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Abstract

Purpose—This was a study prospectively evaluating intratumoral T-cell responses to autologous
somatic mutated neoepitopes expressed by human metastatic ovarian cancers.

Experimental Design—Tumor infiltrating lymphocytes (TILs) were expanded from resected
ovarian cancer metastases, which were analyzed by whole exome and transcriptome sequencing to
identify autologous somatic mutations. All mutated neoepitopes, independent of prediction
algorithms, were expressed in autologous antigen presenting cells then co-cultured with TIL
fragment cultures. Secretion of interferon-gamma or up-regulation of 41BB indicated a T-cell
response.

Results—Seven women with metastatic ovarian cancer were evaluated and 5 patients had clear,
dominant T-cell responses to mutated neoantigens, which were corroborated by comparison to the
wild type sequence, identification of the minimal epitope, human leukocyte antigen (HLA)
restriction element(s) and neoantigen-specific T-cell receptor(s). Mutated neoantigens were
restricted by HLA-B, -C, -DP, -DQ and/or -DR alleles and appeared to principally arise from
random, somatic mutations unique to each patient. We established that 7P53 “hotspot” mutations
(c.659A>G; p.Y220C and c.733G>A; p.G245S) expressed by two different patient’s tumors were
immunogenic both in the context of HLA-DRB3*02:02.

Conclusions—Mutation-reactive T cells infiltrated ovarian cancer metastases at sufficient
frequencies to warrant their investigation as adoptive cell therapy. Additionally, transfer of 7253
“hotspot” mutation-reactive T-cell receptors into peripheral blood T cells could be evaluated as a
gene therapy for a diverse range of tumor histologies.

Introduction

Ovarian cancer is expected to account for 22,440 new cases and 14,080 deaths in the United
States in 2017 (1). No curative treatments exist for patients with metastatic ovarian cancer.
An increased presence of tumor infiltrating lymphocytes (TIL), composed primarily of T
cells, in ovarian tumors was associated with better prognosis in patients receiving standard
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of care treatment suggesting T cells were actively interacting with ovarian cancer cells (2-5).
Preliminary evidence suggested that adoptive cell transfer (ACT) of bulk TIL to patients
with metastatic ovarian cancer was safe and well tolerated (6,7). Despite these early
advances, TIL therapy for the treatment of ovarian cancer has otherwise gone untested and
the specificity of ovarian cancer TIL is largely unknown.

ACT using TIL expanded from metastatic tumor lesions has led to durable, complete tumor
regressions in 24% of patients with metastatic melanoma in several studies at different
institutions (8-12). The infused TIL of some of the melanoma patients with complete
responses recognized unique, somatic, non-synonymous mutated neoantigens, suggesting
mutation-reactive T cells were critical in mediating durable tumor regressions (12-14). More
recently, long-term partial regressions of metastatic colon cancer and cholangiocarcinoma
were achieved following transfer of TIL recognizing autologous mutated KRAS®12D and
ERBB2IPES04G neoantigens, respectively (15-17). Thus, the “final common pathway” for
the immunotherapy of cancer appears to be based on the targeting of somatic mutations
expressed by the tumor and recognized by T cells.

Ovarian cancer falls in the middle of the continuum of numbers of expected somatic
mutations stratified by cancer histology, which ranges from dozens in brain cancers to many
hundreds of mutations in melanomas and lung cancers (18-20). Mutations in the 7P53
tumor suppressor gene were estimated to occur in >95% of high-grade serous ovarian cancer
but were less frequently observed (<10%) in other ovarian cancer subtypes (21,22)
(Catalogue of Somatic Mutations in Cancer (COSMIC) database; http://cancer.sanger.ac.uk/
cosmic). Mutations occur across the 7P53 gene and a single 7P53 mutation is not ubiquitous
to all ovarian cancer subtypes, but there are 6 codons (R175, Y220, G245, R248 and R273)
which are most frequently mutated are thus called 7P53 “hotspot” mutations (23-25). These
T7P53 “hotspot” mutations may be oncogenic because they have wild type loss-of-function
and can have gain-of-function activity, although these phenomena have not been directly
observed in ovarian cancer (26—29). However, there are no reports to date of intratumoral T
cell responses to these 7P53 “hotspot” mutations.

Intratumoral T-cell responses to human ovarian cancer mutated neoantigens have not been
comprehensively evaluated. In a pilot study, one mutation T-cell response was detected
amongst tumor-associated lymphocytes from ascites of 3 women with ovarian cancer (30),
and a murine model of ovarian cancer neoantigen vaccination generated some murine
mutation T-cell responses but was deemed an ineffective strategy due to the low mutational
load of ovarian cancer (31). Recently, low frequencies (<2%) of mutated neoantigen-reactive
CD8™ T cells were detected from TIL in 4 of 14 ovarian patients after screening with
predicted Class-1 human leukocyte antigen (HLA) neoepitopes (32), and mutation-reactive
T-cells were generated from peripheral blood lymphocytes (PBL) of ovarian cancer patients
vaccinated with tumor cell lysate (33). The aim of this study was to evaluate whether
mutation-reactive TIL were present in resected ovarian cancer metastases independent of
neoepitope prediction. All mutations identified in the cancer were introduced into both
intracellular and extracellular pathways of autologous antigen presenting cells (APCs),
containing all of the patient’s HLA Class-1 and Class-1 alleles, followed by co-culture with
TIL microcultures. Mutation-reactive T cells were characterized in terms of the specificity to
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the mutated versus wild type variants, the minimal determinants of mutated sequences, the
HLA restriction elements of the neoantigens and the identification of TCRs recognizing
neoantigen:HLA complexes. Thus, a comprehensive characterization of T cell interactions
with ovarian cancer-specific mutated neoantigens was performed.

Materials and Methods

Neoantigen screening with TIL

All patients were enrolled after written, informed consent was granted on NIH protocol 10-
C-0166 (NCT01174121) in accordance with ethical guidelines and with approval by the NIH
institutional review board. Referring physicians provided initial diagnoses and pathology,
and the eligibility requirements for enrollment on the clinical trial included progressive
disease at the time of surgery at the National Cancer Institute (NCI) with at least two
metastases (>1 cm), one of which was amenable for harvest for TIL growth. The diagnosis
date and classification (Federation of Gynecology and Obstetrics 2013), time to initial
progression, histological subtype (World Health Organization 2014 Classification), therapies
prior to enrollment, date of resection, metastatic sites, resection site at the NCI and key
mutations (ARID1A, CCNEI, NF1, PIK3CA, PTEN, KRAS, TP53) detected in the resected
metastases can be found in Table S1. Growth of TIL, exome and transcriptome sequencing
and bioinformatic methods can be found in the supplementary material. After mutation
calling was complete, quality control was manually performed for each called mutation with
the Interactive Genomics Viewer (IGV) software (Broad Institute; Cambridge, MA; http://
software.broadinstitute.org/software/igv/). Called mutations were excluded from the analysis
if similar reads were observed in the normal exome or if there was an obvious mapping
issue, 7.e., multiple random mutations along multiple reads. A list of screened neoepitopes
with patient 1D, gene name, amino acid change, TMG and peptide pool is given in Table S2.
Each mutated neoepitope was synthesized as a peptide or gene and cloned into a pcRNA2-
SL expression vector (GenScript; Piscataway, NJ). The TMG plasmids were linearized with
Notl and /in vitro transcribed mRNA was made with MMESSAGE mMACHINE T7 ULTRA
Transcription Kit according to manufacturer’s instructions (Thermo Fisher; Waltham, MA).
Peptides were reconstituted in dimethyl sulfoxide (DMSO) then peptide pools were
generated congruent to the TMG neoepitopes. Autologous immature dendritic cells (DCs)
were generated by adherence method with IL-4 and GM-CSF as previously described (15).
After 4-6 days, immature DCs were harvested and either transfected with TMG mRNA (80
ug/mL) using ECM 830 square electroporator (BTX; Holliston, MA) or pulsed with peptides
either individually or as pools (10 pg/mL unless otherwise stated). Mutation-loaded
immature DCs (0.8-1x10°) were co-cultured with individual TIL microcultures (2x10%)
overnight in an IFNy ELISPOT plate (Mabtech; Cincinnati, OH). The following day, the
ELISPOT plate was developed according to manufacturer’s instructions after co-cultured
cells were transferred to a new 96 well plate and stained for OX40, 41BB, CD3, CD4, CD8
(BD Biosciences; San Jose, CA) and/or mouse TCRB (mMTCRp; Thermo Fisher). Stained
cells were analyzed on Canto I or Il or sorted by fluorescence activated cell sorting (FACS)
on Aria Il (BD Biosciences). FlowJo software (v.10.3) was used to analyze flow cytometry
data. Spots on ELISPOT plates were enumerated with the Immunospot machine (Cellular
Technology Ltd.; Shaker Heights, OH).
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T-cell receptor identification and expression in PBL

Highly oligoclonal neoantigen-reactive TIL cultures were sequenced with TCRAD and
TCRB surveys by Adaptive Technologies (Seattle, WA) in order to pair TCRa with TCRB
by frequency. The TCRs from bulk TIL cultures were also paired using statistical modeling
on the Pairseq platform (Adaptive Biotechnologies) (34). Single-cell reverse transcriptase
PCR specific for TCRa and TCRp was performed to pair TCRs after co-culture with
neoantigen (peptide or TMG) and sorting of 41BB* T cells into single wells of 96 well
plates, as was done in other studies (35,36). All TCRs were chimeras of human variable
regions and mouse constant regions to enable detection with mTCRp antibody and limit
mis-pairing with the endogenous TCR. TCRs for patients 1, 4 and 6 were transduced into
PBL using standard protocols with transiently produced y-retroviral supernatants (35).
TCRs for patients 5 and 7 were transposed into PBL with the Sleeping Beauty transposon/
transposase system similarly to previous studies (37).

HLA restriction mapping

Results

The HLA restriction elements were determined by transfecting COS7 tumor cell line (Green
monkey; Cercopithecus aethiops) with individual Class-1 alleles or both Class-11 a and B
chains, pulsing the mutated peptides and co-culture with T cells. Secretion of IFN+y into
supernatants was evaluated by ELISA. Expression of 41BB was assayed by flow cytometry
following co-cultures.

Patient demographics, mutation identification and neoepitope screening

A total of seven women with metastatic ovarian cancer were enrolled on the clinical trial
evaluating autologous TIL for the possible treatment of metastatic disease (NCT01174121).
Each patient received standard of care (surgery and chemotherapy) and had progressive
disease prior to enrollment to the trial at the NCI Surgery Branch (Table S1). At least one
tumor was resected from a metastatic deposit from each patient for generation of TIL and
mutation sequencing. Following whole exome and transcriptome sequencing, a total of
1,714 putative mutated neoantigens were screened and a median of 228 mutations were
identified per patient (range: 64 — 332) (Table 1). Each mutation was assembled into a
minigene encoding a 25 amino acid sequence by flanking the mutation with 12 amino acids
of the wild type sequence as was done in previous studies (12,15). Minigenes were
concatenated in tandem (median 18, range 13-21) to generate tandem minigene (TMG)
constructs, which were synthesized as DNA and /n vitro transcribed to mRNA. Twenty-five
amino acid long peptides (LP) were also synthesized corresponding to each mutated
minigene and peptide pools (PP) were assembled to increase throughput of screening.
Peptides were pulsed and TMG mRNA was electroporated into autologous APCs. Thus,
each mutation was screened using intracellular (TMG) and extracellular (LP) antigen
presentation pathways on any possible HLA Class-I and -1l molecules of the APC.

Co-culture of APCs with TIL was performed with the TMG or PP to identify the recognized
mutations by assaying interferon-y (IFN-y) secretion by ELISPOT and upregulation of
41BB expression by flow cytometry. Twenty-four tumor fragments from different parts of a
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resected tumor were cultured in high-dose interleukin-2 (IL-2) and the resulting expanded
TILs were screened against autologous APCs expressing all autologous mutations. Each TIL
fragment was kept as an individual mini-culture in order to evaluate multiple, diverse,
oligoclonal populations. A total of 8 neoantigens were identified from 5 of the 7 patients
(Table 1). Neoantigens were not identified for patients 2 and 3. The minimal determinants of
the recognized mutations (Table 1, column 6) demonstrated that the amino acid substitution
could occur within the neoepitope near the N-terminus (Histone H1.54710, INPP5KL272V,
CTAGESF376Y and HUWE1F4353%), the middle (USP9X Y2009C) or the C-terminus (Histone
H1.5A71D RAPTORPD654G 5362455 n53Y220C gng UYSP9X Y2009C) Both USP9X Y2009C
and Histone H1.5A71D developed more than one neoantigen minimal neoepitope. All of the
mutations recognized by CD8* T cells were predicted by an HLA hinding algorithm
(NetMHCpan 3.0; http://www.cbs.dtu.dk/services/NetMHCpan/) to have a rank <1 and
affinity <200 nm. Five of seven HLA Class-II epitopes recognized by CD4* T cells were
predicted to have an affinity <500 nM, and all 7 had a rank >17, except for USP9XY2009C
which had a rank of 0.9 (Table 1, far right column). The overall mutation burden did not
predict for T-cell responsiveness as patient 3 had the third most mutations (n=284) but no
corresponding mutation reactivity whereas patient 7 had three independent immunogenic
neoantigens and the fewest mutated neoepitopes (n=64).

Multivalent T-cell responses to USP9XY2009C nepantigen

The TIL from Patient 1 demonstrated high frequency and multivalent T-cell response to
USP9XY2009C 3 putative driver mutation (38). She presented to the NCI Surgery Branch at
38 years-old and a metastasis was resected from an axillary lymph node for TIL growth and
sequencing. The 280 identified mutations were concatenated into fifteen TMGs (4046-
TMG) and the top 79 mutations were assembled into 6 peptide pools (4046-PP) after being
prioritized for having high variant allele frequency in the exome and RNAseq. Fragments 7,
8,11, 12, 13, 14, 15, 16, 17, 18, 20 and 21 displayed IFN+y secretion in response to 4046-
TMG15, and fragments 7, 11, 13, 14, 20 and 21 secreted IFN+y when co-cultured with 4046-
PP6 (Figure 1A). Co-culture of selected TIL fragments with individual LP congruent
between 4046-TMG15 and 4046-PP6 showed USP9XY2009C 35 the immunogenic
neoantigen (Figure 1B). In order to increase the number of T cells for further experiments,
fragments 7, 11, 13, 14, 20 and 21 were grown using a rapid expansion protocol (REP)
consisting of irradiated PBL feeder cells, OKT3 (agonistic pan-CD3 antibody) and IL-2. The
six expanded fragments were pooled to generate the 4046-REP-TIL culture, which was
specific for 4046-TMG15 and USP9XY2009C | p as evidenced by 41BB upregulation in co-
cultures compared to minimal upregulation caused by irrelevant TMG (TMG-IRR) or 4046-
TMG15 reverted back to wild type only at USP9X (4046-TMG15WtUSP9X) ‘peptide vehicle
(DMSO) and wild type USP9X Y2009 | p (Figure 1C). Both CD4* and CD8* T cells in the
4046-REP-TIL expressed 41BB in response to USP9X Y2009C nepantigen and suggested that
a multivalent attack on USP9XY2009C occurred in Patient 1.

Putative USP9X Y2009C reactive TCRs were identified by co-culture with USP9XY2009C
neoantigen, isolation of 41BB* T cells by FACS and performing single-cell RT-PCR with
primers spanning the TCRa and TCRp chains similar to previous studies (35). T-cell
receptors were constructed with murine constant chains thus enabling the detection of the
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introduced TCR with anti-mTCRp antibody. The most abundant clonotypes from the 4046-
REP-TIL (TCRs named based on their rank) were evaluated following y-retroviral
transduction of autologous PBL. Minimal epitopes were used to evaluate TCR specificity.
Peptides RMQYSMECF and YSMECFQFM (mutation in bold underline) embedded in the
25 amino acid neoantigen were predicted to bind HLA-B*15:01:01 and HLA-C*03:03:01
alleles, respectively, from patient 1 (NetMHCpan 3.0). The minimal epitope for CD4* T cell
responses to USP9XY2009C \as empirically determined to be RMQYSMECFQFMKKL by
co-culturing HLA Class-11 restricted USP9XY2009C T with 15 amino acid peptides
overlapping 14 amino acids (Figure S1). The top ranking TCR in the 4046-REP-TIL (23.6%
by TCRB sequencing) was reactive to YSMECFQFM peptide when paired with three
different TCRA chains (4046-TCR1al, 4046-TCR1a2 and 4046-TCR1a3) (Figure 1D, blue
bars). The second ranked TCR (4046-TCR2; 10.3%) was not reactive to USP9XY2009C pyt
the 3" (4046-TCR3; 7.0%), 4™ (4046-TCR4; 6.4%) and 5 (4046-TCR5; 4.8%) ranked
TCRs were each reactive to RMQY SMECF peptide (Figure 1D, black bars). T cells
transduced with 4046-TCR32al and 4046-TCR32a2 (rank 32 and 0.2% by TCRB of 4046-
REP-TIL; unique TCRa chains) reacted to RMQYSMECFQFMKKL and the majority of
the response was seen by CD4* T cells suggesting that this was a HLA Class-I1 restricted
response (Figure 1D, red bars, bottom graph). The 4046-REP-TIL culture was reactive to
all three minimal peptides whereas mock transduced T cells (open repertoire from PBL) did
not respond to any of the peptides. The specificity of the responses was supported by an
absence of reactivity to wild type variants of the USP9X Y2009 peptides (Figure 1D, hatched
bars).

The HLA restriction elements for USP9XY2009C were determined by transfecting a non-
human COS7 tumor cell line with individual HLA Class-1 or Class-I1 alleles, followed by
pulsing the minimal peptides and co-culture with USP9XY2009C specific T cells. The HLA
Class-1 responses to RMQYSMECF and YSMECFQFM were restricted by HLA-
B*15:01:01 (Figure 1E gray histograms) and HLA-C*03:03:01 (Figure 1E blue
histograms), respectively, and HLA Class-11 response to RMQY SMECFQFMKKL was
restricted by DPA1*01:03:01 with DPB1*04:02:01 (Figure 1E red histograms). In sum, a
single mutation could generate three epitopes capable of binding one HLA each and forming
functional interactions with one or more TCRs.

Distinct neoepitopes within one HIST1H1BA1D mutation were recognized by CD4 T cells

Multiple epitopes were also identified and characterized from a single Histone H1.5A71D
mutation. Patient four, 59 years old, had an iliac lymph node resected for TIL growth and
mutation sequencing. All 317 mutations detected from her cancer were assembled into 17
TMGs (4097-TMG) and 18 PPs (4097-PP). Because the quantity of mutations was large,
two 4097-PP were pulsed separately then pooled into one co-culture with each TIL fragment
micro-culture. Fragments 1, 2, 3, 4, 6, 16, 19, 22, 23 and pooled fragments P1 and P2
showed specific responses to 4097-PP15/PP16, which contained mutated Histone H1.5A71D
LP (Figure 2A red bars). The screening also revealed a CD4" T cell response in fragment
23 to 4097-PP5/PP6 (Figure 2A closed bars). Testing of the individual LP in 4097-PP6
revealed that mutated INPP5KL272V was the neoantigen, but we were unable to identify the
HLA restriction element (Figure S2). To interrogate the Histone H1.5471D response,
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fragments 3, 6 and 22 were expanded in REP and pooled into one 4097-REP-TIL culture,
which displayed specific reactivity to mutated Histone H1.5471P LP compared to wild type
LP by IFN+y secretion (Figure 2B). Expression of 41BB by T cells co-cultured with Histone
H1.5A71D |p established that this response was mediated by CD4* T cells (Figure 2C).

Four TCRs in the 4097-REP-TIL culture targeting Histone H1.5471P neoantigen were
identified. A combination of TCR deep sequencing, Adaptive Biotechnologies’ Pairseq
(computational TCR pairing service) and single-cell RT-PCR of TCR genes was used to
reconstruct TCRs ranking 1, 2, 3, 6, 8, 9, 15, 23 and 79 in the 4097-REP-TIL. Following
transduction into peripheral blood T cells it was determined that 4097-TCR1al (TCRp
clonotype rank and frequency in 4097-REP-TIL: #1; 36.2%), 4097-TCR2 (#2; 26.2%),
4097-TCR3 (#3, 13.2%) and 4097-TCR9al (#9; 0.2%) were specific for Histone H1.5A71D
neoantigen (Figure S3).

The specific neoepitopes that were targeted by Histone H1.5A71D reactive TCRs were
empirically characterized. Co-culture of 4097-REP-TIL and TCR transduced T cells with 15
amino acid peptides overlapping 14 amino acids demonstrated that there were two
neoepitopes recognized (Figure 2D). More specifically, 4097-TCR1al, 4097-TCR3 and
4097-TCR9al displayed strong responses to 5 peptides spanning
LSLAALKKALADGGYDVEK whereas 4097-TCR2 responded to 4 peptides covering
KKALADGGYDVEKNNSRI. All tested T cells, except for the open repertoire mock
transduced culture, showed specific response to the mutated 25 amino acid Histone
H1.5A71D peptide and no recognition of wild type peptide.

Given that there were 2 distinct Histone H1.5A71D neoepitopes, there was likely more than
one HLA restriction element. Experiments transfecting HLA genes into COS7 cells showed
that the responses by 4097-TCR1al, 4097-TCR3 and 4097-TCR9al to
SLAALKKALADGGYD were restricted by HLA-DRB4*01:01:01 (Figure 2E blue bars).
In contrast, the 4097-TCR2 response to LADGGYDVEKNNSRI was restricted by
DQA1*03:01:01 and DQB1*04:02:01 (Figure 2E gray bars). Therefore, a single Histone
H1.5A71D neoantigen resulted in two distinct neoepitopes restricted by either HLA-DQ or
HLA-DR.

Recognition of RAPTORP854G neoantigen by TIL from a metastasis

In Patient 5 we had the opportunity to evaluate the reactivity from TIL fragments from 3
spatially and temporally distinct tumors towards a common set of neoepitopes. An axillary
lymph node was resected for TIL harvest (FrTu#4098), and an initial screen of TIL against
333 putative neoepitopes called from FrTu#4098 and assembled into 18 TMGs and 19 PPs
resulted in no clear and/or dominant reactivities. Five months later, Patient 5 underwent
another surgery to resect progressive abdominal tumor lesions (FrTu#4173-A and
FrTu#4173-B). Given that there were TIL grown from fragments from 3 lesions, the TIL
from fragments remaining after the initial screen (FrTu#4098) were re-screened in parallel
with 7 fragments from FrTu#4173-A/B against 138 mutations present in FrTu#4173-A
and/or FrTu#4173-B, which were assembled in eight TMGs (4173-TMG) and eight PPs
(4173-PP).
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Fragment 9 from FrTu#4098 (4098-F9) displayed IFNy secretion in response to 4173-PP4
(Figure 3A, red squares). Parsing of the peptides present in 4173-PP4 against 4098-F9
revealed that RAPTORP®%4CG and CES1512A were likely the immunogenic neoantigens as
measured by 41BB expression on CD4* T cells (Figure 3B). Co-culture of 4098-F9 with
highly purified peptides (>95% by HPLC) demonstrated that mutated RAPTORP®%4G | put
not CES1512A or wild type RAPTORDPS%4, \was responsible for the 41BB expression on
CD4* T cells (Figure 3C). Pairing of the most frequent TCRp chain with the one of two
most frequent TCRa. from 4098-F9 led to the identification of 4098-F9-RAPTOR-TCRa2
(second TCRa.), which was responsive to the RAPTORP®54CG mutation after expression in
PBL with the Slegping Beauty transposon/transposase system. T cells expressing 4098-F9-
RAPTOR-TCRa2 and 4098-F9 TIL were co-cultured with overlapping 15 amino acid
RAPTORP654G peptides and showed that the immunogenic neoepitope was present in the N-
terminal 15 amino acids (Figure S4). COS7 cells were co-electroporated with autologous
HLA Class-11 alleles, pulsed with the 15 amino acid RAPTORDPS54G peptide
(HNVAMMLAQLVSGGS) and co-cultured with 4098-F9-RAPTOR-TCRa2, which
demonstrated that RAPTORPS54G neoantigen was restricted by HLA-DPB1*10:01:01 in
combination with either HLA-DPA1*01:03:01 or HLA-DPA1*02:01:01 (Figure 3D).
Therefore, TIL from one physically and temporally distinct tumor could recognize a
mutation identified in another autologous tumor.

The CD4* T-cell response to RAPTORDPS54G was not observed by 4098-F9 in the original
screen, because RAPTORP®54G was not detected in sequencing the original FrTu#4098.
Thus, FrTu#4098 was sequenced again at greater depth (FrTu#4098 seq#2), but the
RAPTORDP®54G mytation was again only seen in FrTu#4173-A (Figure 3E). Furthermore,
RAPTORDPS54G was also absent in another metastasis sequenced from the latter resection
(FrTu#4173-B). The variant allele frequency was 15 in FrTu#4173-A, which suggested that
only a fraction of the tumor cells contained the RAPTORDPS554G neoantigen (Figure 3E, red
bars). Other studies have also shown that different ovarian cancer tumor deposits harbor
distinct mutational and immunological profiles (25). This reactivity showed evidence of T-
cell responsiveness to only a fraction of the patient’s tumor population, and suggested that
multiple reactivities such as this one would be likely needed to effectively treat her disease.

Identification and characterization of TP53 “hotspot” mutation-reactive TCRs

Patient 6 had a metastasis resected from the axilla from which a 7253 “hotspot” mutation (c.
733G>A; p.G245S) was detected. Screening of TIL from fragments (n=24) against 176
putative neoantigens assembled in 10 TMGs and 11 PPs revealed 3% 41BB* T cells in
response to p53¢245S py TIL from fragment 11, which was enriched for reactive T cells by
p53G245S peptide co-culture, 41BB* T cell sorting and REP. The resultant T cell culture
displayed highly avid and specific recognition of the mutated p536245S compared to wild
type counterpart as measured by IFN+y secretion (Figure 4A). This response was mediated
by CD4* T cells as measured by 41BB expression in co-cultures (Figure 4B).

Because 7P53(c.733G>A,; p.G245S) was a “hotspot” expressed by tumors from unrelated
individuals (~2.8% of cancers) (39), it was prudent to identify the TCRs for future research
and clinical applications. Putative p53©245S reactive TCRs were identified from 4127-F11
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by single-cell RT-PCR from 41BB* T cells following co-culture with p536245S peptide. T
cells transduced with 4127-TCR1 and 4127-TCR4 (as measured by mTCRp expression)
demonstrated 41BB upregulation in response to p536245S peptide
(HYNYMCNSSCMGSMN) in the N-terminal 15 amino acids of the mutated p53©24°S Jong
peptide (Figure S5). Open repertoire activated T cells (mock transduced) did not express
41BB in response to p536245S peptide supporting the specificity of the transduced TCR
response, whereas 4127-TCR1 and 4127-TCR4 transduced T cells (nTCRB*) expressed
41BB only in response to mutated p536245S peptide (Figure 4C). The p53©245S neoepitope
was restricted by HLA-DRB3*02:02:01 (Figure 4D). HLA-DRB3*02:02:01 was present in
1,367 of 3,719 patients (37%) seen at the NCI. Thus, TIL and TCR responses specific for a
frequent 7P53“hotspot” mutation (c.733G>A; p.G245S) in the context of a common HLA-
DR allele were observed and characterized from Patient 6.

Both unique and shared neoantigens were detected in a single patient

Three different immunogenic neoantigens were identified for patient 7, including a 7P53
“hotspot” mutation (c.659A>G; p.Y220C; 2.4% of ovarian cancers and 1.5% of all cancers)
(40,41), out of only 64 total neoepitopes identified from resected iliac lymph node
metastases. An initial TIL screen with four TMGs and five PPs revealed a strong response to
p53Y220C nepantigen in fragments 7, 8 and 11, and these three fragments were expanded in
REP for further testing. The 4149-REP-TIL culture demonstrated a polyclonal response as
evidenced by IFN+y secretion when co-cultured with three of four TMGs (4149-TMG2,
4149-TMG3 and 4149-TMG4) and three of five peptide pools (4149-PP2, 4149-PP3, and
4149-PP4) (Figure 5A). The TMGs and PPs were congruent except for 4149-PP5, which
was composed of overlapping peptides from a single frameshift mutation present in TMG3.
Parsing the peptides from each of the reactive TMGs or peptide pools revealed that
CTAGESE76V| p53Y220C and HUWE1F4353S were the neoantigens in 4149-TMG2/-PP2,
4149-TMG3/-PP3 and 4149-TMG4/-PP4, respectively (Figure S6). CD4* T cells
demonstrated specific recognition of CTAGE5E576V and p53Y220C whereas CD8* T cells
responded to HUWE1F4353S 35 evidenced by 41BB expression in mutated compared to wild
type co-cultures (Figure 5B). Thus, two CD4 and one CD8 T cell populations were present
in 4149-REP-TIL recognizing 3 unique mutated neoantigens.

Minimal epitopes were then identified for the 3 neoantigens from Patient 7. Mutations
within the minimal 15 amino acid neoepitopes for CTAGE5F276V and p53Y220C were closer
to the C- and N- termini, respectively (Figure 5C). Two HUWE1F4353S peptides were
predicted to bind either HLA-B*07:02:01 (LPAYESSEKL) or HLA-B*40:02:01
(SEKLRHMLL), and it was the latter peptide which was specifically recognized over wild
type variants by CD8" T cells (Figure 5D). The TCRs targeting HUWE1F4353S and
p53Y220C nepantigens were identified and expressed in peripheral blood T cells using the
Sleeping Beauty transposon/transposase system. HUWE1F4353S and p53Y220C minimal
peptides were specifically recognized by 4149-HUWE1-TCR1 and 4149-TP53-TCRa2bh2,
respectively, as measured by 41BB co-expression on TCR transposed (nTCRB*) T cells
with minimal response to wild type peptides (Figure 5E). Transfection of individual HLA
Class-I genes or co-transfection of a and p HLA Class-11 genes into COS7 cells followed by
mutated peptide pulsing and co-culture with the 4149-REP-TIL demonstrated that
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HUWE1F4353S \as restricted by HLA-B*40:02:01, CTAGESE576V was restricted by HLA-
DQA1*01:03:01 and HLA-DQB1*06:03:01 and p53Y220C \as restricted by HLA-
DRB3*02:02:01 (Figure 5F). In a patient with only 64 mutations, both shared (p53Y220C)
and unique (HUWE1F4353S and CTAGESE®76Y) neoantigens were targets of T cells.

In sum, all recognized mutations were unique to each patient. The immunogenic 7P53
“hotspot” mutations, G245S in Patient 6 and Y220C in Patient 7, were presented by the
same restriction element (HLA-DRB3*02:02:01), indicating that there may be
commonalties for T cells to target oncogenic mutations. With the exception of the 7P53
“hotspot” mutations, the neoantigens recognized by T cells arose from seemingly random,
somatic, non-synonymous mutations. Therefore, the universe of potential neoantigens
expressed by ovarian cancer was complex and derived from mutations unique to each patient
and as well as 7P53 “hotspot™” mutations present in tumors of unrelated people.

Discussion

Herein we identified and characterized T cell responses to the ovarian cancer
neoantigenome. The study of T cell antigens expressed by autologous epithelial cancers has
been hampered by the relative inability to establish autologous tumor cell lines from
resected tumors. This problem was circumvented using TMG and LP screening of all
autologous cancer mutations such that the tumor cell could be, in essence, recreated in an
autologous APC and used for T cell co-culture (12-17). Application of this strategy to the
study of metastatic ovarian cancers established that T cells expressing TCRs capable of
binding mutated neoantigens had infiltrated ovarian tumors.

The identification of T-cell responses to 7253 “hotspot” mutations from patients 6 and 7 was
promising because 7P53is the most commonly mutated gene in human cancers (42) and
~95% of high-grade serous ovarian cancers will have a mutation in the 7P53 gene
(20,21,23,24,39). Mutated p53 is an attractive target for tumor-specific therapies because it
is absent on normal tissue. However, tumor infiltrating T cell responses to 7253 “hotspot”
mutations have not been characterized. The frequencies of G245S and Y220C 7P53
“hotspot” mutations in all cancers are 2.8% and 1.5%, respectively, (39,40) and HLA-
DRB3*02:02 was typed in 37% of patients at the NCI, which is consistent with The Allele
Frequency Net Database (http://www.allelefrequencies.net). Thus, it is estimated that ~1.5%
of cancers in general would have both HLA-DRB3*02:02 and either a G245S and Y220C
TP53*hotspot” mutation. /n vitro sensitization of an HLA-A*02:01 donor’s PBL generated
a CD8" T cell clone capable of recognizing p53Y220C mutant epitope, suggesting that
circulating T cells may bind mutated p53 epitopes (43). A library of TCRs targeting mutated
p53 and other commonly altered driver genes, e.g., KRAS, could be generated to treat a
wide variety of patients with T cells genetically-modified with TCRs.

All of the immunogenic mutations discovered in this study, except the p536245S and
p53Y220C nepantigens, were unique and were not reported in the COSMIC database. The
Histone H1.5A71D mutation, which was in a linker H1 histone that tethers nucleosomes
composed of a H2A, H2B, H3 and H4 core histones, could have impacted the chromatin
structure and epigenetics (44). Linker Histone H1.3 and HUWEL, a ubiquitin E3 ligase that
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targets proteins for proteolysis, worked together to promote the pathogenesis of ovarian
cancer in mice (45). The USP9X protein is a deubiquitinase that reverses ubiquitin-targeted
protein degradation and is a central component of the centrosome (46). Transposon-
mediated mutagenesis murine models of pancreatic and hepatocellular cancers were linked
to USP9X and HUWEL1, respectively, suggesting that these may be driver genes (38,47).
CTAGES transports proteins from the endoplasmic reticulum and the E576V mutation could
also impact the HLA Class-1 pathway because this is within the proline-rich domain which
is used to bind other proteins (48). Mutations in proteins involved with intracellular
signaling pathways were also immunogenic. For example, RAPTOR is a critical member of
the mTOR complex and the D654G mutation resides in the HEAT-3 (Huntington-EF3-
PP2A-TOR1) domain that serves as vital structural support (49). The catalytic domain of
was altered in the INPP5K 272V mutation and may have impacted on inositol 5-phosphate
signaling and could have contributed to pathogenesis in line with the effects of other
INPP5K mutations (50). A more complete understanding of the relationship between the
functional consequences of a mutation and the generation of an immunogenic neoepitope
may yield insights useful for T cell immunotherapy and tumor biology.

Knowledge of the identity of mutated neoantigens as described in this paper could
potentially be used to improve ovarian cancer T-cell immunotherapy. The effectiveness of
immunotherapy using the direct infusion of mutation-reactive TIL is likely limited by the
existing differentiation status of TIL, /e, likely senescent and/or terminally differentiated
with limited proliferative potential. High frequencies of mutation-reactive T cells with
improved /in vivo proliferative potential could thus be infused by transducing or transposing
TCRs into autologous naive or central memory T cells. Personalized TCR gene therapy
targeting a mutation expressed by the autologous tumor could be developed by transducing
PBL with a TCR from transiently-produced ~y-retroviral supernatant or by electroporating
TCR transposons in the non-viral Sleeping Beauty transposon/transposase system (37). The
landscape of somatic mutations in ovarian cancer neoantigens is large and the elucidation of
their functional roles, participation in oncogenesis and metastasis, neoepitope formation, T
cell responsiveness and molecular structural determinants could enable deeper
understanding and the development of effective treatments for ovarian cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

This study demonstrated that T cells with specificity to mutated neoantigens were present
in tumor infiltrating lymphocytes in patients with metastatic ovarian cancer, sometimes at
high frequencies and with multivalent reactivity, suggesting that these T cells could be
used for adoptive cell therapy. Furthermore, T cells from two of the patients were specific
for 7P53“hotspot” mutations (c.659A>G; p.Y220C and ¢.733G>A; p.G245S), which are
also expressed in a broad range of tumor types in unrelated individuals. Genetic transfer
of the 7P53 “hotspot” mutation-specific T-cell receptors into autologous lymphocytes
could be used to generate cells for use in the adoptive cell transfer immunotherapy of
cancer.
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Figure 1. Multivalent T-cell responsesto USPOX Y2009C neoantigen
(A) TIL fragments from FrTu#4046 were co-cultured with autologous APCs (i)

electroporated with irrelevant TMG (TMG-IRR) or 4046-TMG15 or (ii) pulsed with DMSO
(peptide vehicle) or 4046-PP6. Media (T cells only) and OKT3 were negative and positive
control, respectively. Secretion of IFNy was evaluated by ELISPOT. (B) Selected TIL
fragments were co-cultured with autologous APCs pulsed with peptides and IFN+y secretion
was evaluated by ELISPOT. (C) Expression of 41BB in T cells following co-culture of
4046-REP-TIL with autologous APCs electroporated with TMGs or pulsed with peptides.
(D) Co-culture of TIL or TCR transduced T cells with autologous APCs pulsed with

Clin Cancer Res. Author manuscript; available in PMC 2019 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Deniger et al.

Page 17

minimal neoepitope peptides and measurement of 41BB expression in gated CD8* (top
graph) or CD4* T cells (mean = SEM; n=3). (E) Transfection of HLA genes into COS7 cell
line, pulsing of identified minimal mutated neoantigen peptides and co-culture with TCR
transduced T cells. Expression of 41BB is displayed for CD8*mTCR* (4046-TCR1al/2/3,
4046-TCR3, 4046-TCR4 and 4046-TCR5) and CD4*mTCR* (4046-TCR32al1/2) gates.
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Figure 2. Distinct neoepitopes within one HIST1H 1BA71D mutation were recognized by CD4* T
cells

(A) Screening of TIL fragments from FrTu#4097 against autologous APCs pulsed with
DMSO, a pool of 4097-PP5 and 4097-PP6 (PP5/PP6) or a pool of 4097-PP15 and 4097-
PP16 (PP15/PP16). Secretion of IFN+y was evaluated by ELISPOT. (B) 4097-REP-TIL was
co-cultured with decreasing concentrations of wild type (wt) or mutated (mut) Histone
H1.5A71D P, Secretion of IFN+y was evaluated by ELISPOT. (C) Expression of 41BB in
CD4* T cells in co-cultures of 4097-REP-TIL with autologous APCs pulsed with DMSO, wt
Histone H1.5A71 or mutated Histone H1.5A71D LPs. (D) Co-culture of TIL or TCR
transduced T cells with autologous APCs pulsed with Histone H1.5A71P LPs (wt or mut)
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and 15 amino acid mutated Histone H1.5A71P peptides overlapping 14 amino acids. No
target (media) and PMA & lonomycin were negative and positive controls, respectively.
Secretion of IFNy was evaluated by ELISPOT. (E) Transfection of HLA genes into COS7
cell line, pulsing of SLAALKKALADGGYD or LADGGYDVEKNNSRI peptides and co-
culture with 4097-REP-TIL or TCR transduced T cells. Secretion of IFNy into co-culture
supernatants was evaluated by ELISA (mean + SEM; n=3).
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Figure 3. Recognition of RAPTORP®%4G neoantigen by TIL from a metastasis
(A) Screening of TIL fragments from FrTu#4098 and FrTu#4173 against autologous APCs

pulsed with DMSO or 4173 peptide pools (PP). No target (media) and PMA & lonomycin
were negative and positive controls, respectively. Secretion of IFN-y was evaluated by
ELISPOT. (B) Expression of 41BB in CD4* T cells after co-culture of 4098-F9 with
autologous APCs pulsed with individual peptides from 4173-PP4. (C) Expression of 41BB
in CD4* T cells in co-cultures of 4098-F9 with autologous APCs pulsed with DMSO, 4149-
PP4, mutated CES1512A wild type RAPTORPS854 or mutated RAPTORDS54C | ps. (D)
Transfection of HLA genes into COS7 cell line, pulsing of DMSO or
HNVAMMLAQLVSGGS RAPTORP®4G peptide and co-culture with 4098-F9-RAPTOR-
TCRaz2 transduced T cells. Secretion of IFNy into co-culture supernatants was evaluated by
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ELISA (mean + SEM; n=3). (E) Exome sequencing coverage (reads) and variant allele
frequency (VAF) for RAPTORP®54G at chromosome 17:78,858,926 (c.1961A>G).

Clin Cancer Res. Author manuscript; available in PMC 2019 November 15.



1duosnuey Joyiny

1duosnuely Joyiny

Deniger et al. Page 22
A [p53%245 peptide], pg/mL B T cells only wt p536245 mut p53624%S
1,000 100 10 1 :0.07 0.73]50.03 0.42]50.05 9.87
O IS
wt 4 4 _-_:_é_._ ] i
mut @ | 4074 [ " 98.5]30.78 98.8| 40. 89.2
5 Sk ot B oy ; Swhier
CD4
C Mock-Td 4127-TCR1 4127-TCR4 D == Mock-Td (DMSO) == TCR1 (DMSO)
wt XN TIL (DMSO) XX TCR4 (DMSO)
p53 L mm TIL (p53-G245S) mm TCR4 (p53-G245S)
G245 T g —~ 201
995 0.41 0.85 P .
— A O 154
mut  30.04 0 16.2 %5 .
p53 2 104
G245S T 7
e m 54
14 * a |
8 99.5 0.48 1.93 o 0 . _— A
1S Mock DRA*01:01:01 DRA*01:01:01
41BB (no HLA) DRB3*02:02:01 DRB4*01:01:01

Figure 4. | dentification and characterization of p53(3‘245S neoantigen-reactive TCRs
(A) Co-culture of 4127-F11 p53©245S_enriched TIL and autologous APCs pulsed with

decreasing concentrations of p53©245S mutated (mut) or wild type (wt) peptides. Secretion
of IFN+y was evaluated by ELISPOT. (B) Expression of 41BB in CD4* T cells after co-
culture with autologous APCs pulsed with p536245S |Ps. (C) Expression of 41BB in T cells
expressing transduced TCRs (mTCR) following co-culture with autologous APCs pulsed
with p536245S |_ps, (D) Transfection of HLA genes into COS7 cell line, pulsing of DMSO
or HYNYMCNSSCMGSMN p536245S peptide and co-culture with 4127-F11 p5362455S.
enriched TIL or mock, 4127-TCR1 or 4127-TCR4 transduced T cells. Expression of 41BB
in gated CD4* T cells is displayed (mean £ SEM; n=3).
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Figure 5. Both unique and shared neoantigens were detected in a single patient
(A) 4149-REP-TIL was screened against autologous APC (top) electroporated with TMGs

or (bottom) pulsed with DMSO or peptide pools (PP). Secretion of IFN-y was evaluated by
ELISPOT. (B) Expression of 41BB in T cells from 4149-REP-TIL after co-culture with
mutated (mut) or wild type (wt) CTAGES5ES76Y, HUWE1F4353S and p53Y220C |_ps, (C) Co-
culture of 4149-REP-TIL with autologous APCs pulsed with 15 amino acid mutated
peptides overlapping 14 amino acids from (left) CTAGESE®76V or (right) p53Y220C
neoantigens. Secretion of IFNy was evaluated by ELISPOT. (D) Co-culture of 4149-REP-
TIL with autologous APCs pulsed with 9 or 10 amino acid wild type (wt) or mutated (mut)
HUWE1F4353S peptides. Expression of 41BB was displayed for CD8* T cells. (E) T cells
expressing introduced TCRs (left: 4149-HUWE1-TCR1 or right: 4149-TP53-TCRa2b2)
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were co-cultured with autologous APCs pulsed with decreasing concentrations of minimal
wild type (wt) or mutated (mut) minimal neoepitope peptides. Expression of 41BB in

CD8 mTCR* (4149-HUWE1-TCR1) or CD4*mTCR* (4149-TP53-TCRa2h2) is displayed
(mean = SEM; n=3). (F) Transfection of HLA genes into COS7 cell line, pulsing of DMSO,
NERGVSSCDRLTDPH (CTAGE5SE®76V), SEKLRHMLL (HUWE1F4353S) or
NTFRHSVVVPCEPPE (p53Y220C) peptides and co-culture with 4149-REP-TIL. Expression
of 41BB in gated (top) CD8" or (bottom) CD4* T cells is displayed (mean + SEM; n=3).
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