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Abstract The success in recent clinical trials using T
cell receptor (TCR)-genetically engineered T cells to
treat melanoma has encouraged the use of this approach
toward other malignancies and viral infections. Although
hepatitis C virus (HCV) infection is being treated with a
new set of successful direct anti-viral agents, potential
for virologic breakthrough or relapse by immune escape
variants remains. Additionally, many HCV™ patients
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have HCV-associated disease, including hepatocellu-
lar carcinoma (HCC), which does not respond to these
novel drugs. Further exploration of other approaches
to address HCV infection and its associated disease are
highly warranted. Here, we demonstrate the therapeutic
potential of PBL-derived T cells genetically engineered
with a high-affinity, HLA-A2-restricted, HCV NS3:1406-
1415-reactive TCR. HCV1406 TCR-transduced T cells
can recognize naturally processed antigen and elicit CD8-
independent recognition of both peptide-loaded targets
and HCV™ human HCC cell lines. Furthermore, these
cells can mediate regression of established HCVt HCC
in vivo. Our results suggest that HCV TCR-engineered
antigen-reactive T cells may be a plausible immunother-
apy option to treat HCV-associated malignancies, such as
HCC.
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Introduction

We and others have reported that retroviral vectors con-
taining T cell receptor (TCR) genes can be used to redi-
rect the reactivity of peripheral blood-derived lympho-
cyte (PBL)-derived T cells to recognize tumor cells [1-8].
Recent clinical success with TCR gene-modified T cells
to treat malignancies such as melanoma [9-11] encour-
ages the investigation of using this approach to treat other
malignancies and viral infections. The available technol-
ogy to genetically engineer T cells reactive to an antigen of
choice allows for the possibility to generate autologous T
cells with new anti-viral and anti-tumor immunity to treat
any patient, so long as an effective TCR against a viral/
tumor antigen has been identified and target cells can be
recognized.

Hepatitis C virus (HCV) is a model target for explor-
ing the potential use of such adoptive transfer techniques
to treat virally infected cells and tumor cells. HCV infects
approximately 130-150 million people globally [12], and
chronic infection can lead to associated liver diseases
including cirrhosis and hepatocellular carcinoma (HCC).
These diseases are a leading cause of liver transplantation
in the USA and Europe [13, 14]. Although standard com-
bined therapy of pegylated-IFNa and ribavirin (RBV) has
had some success, there has been much greater clinical
response when treating HCV™ patients with newly FDA-
approved NS3/4A protease inhibitors boceprevir, telaprevir,
and simeprevir [15-17]. Despite this recent success, the
rapidly mutating HCV genome can generate drug-resist-
ant variants, which might lead to virologic breakthrough
or relapse [18-20]. Moreover, many patients who may be
cured of HCV infection by these novel drugs may have
already developed associated disease or malignancies that
cannot be treated effectively by these anti-viral agents.
These issues combined with hindered preventative and
therapeutic vaccine development [21, 22] warrant explo-
ration of other novel methods to treat HCV infection and
associated disease such as HCC.

We have previously identified an HLA-A2-restricted,
HCV NS3:1406-1415-reactive TCR isolated from a T
cell clone found in an HLA-A2™ patient who received an
HLA-A2" liver allograft [23]. We have also demonstrated
our ability to genetically engineer Jurkat cells with this
high-affinity receptor to recognize HCV™ targets [1]. In
this study, we demonstrate that transduced PBL-derived
T cells can recognize naturally processed and presented
HCV NS3 protein in hepatocellular carcinoma cell lines
in vitro and can inhibit growth of established HCV™
tumors in vivo. These results indicate that HCV TCR-
engineered antigen-reactive T cells may be a plausible
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immunotherapy option to treat HCV-associated malignan-
cies, such as HCC.

Materials and methods
Cell lines, media, and reagents

293GP, PG13, T2, COS (monkey kidney tumor, HLA-
A27), HepG2 (human hepatocellular carcinoma, HLA-
A27), and Huh-7 (human hepatocellular carcinoma, HLA-
A27) cell lines were obtained from the American Type
Culture Collection (Rockford, MD, USA). All medium
were obtained from Corning Life Sciences (Corning, NY,
USA) unless otherwise noted. T2 cell line was maintained
in complete medium consisting of RPMI 1640 medium
supplemented with 10 % fetal bovine serum (FBS; Tissue
Culture Biologics, Long Beach, CA, USA). 293GP, COS,
COS/A2, HepG2, and Huh-7 cell lines were maintained in
DMEM supplemented with 10 % FBS. PG13 cells were
maintained in Iscove’s DMEM supplemented with 10 %
FBS.

We generated two types of HCV* tumor lines. First,
we engineered COS, COS/A2, and HepG?2 cells to express
full-length HCV NS3 protein. Due to observed downregu-
lation of NS3-GFP expression in vivo, we also generated
HepG2 and Huh-7 cell lines expressing HCV NS3:1406-
1415 epitope as a minigene for in vitro and in vivo use.
COS and COS/A2 cells were transiently transfected to
express the full-length HCV NS3 protein using a pcD-
NAII vector encoding HCV NS3 linked to GFP by the
self-cleaving viral sequence P2A. Cells were plated in a
24-well tissue culture plate to yield 70-80 % confluency
and were transfected with 3 ug DNA and 6 pl of Lipo-
fectamine 2000 (Life Technologies, Carlsbad, CA, USA)
over 48 h. Because HepG2 cells were resistant to lipid-
based transfection, a modified SAMEN retroviral vec-
tor encoding HCV NS3-P2A-GFP was used to transduce
HepG?2 cells. Flow cytometry was used to confirm expres-
sion of full-length HCV NS3 by measuring intracellular
GFP levels.

To generate cell lines expressing HCV NS3:1406-1415
or CMVpp65:495-503 epitopes as minigenes, pMFG ret-
roviral vectors containing the respective epitope linked to
eGFP by P2A and containing neo” gene were used to trans-
duce HepG2 and Huh-7 cell lines. A modified SAMEN ret-
roviral vector containing HLA-A2 was used to transduce
Huh-7 and COS cell lines. Flow cytometry was used to con-
firm expression of HCV:1406-1415 (GFP), CMVpp65:495-
503 (GFP), or HLA-A2 (anti-HLA-A2-APC mAb (Biole-
gend, San Diego, CA)). Positive cells were sorted for high
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Fig. 1 Structures of retroviral vectors used for gene transfer. A
modified SAMEN retroviral backbone was used for transferring
TCR, HLA-A2, and HCV NS3 genes to alternate effectors. pMFG
retroviral vectors were used to transduce HCV NS3:1406-1415 and
CMVpp65:495-503 minigenes into tumor cell lines. a TCR retroviral
vector containing the HCV1406 TCR o and P chain genes fused by
a P2A self-cleaving peptide linker. A truncated version of the CD34
molecule (CD34t), which serves as a marker for transduction, was
fused to the 3’ end of the TCR B chain via the T2A self-cleaving pep-

and uniform expression of GFP or HLA-A2, and the result-
ing cell lines were maintained in DMEM/10 % FBS. HCV™"
and CMV™ cell lines were supplemented with 500 pg/ml
G418 (Research Products International, Mount Prospect,
IL, USA). Schematics of the described retroviral vectors
are provided in Fig. 1.

T cells

All peripheral blood mononuclear cells (PBMCs) used
in this study came from apheresis products purchased
from Key Biologics (Memphis, TN, USA). Normal PBL-
derived T cells were isolated from the PBMCs of normal
healthy donors using Ficoll-Hypaque (Sigma-Aldrich, St.
Louis, MO, USA) density gradient centrifugation. All T
cells were maintained in complete medium consisting of
AIM-V medium (Life Technologies, Carlsbad, CA, USA)
supplemented with 5 % heat-inactivated pooled human
AB serum (hAB; Valley Biomedical, Inc., Winchester,
VA, USA), 300 IU/mL recombinant human IL-2 (rhIL-2;
Novartis Pharmaceuticals Corporation, East Hanover, NJ,
USA), and 100 ng/mL recombinant human IL-15 (rhIL-15;

tide. b HLA-A2 encoding retroviral vector used to transduce Huh-7
and COS cell lines. HCV antigen vectors containing either ¢ full-
length HCV NS3 gene in SAMEN or d only the 1406-1415 epitope
minigene in pMFG both fused to GFP by a T2A self-cleaving pep-
tide linker. A pMFG retroviral vector encoding e CMVpp65:495-503
minigene fused to GFP by T2A was also used as a negative control.
LTR long terminal repeat, " packaging signal, SD splice donor, SA
splice acceptor

National Institutes of Health, Biological Resources Branch,
Bethesda, MD, USA) at 37 °C in a humidified 5 % CO,
incubator.

Retroviral transduction

Retroviral supernatants were prepared using a stable retro-
viral producer cell line PG13 expressing HCV1406 TCR in
a modified SAMEN retroviral vector containing the TCR
alpha chain, P2A self-cleaving linker, TCR beta chain, T2A
self-cleaving-linker, and truncated CD34 molecule (CD34t)
as a transgene expression marker (Fig. 1). The original
SAMEN retroviral vector described by Treisman and col-
leagues [24] has been modified from its original com-
ponents in stepwise fashion to include TCR chain genes
[25] and later a CD34t selection marker [26] for our TCR
cloning purposes. Of note, our CD34t cassette differs from
a truncated CD34 molecule described by Rettig and col-
leagues [27] in that it is not a hybrid molecule and serves
only as a selection/monitoring marker not associated with a
suicide switch. This modified SAMEN backbone was also
used for transfer of other genes into tumor lines discussed
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above. Generation of a stable producer cell line was accom-
plished as follows: Three million 293GP cells seeded in a
10-cm poly-p-Lysine-coated tissue culture plate (Thermo
Scientific, Bannockburn, IL, USA) were cotransfected with
20 pg retroviral vector DNA and 5 pg of a plasmid con-
taining the vesicular stomatitis virus envelope gene in 50 pl
Lipofectamine 2000 (Life Technologies, Carlsbad, CA,
USA). Media was replaced 6 h post-transfection, and viral
supernatant was collected and 0.45 pm filtered after a 4-h
incubation at 37 °C in 5 % CO,_. Two million PG13 cells
seeded in a 10-cm tissue culture plate were transduced over
72 h using this fresh viral supernatant at 37 °C in 5 % CO,.
Transduction efficiency was analyzed by measuring CD34
expression using flow cytometry after immunofluorescence
staining with anti-CD34-PE mAb (Biolegend, San Diego,
CA, USA). CD34-positive cells were sorted for high and
uniform expression using a FACSAria IITu cell sorter
(BD BioSciences, San Jose, CA, USA), and the resulting
high-tighter producer cell line was maintained in Iscove’s
DMEM/10 % FBS.

Preparation of retrovirus for T cell transductions was
accomplished by treating the HCV1406 TCR -express-
ing PGI13 stable producer cell line (described above)
seeded overnight at 8 x 10° cells/T-175 flask with sodium
butyrate media (Iscove’s DMEM supplemented with 10 %
FBS, 1 mM sodium butyrate (Sigma-Aldrich, St. Louis,
MO, USA) and 10 mM HEPES (Corning Life Sciences,
Corning, NY, USA) for 8-10 h. Media was replaced with
Iscove’s DMEM/10 % FBS, and fresh viral supernatants
were harvested and 0.45 pm filtered the next day. Virus was
used fresh or stored at —20 °C for later use.

T cells were transduced by spinoculation as previ-
ously described [2]. Mono-specific TCR-redirected T cells
derived from healthy donors used in experimental data pre-
sented in Figs. 2, 3, 4, 5 and 6 were activated for 3 days
prior to spinoculation using 50 ng/mL anti-CD3 monoclo-
nal antibody (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) in complete medium. Bi-specific (CMV-reactive/
TCR-redirected) T cells used in experiments presented in
Supplementary Figure S1 were stimulated with 5 pug/mL
CMYV pp65:495-503 peptide in complete medium 3 days
prior to spinoculation. 24-well flat-bottom non-tissue cul-
ture-treated plates (Thermo Fisher Scientific, Bannock-
burn, IL, USA) were treated with 0.5 mL/well 30 pg/mL
retronectin (Takara Bio, Otsu, Shiga, Japan) overnight at
4 °C. Plates were blocked with 0.5 mL/well 2 % PBSA
[bovine serum albumin (BSA; Fisher Scientific, Fair Lawn,
NIJ, USA) in phosphate-buffered saline (PBS; Corning Life
Sciences, Corning, NY, USA)] for 30 min at room tem-
perature (RT) and washed with 2 mL/well PBS. Two mil-
liliters of fresh or frozen retrovirus supernatant was added
to each well, and the plates were spun for 2 h at 2,000x g
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at 32 °C and aspirated. Two million activated T cells were
gently added to the viral-coated plates in 1 mL of AIM-
V/5 % hAb, 600 IU/mL rhIL-2, and 200 ng/mL rhIL-15
and mixed with 1 mL filtered viral supernatant. The plates
were spun again for 2 h at 2,000 x g at 32 °C. After 24 h, the
transduced T cells were transferred to tissue-culture-treated
flasks. Three days later, transduction efficiency was deter-
mined by FACS analysis using anti-CD34 mAb, and T cells
were sorted for TCR-transduced T cells by positive selec-
tion with magnetic beads labeled with anti-CD34 (Miltenyi
Biotec, Bergisch Gladbach, Germany) and maintained in
complete medium. T cells may also have been selectively
sorted for CD41 or CD8™ transduced T cells using respec-
tive immunomagnetic beads (Miltenyi Biotec). Purity of
selection was confirmed by immunofluorescence.

Immunofluorescence

Cell surface expression of the TCR and other T cell mark-
ers was measured via immunofluorescence staining and
quantified via flow cytometry. mAbs used to characterize
transduced T cell cultures in these experiments included:
anti-CD3-APC/Cy7, anti-CD34-PerCP/Cy5.5, anti-CD4-
FITC, anti-CD8-Alexa Fluor 700, anti-CD25-Brilliant
Violet (BV) 711, anti-CD69-PE/Cy7, anti-PD-1-BV 421,
anti-TIM-3-BV 605 (all Biolegend, San Diego, CA, USA).
mAbs used in bifunctional reactivity assays included the
following: anti-CD3-APC/Cy7, anti-CD4-PE-Cy7, anti-
CD8-PerCP/Cy5.5, anti-CD34-APC, anti-IFNy-BV 421,
and anti-CD107a-BV 510 (all Biolegend). PE-labeled
HLA-A*0201 tetramer folded around CMVpp65:495-
503 (Beckman Coulter, Marseille, France) and PE-labeled
HLA-A*0201 dextramer folded around HCV NS3:1406-
1415 (Immudex, Copenhagen, Denmark) were also used.
Flow cytometry was performed using a LSRFortessa flow
cytometer (BD Biosciences, San Jose, CA), and data were
analyzed with FlowJoX software (Treestar, Ashland, OR,
USA).

Peptides

HCV NS3:1406-1415 (KLVALGINAV), CMVpp65:495-
503 (NLVPMVATYV), and tyrosinase:368-376 (TMDGTM-
SQV) were purchased at 95 % purity from Synthetic Bio-
molecules (San Diego, CA, USA). Peptides were stored
in 100 % dimethyl sulfoxide (DMSO; Sigma-Aldrich, St.
Louis, MO, USA) at —80 °C in 5 pg/uL aliquots.

Cytokine release assay

Antigen reactivity by HCV1406 TCR-transduced T cells
was measured in cytokine release assays as described [3].
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Fig. 2 Recognition of naturally processed HCV NS3:14016-1415
by HCV1406 TCR-transduced T cells. PBL from a normal donor
was transduced with the HCV1406 TCR retroviral vector. Stimula-
tors included T2 cells loaded with HCV NS3:1406-1415 or tyrosi-

Briefly, T2 or tumor targets (where indicated) were loaded
with 10 ug/mL peptide for 2 h prior to coculture. 1 x 10°
responder and 1 x 10° stimulator cells were cocultured in
triplicate in a 1:1 ratio in 96-well U-bottom tissue culture
plates in 200 pL complete medium. Of note, data por-
trayed in Fig. 3 are a representative of multiple single-
point ELISA experiments, each showing similar results.
Cocultures were incubated at 37 °C for 20 h, and super-
natants were harvested. The amount of IFNYy released was
measured via ELISA (R&D Systems, Minneapolis, MN,
USA).

Bifunctional reactivity assay

Percentages of cytokine producing and/or lytic HCV1406
TCR-transduced T cells were measured in an intracellu-
lar cytokine/CD107a-detection assay. 3 x 10° responder
and 3 x 10° stimulator cells were cocultured in a 1:1
ratio in 96-well U-bottom tissue culture plates in 200

nase:368-376 peptides and a COSEHLA-A2 cells or b HepG2 cells
engineered to express full-length HCV NS3 protein. The amount of
IFNy release (average =+ standard deviation of triplicate wells) was
measured by ELISA

pL complete medium. 5 pL anti-CD107a mAb, 5.0 ng/
mL brefeldin-A, and 2.0 nM monensin (all Biolegend,
San Diego, CA, USA) were added at the start of cocul-
ture. Cocultures were incubated at 37 °C for 5 h, and
cells were stained for immunofluorescence against cell
surface antigens for 20 min at RT. Subsequently, cells
were fixed in Fixation Buffer (Biolegend) for 20 min,
washed 3 times in permeabilization and wash buffer (Bio-
legend), and immunofluorescence stained for intracellu-
lar IFNy for 20 min at RT. Data were acquired using an
LSRFortessa flow cytometer (BD Biosciences, San Jose,
CA, USA). CD317CD34™" events (transduced T cells) were
gated into CD4TCD8~ or CD4 CD8" populations. Per-
centages of CD107a™IFNy~ (Iytic only), CD107a*IFNy™
(Iytic and cytokine-secreting), CD107a IFNy™ (cytokine-
secreting only), or CD107a"IFNy~ (non-reactive) cells
were calculated for both CD3tCD347CD4tCD8~ and
CD3"CD347CD47CD8" cell populations and converted
into pie charts.
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Fig. 3 HCV1406 TCR-transduced T cell recognition of HCV™ hepa-
tocellular carcinoma cells. HCV1406 TCR-transduced T cells from
three representative normal donors [Donor A (white bars), Donor B
(black bars), Donor C (striped bars)] were cocultured with various
stimulators. (left panel) T2 cells alone or loaded with NS3:1406-1415

150000

peptide or control CMVpp65 peptide; (middle panel) HepG2 cells
(HLA-A27) alone, pulsed with HCV peptide or expressing the HCV
minigene; (right panel) Huh-7 cells (HLA-A27) alone or expressing
the HCV minigene + HLA-A2. IFNy secretion was assessed as a
single-point ELISA
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Fig. 4 Comparison of antigen recognition by HCV1406 TCR-
transduced CD4" versus CD8" PBL. HCV1406 TCR-transduced
PBL were immunomagnetically purified into CD4" (black bars) or
CDS8™ (white bars) populations. Stimulators included T2 cells pulsed

In vivo xenograft model

Prior to tumor challenge, scid/beige mice (n = 5 per treat-
ment group) were given 2 Gy total body irradiation. 10’
HCV* or HCV~ HepG2 cells were injected subcutane-
ously in 0.1 cc saline. Generally, palpable tumors formed
within 7 days after tumor challenge. Once palpable tumors
formed, mice were adoptively transferred to 10° or 107
HCV1406 TCR-transduced T cells, 107 tyrosinase-reac-
tive TIL 13831 TCR-transduced T cells, or no T cells.
Tumor size was measured every three days through day

@ Springer

T2+Tyro
Stimulators

T2+HCV HepG2 HepG2 HCV+

with 10 pg/mL of HCV NS3:1406-1415 peptide or control tyrosi-
nase:368-376 peptide as well as HepG2 engineered to express the
HCV NS3:1406-1415 minigene. The amount of IFNy release (aver-
age + standard deviation of triplicate wells) was measured by ELISA

70 post-tumor challenge. A Wilcoxon rank sum test was
used to determine significant difference in tumor burden
between treatment groups.

Ethics statement

All applicable international, national, and/or institutional
guidelines for the care and use animals were followed.
All animal studies were conducted under approved Medi-
cal University of South Carolina (MUSC) Institutional
Animal Care and Use Committee (IACUC) protocols.
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Fig. 5 Lytic and IFNy-
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producing ability of HCV1406
TCR-transduced T cells reactive
against HCV NS3:1406-1415.
HCV* HepG?2 cells and T2 cells
pulsed with HCV NS3:1406-
1415 or tyrosinase:368-376
were used as targets and
cocultured with transduced
PBL. Pie chart percentages are
represented as CD107atIFNy~
(Iytic only = blue),
CD107a"IFNy™ (lytic and
cytokine-secreting = red),
CD107a"IFNy™ (cytokine-
secreting only = green), or
CD107a"IFNy™ (non-reac-

tive = gray)
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group). Mice were given no 9 HepG2 HCV +
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cally significant differences in 200

tumor growth over 70 days was :g'\’le_fclc%:
determined using the Wilcoxon 0-

rank sum test, p = 0.02

All recombinant DNA and retroviral transductions work
was done under approved MUSC and Loyola Institutional
Biosafety Committee (IBC) protocols. This article does not
contain any studies with human participants performed by
any of the authors. All human materials used were either
established and de-identified tumor cell lines or PBMC
purchased from commercial sources.

35 4 48
Days Post Tumor Injection

Results

Recognition of naturally processed HCV NS3 by HCV
TCR-transduced T cells

Although we have shown that TCR-transduced Jurkat
cells can recognize HCV NS3:1406-1415 peptide-loaded
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T2 cells, it is critical to establish that TCR gene-modified
primary T cells can recognize both peptide-loaded targets
and HCV™ tumors to validate its potential use in adoptive
cell transfer (ACT). We first examined our ability to gen-
erate properly functioning transduced primary T cells by
simultaneously testing specificity of both the parental and
introduced TCR. We first generated a population of sin-
gle antigen-reactive T cells by stimulating PBMC with
the CMVpp65:495-503 peptide. We then transduced these
CMV-reactive T cells with the retroviral vector encoding
HCV1406 TCR described in Fig. 1. When stimulated with
HCV™ tumor cells, IFNy was produced by cells that also
bound HLA-A2/CMVpp65:495-503 tetramer (Supplemen-
tary figure S1). This demonstrates our ability to redirect
specificity of T cells while maintaining proper endogenous
signaling and parental TCR specificity.

The best system to assess the ability of TCR-trans-
duced T cells to recognize HCV antigen would be to use
HCV-infected primary liver cells, but human liver con-
taining HCC cells infected with HCV was not available
for our experiments. As an alternative, COS and COS/A2
cells were transiently transfected with a pcDNAIII vector
encoding the full-length HCV protein NS3 linked to GFP,
allowing us to test HLA-A2-restricted recognition of natu-
rally processed and presented peptide from its full-length
cognate protein. Typical transfections yielded 40-60 %
GFP expression (data not shown). Anti-CD3-activated
PBL-derived T cells transduced with HCV1406 TCR for
in vitro experiments were anti-CD34 immunomagneti-
cally enriched for TCR transgene expression. Populations
are routinely >95 % CD34" post-magnetic sort. Repre-
sentative immunofluorescence analysis for experimental
HCV1406 TCR-transduced T cells is shown in Supplemen-
tary figure S2. Both CD4" and CD8" transduced popula-
tions (CD3tCD34™) are highly activated (CD25TCD69™)
with low levels of exhaustion markers PD-1 and TIM-
3. Due to poor staining with available VB11 antibodies,
dextramer binding is shown to measure expression of the
introduced TCR. These HCV TCR-transduced T cells
were capable of recognizing the naturally processed HCV
NS3 in an HLA-A2-dependent manner (Fig. 2a). Robust
IFNYy secretion was observed when stimulated with COS/
A2/NS3 but not any other cell lines. Additionally, HepG2
cells transduced to express NS3 also stimulated large IFNy
secretion by these transduced T cells (Fig. 2b). These cells
have also been observed to secrete IL-2, TNF-o and others
by intracellular cytokine staining, but for simplicity, only
IFNYy production is shown.

Of note, HepG2 cells expressing full-length NS3-GFP
downregulated antigen expression over time in vivo, sug-
gesting that this cell line would not be of optimal use for
adoptive transfer experiments after tumor challenge. To
address this, we generated HCV™ human HCC cell lines
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expressing HCV NS3:1406-1415 as a minigene, and these
cells did not downregulate antigen expression or presenta-
tion in vivo. Subsequently, these cell lines were used for
both cytokine release assays and in vivo tumor regression
experiments. T cells expressing HCV1406 TCR secreted
large amounts of IFNy when stimulated by HepG2 cells
(HLA-A2") either pulsed with HCV NS3:1406-1415 pep-
tide or expressing the HCV minigene (Fig. 3). Similarly,
these transduced T cells recognized Huh-7 cells (HLA-
A27) only when transfected to express the HCV minigene
and HLA-A2. These data suggest that we can engineer
TCR gene-modified T cells to recognize naturally pro-
cessed and presented HCV NS3 antigen.

CD8-indpendent HCV NS3:1406-1415 antigen
recognition by HCV TCR-transduced PBL

To verify CD8-independent recognition of both peptide and
tumor, we purified transduced CD4" and CD8* by immu-
nomagnetic separation and cocultured with peptide-loaded
and tumor targets. Figure 4 demonstrates that CD8-inde-
pendent recognition is conserved against peptide and HCV*
tumor as both purified CD4™" and CD8™ transduced T cells
secreted robust amounts of IFNy when stimulated by HCV-
loaded T2 cells and HCV' HepG2 cells. Moreover, our
HCV TCR-transduced T cells displayed lytic behavior as
measured by CD107a surface expression against peptide-
pulsed targets and HCV™ HepG2 cells (Fig. 5). Counter-
staining for intracellular IFNy also revealed that reactive
T cells can be lytic, cytokine-secreting, or both, and that
CD4" and CDS8™ exhibited distinct heterogeneous poly-
functional phenotypes. Therefore, we are able to generate
both CD8* and CD4™ effectors and MHC class I-restricted
helper function against this HCV antigen.

HCYV TCR-transduced T cell-mediated regression
of established HCV' HCC in vivo

While our in vitro data firmly demonstrate that both CD4"
and CD8™" transduced T cells can mediate polyfunctional
behavior, it is necessary to validate in vivo recognition in
a xenograft mouse model to establish potential preclini-
cal benefit. We established HCC tumors in scid/beige mice
(n = 5 per treatment group) by subcutaneous injection of
HCV™" or HCV™ HepG2 cells. Once the tumors were pal-
pable (day 7 post-injection), transduced T cells were adop-
tively transferred. HCV" tumor-bearing mice exhibited
reduced tumor growth after adoptive transfer of 10’ HCV
TCR-transduced T cells but not when treated with tyrosi-
nase-reactive TIL 13831 TCR-transduced T cells or a lower
dose (10% of HCV TCR-transduced T cells (Fig. 6). It is
important to note that in the experiment presented HCV™
HepG2 tumors in untreated mice grew at a slower rate after
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day 30 than in other HCV™ tumor-bearing mice groups.
While we attribute this to experimental variation, other
experiments demonstrated more uniform HCV™ tumor
growth in other treatment groups (data not shown). Regard-
less, the change in tumor burden at day 70 between HCV
TCR-transduced T cell-treated HCV' and HCV~ HepG2-
tumor-bearing mice exhibited significance with a p value of
0.02 as determined by Wilcoxon rank sum test. In at least
one instance, HCV* tumors harvested from 10’ HCV TCR-
transduced T cells exhibited antigen loss, which could
explain why tumors were not completely eliminated even
though displaying a statistically significant reduction in
tumor burden. In our experience, TCR-transduced human T
cells engrafted into mice are generally not detected beyond
5-7 days after infusion, even with IL-2 being adminis-
tered (data not shown). Thus, we were not able to meas-
ure frequency or phenotype of T cells post-transfer. Taken
together, this evidence further supports the HCVT HCC
recognition capability and potential for our HCV TCR-
transduced T cells to be used in ACT.

Discussion

For any adoptive immunotherapy to be a viable treatment
option, it must be clearly evident that autologous antigen-
reactive T cells are capable of being generated. Addition-
ally, physiologically relevant targets need to be recognized
by functional T cells. While other studies have examined
NY-ESO-1 [28-32] or Glypican 3 [31, 33-38] as biomark-
ers or therapeutic targets for HCC, we have chosen to
investigate HCV for its non-self nature, its immunogenic-
ity, and the fact that HCV is a major risk factor for the
development of HCC. While the role of HCV proteins in
hepatocarcinogenesis is not well described, HCV is mainly
thought to cause HCC via indirect pathways including
chronic inflammation, cell death, proliferation, and cirrho-
sis [39—42]. That being said, it is possible that HCV TCR-
transduced T cells would target both normal and malignant
hepatocytes, potentially lead to severe adverse events, as
noted by another group investigating HCV TCR-redirected
T cells [43]. This accompanied with cirrhosis and liver dys-
function in many HCC patients would cause concern for
systemic infusion of HCV TCR-transduced T cells.

Thus, designed clinical trials for this immunotherapy are
planned to involve CT or ultrasound guided intratumoral
injection in a manner similar to transarterial chemoembo-
lization (TACE). A similar intratumoral technique was used
successfully in one of our previous clinical trials [44]. Such
carefully thought approaches would help preclude sig-
nificant exposure of normal hepatocytes to the HCV TCR-
transduced T cells and minimize adverse events. In this
study, we have shown that PBL-derived T cells engineered

to express a TCR reactive to HCV NS3:1406-1415 are
capable of recognizing naturally processed and presented
HCV NS3 protein in hepatocellular carcinoma cell lines
in vitro and can mediate statistically significant regression
of established HCV* tumors in vivo.

To date, only a limited number of naturally occurring
CDS8-independent TCRs have been cloned and charac-
terized. The ability of this receptor to transfer reactivity
to both effector and helper T cells is advantageous for an
effective immunotherapy candidate. Both CD4" and CD8"
transduced PBL-derived T cells can recognize both peptide-
loaded targets and a variety of HCV™ tumor cells lines. Our
in vivo tumor regression model further supports our in vitro
data that this TCR is capable of recognizing HCV* tumors.
Further analysis of differential adoptive transfer of CD8* T
cells with and without CD4* T cells may better distinguish
the importance of generating CD4"-reactive T cells for
eliminating tumor, which may influence treatment modality
in patients. Since one of the fundamental problems typical
of chronic or recurrent HCV infections is a weak or absent
HCV-specific CD4" T cell response [45-48], the ability to
engineer CD4™ T cells capable of secreting cytokines and
exhibiting cytolytic activity is extremely beneficial for an
effective treatment.

Of interest is the phenotypic heterogeneity observed in
transduced T cells reactive against peptide-loaded targets
and naturally processed HCV™ tumors. While both CD4™"
and CD8™ T cells are capable of recognizing these targets,
they differentially expressed IFNy and CD107a in differ-
ent proportions. While most CD4" T cells secreted IFNy
in response to these targets, some cells exhibited cytolytic
activity as indicated by CD107a expression. Those that did
express CD107a were less likely to also secrete cytokine.
Conversely, a greater number of CD8" T cells exhibited a
lytic phenotype; those that secreted IFNy were more likely
to simultaneously express CD107a as well. These data sup-
port other reports that CD4" T cells can exhibit cytolytic
activity [49-52] and provide insight into the heterogenous
behavior of T cells expressing the same TCR.

We also have established a proof of principle in gener-
ating “bifunctional” T cells by selecting for CM V-reactive
T cells in PBL and subsequently transducing them with
our HCV TCR. This approach in generating dual-reactive
T cells capable of recognizing two distinct antigens might
be an effective tool to combat the instability of the HCV
genome. Several groups have reported that mutations in
the HCV genome can lead to HCV antigen escape variants
[53-58]. In this way, it is speculated that HCV can evade
the immune response, resulting in disease progression.
Although it is not clear to what extent antigen loss actu-
ally leads to disease progression, our TCR gene transfer
methodology offers the opportunity to treat patients with
HCYV antigen loss variants. We have previously identified a
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second high-affinity HCV NS3:1073-1081 TCR and dem-
onstrated its ability to transfer reactivity to Jurkat and pri-
mary T cells against peptide and HCV* tumor [59]. Engi-
neering T cells to simultaneously express both TCRs may
be effective against HCV immune escape variants for treat-
ment of either infection or HCV-associated malignancies,
but this approach has yet to be evaluated for its capacity to
target two defined antigens in vivo. Taken together, these
data suggest that this TCR is a useful reagent to engineer
both CD4*% and CD8™ T cells capable of recognizing and
eliminating HCV™ tumor targets and may be a useful tool
to treat patients with HCV-associated diseases, such as
HCC.
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