLLVDGSFQLLY F544L
234 Tspanl5 IYSTVFWLIGSLVLSVGIYA G365
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Supplementary Table 1.1 (continued)

Peptide

Identifier Gene Name 20mer Peptide Sequence Mutation
235 Tspyl3 QADGAHLQLVLRFGRMRRLH R151L
236 Ttc3 PAFRTSLNFVQTERGFRKTK E390Q
237 Ttn IKIVRLTTGSAYQFRVCAEN E1901
238 Tubgl EGFVLCHSIAWGTGSGLGSY G143W
239 Usp19 VQQRPQVPSISISKCAACQR P8295
240 Usp51 DAVVTKATMEQLLNSEGYLL E642Q
241 Vstm4 NSSGETVTSVPSLAPLQPQK T231P
242 Wdrll PPLTTKNIKMSQPLLAVGTS Y4835
243 Zbtb16 DLTKMGMIQLHNPSHPTGLL Q12H
244 Zfp180 KGRGQVLNHSMVLGGQQELL V220M
245 Zfp930 ECGKGFAHYSNLRKHGSTHT T172N
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Discussion

Whole-exome sequencing analysis identified 878 non-synonymous single nucleotide
substitutions in the Panc02 tumor cell line, which is on par with levels observed in hyper-
mutated cancers. It is of interest that although there are several mutations that are predicted to
bind strongly to the mouse MHCI molecules, the epitopes that induce the strongest CD8+ T
cell responses do not necessarily have the best predictions. In fact, several of the epitopes
that induce the most robust T cell responses are classified as weak binders (predicted
affinities for MHCI between 50 and 500 nM). This suggests that MHCI binding is a poor
indicator of in vivo immunogenicity, and that instead there is a threshold for binding that
must be reached in order to trigger a T cell response. Specific affinity studies for the reactive
epitopes and MHCI molecules are needed to confirm this. The training sets for the predictive
algorithms typically reflect viral antigens, which have fully foreign sequences (as opposed to
a single point mutation in an otherwise self-peptide), and this may limit the efficacy of
predictions for self-peptides. Additionally, the requirements for processing and presentation
of self-peptides may be different than the requirements for foreign antigens, and this could
influence the accuracy of the predictions.

Of the total 233 epitopes screened for immunogenicity, no dominant epitopes were
identified (defined as an epitope that naturally induces spontaneous T cell immunity). This
lack of natural immunogenicity may be due to inadequate levels of antigen presentation,
possibly due to poor expression levels of the mutated genes or poor MHC-binding affinities,
as discussed above. However, some of the neo-epitopes evaluated were expressed at
significant levels based on RNAseq data, while others had high predicted MHC-binding
affinities, suggesting that expression level and MHC-binding affinities do not wholly account

26



for the lack of responses. As the epitopes screened were limited by the predicted affinities, it
is possible that any dominant neoantigens had predictive values that fell below the cutoff, or
do not induce secretion of interferon-gamma, a phenomenon described by (Duan et al.,
2014). A comprehensive screen for all mutations present in the Panc02 tumor cell line,
incorporating both multiple cytokine analysis, ex vivo peptide-dependent culturing, and MHC
tetramer analysis would be necessary to formally address this issue. Finally, it is also possible
that the T cell repertoire contains a low frequency of T cells capable of recognizing mutant
neo-epitopes, or that these T cells are of low-avidity and undergo apoptosis. Anti-CTLA-4
therapy has been shown to broaden the T cell repertoire in melanoma patients (Kvistborg et
al., 2014), while anti-OX40 therapy has been shown to improve survival of low-avidity,
tumor-reactive T cells (Black et al., 2014), therefore it is reasonable to hypothesize that
treatment with CTLA-4 blocking or agonist OX-40 antibodies would uncover T cells reactive
to dominant neoantigens. However, the identification of a vaccine-inducible repertoire allows
for tumor types which would classically be thought of as poor targets for immunotherapy,
either due to their low mutational burden or lack of naturally-occurring tumor rejection
antigens, to become candidates for immunotherapy. Although the risk of off-target T cell
reactivity exists, it is lower for unenhanced, naturally-occurring T cells, and screening for

peptide-induced T cell reactivity to normal tissues can mitigate the risk (Linette et al., 2013).
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CHAPTER TWO: OPTIMAL ACTIVATION OF T CELLS FOR
EFFECT TUMOR REGRESSION

Summary

The identification of epitopes from the Panc02 tumor line that are capable of inducing
CD8+ T cell responses reveals that despite a lack of natural immunity, it may still be possible
to engage the adaptive immune system to mount an effective antitumor response. Our group
has previously shown that T cells reactive to subdominant epitopes are contributors in a
vaccine-induced antitumor response to a tolerized breast cancer model (Uram et al., 2011),
but this study is the first to show that vaccine-induced T cells reactive to subdominant
epitopes can be protective in a pancreatic model of cancer.

The combination therapy employed in this study is designed to both optimally mature
APCs so they can effectively activate effector T cells against a multitude of tumor antigens,
as well as reprogram the effector T cells for maximal cytolytic activity in the presence of an
immunosuppressive environment. Furthermore, we show that this combination may also
improve survival by suppressing the activation of inducible Tregs, resulting in less
suppression of the vaccine-induced effector T cell population. While more work needs to be
done to determine which epitopes are driving the response and determining how the effector
T cell compartment is reprogrammed by the addition of agonist OX40 antibodies, the fact
remains that these significant antitumor effects on what is considered an aggressive model of
PDA indicates that tumor immunotherapy should not be limited to classically immunogenic

tumors.
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Introduction

Successful tumor immunotherapy requires a T cell repertoire that can be translated
into a durable in vivo response. Clinical responses to single-agent immune checkpoint
therapy are typically seen in tumors with high mutational loads, such as melanoma, lung
cancer, and some colorectal cancers (Brahmer et al., 2010; 2012; Topalian et al., 2012;
Lipson et al., 2013). Both the neoantigens and altered peptide ligands identified in chapter 1
have been shown to be a part of the inducible repertoire and not naturally primed, either by
the tumor or by a whole cell vaccine. Previous studies have shown that the inducible
repertoire is a suitable target for immunotherapy (Carreno et al., 2015). Therefore, it is
necessary to define a potent, T cell activating vaccine that is capable of stimulating tumor-
specific, cytolytic responses, which may require modulation by checkpoint antibodies. The
core requirements are suitable antigen targets, which were identified in chapter 1, and potent
maturation of antigen-presenting cells. Additional considerations include agents to allow for
maintained activation of T cells, regardless of their avidity, as well as modulators to prevent
exhaustion within the tumor microenvironment. Ideal adjuvants allow for high levels of
sustained presentation of antigens, as well as expression of costimulatory molecules and
cytokines to fully activate significant numbers of antigen-specific T cells. This can be
achieved by stimulating APCs through Toll-like receptors (TLR), innate immune receptors,
and compounds that activate the stimulator of interferon genes (STING) pathway. Although
other adjuvants were tested, two adjuvants were primarily used throughout the course of
these studies: polyinosine-polycytidylic acid (poly I:C), a TLR3 agonist, and R243, a human

STING-activating cyclic dinucleotide adjuvant.
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The immune checkpoint molecule programmed death receptor-1 (PD-1) and its
ligand, programmed death ligand-1 (PD-L1), serve as major immune tolerance mechanisms
that can attenuate antitumor cytotoxic T cell responses (Flies, Chen, 2007). PD-L1 can be
found on tumor cells as well as intratumoral APCs, and its expression in the tumor
microenvironment (TME) has been shown to correlate with poor prognosis in patients with
epithelial neoplasms, including PDA (Ohigashi et al., 2005; Thompson et al., 2006; Wu et al.,
2006; Nomi et al., 2007; Zou, Chen, 2008). Antibodies that block the interaction of PD-1
with PD-L1 have shown clinical activity in a variety of human malignancies, including
melanoma, NSCLC, renal cell, bladder, gastric and colorectal cancers (Brahmer et al., 2010;
2012; Topalian et al., 2012; Lipson et al., 2013; Le et al., 2015), and two anti-PD-1
antibodies are already FDA approved for the treatment of melanoma (Nivolumab and
Pembrolizumab) and NSCLC (Nivolumab). The clinical activity of antibodies that block the
PD-1/PD-L1 T cell signaling pathway is associated with higher pre-treatment levels of
tumor-infiltrating CD8+ effector T cells and higher PD-L1 expression in the TME,
suggesting that blockade of this signaling pathway works by boosting naturally occurring
cancer associated T cells that are suppressed by PD-1 signaling within the TME.
Furthermore, these findings suggest that patients whose tumors are not naturally infiltrated
with effector T cells and/or whose tumors lack PD-L1 expression are poor candidates for PD-
1/PD-L1 signaling blockade.

Emerging data suggest that the T cells that are most susceptible to activation by PD-1
blocking antibodies leading to tumor rejection and control are T cells that recognize mutant
neo-epitopes (Topalian et al., 2012; van Roojj et al., 2013; Snyder et al., 2014; Rizvi et al.,
2015; Van Allen et al., 2015; Hugo et al., 2016). For example, clinical responses to PD-1
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blockade have been observed primarily in tumor types associated with high mutation burdens
which have a higher likelihood of generating mutant neo-epitopes. In addition, patients with
NSCLC and melanoma who have high mutational loads in their tumors are most often the
patients who demonstrate clinical responses to PD-1/PD-L1 blockade. Altogether, these data
indicate that neo-epitopes capable of triggering spontaneous T cell responses are uncommon,
which may explain why the majority of patients with all cancer types do not respond to PD-
1/PD-L1 blockade as a single agent therapy. However, whether tumors that do not respond to
PD-1/PD-L1 blockade completely lack neo-epitopes capable of being recognized by the
immune system has so far not been addressed.

Several studies have shown that costimulation of the OX40 pathway results in
expansion, prolonged survival, and enhanced effector function of CD8+ T cells through the
NF-kB pathway, while the effects on regulatory T cells can result in expansion, deactivation,
or apoptosis and is decided by the local milieu (Colombo, Piconese, 2007; Vu et al., 2007;
Hirschhorn-Cymerman et al., 2009; Ruby et al., 2009). Treatment with agonist anti-OX40
antibodies can augment the endogenous T cell response as well as enhance T cell priming by
vaccines. In a murine model of breast cancer, the addition of OX40 to an autologous whole
cell vaccine was able to break tolerance to the neu tumor antigen, and resulted in improved
antitumor immunity (Murata et al., 2006). In addition to its role in T cell proliferation, 0X40
has also been shown to increase survival in low-avidity T cells. Low avidity T cells present a
challenge for tumor immunotherapy on two fronts: they are subject to deletion in the
presence of continuous, small amounts of antigen, a common occurrence in tumor
development, and they can induce apoptosis of high avidity tumor-reactive T cells (Black et

al., 2014). This is of particular importance in this vaccine model, which is comprised of
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multiple subdominant epitopes that induce T cells of unknown avidity. It has also been found
that anti-PD1 and anti-OX40 can act synergistically, as shown by the induction of mesothelin
responses in a mouse model of ovarian cancer (Guo et al., 2014).

PDA, the fourth leading cause of cancer deaths in the United States(Siegel et al.,
2016), is an example of a tumor type that does not respond to PD-1/PD-L1 blockade as a
single agent therapy (Brahmer et al., 2012). Likewise, PDA is not naturally infiltrated with
high numbers of effector T cells, and is not considered a hypermutated cancer type, typically
accumulating as few as 45 somatic mutations (Jones et al., 2008; Vogelstein et al., 2013).
Here we use the PD-1/PD-L1 blockade-resistant Panc02 murine cell line as a model of PDA,
to demonstrate that vaccination can induce novel T cell responses against subdominant neo-
epitopes that are not spontaneously primed by the tumor, resulting in increased CD8+ T cell
accumulation and upregulation of PD-1 and PD-L1 expression in the TME, which then
sensitizes the tumor to treatment with PD-1 blocking antibodies. These data suggest that the
neo-epitope landscape that can be targeted with vaccines is larger than would be predicted by
examining spontaneous neo-epitope-specific T cell responses in tumor-infiltrating
lymphocytes. Thus, immunization against mutant neo-epitopes provides a potential strategy
for converting immune checkpoint blockade-resistant tumors into immune responsive

tumors.
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Results
Comparison of adjuvant choice

A vaccine-inducible T cell repertoire that has an anti-tumor effect requires potent T
cell activation with maintained functionality within the immunosuppressive tumor
microenvironment. For an optimal anti-tumor effect, it is necessary to induce a strong CD8+
effector T cell response. We tested several adjuvants that have been shown to elicit robust,
vaccine-specific CD8+ responses with peptides in clinical trials, in order to facilitate
translation of our vaccine to a clinical setting. Polyinosine-polycytidylic acid (poly I:C) is a
double-stranded RNA synthetic analog that has shown potent activity as a TLR3 agonist.
Stimulation of TLR3 by poly I:C results in type I interferon production and IL-12 cytokine
production, thereby promoting the generation of Th1/CD8+ cellular immunity (Salem et al.,
2005; Celis, 2007; Currie et al., 2008; Pulko et al., 2009). R243 and R287 are human STING-
activating cyclic dinucleotide (CDN) agonists developed by Aduro biotechnologies. STING
agonists have shown potent antitumor activity by inducing type I interferon production and
maturation of BATF3-lineage dendritic cells, resulting in recruitment and activation of
effector T cells. AddaVax is a squalene-based oil-in-water emulsion that has been shown to
elicit both Th1 and Th2 immune responses and was used in combination with poly I:C and
the STING reagents (Ott et al., 1995; 2000; Calabro et al., 2013). Montanide ISA51 and
Montanide ISA720 are both developed by Seppic and have been used in clinical trials. ISA51
generally induces more of a Th1/CD8+ T cell response, while ISA720 generally induces a
Th2/CD4+ T cell response (Aucouturier et al., 2001; 2002; Ascarateil et al., 2015). Animals
were immunized according the schedule in Figure 1.1B and as described in methods, and

then CD8+ T cell responses were measured by ELISpot as described in methods, results are
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shown in Figure 2.1. Flow cytometry analysis of vaccine-induced CD8+ T cells was used in
an effort to measure the polyfunctionality of the vaccine-reactive T cells induced by R243 in
combination with AddaVax. CD8+ T cells were stimulated with T2 APCs overnight in the
presence of protein transport inhibitors and the 2 peptides inducing the strongest response,
with Ova included as a negative control. More than 10% of the isolated CD8+ T cells
expressed interferon-gamma and PD-1 (a marker of activation) when stimulated with the
Panc02 peptides #44 (corresponding to protein Glb112:pG36C) or #237 (corresponding to
protein Ttn:p.E19018A), with the majority of these also expressing TNFa and Granzyme B
(Figure 2.2). Based on these results, we opted to use poly I:C in combination with AddaVax
and R243 in combination with AddaVax to test whether immunization with a Panc02-specific
peptide vaccine would result in clearance of tumor lesions. The structure of R243 is shown in

Figure 2.3.

Antitumor efficacy of both adjuvants

After determining that immunization with R243 in combination with AddaVax and
poly I:C in combination with AddaVax induced the most robust CD8+ T cell responses in
tumor-naive animals, as measured by interferon-gamma, we next sought to determine
whether this translated into an effective antitumor response. Mice were challenged with
Panc02 cells and 3 days later, after tumors had established, were treated with the Panc02-
specific peptides listed in Table 2.1. A boosting vaccine dose was given on day 10 post-
tumor challenge and tumor growth was monitored every 3-4 days until tumors reached 10x10
mm?, at which point mice were euthanized. Time to measurable tumor development (shown

as a Kaplan-Meier curve) and tumor measurements are shown in Figure 2.4. All vaccine
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Figure 2.1 Induction of interferon-gamma in CD8+ T cells stimulated with Panc02
peptides

(A) Mice were immunized with pooled 20mer peptides corresponding to the mutant
neoepitopes and altered peptide ligands, and isolated CD8+ T cells were analyzed for
interferon-gamma production as described in methods. Wells that were saturated were
marked as “too numerous to count (TNTC)” and a default value of 1000 spots was used for
analysis. Altered peptide ligands are marked as “(APL)” after the peptide identifier and
MHC-restricted allele. Symbols represent each replicate with a line at the mean + SEM.

(B) The total number of interferon-gamma spots induced by all peptides in (A) was summed

and graphed to get a measure of the total induced repertoire.
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Figure 2.2 Panc(02 peptides immunized with R243 and Addavax induces polyfunctional

CDS8+ T cells

Overnight stimulation with Panc02 peptides presented by T2 APCs induces a robust,

polyfunctional CD8+ T cell response by flow cytometric analysis. Live, CD3+ CD8+ T cells

were gated and then graphed for IFNy and PD-1 expression. Granzyme B by TNFa graph

shows cells gated on both IFNy and PD-1as denoted by arrows.
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Figure 2.3 Structure of the R243 STING agonist

Courtesy of Aduro Biotech
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Table 2.1 Immunogenic Panc02 peptides used to test for antitumor efficacy

Peptide Predicted
Identifier Protein Mutation Affinity (nM)
20 Myolg K696N 24
23 Ace G473A 23
44 Glb1l12 G36C 327
66 Map2k5 Al11G 343
77 Rasa3 T203S 155
84 Clen?7 D771G 256
94 Notch2 A1969S 49875
175 Bsg A8P 425
176 Ccdc67 N186T 857
237 Ttn E19018A 31
239 Usp19 p829S 862
Meso3 |Mesothelin 345-364 none 5540
Meso6 |Mesothelin 606-625 none 508

Full peptide sequences can be found in supplemental table 1.1.
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(A) Treatment scheme. Mice were tumor challenged subcutaneously in the rear limb as
described in methods on Day 0. On Days 3 and 10, mice were immunized with the described
vaccine mixtures subcutaneously, once on either side of the base of the tail. Tumor growth
was measured with calipers and monitored until tumors reached 10x10 mm.

(B) Kaplan-Meier Curve showing time to tumor development of tumor-challenged,
immunized mice, 10 mice per group. *P < 0.03 by log-rank (Mantel-Cox) test

(C) Spider plot of individual mouse tumor measurements, plotted as average tumor diameter

(mm), with the mean tumor diameter = SEM shown in the 6™ panel.

40



compositions included AddaVax. While there was a survival benefit when mice were
immunized with the Panc02-specific peptide vaccine in combination with the R243 adjuvant,
tumors eventually developed in many of the treated animals. To prove that T cells are

mediating the anti-tumor effect, T cell depletion experiments are on-going.

Checkpoint potentiation of Panc02 vaccine

As the Panc02 peptides demonstrated a survival benefit but not complete tumor
rejection when given as a vaccine composed of AddaVax and R243, we hypothesized that T
cell exhaustion had occurred and was responsible for the eventual tumor recurrence. When
tumor bearing mice are treated with Panc02-specific peptides using R243 as an adjuvant,
CD8+ T cells that have infiltrated the tumor microenvironment express the exhaustion
markers PD-1, Lag3, and Tim3 on their surface (Figure 2.5). Furthermore, PD-L1 expression
on Panc02 tumor cells has been seen both with in vitro stimulation using interferon-gamma
as detected by flow cytometry (Figure 2.6), and in vivo with the metastatic hemispleen
model when mice are treated with a GM-CSF secreting autologous vaccine, but not in
untreated, tumor-bearing animals (Soares et al., 2015). While one group reported that in a
murine model of PDA, PD-L1 upregulation was primarily seen on infiltrating
immunosuppressive cells and not tumor cells in response to T cell derived interferon-gamma
(Winograd et al., 2015), these differences may be the result of differences in tumor
implantation (subcutaneous versus metastatic models) and would exert similar
immunosuppressive effects on the T cells. Therefore, we attempted to improve tumor

clearance rates by modulation of two checkpoint molecules. Anti-PD-1 antibody therapy has
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Figure 2.5 Expression of exhaustion markers on tumor-infiltrating T cells

Flow cytometry analysis of cell surface exhaustion markers of tumor infiltrating lymphocytes
from mice treated with Panc02 peptides and R243. One sample shown that is representative
of typical staining results. Backgate analysis is shown in the right side graphs. Cells were

gated on Live, CD8+, PD-1+ and Lag3+.
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Figure 2.6 In vitro stimulation of Panc02 tumor cells by IFNy results in surface PD-L1
expression

Panc02 cells were cultured in the presence or absence of 10 ng/mL mouse IFNy for 72 hours
as marked. Cells were then stained with anti-mouse PD-L1 or control isotype antibody and

analyzed by flow cytometry.
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previously been shown to augment vaccine efficacy in several tumor models, including the
metastatic Panc02 hemispleen model. We included an agonist anti-OX40 antibody at days 1,
3, and 7 post-vaccine to determine whether we could detect CD8+ T cell responses to some
of the Panc02 peptides that induce low or no interferon-gamma when used in immunization.
We hypothesized that the inclusion of the agonist anti-OX40 antibody would increase the
formation of the vaccine-specific memory T cell compartment, culminating in a durable anti-
tumor response. As it has been shown that low-dose cyclophosphamide (Cy) in combination
with the anti-CD25 depleting antibody PC61 depletes regulatory T cells (Treg) (Emens,
2005),we included this as a treatment condition to determine if Treg cells were exerting an
inhibitory effect on effector T cells that were infiltrating the tumor microenvironment.
Finally, we slightly modified the peptide vaccine to include 2 of the putative CD4+ T cell
epitopes and exchanged one of the peptides that induced a weak interferon-gamma response
for one that induced a more robust interferon-gamma response. The full list of peptides
included in the Panc02-peptide R243 vaccine (STINGVac) is in Table 2.2.

Mice were tumor challenged with Panc02 cells in the hind limb as before, but tumors
were allowed to develop until they were palpable before treatment was begun. Once tumors
were palpable (between 1 and 3 mm?), mice were dosed according to the timeline in Figure
2.7A and tumor growth was monitored every 3-4 days. As shown in Figure 2.7B-D, Panc(02-
specific peptide STING vaccination modulated with both anti-OX40 and anti-PD-1
demonstrated near-complete tumor eradication, whereas single checkpoint blockade gave a
modest survival benefit compared to vaccine alone. Interestingly, the addition of the Treg

depleting conditions resulted in a delayed anti-tumor effect, however the
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Table 2.2 Panc02 peptides used in R243 vaccine (STINGVac) checkpoint-blockade

Predicted Neoepitope or
Peptide Affinity Experimental WT Cross- | Altered Peptide

Identifier | Protein | Mutation (nM) Allele Restriction | reactivity | Ligand (APL)
20 Myolg K696N 24 Kb, Db ND Neo
23 Ace G473A 23 Db ND Neo
44 Glbl112 G36C 327 Kb, Db Yes APL
66 Map2k5 AllG 343 Db Yes Neo
77 Rasa3 T203S 155 Kb Yes APL
84 Clen7 D771G 256 Kb ND Neo
94 Notch2 A1969S 49875 [Kb ND APL
175 Bsg AS8P 425 Kb, Db No Neo
237 Ttn E19018A 31 Kb, Db No Neo
219 Ppp2r3a T1971 2 Kb, Db ND Neo
218 Pnpla7 WI1153C 435 (H-2-Kb), 2293 (H-2-IAb) |No Neo
230 Tg R2226L |12 (H-2-Kb), 1022.9 (H-2-IAb) |No Neo

Bold are peptides with predicted strong affinity
Red are peptides with strong T cell reactivity
ND: not done

Full peptide sequences can be found in supplementary table 1.1.
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Figure 2.8 STING vaccine in combination with dual checkpoint therapy results in near-
complete tumor protection

(A) Treatment schedule. Mice were challenged as in Figure 2.4A, and once palpable tumors
had developed (around day 7) therapy was initiated as marked. The Treg depletion treatment
condition is not shown (low dose cyclophosphamide and PC61, Cy/PC61) was given as a
single dose once tumors were palpable and one day prior to vaccine.

(B-D) Tumor clearance rates as a function of time for STINGVac = checkpoint blockade or
isotype control antibodies without Treg depletion (B), STINGVac = checkpoint blockade or
isotype control antibodies with Treg depletion (C), STINGVac + anti-OX40 and anti-PD1 +
Treg depletion condition (D). Isotype only group was treated with isotype control antibodies

for checkpoint blockade antibodies without STINGVac as a treatment control group.
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combination of Treg depletion, vaccine, and anti-OX40 either with or without anti-PD-1
resulted in near-complete tumor rejection despite the delayed effect (Figure 2.8D). Tumor
measurements for STINGVac + checkpoint blockade without Treg depletion conditions are
show in Figure 2.9.

When tumor-infiltrating lymphocytes were analyzed by flow-cytometry from the
vaccine and anti-OX40 treated group compared to the vaccine and anti-PD-1 treated group
on day 43 post-tumor challenge, there were stark differences in the amount of cytokine and
PD-1 expression on the surface of the CD3+CD8+ T cell populations. While there weren’t
consistent differences in the number of T cells infiltrating into the tumor microenvironment
(Figure 2.10A), the CD8+ T cells isolated from the mice treated with Panc02 peptide STING
vaccine in combination with anti-OX40 had robust interferon-gamma expression with little
PD-1 expression, while mice treated with the same vaccine in combination with anti-PD-1
showed diminished interferon-gamma expression and increased surface PD-1 expression
(Figure 2.10B). Moreover, in the STING-vaccine anti-OX40 treated mice, there was a
decrease in the percentage of CD3+CD4+FoxP3+ T cells, classical Treg markers, and an
increase in the percentage of interferon-gamma expressing CD3+CD4+ T cells, indicating
that the inducible Treg compartment is being skewed towards an effector phenotype (Figure
2.10C). Furthermore, when tumor-infiltrating T cells from these animals are analyzed for
exhaustion markers, the STING-vaccine anti-PD-1 treatment group shows an increase in the
frequency of CD8+PD-1+Lag3+ cells, while the corresponding anti-OX40 treatment group
exhibits almost no expression of these exhaustion markers on the surface of their tumor-

infiltrating CD8+ T cells (Figure 2.11).
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Figure 2.9 Average tumor diameter (mm) in STINGVac-treated mice with or without
checkpoint blockade antibodies

Tumors were measured by calipers every 3-4 days starting on day 11.
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Figure 2.10 Anti-OX40 augments STINGVac-primed T cells to maintain effector

function in the tumor microenvironment
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(A) The number of tumor-infiltrating CD4+ and CD8+ T cells plotted on the left Y-axis, with
the total tumor weight plotted on the X-axis. Each plotted group represent 1 mouse.

(B) Percentage of CD8+ T cells expressing IFNy, IFNy with PD-1, or PD-1 alone. Each bar
represents cells isolated from a single tumor.

(C) Percentage of CD4+ T cells expressing FoxP3, IFNy, IFNy with PD-1, or PD-1 alone.

Each bar represents cells isolated from a single tumor.
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Figure 2.11 Anti-OX40 prevents the expression of exhaustion markers on tumor-
infiltrating CD8+ T cells

Immediately after tumor-infiltrating cells were harvested, they were stained for surface
expression of exhaustion markers. Sample number are from the same samples in Figure 2.10.

Cells were gated by size for lymphocytes, then gated for live CD8+ cells.
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To demonstrate the durability of the vaccine-induced anti-tumor response, 5 mice per
group from STING-vaccine with anti-PD-1, anti-OX40, or anti-PD-1 and anti-OX40
treatment groups that had cleared initial tumor challenge were rechallenged with Panc02
tumors on the contralateral hind limb on day 56 after the initial tumor challenge, 41 days
after the last vaccine and anti-OX40 dose and 19 days after the last anti-PD-1 dose. No
further therapy was administered and tumor growth was monitored every 3-4 days.
Consistent with the initial tumor-rejection results, animals from the STING-vaccine and
combination checkpoint blockade demonstrated near-complete eradication, with 4 of the 5
mice rejecting their tumors. STING-vaccine with anti-OX40 resulted in 3 of 5 mice rejecting
tumors, while all mice from the STING-vaccine with anti-PD-1 succumbed to the
rechallenge (Figure 2.12). All mice from the STING-vaccine and combination checkpoint
blockade were sacrificed and splenocytes harvested to test for Panc02-peptide specificities
(Figure 2.13). In addition, tumor was harvested and tumor-infiltrating lymphocytes were
harvested and tested for general cytokine and CD4+FoxP3 expression from the one mouse

that failed to reject the tumor rechallenge (Figure 2.14).
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Figure 2.12 Anti-OX40 and anti-PD-1 synergize with STINGVac to provide a durable
anti-tumor response

(A) Tumor-free survival of mice rechallenged with Panc02 without additional treatment (n=5
per group).

(B-D) Tumor diameter as a function of time from the groups in (A).
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Figure 2.13 Specificities of Panc02-reactive T cells from STINGVac, anti-OX40, anti-
PD-1 treated mice

Splenocytes were harvested from each mouse, plated at 2x10° cells in 1 mL CTL media with
each peptide (2 ug/mL) or anti-CD3/28 magnetic beads in the presence of protein transport
inhibitors overnight. The following day, cells were washed and stained for intracellular
cytokine staining to determine peptide specificities. Each number represents a single mouse,

mouse 1 did not eradicate the rechallenge tumor.
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Figure 2.14 Tumor-infiltrating lymphocytes do not express cytokine with anti-CD3/28
stimulation

Tumor-infiltrating lymphocytes were harvested as described in methods and stimulated
overnight with anti-CD3/28 magnetic beads in the presence of transport inhibitors. The
following day, cells were washed and stained for intracellular cytokine staining to determine
peptide specificities. Left side, gated Live CD3+ CD8+ T cells. Right side, gated Live CD3+

CD4+ T cells, contour levels set at 5%.
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Discussion
Tumors that contain antigens capable of spontaneously inducing tumor-specific T

cells are typically considered ideal candidates for immunotherapy and, in some instances,
respond to single-agent immunotherapy, such as treatment with anti-PD-1 antibodies. The
lack of efficacy in PDA and other non-responding tumors may be due to a lack of naturally-
occurring anti-tumor T cells. A study in three melanoma patients showed that novel T cell
responses against mutant neo-epitopes can be induced by immunization, demonstrating that a
measurable, pre-existing T cell response is not a requirement for induction of immunity
against mutant neo-epitopes (Carreno et al., 2015). We show that tumors for which no
dominant mutation is known may still be candidates for combination immunotherapy with
the right combination of T cell-activating compounds, without the need for a cell-based
vaccine. A vaccine targeting these subdominant epitopes can lead to a durable, protective
anti-tumor response that is dependent on a robust, tumor-specific T cell compartment. This
effect is not limited to neo-antigens; T cells reactive to shared antigens are important
contributors to the anti-tumor effect. Several studies show that direct stimulation of the
STING pathway by synthetic CDNs robustly induces tumor-specific effector T cells. Both
intratumoral injections of synthetic cyclic dinucleotides targeting the STING pathway and
vaccination with whole cell vaccines in combination with synthetic CDNs have shown
efficacy in inducing a tumor-specific T cell response, where the tumor itself becomes the
source of antigen (Fu et al., 2015; Baird et al., 2016; Moore et al., 2016); however, there is
limited data on the efficacy of a tumor-specific peptide vaccine targeting the STING

pathway:.
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It is interesting that despite being well infiltrated with polyfunctional, non-exhausted
effector T cells, tumor escape was seen in animals treated with STING-vaccine and anti-
0X40. The high functionality of the infiltrating T cells and decreased frequency of FoxP3+
CD4+ T cells suggests that immune suppression mechanisms are not responsible for tumor
escape; rather, reduced immunogenicity of the tumor is likely occurring. It is possible that
loss of MHCI expression by the tumor resulted in an environment where although effector T
cells were present, they could not bind to and induce lysis of tumors. Another possibility is
that immune-editing of the tumor resulted in outgrowth of tumor cells without expression of
the T cell receptor-reactive antigens, however vaccination with peptides corresponding to 12
different, expressed Panc02 antigens makes it unlikely that this was the cause of tumor
escape. While we analyzed T cells for expression of exhaustion markers, we did not analyze
the tumor itself for the presence of markers of adaptive resistance. The lack of PD-1 on the
surface of the infiltrating T cells indicates that PD-L1 expression was not the cause of tumor
escape. It has been reported that down-regulation of interferon-alpha receptors on the surface
of the tumor can lead to immune evasion in a PD-L1-independent fashion (Benci et al.,
2016), and it is possible that this mechanism is occurring in our model.

The decreased frequency of FoxP3+ CD4+ T cells and the presence of a tumor-
specific interferon-gamma secreting CD4+ T cell population in STING-vaccine, anti-OX40
treated mice suggests that STING is synergizing with agonist OX40 therapy to skew the
CD4+ T cell compartment to a Th1 phenotype. More studies are required to verify this, but if
true it would indicate that immunization with peptides specific for both CD4+ and CD8+
antigens should improve tumor clearance rates. Different tumor models have shown varying
requirement for either CD4+ or CD8+ T cells in tumor eradication (Castle et al., 2012; Duan
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et al., 2014; Gubin et al., 2014; Snyder et al., 2014; Tran et al., 2014; Carreno et al., 2015;
Kreiter et al., 2015). By immunizing with 20mer peptides, both CD4+ and CD8+ T cells can
be targeted. T cell depletion studies are on-going to determine what role the CD4+ and CD8+
T cell compartments play in STING-vaccine primed anti-tumor response.

Taken together, these data suggest that tumors that do not naturally induce
spontaneous T cell immunity do not necessarily lack immunogenic epitopes; rather, that
targeted immunization provides a potential approach for converting immunotherapy-resistant
tumors into sensitive tumors; and that the full repertoire of vaccine targetable epitopes may
be underestimated by evaluating endogenous T cell responses that occur spontaneously in
tumor-infiltrating lymphocytes. In addition, limiting vaccine epitopes only to those that are
predicted to bind to MHC molecules with high affinity may miss epitopes that are capable of
inducing protective anti-tumor effector T cells. While therapeutic vaccination with single,
strongly immunogenic mutant neoepitopes has been shown to be effective in tumor
clearance, either alone or in combination with immune checkpoint blockade antibodies
(Castle et al., 2012; Gubin et al., 2014) , this study is the first to demonstrate that
immunization with pools of subdominant epitopes to which there is no pre-existing response
can be effective in a model of pancreatic cancer. Based on these data, patients whose tumors
have lower numbers of mutations should still be considered as candidates for mutant neo-
epitope-targeted immunotherapy. Furthermore, these data suggest that neo-epitope-targeted
immunization will require the addition of appropriate immune checkpoint inhibitors to
induce clinically potent antitumor responses. We hypothesize that the addition of mutant
neoepitope vaccination converts a classically non-immunogenic tumor (such as PDA) into a
more immunogenic tumor that is highly infiltrated with effector lymphocytes as is commonly
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seen in microsatellite-instability-high (MSI-high) colorectal cancers; and that 0X40 and PD-
1 checkpoint blockade modulates this response to improve the anti-tumor response rate. Just
as frameshift mutations in MSI-high cancers give rise to neoepitopes that result in T cell
infiltration of the tumor, mutome-specific vaccination activates neoepitope-specific T cells
that then infiltrate the pancreatic tumor. Although these epitopes are subdominant and do not
naturally induce a spontaneous tumor-reactive CD8+ T cell response, a response against them
can be triggered by a vaccine. The addition of anti-OX40 and anti-PD1 blocking antibodies
further boosts this response, presumably by lowering the threshold for T cell activation (anti-
0X40) and preventing an exhausted phenotype of these induced tumor-specific T cells (anti-
PD-1). In a classically non-immunogenic lesion (such as PDA) where the
immunosuppressive environment generally excludes tumor-reactive CD8+ T cells, this
approach could show efficacy, particularly when combined with depletion of stromal and

suppressive elements.
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EXPERIMENTAL PROCEDURES

Cell lines and mice

The highly tumorigenic murine PancO2 cell line(Corbett et al., 1984) was maintained in
DMEM (Life Technologies) supplemented with 10% fetal bovine serum (Gemini Bio
Products), 1% L-glutamine, and 0.5% Penicillin/Streptomycin (Life Technologies) in a
humidified atmosphere at 37°C under 10% CO2. Male C57BL/6, syngeneic to Panc02, age 6
weeks were purchased from Jackson Laboratories and allowed to acclimate for one week
prior to experiments. All mice were housed in pathogen-free conditions and treated in
accordance with Institutional Animal Care and Use Committee and American Association of
Laboratory Animal Committee approved policies.

Peptides and treatment antibodies

All peptides were synthesized by Peptide 2.0 at 70% purity for initial screening experiments.
After initial screening, confirmed immunogenic peptides were then synthesized at 95% purity
for all further experiments. Lyophilized peptides were stored at 4°C with CaSO, dessicant
(Drierite) until needed for experiments, then dissolved in DMSO at 50 mg/mL, aliquoted, and
stored at -80°C. Once thawed, peptide solutions were kept for no more than 1 month at 4°C.
Therapeutic and depletion antibodies were purchased from BioXCell. For checkpoint
blockade studies, aPD-1 (100 ug per injection, clone RMP1-14), its isotype control (rat
IgG2a, clone 2A3), aOX40 (150 ug per injection, clone OX86), or its isotype control (rat
IgG1, clone HRPM) were used. All antibodies were injected intraperitoneally (i.p.) in 200 uL
PBS.

Sequencing of tumors

Library preparation and sequencing were performed as described in (Kim et al., 2014) by the
Vogelstein group. Secondary analysis was performed on the provided raw sequencing files
using the pipeline provided in the git repository

https://github.com/rosgood/Panc02_Variant_ID. Briefly, tumor and normal sequences were
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aligned by bowtie2, variants called by freebayes with variants with probability less than 0.01
likelihood of not being polymorphic passed to downstream analysis. Variants were then
annotated and converted to protein sequences by annovar, peptide 20mer sequences extracted
by R, and then a locally maintained NetMHC 3 .4 software package was used to predict
immunogenicity. All mutations were manually validated using IGV.

Identification of immunogenic mutations

The NetMHC algorithms version 3.2, 3.4, and pan2.8(Lundegaard et al., 2008; Hoof et al.,
2009) were used for immunogenicity predictions. Predicted epitopes of lengths 8-11 amino
acids containing the identified non-synonymous variants were analyzed for affinity to the H-
2Db and H-2Kb MHC I molecules. Corresponding 20mer peptides with mutations centered
at position 11 were synthesized by Peptide 2.0 for epitopes with predictions of less than 1000
nM by any of the 3 prediction algorithms. Groups consisted of 3 mice, each mouse receiving
10 ug of the known H-2Kb-binding ovalbumin152-171 peptide
GLEQLESIINFEKLTEWTSS, a pool of 5-6 peptides at 10 ug per peptide and combined
with 10 ug of poly I:C as adjuvant (InVivoGen) in PBS. Mice were immunized with 100 uL.
in the lower hind limb. 7 days later mice were boosted with identical vaccine formulation.
CD8+ T cell responses were measured 7 days after the boost dose by IFNy ELISPOT as
described previously (Thomas et al., 2004). 20mer peptides from LCMV GP133-52
(IITSIKAVYNFATMGILALI ) and Trp2175-194 (QIANCSVYDFFVWLHYYSVR) which
are known to bind H-2Db and H-2Kb, respectively, were used as controls for background
IFNY secretion.

T cell isolation and ELISpot

CD8+ T cells were isolated from freshly harvested splenocytes by first creating a single-cell
suspension by forcing through a 40 um filter in CTL (RPMI with 10% FBS,0.5% L-
glutamine, 1% Penicillin/Streptomycin, and 0.05 mM 2-mercaptoethanol). Erythrocytes were

removed by ACK lysis and resulting lymphocytes were washed, counted and isolated using
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the Dynal CDS8 negative-isolation kit (Dynal, Invitrogen, Carlsbad, CA, USA) according to
manufacturer's instructions. Multiscreen 96-well filtration plates (Millipore) were coated
overnight at 4°C with 100 uL/well of 100 ug/mL anti-mouse IFNy mAb AN18 (Mabtech).
Wells were washed three times each with PBS and blocked for 2 hours with CTL media at
37°C. 1x10° T2 APCs were pulsed with 2 ug peptide in 100 uL. CTL media for 2 hours at
37°C, 5% CO,. After T cell isolation, 1x10° CD8+ T cells were added to the capture plate in
100 uL CTL, the T2 APCs with peptide were added, and the plate was incubated for 18 hours
at 37°C at 5% CO.. Cells were removed from the plate by washing 6 times, 2 minutes per
wash with PBS + 0.05% Tween20 (Sigma-Aldrich). Wells were incubated for 2 hours at
room temperature with 10 ug/mL biotinylated anti-mouse IFNy mAb R4-6A2 (Mabtech) in
0.05% FBS diluted in PBS. Wells were washed as before, incubated with avidin peroxidase
complex (Vectastain ELITE ABS kit; Vector Laboratories) for 1 hour at room temperature,
and washed again. AEC substrate was added and well were developed for 10-15 mins at
room temperature. The reaction was stopped with tap water and plates were allowed to dry
for 24 hours before they were counted using an automated image ELISpot reader
(ImmunoSpot).

TIL isolation

Tumors were excised immediately after mice were euthanized and placed into CTL media.
Tumors were diced into small pieces and incubated with digestion media (DMEM, 25 mg/L.
Hyaluronidase, 1 g/ Collagenase 1V; Life Technologies), incubated at 37°C for 30 minutes
with shaking, and then centrifuged for 10 minutes at 1700 rpm. Tumor samples were washed
once with RPMI (Life Technologies), filtered through a 70 um filter (Falcon), and plated for
1 hour at 37°C, 5% CO, to remove adherent tumor cells.

Intracellular cytokine staining and flow cytometry

Isolated cells were stimulated overnight (16 hours) with peptide or anti-CD3/28 magnetic

beads (Gibco) in the presence of protein transport inhibitor cocktail (eBioscience). The
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following day, cells were washed with PBS, stained with Live/Dead Fixable aqua (Life
Technologies) for 20 minutes on ice in the dark, washed 3 times with PBS, then stained for
surface markers diluted in FACS buffer (PBS with 1% FBS and 0.1% NaNs) for 30 minutes
on ice in the dark. Cells were washed 3 times with FACS buffer, fixed and permeabilized
using a FoxP3 Fix/Perm kit (eBioscience) for 20 minutes at room temperature in the dark.
Cells were then washed once with Perm/Wash buffer and stained for intracellular markers.
After washing 3 times, cells were resuspended in FACS buffer and either run on a Gallios
flow cytometer (Beckman Coulter) immediately or after overnight storage at 4°C in the dark.
Analysis was performed using FlowJo (Treestar).

Antitumor models

For antitumor experiments, mice received a subcutaneous injection of 1 x 10° Panc02 cells in
0.1 mL sterile PBS in the inner flank of the right hind limb on day 0. Tumor measurements
were taken twice weekly beginning on day 10 and tumor volume was calculated as length
multiplied by width squared divided by 2. Mice were sacrificed when tumors reached 1 cm3,
began to impede mobility, or began to ulcerate. At this time, spleens and tumors were
harvested for ELISpot, flow cytometry, or immunofluorescence as described previously.
Peptide vaccine was given on days 3 and 10 and consisted of the 14 expressed immunogenic
peptides in table 1 (50 ug each) with 10 ug of poly I:C in 100 uL of sterile PBS per mouse.
Vaccination was performed subcutaneously at the base of the tail. For checkpoint blockade
experiments, tumor injections were performed as with T cell depletion studies, but treatment
was delayed until tumors were palpable, at day 10.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism software. All data is presented as
mean + standard error (SEM). For survival curve analysis, the log-rank (Mantel-Cox) test

was used.
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