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Abstract

Purpose: The causative agent of most cases of Merkel cell
carcinoma (MCC) has been identified as the Merkel cell
polyomavirus (MCV). MCV-encoded T antigens (Tag) are
essential not only for virus-mediated tumorigenesis but also
for maintaining MCC cell lines in vitro. MCV Tags are thus an
appealing target for viral oncoprotein-directed T-cell therapy
for MCC. With this study, we aimed to isolate and characterize
Tag-specific T-cell receptors (TCR) for potential use in gene
therapy clinical trials.

Experimental Design: T-cell responses against MCV Tag
epitopes were investigated by immunizing transgenic mice
that express a diverse human TCR repertoire restricted to HLA-
A2. Human lymphocytes genetically engineered to express
Tag-specific TCRs were tested for specific reactivity against
MCC cell lines. The therapeutic potential of Tag-specific TCR
gene therapy was tested in a syngeneic cancer model.

Introduction

Merkel cell carcinoma (MCC) is a rare but highly aggressive
primary cutaneous neuroendocrine neoplasm. With a 33% mor-
tality rate, MCC is deadlier than other common forms of skin
cancer (1). MCC most often occurs in immunosuppressed or
elderly individuals, suggesting a role for immune surveillance in
blocking the development of MCC.

A clonally integrated polyomavirus (Merkel cell polyomavirus,
MCV) has been found in association with at least 80% of MCCs
(2, 3). Similar to other polyomaviruses, MCV encodes alterna-
tively spliced large (LT) and small (sT) tumor antigen transcripts
that share exon 1 of the T antigen (Tag) gene (4, 5). Sequence
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Results: We identified naturally processed epitopes of
MCV Tags and isolated Tag-specific TCRs. T cells expres-
sing these TCRs were activated by HLA-A2-positive cells
loaded with cognate peptide or «cells that stably
expressed MCV Tags. We showed cytotoxic potential of
T cells engineered to express these TCRs in vitro and
demonstrated regression of established tumors in a
mouse model upon TCR gene therapy.

Conclusions: Our findings demonstrate that MCC cells
can be targeted by MCV Tag-specific TCRs. Although recent
findings suggest that approximately half of MCC patients
benefit from PD-1 pathway blockade, additional patients
may benefit if their endogenous T-cell response can be
augmented by infusion of transgenic MCV-specific T cells
such as those described here. Clin Cancer Res; 24(15); 3644-55.
©2018 AACR.

analysis demonstrated that LT protein is prematurely truncated in
all MCV-positive MCC cases which results in deletion of the
helicase domain (6). Integration of the virus before clonal expan-
sion of the tumor cells as well as addiction of MCV-positive MCC
cells to the expression of viral oncoproteins suggests that MCV is a
major driver of MCC development and progression (7, 8). How-
ever, details of the function of MCV in the development of MCC
are still being investigated.

Programmed death 1 (PD-1) pathway blocking agents
have greatly improved the options for MCC patients, and
demonstrated that augmenting responses of the existing
tumor-specific T-cell repertoire is efficient in about half of
cases (9, 10). One plausible explanation for the disappointing
results in the other half of patients is that the number and or
avidity of tumor-specific T cells were insufficient. These
patients could benefit from T cell-based immunotherapy
targeting MCV Tags.

To determine the immunogenic epitopes on MCV Tags and
isolate specific T-cell receptors (TCR), we used the previously
described ABabDII mouse model (11, 12). ABabDII mice are
transgenic for human TCR-a gene loci and HLA-A*0201 (HLA-
A2 hereafter) as a chimeric HLA-A2/DP molecule fused to human
B2-microglobulin (HHD). Additionally, they are deficient for
mouse TCR-0f and mouse MHC I (H2-DP and B2-microglobulin)
expression. Thus, ABabDII mice express a diverse human TCR
repertoire restricted to HLA-A2. We isolated HLA-A2-restricted
Tag-reactive TCRs for potential use in a gene therapy clinical trial.
These high-avidity TCRs mediated recognition of nanomolar
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Translational Relevance

T-cell receptor (TCR) gene therapy is an emerging cancer
treatment modality. Merkel cell carcinoma (MCC) is an aggres-
sive skin cancer affecting an increasing number of individuals
with limited treatment options for advanced disease. The
majority of MCC cases are associated with Merkel cell poly-
omavirus (MCV), and expression of viral tumor antigens is
essential for growth of MCC cells. Thus, MCV T antigens could
be targets for T-cell-mediated immunotherapy. In this study,
we describe the isolation and characterization of TCRs specific
to MCV Tags using a humanized mouse model. Human T cells
genetically engineered to express those TCRs recognize cell
lines established from MCC tumors and display cytotoxic
activity. Thus, our isolated TCRs have potential applications
for TCR gene therapy, which may supplement the emerging
use of PD-1 pathway blocking agents that provide durable
benefit for only about half of patients with advanced MCC.

levels of peptide pulsed on T2 cells as well as HLA-A2™ target cells
expressing MCV Tags.

Materials and Methods

Cell lines

The human MCC cell lines WaGa (MCV'/HLA-A2"; ref. 7),
MS-1 (MCV'/HLA-A2¥; ref. 13), MKL-2 (MCV'/HLA-A2";
ref. 14), MKL-1 (MCV'/HLA-A27; ref. 15), PeTa (MCV'/
HLA-A2"; ref. 16), and MCC-13 (MCV ™ /HLA-A2"; ref. 17) were
kindly provided by R. Houben (University of Wurzburg) and were
kept in RPMI (Gibco) supplemented with 10% fetal calf serum
(FCS, Pan Biotech), 50 umol/L 2-mercaptoethanol, 1 mmol/L
sodium pyruvate and nonessential amino acids. The human lung
cancer cell line H1299 was purchased from ATCC and maintained
in RPMI 1640 supplemented with 10% FCS. The HLA-A2-
expressing variants (H1299-A2, MKL-1-A2, and PeTa-A2) were
generated by transducing the respective cell line with HLA-A2
cDNA. MCV IT or sT expressing H1299-A2 was generated by
transducing H1299-A2 with LT or sT cDNA, respectively, linked
with an internal ribosomal entry site (IRES) to the reporter
constructs GFP. TCR-0.- and TCR-B-deficient Jurkat clone 76
(Jurkat-76) (18) and T2 cells (ATCC: CRL-1992) cells were kept
in RPMI supplemented with 10% FCS. The viral producer cell line
HEK-GALV (19) was cultured in DMEM supplemented with 10%
FCS. Human peripheral blood mononuclear cells (hPBMC) were
cultured in RPMI 1640 supplemented with 10% FCS, 50 pmol/L
2-mercaptoethanol, 1 mmol/L sodium pyruvate and nonessential
amino acids. The fibrosarcoma MC703 was previously generated
in HHD mice and maintained in RPMI supplemented with 10%
FCS (12, 20). The variant MC703-KLL was generated by trans-
ducing MC703 with ¢cDNA encoding for MCV-derived epitope
KLL fused to GFP. All MCC cell lines were authenticated by
sequencing for the presence of characteristic LT-truncating muta-
tions, which lead to a distinct molecular weight of the protein
detectable by immunoblotting.

Generation of MCV Tag-specific T cells in ABabDII mice

For priming, ABabDII mice were injected subcutaneously with
100 pg of peptide [SMFDEVDEA (SMF9), SMFDEVDEAPY
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(SMF11), KLLEIAPNC (KLL), KLLEIAPN{Abu} (KLL-Abu),
Genscript] in a 200 uL 1:1 solution of incomplete Freund's
adjuvant and PBS supplemented with 50 ug CpG. Successive
boosts were performed with 100 pg of respective peptide includ-
ing the same adjuvants. The time between immunizations was at
least 4 weeks. The presence of MCV-specific CD8" T cells in the
peripheral blood of immunized animals was assessed by in vitro
peptide stimulation and subsequent intracellular cytokine stain-
ing 7 days after each boost.

Isolation of MCV Tag-specific TCRs

Splenocytes and lymphocytes from inguinal lymph nodes were
prepared from responding animals at days 10 to 14 after the last
boost and stained either with SMF/HLA-A2 or KLL/HLA-A2 multi-
mers (iTAg HLA class I Tetramers from MBL International Cor-
poration) or after in vitro peptide (10° mol/L) stimulation for 24
hours with anti-mCD137 antibody (17B5, BioLegend). Between
500and 30,000 multimer* (orCD137") CD8™* T cells were sorted
directly into 300 pL RLT lysis buffer (Qiagen) on a BD FACSAria III
sorter. Total RNA from sorted cells was extracted using RNeasy
Plus Micro kit (Qiagen) according to the manufacturer's instruc-
tions. First-strand cDNA synthesis and 5'-RACE PCR were carried
out using SMARTer RACE ¢cDNA Amplification Kit (Clontech
Laboratories) according to the manufacturer's instructions. In
particular, subsequent TCR-specific amplification was carried out
with 1 to 2 puL of the reverse transcription reaction, 1 U Phusion
HotStart IT polymerase (Thermo Fisher Scientific), 0.1 umol/L of
either hTRAC (5'-CGG CCA CIT TCA GGA GGA GGA TTC GGA
AC-3") or hTRBC (5’-CCG TAG AAC TGG ACT TGA CAG CGG
AAGTGG-3') primers and 0.1 umol/L 5’ primer (5'-CTA ATA CGA
CTC ACT ATA GGG CAA GCA GTG GTATCA ACG CAG AGT-3").
The amplified TCR genes were analyzed on an agarose gel and
specific bands were cut out and cloned using a Zero Blunt TOPO
PCR cloning kit (Life Technologies). Plasmids from individual
clones were isolated and sequenced using a T3 primer (5'-AAT
TAA CCC TCA CTA AAG GG-3) at Eurofins Genomics.

Generation of TCR transgene cassettes

Pairing TCR-0/B chains were linked in silico via 2A "self-
cleaving" peptide sequence from Porcine teschovirus-1 (P2A) in
the fashion TCRB-P2A-TCRa as described before (21). The human
TCR constant regions were replaced by their murine counterparts
to improve the pairing between the chains of the introduced TCR
and avoid mispairing with endogenous TCR-o. and TCR-f chains.
The transgene cassettes were codon optimized for human expres-
sion and synthesized by GeneArt (Life Technologies). The trans-
genes were cloned into pMP71-PRE (22) using Notl and EcoRI
restriction sites.

TCR gene transfer

TCR gene transfer was carried out as described before with
minor modifications (23). Packaging 293-GALV (HEK-293 cells
stably expressing GALV-env and MLV-gag/pol) cells were grown to
approximately 80% confluence and transfected with 3 ug of the
plasmid containing the transgene in the presence of 10 ug
Lipofectamine2000 (Life Technologies). Three milliliters of ret-
rovirus containing supernatant was harvested 48 and 72 hours
after transfection.

Human PBMCs were isolated from healthy donors by ficoll
gradient centrifugation. A total of 1 x 10° freshly isolated or
frozen hPBMCs were stimulated with 5 ug/mL anti-CD3 (OKT3)
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and 1 pg/mLanti-CD28 (CD28.2; BioLegend) coated plates in the
presence of 300 U/mL recombinant human interleukin 2 (hIL-2,
Peprotech). Transductions were performed 48 hours and 72 hours
after stimulation by addition of retrovirus containing supernatant
and 4 pg/mL protamine sulfate followed by spinoculation for 90
minutes at 800 g and 32°C (first transduction) or preloading of
virus onto retronectin (Takara)-coated plates and spinoculation
for 30 minutes at 800 g and 32°C (second transduction). Trans-
duced T cells were kept in the presence of 300 U/mL hIL-2 for a
total of 2 weeks followed by at least 2 days of culture in the
presence of 30 U/mL hIL-2, before they were used for experiments.
TCR-negative Jurkat-76 cells were transduced without prior stim-
ulation and the second transduction was omitted. TCR gene
transfer into murine T cells was done as described (20).

Functional assays

IFNYy production was measured by ELISA after 16 hours cocul-
ture of 5 x 10" TCR-transduced T cells with 5 x 10* target cells
(human tumor cell lines or peptide-loaded T2 cells). Stimulation
with phorbol-12-myristate-13-acetate (PMA) and ionomycin was
used as a positive control. Cytotoxic activity of 2 x 10° of
transduced human PBLs was analyzed by incubation with target
cells (E:T ratio of 2:1) in 200 UL T cell medium in the presence of
1 ug CD107a-specific antibody (H4A3; Alexa Fluor 647,
BioLegend), 1 ug monensin (Sigma-Aldrich), and 1 ug brefeldin
A (BD Biosciences). After 6-hour incubation, cells were fixed
and stained using fixation/permeabilization kit (BD Biosciences)
and antibodies against hCD8 (HIT8c), mTCR-f (H57-597), and
hIFNy (4S.B3), all from BioLegend.

Flow cytometry

The following conjugated antibodies were obtained from
BioLegend: anti-hCD3 (HIT3a), anti-hCD8 (HIT8a), anti-
hHLA-A2 (BB7.2), anti-hHLA-ABC (W6/32), anti-hVB8 (JR.2),
anti-mCD3 (145-2C11), anti-mCD8 (53-6.7), anti-mIFNy
(XMG1.2), and anti-mTCR-f (H57-597). Anti-hVB3 (JOVI-3) was
purchased from BD Biosciences. The peptide/HLA-A2 multimers
were produced by MBL International Corporation. Samples were
analyzed using a FACSCanto II (BD Biosciences). Data analysis
was performed using FlowJo (TreeStar).

Immunblotting

For the preparation of whole-cell extracts, cell pellets were
washed in cold PBS and resuspended in lysis buffer (Sigma-
Aldrich) supplemented with protease inhibitors. Cells were lysed
on ice for 45 minutes. Aliquots of equal amounts of protein were
mixed with NuPAGE sample buffer (Invitrogen), heated at 70°C
for 10 minutes, and electrophoresed for Western transfer using the
Novex NuPAGE SDS-PAGE Gel system (Invitrogen) according to
the manufacturer's instructions. Monoclonal antibodies CM2B4
(Santa Cruz Biotechnology), recognizing LT and CM8EG6 (24),
recognizing both the LT and sT, were used to detect Tag expression.
MAGE-A1 was detected using monoclonal antibody MA454
(Santa Cruz Biotechnology). B-Actin antibody (Abcam) was used
as loading control.

Tumor challenge and adoptive T-cell transfer

In vivo testing of TCR KLL-85 was performed as previously
described (12, 20). Briefly, 5 x 10° tumor cells were subcutane-
ously injected in 100 pL PBS into the left flank of HHDxRag ™/~
mice (12-16 weeks old). Tumor growth was analyzed 2 to 3 times
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a week by determination of tumor volume by caliper measure-
ments according to /6 x (abc). On the day of T-cell transfer, mice
were ranked by tumor size and sequentially allocated to treatment
groups to ensure equal average tumor sizes between groups. Mice
were treated by adoptive transfer of TCR-engineered HHD T cells 4
weeks after tumor cell injection when tumors were established.
HHD T cells were analyzed for expression of CD8 and transgenic
TCR [KLL-85 (TCRvP8), 1367 (TCRvB3)] by flow cytometry
and intravenously injected in 100 uL PBS (adjusted to 1 x 10°
CD8" TCR" HHD T cells per mouse) 3 days after transduction.
Examiners were not blinded with respect to treatment groups.
Mice were sacrificed when either tumors reached the maximum
permitted size or if due to tumor burden the overall health
condition was poor.

Study approval

All animal experiments were performed according to institu-
tional and national guidelines, after approval by the responsible
authority (Landesamt fiir Gesundheit und Soziales, Berlin). Blood
collection from healthy human donors was done after prior
informed consent and experiments were conducted in accordance
with the ethical standards of Declaration of Helsinki.

Results

Identification and evaluation of CD8 T-cell epitopes on MCV LT

The MCV LT and sT proteins result from splice variants of a
single transcript. The two oncoproteins share a common 79
amino acid N-terminal region, followed by regions unique to
each isoform (Fig. 1A). Using in silico analysis of LT protein
sequence with NetMHCpan algorithm (25), 4 potential HLA-
A2-restricted epitopes were detected in the nontruncated region.
Of these, only the epitope at position 74 to 82 SMFDEVDEA
(hereafter SMF) with predicted ICs, of 18 nmol/L was considered
as a strong binder and was selected for further analysis. A second
epitope in the ranking with the sequence KLLEIAPNC (KLL) and
ICs0 of 210 nmol/L is predicted to be a weak binder (NetMHC-
pan). However, we selected this epitope for analysis as well, due to
its presence on both, LT and sT antigens and because a T-cell
response against KLL was previously described (26, 27). To
analyze the immunogenicity of those epitopes, we immunized
ABabDII mice expressing diverse human TCR repertoire in HLA-
A2-restricted manner with respective peptides. Antigen-specific
CD8* T cells were detected in immunized mice but not in naive
mice by in vitro restimulation of peripheral blood lymphocytes
(PBL) at day 7 after last immunization (Fig. 1B). Both epitopes
induced specific CD8" T-cell response in the ABabDII mice.
Because the presence of cysteine residues in antigenic peptides
causes problems with formulation due to possible oxidative
damage and dimerization (28), C-terminal cysteine in P9-anchor
position of KLL was replaced by a nonnatural isosteric analog of
this residue 2-aminoisobutyric acid (Abu) resulting in KLL-Abu
peptide. Immunization with this alternative peptide significantly
increased the magnitude of the response (P = 0.04, ¢ test) to this
particular epitope (Fig. 1C).

In a peptide/MHC-based screen for MCV-specific CD8™" T cells
in MCC patients' blood and tumor-infiltrating lymphocytes (TIL),
Lyngaa and colleagues (27) detected T cells specific to HLA-A2
multimers loaded with the peptide SMFDEVDEAPY. We sought to
investigate immune response against this 11mer epitope. How-
ever, in contrast to the 9mer SMF peptide, SMF-11 did not induce
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Figure 1.

MCV Tag epitopes SMF and KLL induce CD8" T cell response in ABabDIl mice. A, MCV LT and sT antigens: open boxes illustrate common region encoded
by exon T; black (LT) or gray (sT) filled areas show unique regions. Numbers indicate amino acid positions. Positions of the respective epitopes with amino
acid sequences and predicted (by netMHC4.0) MHC affinities are also indicated. B, Representative dot plots showing intracellular IFNy staining as an
indicator of activated CD8™ T cells after in vitro peptide stimulation of PBLs from mice immunized with SMF- or KLL-peptide or an unimmunized mouse.
C, Summary of CD8" T-cell responses to immunization with indicated peptide epitopes as percentage of IFNy-secreting CD8" T cells in blood after in vitro

peptide stimulation. Data sets were compared using unpaired t test.

any response in any of immunized mice (n = 10) even after
multiple boosts, suggesting only the 9mer variant of SMF epitope
is truly immunogenic in ABabDII mice (Fig. 1C).

Cloning and characterization of TCRs directed against epitopes
of MCV T antigens

To isolate specific TCRs, we sorted SMF- or KLL-reactive CD8" T
cells from splenocytes of responder mice using either CD137 as
activation marker (Fig. 2A) or peptide/HLA-A2 multimers loaded
with the respective peptide (Fig. 2B). By rapid amplification of
cDNA end (5'RACE)-PCR, we cloned rearranged TCR-o. and TCR-
B genes. Matching of the correct TCR-0f} pairs was achieved by
combining of the most abundant clones for each individual
mouse (Supplementary Table S1). Two different TCRs directed
against SMF epitope (SMF-48 and SMF-72) and two TCRs specific
for KLL epitope (KLL-40 and KLL-85) were isolated. The codon-
optimized sequences encoding for the o and B chains were linked
with a P2A element and inserted into retroviral expressing vector
(Fig. 2C). To verify the specificity of afy combinations, we trans-
duced TCR-negative Jurkat-76 cells expressing all components of
the CD3 complex. Staining of transduced Jurkat-76 cells with
SMF- or KLL/HLA-A2 multimers confirmed the specificity of o
combinations for all TCRs except for SMF-72, which was isolated
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through the CD137 assay (Fig. 2D). Next, we confirmed expres-
sion of the isolated TCRs in primary human T cells. Expression of
all TCRs was detected by using an antibody directed against the
murine TCR-B constant region (Fig. 2E, top).

Similar to Jurkat-76, all PBLs transduced with any of three TCRs
except of SMF-72 were able to bind the cognate multimer CD8
independently. In contrast, SMF-72-expressing PBLs exhibited
only weak binding in the CD8" T-cell compartment (Fig. 2E,
bottom).

Comparison of functional avidity of isolated TCRs

To compare the functional avidity of the isolated TCRs, we
cocultured TCR-transduced PBLs with TAP-deficient T2 cells load-
ed with titrated amounts of SMF or KLL peptides and measured
release of IFNYy as indicator for activation of T cells. Surprisingly,
despite the poor tetramer binding, SMF-72 exhibited similar
functional avidity (ECso of 1 nmol/L) compared with SMF-48
(Fig. 3A and C). Both TCRs induced robust IFNy release at peptide
concentration of 10~ '° mol/L, suggesting high-functional avidity
for these TCRs. KLL-TCRs, on the other hand, differed in their
functional avidity. Cells transduced with the KLL-85 TCR recog-
nized target cells incubated with a minimum concentration of
0.01 nmol/L altered peptide, a 10-fold lower concentration than

Clin Cancer Res; 24(15) August 1, 2018
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Figure 2.

Isolation and reexpression of MCV-specific TCRs. A, Detection of activated CD137"/CD8" T cells after in vitro peptide (SMF) stimulation of splenocytes from

a mouse immunized with SMF peptide. Unstimulated splenocytes served as negative control. Sorted cells are indicated. B, SMF/HLA-A2 multimer staining of
splenocytes from a mouse immunized with SMF peptide. Staining with an irrelevant (ELA/HLA-A2) multimer served as negative control. Sorted cells are depicted. C,
Schematic of MP71 vector encoding TCR-B and TCR-a chains separated by P2A cleavage element and flanked by 5 and 3’ long terminal repeats (LTR).

D, Flow cytometry analysis of Jurkat-76 cells transduced with TCRs as indicated or untransduced (UT) and stained with SMF- or KLL-specific multimers (pMHC),
respectively, and costained with antibody recognizing constant region of murine TCR-B. Numbers indicate percentage of double-positive cells. E, Flow
cytometry analysis of human PBLs transduced with TCRs as indicated and stained with antibody recognizing constant region of murine TCR-p (top) or with SMF or
KLL/HLA-A2 multimers (bottom). Numbers indicate percentage of CD8™ T cells positive for multimer or TCR-p staining, respectively. Images are
representative of 3 independent experiments using PBLs of different donors.
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Functional avidity of T cells expressing MCV Tag-specific TCRs. A and C, SMF-TCR- and B and D, KLL-TCR-engineered human T cells generated from normal
donor PBLs were assayed for response via IFNy production after coculturing with T2 target cells pulsed with a range of peptide concentrations. A and B show
absolute IFNy concentrations. In C and D, data were normalized to maximum IFNy release. D, T2 cells were loaded either with the KLL native peptide (Cys, dashed
lines) or with KLL-Abu (Abu, solid lines). Diagrams show means and standard deviations from 3 independent experiments with PBLs from different donors.

that required for recognition by cells transduced with the KLL-40
TCR, indicating that the KLL-85 possessed a higher-functional
avidity than the KLL-40 (ECsp, 0.1 nmol/L vs. 1 nmol/L; Fig. 3B
and D). When we used the native KLL peptide with cysteine
residue at P9 anchor position, the functional avidities for both
KLL-TCRs dropped by 2 logs (Fig. 3D, dashed lines), indicating
either that the epitope analogue binds more efficiently to HLA-A2
compared with wild-type epitope or due to oxidative damage of
the native peptide upon formulation, the functional peptide
amount was decreased. The half-maximal effective concentration
of native KLL peptide for activation of T cells was comparable with
that of SMF peptide, indicating that TCRs against both epitopes
exhibit similar functional avidities.

Recognition of cell lines overexpressing MCV antigens by T cells
transduced with SMF- or KLL-TCRs

The processing and presentation of SMF and KLL epitopes as
well as recognition by TCR-engineered PBLs were tested in vitro by
culturing the PBLs with derivatives of H1299 cells that express
HLA-A2 (H1299-A2) with or without concomitant expression of
LT (H1299-A2-LT) or sT (H1299-A2-sT), as determined by GFP
expression as reporter (Fig. 4A). Expression of MCV Tag was
verified by flow cytometry of GFP-positive cells. H1299-A2-LT
and H1299-A2-sT did not differ significantly in the mean
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fluorescence intensity (MFI) of GFP signal indicating similar
expression strength for both antigens (Fig. 4B).

In a coculture with LT transfectants, T cells transduced with
SMF-72 secreted higher levels of IFNy compared with SMF-48
(Fig. 4C). As expected, no recognition was observed in a
coculture with H1299-A2 or H1299-A2-sT cells (the latter
construct lacks a part of the SMF epitope). In contrast, KLL-85
and KLL-40-expressing T cells reacted to both, LT and sT
expressing H1299-A2 cells but not to the parental H1299-A2
cells. In accordance with the functional avidity assay (Fig. 3D),
KLL-85-expressing T cells secreted more IFNy compared with
KLL-40 (Fig. 4C).

We next examined the ability of each epitope to induce the
expression of CD107 on CD8" T cells transduced with SMF- or
KLL-specific TCRs. Upon TCR engagement and epitope stimula-
tion, CD107 is exposed on the cell membrane of CD8" CTLs and
is used as assay for the detection of antigen-specific cytolytic
activity (29). When cocultured with the H1229-A2-LT cells,
T cells expressing SMF-specific TCRs displayed CTL activity to the
same extent as KLL-TCR expressing CD8™" T cells (Fig. 4D and E).
As expected, the H1299-A2-sT cells induced CTL activity in T cells
expressing KLL-TCRs only. In contrast, no significant CD107
expression was detected in untransduced T cells or in transduced
T cells when cocultured with parental H1299-A2 cells. The results
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SMF and KLL epitopes are naturally processed. A, Schematic of MP71 vectors encoding LT or sT antigens as bicistronic constructs with GFP-expressing
sequence segregated by internal ribosomal entry site (IRES). LTR, long terminal repeats. Positions of KLL (blue) and SMF (red) epitopes are indicated.

B, Expression of LT (blue) and sT (red) antigens in H1299-A2-LT or H1299-A2-sT, respectively, cells as determined by fluorescence intensity of GFP.

C, TCR-engineered human T cells as indicated were assayed for response in IFNy production after coculturing with MCV-negative H1299-A2 cell line or
derivatives expressing LT or sT antigens. TCR-independent stimulation of T cells with PMA/ionomycin (P/I) served as positive control. Diagrams show means
and standard deviations of 3 different experiments. D and E, Proportion of CD107* or CD107/IFNy double-positive cells among SMF- or KLL-TCR expressing CD8" T
cells as indicator of cytotoxic activity after coincubation with target cells as indicated. Diagrams show means and standard deviations of two experiments

with T cells from different donors.

of these experiments verify the natural processing and presenta-
tion of both SMF and KLL epitopes as well as the specificity of
the isolated TCRs.

T cells expressing KLL-specific TCR react to an MCC cell line

A panel of established MCV-positive (WaGa, MS-1, MKL-2,
MKL-1, and PeTa) and an MCV-negative (MCC-13) MCC cell lines
were evaluated for their ability to be recognized by the TCR-
transduced T cells. Neither population of the transduced T cells
recognized any of the 3 HLA-A2-positive cells lines WaGa, MS-1,
or MKL-2, nor (as expected) the HLA-A2-negative MKL-1 and PeTa
cells, nor the HLA-A2-positive but MCV-negative MCC-13 cell
line (data not shown).

Immunoblotting with Tag-specific antibodies confirmed LT
and sT protein expression in WaGa, MS-1, MKL-2, MKL-1, and
PeTa cells (Fig. 5A). Different LT band size pattern reflects the
different tumor-derived truncating LT mutations in these cell
lines. Additionally, WaGa and MKL-1 cells exhibited higher
expression of LT compared with the MS-1, MKL-2, or PeTa cells.

3650 Clin Cancer Res; 24(15) August 1, 2018

As expected, no Tag expression was detected for the MCV-negative
cell line MCC-13.

Because MCV infection induces MHC-I downregulation (30),
we evaluated the expression of MHC-I in MCC cell lines by flow
cytometry. Indeed, all MCV-positive cell lines exhibited low
expression of MHC-I in contrast to the MCV-negative MCC-13
cell line (Fig. 5B). However, after treatment with IFNy expression
of MHC-I molecules increased on the surface of all cell lines except
of MKL-2. To determine whether the levels of HLA-A2 on the cell
surface were sufficient to enable recognition by T cells, we pulsed
the tumor cell lines with SMF (Fig. 5C) or KLL (Fig. 5D) peptides
and evaluated the recognition by the transduced T cells. The
HLA-A2" cell lines (WaGa, MS-1, and MCC-13) prepulsed with
the peptide were specifically recognized in contrast to the HLA-
A2" cells MKL-1 and PeTa. No recognition was observed for the
HLA-A2" cell line MKL-2, reflecting the unresponsiveness of this
particular cell line to IFNy-inducible upregulation of HLA class I.

We then tested whether IFNy-treated MCC cell lines were
recognized by the TCR-transduced PBLs. The HLA-A2" cell line
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D, KLL-specific TCR-transduced human T cells were cocultured with MCC cell lines as indicated, loaded or unloaded with cognate peptide. TCR-independent
stimulation of T cells with PMA/ionomycin (P/I) served as positive control. Data are means and standard deviations of duplicates and representative of

3 independent experiments using PBLs from different donors.

WaGa reproducibly induced significant IFNY release by the T cells
transduced with the KLL-85 TCR (Fig. 5D). No response was
observed to WaGa cells by the T cells expressing KLL-40 or the
SMF-TCRs. Similarly, no response was seen after coculture of the
MS-1 and MKL-2 cells with all four TCRs.

MCC cell lines bear intact antigen processing and presentation
machinery

To investigate whether the expression level of MCV Tag was the
limiting factor for the recognition by our TCRs, we transduced
WaGa cells with trimeric minigenes encoding either SMF or KLL
epitopes, fused to GFP, resulting in WaGa-3xSMF or WaGa-3xKLL,
respectively. To enhance epitope presentation, epitope sequences
were linked by an AAY motif (31). Expression of transgenes was
verified by flow cytometry of GFP-positive cells (Supplementary
Fig. S1). Again, parental WaGa cells were able to activate KLL-85-
expressing T cells. T cells expressing KLL-40 or any of the SMF-
TCRs were now activated in response to overexpression of the
cognate epitopes in the respective cell lines (Fig. 6A). Interestingly,
even though the expression of SMF epitope in WaGa-3xSMF was 2
logs higher than of KLL in WaGa-3xKLL as determined by MFI
of GFP, T cells transduced with SMF-TCR secreted less IFNy than
the KLL-TCR-expressing T cells. This might be a consequence of
a better presentation of the KLL epitope on the cell surface

www.aacrjournals.org

despite the predicted superior MHC-I-binding affinity of the
SMEF epitope.

We also tested whether the MCC cell line MS-1, which expresses
the cancer-testis antigen MAGE-1 (Supplementary Fig. S2A), can
process endogenously expressed antigen. We transduced T cells
with the MAGE-A1-specific TCRT1367 (12) and cocultured them
with the MS-1 cells. In contrast to T cells expressing Tag-specific
TCRs, T1367-transduced T cells were activated by the MS-1 target
cells, indicating that the processing machinery is intact in this cell
line and that the expression level of MCV Tag does not suffice to
activate a T-cell response (Supplementary Fig. S2B).

Next, we introduced cDNA encoding HLA-A2 into HLA-A2-
negative cell lines PeTa and MKL-1. Whereas MKL1-A2 cells were
recognized by KLL-85 and to a lesser extent by KLL-40, they did
not induce reactivity by T cells transduced with any of the
SMF-TCRs (Fig. 6B). In contrast, PeTa-A2 cells were not recognized
by any of the transduced T cells, reflecting the low Tag expression
in this cell line (Fig. 5A). Surface expression of the HLA-A2
transgene in the resulting cell lines PeTa-A2 and MKL1-A2 was
verified by immunostaining and flow cytometry (Supplementary
Fig. S3).

We also examined the ability of MCC cell lines to induce
cytolytic activity in T cells expressing SMF- or KLL-specific
TCRs. In accordance with the IFNy secretion assay, only
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Figure 6.

MCV T-antigen derived KLL epitope mediates recognition of tumor cells in vitro and in vivo. A, TCR-engineered human T cells as indicated were assayed for
response in IFNy production after coculturing with WaGa cells and derivatives expressing either SMF or KLL epitopes. B, TCR-engineered human T cells as indicated
were assayed for response in IFNy production after coculturing with HLA-A2-negative MCC cell lines MKL-1 and PeTa and the derivatives ectopically
expressing HLA-A2 (MKL1-A2 and PeTa-A2). Stimulation of T cells with PMA/ionomycin served as positive control. In A and B, diagrams show means and standard
deviations of 3 different experiments. C and D, Proportion of CD107* or CD107/IFNy double-positive cells among SMF- or KLL-TCR expressing CD8" T cells as
indicator of cytotoxic activity after coincubation with target cells as indicated. Diagrams show means and standard deviations of two experiments with T cells
from different donors. E, Antigen (GFP) expression in MC703-KLL cells (red). F, Flow cytometry analysis of murine T cells transduced with TCRs as indicated
and stained with an antibody recognizing the variable region of the TCRs (a-hV[8 for KLL-85 and a-hVB3 for T1367). Gates show percentage of CD8" T cells
expressing the transgene TCR (tgTCR). G, TCR-engineered murine T cells were assayed for IFNy secretion after incubation with MC703 tumor cells or
derivatives expressing the KLL epitope of MCV Tag or MAGE-AI. Stimulation of T cells with PMA/ionomycin served as positive control. Data are means of
duplicates 4+ mean deviation. H, HHDxRag’/’ mice bearing established MC703-KLL tumors were treated with HHD T cells expressing KLL-85 (n = 10, red lines),
or T1367 (n = 2, black lines).
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HLA-A2-positive cells with abundant Tag expression (WaGa
and MKL1-A2) induced CD107 expression (Fig. 6C and D).
Again, this activity was KLL epitope specific, because expres-
sion of CD107 in SMF-specific T cells was only slightly above
the background.

Established tumors expressing the MCC-derived KLL epitope
regress upon TCR gene therapy

To analyze the suitability of the KLL epitope as target for TCR
gene therapy, we made use of a syngeneic cancer model of
TCR gene therapy (12, 20). As target cells, we generated a
fibrosarcoma cell line, which was isolated from an HHD mouse
expressing a chimeric HLA-A2/D® molecule (32) and was
modified to express the KLL epitope (MC703-KLL, Fig. GE).
Antigen presentation was verified by coculture with HHD-
derived T cells engineered with either the KLL-85 or the
T1367 TCR (Fig. 6F). TCR-transduced mouse T cells secreted
IFNYy upon coculture with MC703-KLL tumor cells when expres-
sing the KLL-85 TCR (Fig. 6G). Tumor cells were not recognized
by untransduced mouse T cells or T cells transduced with the
T1367 TCR. For in vivo analysis, HHDxRag /~ mice were chal-
lenged with MC703-KLL tumor cells and tumor-bearing ani-
mals were treated with KLL-85-engineered T cells when tumors
were established (4 weeks after challenge, average tumor size:
380 mm? + 140 mm?). Eight to eleven days after T-cell transfer,
tumors started to regress in all of the treated mice and tumors
were rejected in 2 of 10 animals (Fig. 6H). In the remaining
animals, tumor relapsed and escaped T-cell treatment by down-
regulating MHC-I (Supplementary Fig. S4). Tumor growth
was not affected when either treating animals with T1367-
engineered T cells or when left untreated.

Discussion

MCV Tags are constitutively expressed in MCV-positive MCC
malignancies (7). They are, therefore, attractive targets for TCR-
based immunotherapy. The fact that immune-suppressed indivi-
duals are more likely to develop MCC indicates that host immune
responses play an important role in preventing MCC tumorigen-
esis (33). This notion is supported by the higher rate of sponta-
neous regression than expected (12 in 400-700 cases or 1.7%-
3.0%; refs. 34, 35). Studies of regressing tumors demonstrated
infiltration by CD4" and CD8" T cells suggesting that T-cell-
mediated immunity plays a key role in tumor regression. Addi-
tionally, high intratumoral CD8" and CD4* lymphocyte infil-
tration predicts better survival (36, 37). Although over 90% of the
MCC patients are immune competent, they fail to clear MCC
tumors that express non-self MCV antigens. These observations
suggest that MCV-induced MCCs are capable of escaping
immune surveillance.

Different virus species exhibit diverse immune evasion strate-
gies (38). Downregulation of peptide presentation of intracellular
proteins to CD8™ T cells is an effective mechanism for immune
escape. This could be achieved either through downregulation of
MHC-I surface expression and/or protein expression. Indeed, it
has been shown that 84% of MCC tumors downregulate MHC-I
and that MHC-I expression in MCV-positive tumors is lower than
in MCV-negative tumors (39). This observation is reflected by the
MCC cell lines used in our study where downregulation of MHC-I
was the hallmark of all five MCV-positive cell lines but not of the
MCV-negative MCC-13 cell line. However, the impaired MHC-I
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expression can be therapeutically overcome either by adminis-
tration of interferons or by low-dose irradiation (30, 39). Indeed,
we observed upregulation of MHC-I in most of the MCC cell lines
after treatment with IFNy. However, one particular cell line,
MKL-2, was unable to upregulate MHC-I after IFN treatment. In
experimental tumor models, IFNy-unresponsive variants have
been described as a result of T-cell pressure (40). Importantly,
T cells transduced to express KLL-TCR reacted to WaGa and
MKL1-A2 cells after treatment with IFNy. However, MCC cell
lines MS-1 and PeTa-A2 were not recognized by any of the MCV
Tag-specific TCRs, despite the upregulation of MHC-I, suggesting
there is an insufficient amount of antigen expressed in these
particular cell lines. In fact, LT expression varies strongly among
different MCC cell lines (Fig. 5A; ref. 7).

Low-antigen expression might be also the reason for lack of
recognition of MCC cell lines by TCRs directed to SMF epitope. We
showed that this epitope is naturally processed, because T cells
expressing SMF-TCRs react to H1299-A2 cells genetically modi-
fied to overexpress LT cDNA. It is possible that our TCRs did not
have sufficient avidity to mediate recognition of the very low
levels of MCV antigens endogenously expressed in human tumor
samples. In principle, TCR affinity can be enhanced by in vitro
mutagenesis which, however, bears the risk that T cells become
dysfunctional or lose their specificity. After overexpression of SMF
epitope in one of the MCC cell lines, WaGa, recognition could be
restored. Because the KLL epitope is present on both LT and sT; itis
conceivable that the amount of processed KLL is higher than that
of the SMF epitope, which is present on LT only. However, itis also
possible that the KLL epitope is more efficiently processed and
presented and/or has better binding affinity to MHC-I despite the
in silico predictions that SMF is the epitope with highest affinity for
HLA-A2. It is known that the binding prediction of cysteine-
containing peptides (such as KLL) is problematic, because algo-
rithms do not account for potential oxidation and cysteinylation
during assays (20, 41). However, the most convincing explana-
tion for the absent recognition of SMF epitope is suggested by a
recent study demonstrating that MCV sT inhibits LT turnover by
preventing LT proteolysis, while sT itself is subject to rapid
proteasomal turnover (42). This would mean that the KLL pep-
tides (encoded in the common region of both sT and LT onco-
proteins) presented by MCC cells are preferentially derived from
sT due to the rapid proteolysis of sT and the relative stability of LT.
These data suggest KLL as a more suitable HLA-A2-restricted
epitope to be targeted in a potential TCR gene therapy. This
notion is supported by our in vivo experiments showing that a
KLL-specific TCR induced regression/rejection of large established
tumors in a syngeneic mouse cancer model.

A limitation of the present study is the small number of
available MCC cell lines that may not adequately represent the
broader population of MCC cases. There is also little information
about patients from whom the tested cell lines originate. We
cannot exclude that in vivo, Tag expression levels differ from that
observed in MCC cell lines. Some studies suggest immunogenicity
of MCC tumors. In a single patient case study, regression of
metastatic MCC could be observed following transfer of autolo-
gous polyclonal T cells specific to HLA-A*2402-restricted MCV
LTo5.101 epitope (30).

Recent findings of a study using anti-PD-1 antibody therapy
in patients with advanced MCC showed promising results with
a 56% objective response rate (9). Responses to anti-PD-1
antibody occurred in both MCV-positive and MCV-negative
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MCC. Taken together with other studies of PDL-1 blockade
(10), recent clinical data further support the notion that MCC is
an unusually immunogenic cancer. Unfortunately, half of MCC
patients do not derive persistent benefit from PD-1 pathway
blockade, despite the presence of prominent/abundant T-cell
antigens in both subsets of MCC tumors: virus-positive (viral
oncoproteins) and virus-negative (UV-induced neoantigens;
ref. 43). It is plausible that patients who do not benefit from
PD-1 pathway blockade therapy may have tumor-specific T cells
that are too few in number or too poorly avid to support a
sustained antitumor response in the patients. Thus, an immu-
notherapy approach with TCR-engineered T cells could sup-
plement the PD-1 blockade agents that have recently entered
routine clinical practice (44).

In this study, we describe the isolation and characterization of
four HLA-A2-restricted TCRs specific to two epitopes derived
from MCV Tags. Genetically modified T cells expressing these
TCRs consistently recognized peptide-pulsed T2 cells and
HLA-A2-positive target cells transduced with cDNA encoding
MCV Tags. We also showed reactivity of one of the TCRs against
HLA-A2" MCV™ tumor cell lines in vitro and confirmed its poten-
tial to destroy large established tumors in vivo. Thus, our isolated
TCR against the KLL epitope might have therapeutic potential via
TCR gene therapy.
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