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Abstract

Immunotherapy treatment of patients with metastatic cancer has assumed a prominent role in the
clinic. Durable complete response rates of 20-25% are achieved in patients with metastatic
melanoma following adoptive cell transfer of T cells derived from metastatic lesions, responses
that appear in some patients to be mediated by T cells that predominantly recognize mutated
antigens. Here we provide a detailed analysis of the reactivity of T cells administered to a patient
with metastatic melanoma who exhibited a complete response for over 3 years after treatment.
Over 4,000 nonsynonymous somatic mutations were identified by whole-exome sequence analysis
of the patient’s autologous normal and tumor cell DNA. Autologous B cells transfected with 720
mutated minigenes corresponding to the most highly expressed tumor cell transcripts were then
analyzed for their ability to stimulate the administered T cells. Autologous TIL recognized 10
distinct mutated gene products, but not the corresponding wild type products, each of which was
recognized in the context of one of three different MHC class | restriction elements expressed by
the patient. Detailed clonal analysis revealed that nine of the top 20 most prevalent clones present
in the infused T cells, comprising approximately 24% of the total cells, recognized mutated
antigens. Thus, we have identified and enriched mutation-reactive T cells and suggest that such
analyses may lead to the development of more effective therapies for the treatment of patients with
metastatic cancer.

Introduction

Immunotherapy has assumed a prominent role in the treatment of patients with metastatic
cancer (1) (2). Complete durable tumor regressions have also been observed in 20% of

melanoma patients receiving adoptive transfer of autologous tumor infiltrating lymphocytes
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(TIL) that were expanded /7 vitroto cell numbers as high as 2 x 1011 T cells (3). Recent
clinical trials that block interactions of inhibitory receptors such as CTLA-4 and PD-1 that
are expressed on activated T cells have resulted in objective clinical responses in 30-40% of
patients with melanoma (4), as well as 15% of patients with advanced squamous non-small-
cell lung cancer (5), and 43% of selected patients with metastatic urothelial bladder cancer
(6). These observations indicate that T cells recognize antigens expressed by patients’
tumors. Clinical responses to adoptive immunotherapy have been associated with the
transfer of TIL that predominantly or exclusively recognize mutated T-cell epitopes
expressed by patient tumors (7-9). Direct evidence that T cells recognizing neoantigens may
be important in tumor regression mediated by TIL is shown by the partial regression of a
metastatic cholangiocarcinoma, still ongoing 20-months after transfer of a patient’s
autologous T cells that recognized a mutated class I1-restricted ERBB2IP gene product (10).
Observations made in patients receiving antibodies blocking the inhibitory molecules
CTLA-4 (11) and PD-1 (12), as well as in mouse tumor models (13), suggest that checkpoint
blockade responses may be associated with T-cell responses to mutated tumor antigens.

Extensive studies have focused on the identification of potential tumor rejection antigens in
an attempt to derive principles that can guide future cancer immunotherapies. Towards this
end, we evaluated the reactivity of T cells administered to a 54-year-old man with metastatic
melanoma who exhibited a complete and durable regression of metastatic disease that is
ongoing over 3 years following treatment. The approach used in these studies was based
upon methods described in two recent studies from our laboratory indicating that mutated
antigens recognized by patient TIL could be readily identified by whole-exome sequencing
of autologous tumor samples (7) (9).

We identified dominant antigens recognized by a polyclonal population of /n vitro expanded
TIL. Whole-exome sequencing of the patient’s tumor and normal cells were initially carried
out to identify nonsynonymous somatic variants present in the patient’s cancer. These
variants were then aligned with those identified using RNA-seq analysis of the same sample
to generate a panel of candidate neo-epitopes. Large-scale screening carried out with
autologous B cells transfected with tandem minigene (TMG) constructs encoding candidate
epitopes demonstrated that the bulk population of T cells used for patient treatment
recognized 10 MHC class | restricted neo-epitopes, but exhibited little or no recognition of
the corresponding wild type epitopes. The predominance of T cells that recognize the
mutated epitopes in the population of administered T cells suggests that they may have
played a significant role in mediating the long term durable tumor regression seen in this
patient, and provide support for continuing studies to identify and isolate T cells reactive
with mutated epitopes for patient treatments.

Materials and Methods

Patient tissues and cell lines

Patient 3713 was a 54-year-old male patient with stage IV melanoma with multiple
metastases to the lungs and lymph nodes (Fig. 1A and B). This patient underwent surgical
resection of a metastatic lung lesion. TIL were grown from multiple tumor fragments and
EBV-transformed B cells were generated as described (14). In addition, a cell line was
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generated by culturing a fragment of the same metastatic lesion in 10% fetal bovine serum
and RPMI media. Selected TIL fragments were expanded /n vitro, combined, and infused
into the patient following a lymphodepleting regimen of nonmyeloablative chemotherapy
plus 1200 cGy of total body irradiation as described (NCI clinical trial NCT01319565).
After receiving 6 x 101! TIL and 4 doses of high dose IL2, the patient experienced a
complete durable tumor regression that is ongoing more than three years following treatment
(Fig. 1C and D).

The autologous tumor cell line 3713 TC and 3713 EBV-transformed B cells were generated
in-house shortly after tumor resection (2013). HEK-293T and COS-7 cells were purchased
from American Type Culture Collection in 2008 (ATCC, Manassas, VA) and cultured in
RPMI-1640 (Life Technologies, Grand Island, NY) media supplemented with 5% fetal
bovine serum, neither cell line have been authenticated recently. Patient TIL was maintained
in media consisting of equal volumes of RPMI-1640 and AIM V media (Life Technologies)
supplemented with 5% human serum and 3000 1U of IL2. Coculture assays performed in 96-
well U-bottom plates at a 1:1 ratio of T cells to target cells in 200 pl of 1:1 RPMI-1640:AlM
V media supplemented with 5% human serum for 16-20 h were screened for IFNy levels in
the supernatant via ELISA as previously described (15). Normal B cells were generated
from autologous PBMC (peripheral blood mononuclear cells) as described (16).

Whole-exome sequencing and RNA-Seq analysis

Genomic DNA purification, library construction, exome capture of approximately 20,000
coding genes, and next-generation sequencing of 3713 fresh tumor (FrTu) embedded in
O.C.T. (Sakura Finetek, Tokyo, Japan) and a matched normal pheresis sample were
performed at Personal Genome Diagnostics (Baltimore, MD) as previously described (17).
Additionally, a whole-exome library was prepared using Agilent Technologies SureSelectXT
Target Enrichment System for paired-end libraries and subsequently sequenced on a
NextSeq 500 desktop sequencer (Illumina, San Diego, CA, USA). The library was prepped
using gDNA (3 pg) isolated from the ten 10 um OCT sections following manufacturer’s
protocol (Agilent Technologies, Santa Clara, CA, USA). Paired-end sequencing was done
with an lllumina mid-output flow cell kit (300 cycles). An mRNA sequencing library was
prepared from the autologous 3713 tissue culture line using Illumina TruSeq RNA library
prep kit following the manufacturer's protocol. RNA-Seq libraries were paired-end
sequenced on a HiSeq 2000 sequencer (Illumina, San Diego, CA, USA) for 100 cycles at the
FDA sequencing core laboratory.

Nonsynonymous somatic variants were identified from whole-exome sequencing of 3713
FrTu using filters consisting of a minimum of three variant reads, an 8% variant allele
frequency (VAF), less than or equal to a 1% VAF in normal DNA, and absence in the set of
single-nucleotide polymorphisms in the 1000 Genomes SNP database or presence in the
database at a VAF of less than 1%. Approximately 83% of the single or dinucleotide
substitutions represented C to T transitions (Suppl. Fig. S1), the common signature for
mutations induced by ultraviolet light (18). Further analysis revealed that approximately
1,000 variants were derived from transcripts with expression, (expressed as fragments per
kilobase per million transcripts or FPKM) between the range of 1 to 900 FPKM units. In an
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attempt to screen targets expressed to various degrees, but also to limit screening to gene
products that were more likely to be recognized by T cells, the top 720 variants,
corresponding to a FPKM value of approximately 3 or higher, were chosen for further
evaluation (Supplementary Table S1). After annotation, mutated transcripts were extracted
from the NCBI Reference Sequence, UCSC Known Gene and ENSEMBL databases, and in
the case of single-nucleotide variants, peptide sequences encompassing the mutated codon
plus the 12 flanking amino acids, except in cases where derived mutations were present
within the first or final 12 amino acids of the protein transcript. For the two frameshift
deletions that were identified, the 12 amino acids prior to the deletions were extracted, and
sequences beyond the mutation site were translated until the first stop codon was
encountered. For the single stop-loss variant that was identified, the 12 amino acids prior to
the mutated stop codon were translated, along with downstream coding sequences prior to
the first stop codon.

Tandem minigene (TMG) library construction

Candidate mutated peptide sequences were reverse-translated and codon optimized using
online tools available at Life Technologies and IDT DNA, Inc. Of the 720 variants chosen
for evaluation, 718 contained either a single or a dinucleotide nonsynonymous mutation, one
contained a frameshift deletion of a single nucleotide and one contained a mutation resulting
in the loss of a stop codon. In addition, for 10 of the nonsynonymous mutations,
alternatively spliced gene products that gave rise to two peptide sequences differing in
regions flanking the mutation site were evaluated. Transcripts were grouped into TMGs
encoding between 10 and 12 individual minigenes, with no amino-acid spacers between
individual minigenes. A total of 62 TMG constructs were then synthesized (Invitrogen) and
cloned into a modified pcDNA3.1 expression vector (Invitrogen). The TMGs were inserted
downstream of, and in-frame with, sequences encoding an adenovirus E19 signal-peptide
sequence (19) and upstream of, and inframe with, a LAMP1 endosomal targeting sequence
(20), using the In-Fusion Advantage PCR cloning kit (Clontech, Mountain, View, CA.
94093) according to the manufacturer’s instructions.

The TMG constructs were linearized by digestion with the Nsil restriction enzyme for 16 h
at 37°C followed by phenol:chloroform:isoamyl alcohol (25:24:1) extraction and ethanol
precipitation, and /n vitro transcription performed using a T7 IVT kit (Life Technologies)
with linear DNA (1ug) for 2 h at 37 °C followed by 15 min DNasel treatment, and mRNA
was purified using Qiagen QlAeasy RNA extraction/clean-up kit (Qiagen, Germantown,
MD) per manufacturer’s protocol. Autologous B cells transformed with EBV virus were
then electroporated as described (9) with 1-2ug of the /n vitro transcribed RNA followed by
incubation for 16-20 h at 37 °C . Autologous 3713 TIL (100,000 cells) were cocultured with
an equal number of transfected EBV cells in 96 well plates overnight at 37 °C, with
cocultures of 3713 TC cells with autologous TIL serving as a positive control, The IFNy
released in coculture supernatants was measured with an ELISA assay.

Screening assay and identification of mutated epitopes recognized by TIL 3713

TMGs that stimulated at least 200 pg/ml of IFNy and the resulting IFNy concentration was
at least twice that of control cocultures (EBV-transformed B cells transfected with the
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irrelevant green fluorescent protein) were further evaluated. Constructs that encoded the
wildtype version of individual minigenes or that had between one and six of the minigenes
present in the original TMGs deleted were generated for screening. Mutated candidates that
failed to stimulate significant cytokine release from TIL 3713 when deleted or reverted back
to wild-type sequences were presumed to encode mutated T-cell epitopes.

To identify the MHC class | restriction elements that presented the mutated epitopes,
HEK-293T cells were cotransfected with plasmid DNA corresponding to individual positive
TMGs and individual constructs encoding each of the six MHC class I restriction elements
expressed by the patient’s normal and tumor cells (HLA-A*02:01, A*29:02, B*44:03,
B*51:01, C*15:02, or C*16:01). The Immune Epitope Database (IEDB) NetMHC
consensus-binding algorithm (29) was used to identify candidate minimal epitopes and
synthesized as crude peptides (Peptide 2.0 Chantilly, VA, 20153), pulsed on 3713 EBV B
cells, and evaluated for their ability to stimulate significant cytokine release from TIL 3713.

Peptides were picked based on both the ICsq and percentile rank with a cutoff of <500 nM
and 3.0, respectively. Peptides with an RPKM (Reads per Kilobase of transcript per Million
mapped reads) ranging from 3 to several hundred (determined from RNASeq analysis) were
coupled to NetMHC IC5q and percentile rank to define which peptides to screen. Positive
peptides and the corresponding wild-type peptides were synthesized, HPLC-purified and
>95% purity (Peptide 2.0). Autologous EBV-transformed B cells were then pulsed with
varying concentrations of the putative minimal epitopes for 2 h at 37 °C, washed once, and
evaluated in IFNy-release assays.

T cell receptor (TCR) analysis

Results

The frequencies of individual T-cell clonotypes were determined by TCR analysis of bulk
PBMC obtained before and after adoptive transfer, of bulk infusion TIL, and of CD8",
CD8*PD-1%, and CD8*PD-1" T cells that were electronically sorted from a 3713 fresh
tumor digest as described (21). Cell pellets were snhap frozen and sent to Adaptive
biotechnologies for genomic DNA extraction and ImmunoSEQ TCRp survey sequencing.
TCR a and B chains sequences were identified by amplifying sequences using a 5’RACE
protocol as described (22) from T cells that were cloned by limiting dilution from TIL 3713
or from T cells that were sorted based upon upregulation of 4-1BB expression following
stimulation with cells pulsed with mutated epitopes (23). Functional TCRs were generated
by synthesizing constructs encoding a chain sequences joined to f chain sequences with a
self-cleaving picornavirus P2A sequence (24) in the pMSGV1 retroviral vector, and activity
was assessed by co-culturing TCR-transduced PBMC with tumor or peptide-pulsed target
cells, as described (25). Isolation of CD8™ T cells from peripheral blood mononuclear cells
was carried out using a CD8 T-cell enrichment kit (BD Biosciences, San Jose, CA 95131)

Whole-exome sequencing of fresh uncultured tumor and normal cells from patient 3713
initially indicated that this tumor contained over 4,000 nonsynonymous somatic variants, a
relatively high mutational load in comparison with the majority of cutaneous melanomas
(26), although melanomas that possess similar or higher mutation rates have been identified
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in previous studies (27, 28). Expression of the corresponding mutated transcripts was
evaluated by RNA-seq analysis of a tissue culture (TC) cell line generated from 3713, FrTu,
from which 720 of the most highly expressed mutated gene products were further evaluated.

Sixty-two TMGs, encoding the selected variants plus the 12 upstream and downstream
flanking residues. were constructed, and autologous EBV B cells transfected with /in vitro
transcribed RNA from these constructs. The autologous TIL 3713 cells used to treat the
patient were >98% CD8" (data not shown) and recognized targets transfected with TMGs 2,
5,6,9, 17, 20, 23, 32, 39, and 60 (Fig. 2A).

Initially, we synthesized and tested candidate high affinity HLA HLA-A*02:01-binding
peptides, identified from the mutated transcripts using an algorithm designed to predict

binding to MHC class | gene products (29), for recognition by TIL 3713. TIL 3713 cells
recognized a mutated SRPX peptide encoded by TMG-2 and a mutated WDR46 peptide
encoded by TMG-9 (Table 1 and (30)).

To identify other mutated antigens recognized by TIL 3713 T cells, individual minigenes
were either reverted back to wild-type sequences or deleted from the TMG constructs.
Reversion of individual sequences within the TMGs to the appropriate wild-type sequences
led to the identification of TPX2, PRDX3, SEC22C, and CENPL as the antigens targeted in
TMG-5, 6, 17, and 60, respectively, whereas evaluation of truncated TMGs led to the
identification of HELZ2, GCN1L1, AFMID, and PLSCR4 as the antigens targeted in
TMG-20, 23, 32 and 39, respectively (data not shown). None of the ten mutated genes
identified as targets of TIL 3713, which are briefly described in the Supplementary Text,
have been implicated as cancer genes. Genes that are mutated in a relatively small
proportion of individual tumors, however, may play a role in tumor development (31). It is
notable that identical mutations in the HELZ and TPX2 genes have been observed in
additional tumors (see Supplementary Text).

The HLA restriction element involved with presentation of the eight additional mutated
antigens recognized by TIL 3713 were then identified by co-transfecting HEK-293T and
COS7 cells with the individual TMGs identified in the initial screening assays in
combination with each of the six individual MHC class | alleles expressed by patient 3713.
The results of co-cultures with transfected HEK-293T cells confirmed that TIL 3713
recognized SRPX in the context of HLA-A*02:01 (Fig. 2B). Targets transfected with TPX2
and SEC22C, were recognized in the context of HLA-B*44:03, whereas targets transfected
with PRDX3, HELZ2, GCN1L1, AFMID, PLSCR4 and CENPL were recognized in the
context of HLA-A*29:02 (Fig. 2B). Similar results were observed using COS7 cells
transfected with TMGs 2, 5, 6, 17, 20, 23, 32, 39 and 60, but in addition, TIL 3713
recognized COS7 cells transfected with WDR46 in the context of HLA-A*02:01. Responses
against COS7 transfectants were generally more robust than responses to HEK-293T
transfectants, which may have been responsible for the finding that TIL 3713 recognized
COS7 but not HEK-293T cells that were cotransfected with TMG-9 and HLA-A*02:01 (Fig.
2B and C).

Cancer Immunol Res. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prickett et al.

Page 7

The minimal peptide epitopes from each of the positive mutated gene products predicted to
bind with the highest avidity to the appropriate class | MHC alleles were then identified
using the consensus IEDB peptide/MHC binding algorithm (Table 1) (29) and synthesized to
evaluate their recognition by TIL 3713. Candidate epitopes within the 25 amino acid
sequences encoded in TMGs that were predicted to possess binding affinities of <500 nM or
to be within the top 2% of predicted binders to the appropriate HLA class | alleles identified
as restriction elements (HLA-A*02:01, HLA-A*29:02, and HLA-B*44:03) for the 10
neoepitopes were then synthesized and evaluated for recognition by TIL 3713. HLA class |
(B*51:01, C*15:02, and C*16:01) alleles were not screened for binding via the IEDB
NetMHC prediction algorithms due to lack of recognition in the coexpression/coculture
experiment. Minimal epitopes of either 9 or 10 amino acids, predicted to bind the
appropriate HLA class | alleles, were identified for each of the 10 neo-antigens recognized
by TIL 3713 (Fig. 3). The corresponding wild-type peptides elicited little or no response
from the TIL, indicating that the T cells specifically recognized the altered residues in each
of the positive peptides (Fig. 3). The minimal concentrations of the mutant peptides required
to stimulate significant cytokine release from TIL 3713 ranged between 0.1 and 1.0 ng/ml
for the HLA-A*02:01 and A*29:02 restricted epitopes, whereas higher concentrations of the
two epitopes recognized in the context of HLA-B*44:03, SEC22C, and TPX2 peptides, were
required to stimulate significant cytokine release from TIL 3713 (Fig. 3). Residues altered in
the SRPX, HELZ2, AFMID, TPX2, and SEC22C peptides were predicted to enhance
peptide binding affinity by a factor of between 6 and 1,000 fold to the appropriate MHC
alleles, whereas changes in the WDR46, GCN1L1 PLSCR4, and CENPL peptides were
predicted to result in a less than 3-fold enhancement in binding affinity to the appropriate
alleles (Table 1). The change in the PRDX3 epitope was predicted to result in an
approximately 2-fold decrease in binding HLA-A*29:02; nevertheless, the mutated peptide
was predicted to bind to this MHC allele with a relatively high affinity (16 nM).

We then evaluated the TCR clonotypes within the autologous 3713 TC line that recognized
mutated tumor epitopes. We isolated mutation-reactive TCRs from these clones or from
CD137* T cells that had been FACS sorted from 3713 IB TIL after stimulation with mutated
TMGs (Table 2 and Fig. 4). Deep sequencing of TCR Vp regions revealed that the top 20
clonotypes in the infused TIL ranged in frequencies between 4.5 to 1.3% (Table 2). Analysis
of T-cell clones and T cells transduced with TCR a and p pairs isolated from antigen-
reactive T cells revealed that 9 of the top 20 clonotypes recognized an individual epitope
derived from either the CENPL, SRPX, AFMID, HELZ2, or SEC22 mutated transcripts
(Table 2 and Fig. 4A-F). Screening of limiting-dilution clones or T cells that upregulated
4-1BB in response to antigen stimulation did not lead to the isolation of the T cells
corresponding to the remaining 11 clonotypes, whose reactivities remain unknown. The T
cells that recognized the mutated CENPL, SRPX, HELZ2 and SEC22 epitopes also
recognized autologous 3713 TC cells, whereas AFMID-reactive T cells demonstrated little
or no recognition of 3713 TC (Fig. 4). Five of the top seven clonotypes recognized the
mutated SRPX epitope at frequencies ranging between approximately 2 and 4% of the
infused TIL, and single clonotypes recognizing the mutated CENPL, HELZ2, SEC22C and
AFMID epitopes each represented between 1 and 2% of the infused TIL (Table 2 and Fig.
4C-E). Approximately 12% of the infused TIL 3713 were reactive with an HLA-A*02:01
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tetramer prepared with the mutated SRPX peptide (30), which was comparable to the total
frequency of the five dominant SRPX-reactive clonotypes detected in IB TIL 3713 (14%).
The factors responsible for the predominant reactivity of IB TIL 3713 against the mutated
SRPX epitope are unknown. One possibility could be due to the relatively high expression of
this gene product (Supplementary Table 1). The five dominant SRPX reactive clonotypes
detected in the infused TIL also represented the five most dominant T-cell clonotypes in the
peripheral blood five weeks following adoptive transfer, each of which appeared to be
represented in the peripheral blood at levels that were similar or somewhat higher than those
observed in the infused TIL (Table 2). Four of the five SRPX-reactive clonotypes were also
detected approximately one year after transfer at levels that ranged between 1 and 1.9% of
peripheral T cells, and clonotypes reactive with the CENPL, HELZ2, and SEC22C epitopes
represented 1.2, 1.0, and 0.5%, respectively, of peripheral T cells at this time (Table 2). T-
cell clonotypes reactive with the mutated CENPL, SRPX, HELZ2, SEC22 and AFMID
epitopes were represented in the 100 most frequent clonotypes detected in a population of
CD8*PD-1* T cells sorted from a fresh tumor digest at levels that were between 3-fold and
more than 200-fold higher than in the corresponding CD8*PD-1" population (Table 2), as
demonstrated in a recent study evaluating the reactivity of T cells isolated from a panel of
melanoma fresh tumor samples (21). None of the remaining clonotypes were evaluated due
to our inability to identify T-cell clones or appropriate TCR a/ pairs, with the exception of
the eighth and ninth clonotypes. For these clonotypes, TCRs were constructed with a and 3
chain sequences identified using the single cell PCR approach; however, the resultant TCRs
did not recognize the autologous 3713 TC line (data not shown). These results provide
support for the hypothesis that T cells recognizing tumor-specific mutations can play a
dominant role in the ongoing complete tumor regressions seen in some patients following
the adoptive transfer of autologous tumor-reactive T cells.

Discussion

Antigens recognized by tumor reactive T cells isolated from cancer patients can be
categorized into four broad groups that include differentiation antigens that possess a limited
distribution in normal tissues, normal self-antigens that are highly overexpressed in tumor
cells, cancer-germline antigens whose expression is limited to germ cells, and mutated
antigens. The role of T cells targeting specific tumor antigens in control or regression of
metastatic lesions, however, is unclear.

Regressions of multiple metastatic lesions were observed in patients with melanoma who
received autologous T cells transduced with TCRs recognizing the melanocyte
differentiation antigens MART-1 and gp100 (32). Responses, however, were often of short
duration and severe dose-limiting toxicity, presumably resulting from the expression of these
antigens in normal melanocytes. Durable complete tumor regressions were observed in 3/20
melanoma and 1/18 synovial cell sarcoma patients who received autologous T cells directed
to the cancer-germline antigen NY-ESO-1 (33). However, most common cancers express
little of this antigen, which limits its usefulness therapeutically. Although 1/9 patients who
received T cells directed to a MAGE-A3 epitope had a long-term complete response, three
patients experienced unexpected severe neurological toxicity (34).
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The durable complete regressions observed in about 20% of melanoma patients receiving
oligoclonal populations of autologous TIL (3) were not associated with normal tissue
toxicity, indicating that clinical responses can be mediated by T cells recognizing antigens
with limited or no expression in normal tissues. Many long-term complete responses to TILs
in melanoma did not involve recognition of shared non-mutated antigens, but rather,
contained dominant populations of T cells recognizing patient-specific neoantigens (7, 9, 35,
36). The melanomas evaluated in these studies contained between approximately 250 and
3,000 somatic non-synonymous mutations ((7, 9, 35, 36) and unpublished data), suggesting
no direct association between the response to adoptive immunotherapy and mutation rate, a
conclusion further supported by ongoing durable objective responses was observed in a
patient with cholangiocarcinoma following the adoptive transfer of a highly enriched
population of autologous CD4* T cells reactive with a mutated ERBB2IP protein expressed
by autologous cholangiocarcinoma tumor cells possessing only 26 non-synonymous somatic
mutations (10) and in a melanoma patient with only 70 nonsynonymous somatic mutations
(9). The effects of mutations that give rise to neoepitopes, combined with intrinsic features
of tumor antigen—reactive T cells—avidity, differentiation state, proliferative potential (22,
37)—all influence responses to immunotherapy. These factors are likely, for the most part, to
be independent of the number of neoepitope targets expressed by patients’ tumors.

T cells recognizing neoantigens probably play a role in clinical responses to immune
checkpoint inhibitors. In one report, clinical responses in patients with metastatic melanoma
to ipilimumab or tremelimumab, antibodies directed against the inhibitory protein CTLA-4,
were associated with the number of nonsynonymous somatic mutations detected in those
cancers (11). Translation of the sequences surrounding the nonsynonymous mutations led to
the identification of a four-amino-acid motif, termed a neoantigen signature, which was
associated with clinical response to anti-CTLA-4 therapy, although this has not been
confirmed in additional studies. In a second study, clinical responses of patients with non-
small cell lung cancer to administration of pembrolizumab, an antibody directed towards the
immune checkpoint inhibitor PD-1, were associated with mutational burden, and treatment
was associated with the peripheral expansion of T cells reactive with a neoantigen target in
one of the patients (12).

Here we identified 10 distinct mutated T-cell epitopes as targets of the autologous TIL out of
the 720 nonsynonymous somatic mutations with the highest transcript expression in the
3713 tumor. Between one and five of the 20 most frequent T-cell clonotypes present within
the infused T-cell population, which ranged in frequency between 4.5 and 1.4% of total T
cells, recognized the mutated CENPL, SRPX, HELZ2, AFMID, and or SEC22C antigens
and autologous tumor cells. All of the reactive clonotypes were detected at similar levels,
and appeared in some cases to have increased in the patient’s peripheral blood five weeks
after transfer. In addition, all but one of the tumor-reactive clonotypes was detected at lower
but significant levels approximately one year after transfer, suggesting an important role of
mutation-reactive T cells in the ongoing complete tumor regression observed in some
patients receiving adoptive treatment with autologous TIL (7) (8) (9).

Overall, these observations suggest that additional clinical studies focused on targeted
neoantigens are warranted. Additional treatment strategies that take advantage of whole-
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exome and RNA-seq data include the isolation and expansion of T cells specific for patient
neoantigens using MHC multimers generated by peptide exchange (38), the transduction of
patient PBMC with TCRs isolated from neoantigen-reactive T cells, and the development of
cancer vaccines targeting potent neoantigens. This information can also serve as the basis of
therapies combining the checkpoint inhibitors, the adoptive transfer of neoantigen-reactive T
cells, and neoantigen vaccines that may result in enhanced therapeutic effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Prior to
TIL therapy

Post-
TIL therapy

Figure 1.
Clinical response of patient 3713 (pt.3713) after treatment with adoptive cell therapy.

Computed tomography (CT) scans showing the disease present in both lobes of the lung (A-
B) prior to surgical resection and TIL therapy (C-D). The 3cm lesion in the left lobe (A) was
resected and used to derived patient specific TIL. Panel (D) shows patients lungs clear of
disease. White arrows show areas of metastatic disease.
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Figure2.

Screening of pt.3713 autologous infusion bag TIL for reactivity to tandem minigenes
(TMGs). (A) Autologous B cells transformed with EBV were transfected with IVT RNA
from TMG-1 to TMG-62 individually and then co-cultured with autologous infusion bag
TIL. IVT RNA expressing GFP was a negative control and autologous 3713 mel cell line (*)
was used as positive control. (B) HEK-293T cells were transiently co-transfected with
positive pt.3713 TMGs in the presence of patient specific HLAs (A*020101, A*290201,
B*440301, B*510101, C*150101, or C*160101). GFP expression construct was used a
negative control. (C) COS7 cells were transiently co-transfected with positive pt.3713 TMGs
in the presence of patient specific HLAs (A*020101, A*290201, B*440301, B*510101,
C*150101, or C*160101). GFP expression construct was used a negative control.
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Figure 3.
Minimal neo-epitope dose curve analysis with pulsed EBV co-cultured with autologous TIL.

EBV cells were pulsed with between 1,000 and 0.1 ng/ml of mutant or wild type HPLC
purified peptides with the exception of TPX2 peptides, which were pulsed at concentrations
ranging between 10,000 and 1 ng/ml, and the release of IFNy following an overnight culture
with TIL 3713 determined. Each neo-epitope dose response curve was run three independent
times. The gene names, HLA restriction elements, and TMG constructs encoding the
mutated epitopes are shown above each graph.
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Figure 4.

Reactivity of clones or TCRs corresponding to predominant clonotypes in TIL 3713.
Responses of allogeneic whole PBMC (A-C) or CD8-enriched T cells (D) transduced with
TCRs reactive with the mutated SRPX (A), AFMID (B) HELZ2 (C) or CENPL epitopes
were evaluated by measuring the release of IFNy in response to T2 cells (A) or autologous
EBV B cells (B-D) pulsed with the appropriate peptides. Transduced T cells were also
evaluated for their ability to release IFNy in response to either, the autologous TC line or an
allogeneic melanoma TC line. In addition, T-cell clones isolated from TIL that were reactive
with the mutated SRPX epitope (E) or the mutated SEC22C epitope (F) evaluated for their
ability to up-regulate 4-1BB in response to autologous normal B cells (E) or EBV B cell (F)
targets pulsed with the appropriate peptides or the autologous TC line (graphs represent 2
independent experimental repeats).
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