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Immune-mediated effects targeting hepatitis C
virus in a syngeneic replicon cell transplantation

mouse model

Sepideh Levander," Fredrik Holmstrém," Lars Frelin,' Gustaf Ahlén," Daniel Rupp,*?
Gang Long,** Ralf Bartenschlager,>>® Matti Sallberg”®

ABSTRACT

Objective HCV is characterised by its ability to
establish chronic infection in hepatocytes and to replicate
in the presence of an inflammation. We mimicked this
situation in vivo in immune-competent mice by syngeneic
transplantation of HCV replicon-containing mouse
hepatoma cells.

Design A total of 5million H-2° positive Hep56.1D
cells, carrying a subgenomic genotype (gt) 2a replicon
(HCV replicon cells) or stably expressing comparable
levels of the HCV NS3/4A protease/helicase complex
(NS3/4A hepatoma cells), were injected subcutaneously
into syngeneic H-2°-restricted mice. Kinetics of tumour
growth, HCV RNA replication levels and HCV-specific
immune responses were monitored. For immune
monitoring, new H-2"restricted cytotoxic T cell epitopes
within the gt2a NS3/4A region were mapped. Immune
mice were generated by DNA-based vaccination.
Results HCV replicon and NS3/4A hepatoma cells
generated solid tumours in vivo. Similar to what is seen
in human HCV infection did HCV RNA replicate in the
presence of inflammation. NS3/4A-specific CD8+ T cells
seemed to transiently reduce HCV RNA levels. Both
CD4+ and CD8+ T cells were required for protection
against tumour growth. Vaccine-induced NS3/4A(gt2a)-
specific T cells protected against HCV replicon tumours in
wild-type, but not in HCV NS3/4A(gt1a)-transgenic mice
with dysfunctional HCV-specific T cells. Importantly, as in
human HCV infection, HCV replicon cells neither primed
nor boosted a strong NS3/4A-specific T cell response.
Conclusion Syngeneic transplantation of mouse HCV
replicon cells into immune-competent animals mirrors
many in vivo events in humans. This system is versatile
and can be applied to any genetically modified H-2"-
restricted mouse strain.

INTRODUCTION

New direct-acting antivirals have recently become
available that effectively cure chronic infections
caused by the HCV. However, there is still no effec-
tive vaccine against HCV. One reason is the lack of
simple and reliable small animal models in which
vaccines can effectively be evaluated. A number
of HCV vaccines have been taken towards clinical
testing with varying results."® One factor that can
facilitate vaccine development is immune-compe-
tent small animal models that share features with
the HCV infection of humans. Several useful,

Significance of this study

What is already known on this subject?

» There is no fully immune-competent small
animal model for HCV.

» In humans, HCV most often escapes control by
innate and adaptive immune responses, but
many mechanistic details are unknown.

» For reasons that are not well understood, HCV
infection triggers a poor immune response that
in most cases is not protective.

What are the new findings?

» This is the first fully immune-competent small
and versatile animal model allowing HCV RNA
replication.

» Similar to the infection of humans, HCV RNA
can replicate in the presence of a strong
inflammatory response.

» Similar to the infection of humans, hepatoma
cells carrying an HCV replicon prime only weak
HCV-specific T cell responses.

» Syngeneic transplantation of HCV replicon cells
can be rapidly applied to any gene-deficient or
transgenic C57BL/6J-based mouse linaege.

How might it impact on clinical practice in the

foreseeable future?

» This in vivo model may give unique insights
into the HCV biology and importatly assist in
vaccine development.

although limited, models have been developed, such
as regular transgenic mice with hepatic expression
of one or more HCV proteins.”™ More recently, a
model using immune-deficient STAT1™/~ mice with
transgenic expression of human HCV entry factors
has been developed.'® However, these models lack
either HCV RNA replication or functional immu-
nity. Thus, there is a need for models that allow
the evaluation of potential HCV vaccine candidates
with more challenging tests and therefore are better
predictive of vaccine efficacy in humans. This has
recently been highlighted by the observation that
vaccine-induced T cells have none or very transient
effects in human HCV infections.*”

We here used a previously developed HCV repl-
icon adapted to murine Hep356.1D hepatoma cells'”
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in a syngeneic transplantation setting and show that this mouse
model mimics important aspects of the HCV-specific immune
response in infected humans.

MATERIALS AND METHODS

Cell lines

The murine H-2b-restricted Hep56.1D hepatoma cell line was
obtained from CLS Cell Line Services."® HepS56.1D cells were
maintained in a humidified incubator at 37°C with 5% CO, in
Dulbecoo's Modified Eagle's Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin and
100 pg/mL streptomycin, 1 mM non-essential amino acids and
2mM GlutaMAX-1 (Sigma-Aldrich, St Louis, Missouri, USA).
Hep56.1D cells containing a subgenomic HCV replicon of
genotype 2a (isolate JFH-1) and designated Hep$6-sgJFH-cl3
and Hep56-sg]JFH-cl10 have been described previously.!” Cells
were grown under selection with 750 ug/mL G418. To facilitate
in vivo monitoring, HCV replicon cells were stably transfected
with the pGL4.50 (luc2/cytomegalo virus early immidieate
promoter (CMV)/Hygro) vector encoding the firefly luciferase
gene (Promega, Madison, Wisconsin, USA). These cells were
passaged in complete DMEM, containing in addition 200 pg/
mL hygromycin (Sigma-Aldrich). By using quantitative PCR
we found that each HCV replicon-luciferase cell contained two
chromosomally integrated copies of the luciferase gene. This
allowed determination of the number of HCV replicon cells in
tumour tissue. As a control Hep56.1D cells were stably trans-
fected with a functional JFH-1 NS3/4A-encoding plasmid by
using standard protocols (NS3/4A hepatoma cells). Cells were
passaged in complete DMEM containing 1000 pg/mL G418 in
a humidified incubator at 37°C and 5% CO,. HCV replicon
and NS3/4A hepatoma cell lines expressed similar levels of NS3
protein (figure 1).

Used DNA constructs

Detection and quantification of NS3 protein expression
were performed as previously described.” ?° A full-length
codon-optimised (co) JFH-1 NS3/4A gene was generated
synthetically (Retrogen, San Diego, California, USA) and
inserted into the pVAX1 vector backbone (Invitrogen, Carlsbad,
California, USA). The plasmid coNS3/4A-pVAX1 (GenBank
accession number: AR820945.1; http://www.nbci.nlm.nih.gov/
genbank) containing the full-length coNS3/4A gene of HCV
genotype la has been described previously.”' The following
DNA vaccines were used as negative controls: The chicken oval-
bumin (OVA)-pCI plasmid?®® expressing the secreted (s) product
sOVA-C1 was kindly provided by Dr Andrew Lew (WEHI,
Melbourne, Australia). The sOVA-C1 gene was inserted into the
pVAX1 backbone. The co HBcAg-pVAX1 plasmid (GenBank
accession number DI244925.1) has been described previously.”*
Additional details have been given in the online supplementary
materials.

Animals

Inbred female C57BL/6] (H-2") mice were obtained from Charles
River, Sulzfeld, Germany. CD4~/~ (H-2" and CD87/~ (H-2")
mice were obtained from the Jackson Laboratory (Bar Harbor,
Maine, USA). Interferon-gamma receptor-2 (IFN-yRZ)_/ - (H-Zb)
mice were bred and maintained in-house at Karolinska Institutet,
Division of Comparative Medicine, Clinical Research Center,
Karolinska University Hospital, Huddinge, Sweden. Mice trans-
genic for full-length wild-type HCV NS3/4A of gt1a (NS3/4A-Tg)
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Figure 1  Schematic of the experimental approach and
characterisation of Hep56.1D-derived replicon cells suitable for
syngeneic transplantation. (A) Schematic of the subgenomic HCV gt2a
(isolate JFH-1) replicon in Hep56.1D (C57BL/6J-derived) hepatoma
cells. Non-coding RNA regions are displayed with their presumed
secondary structures. HCV proteins NS3, 4A, 4B, 5A and 5B are
indicated with brown boxes. The G418 resistance gene (neo) is given
as yellow box; the N-terminal fusion with 16 codons of the HCV core
(C) protein is indicated.17 (B) Quantification of HCV RNA in human
(Huh7-Lunet-derived) and mouse (Hep56.1D-derived) replicon cells
(clones 21-3 and 21-10) by using RT-qPCR. Values were normalised to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and quantified
by using a HCV standard. (C) Quantification of NS5A in Huh7-derived
and Hep56.1D-derived replicon cells. Equal protein amounts of each
sample were loaded onto the gel. Beta-actin (B-act) served as loading
control. Ratios of NS5A and B-act-specific signals are given below the
respective lanes. The ratio determined for Huh7-Lunet cells containing
the selectable JFH-1 replicon was set to 1. (D) Immune fluorescence
analysis of HCV NS3 (green) in Hep56.1D and Huh7-Lunet-derived
cells. Naive cells served as specificity control. Nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI) (grey). Scale bar, 100
pm. (E) Detection of HCV NS3 protein expression in Hep56-derived
cells containing the subgenomic replicon (cell clone 21-3) passaged
for 7 weeks in the presence or absence of G418 (upper and middle
panel, respectively). NS3 was detected by immunoprecipitation and
western blot analysis. A lysate of Huh7 cells transiently transfected
with an NS3/4A construct was used as size marker and positive control
(left lane). Parental Hep56.1D cells served as negative control (lower
panel and right lane). (F) Groups of 6—7 wild-type C57BL/6J mice were
inoculated subcutaneously with 5x10° HCV replicon-containing cells or
the parental hepatoma cells (Hep56.1D). Tumours were measured every
second to third day after inoculation (ie, days 6, 8, 10, 13, 15, 17, 20, 22
and 24). The tumour volume of individual mice is shown. No statistically
significant difference was found between mouse groups by comparing
the area under the curve and analysis of variance. NS, not significant.
(G) Experimental approach used for cell transplantation and in vivo
analysis of tumour cells. Note that HCV replicon cells were also stably
transfected with a luciferase reporter gene (Fluc).
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were previously described.”* Additional details have been given
in the online supplementary materials.

Peptides and proteins

A total of 75 20-amino acids long peptides with 10 aa overlap
covering the full-length NS3/4A-JFH-1 sequence were purchased
from Sigma-Aldrich. Details have been given in the online supple-
mentary materials.

Immunisation protocols

Mice (5-20 per group) were immunised intramuscularly in
the tibialis cranialis (TC) muscle” *° one or two times with
0.5-50 ug plasmid DNA as described in the online supplemen-
tary materials.

In vivo challenge with HCV replicon and NS3/4A-expressing
Hep56.1D cells and bioluminescence imaging

In vivo challenge with HCV replicon cells or the NS3/4A hepa-
toma cells was done in naive and immunised mice 2 weeks after
the last immunisation using 5x 10° tumour cells. The cells were
washed, resuspended in 200 uL phosphate buffered saline (PBS)
and inoculated subcutaneously into the right flank of the mouse.
The kinetics of tumour growth was determined by measuring the
tumour volumes through the skin using a sliding calliper every
second or third day. The volume was calculated by using the
formula: 0.5 X (tumour length X tumour diameter®).”” HCV
replicon cell tumours were also monitored for luciferase activity
using the IVIS Spectrum in vivo imaging system (Xenogen
IVIS Spectrum, Caliper Life Sciences, Hopkinton, Massa-
chusetts, USA). To detect luciferase expression in vivo, mice
were shaved and injected with 15 mg/kg body weight luciferin
substrate (D-Luciferin, K* salt, PerkinElmer, Waltham, Massa-
chusetts, USA) diluted in 200 pL, 4 min prior to anaesthesia of
the animals with isoflurane (IsoFlo, Abbott Laboratories, Berk-
shire, UK). Mice were analysed in the IVIS machine 11 min after
the luciferin injection. Images and assessment of emitted light
were analysed (Living Image Software V.4.2).

Extraction of RNA and DNA and quantitative real-time PCR

To allow for quantification of HCV RNA levels and to determine
the total number of luciferase copies in tumour tissue or cells,
purifications of RNA and DNA were performed. Details have
been given in the online supplementary materials.

Chromogenic in situ hybridisation of formalin-fixed, paraffin-
embedded sections

Chromogenic in situ hybridisation was performed using the
ViewRNA ISH Tissue Assay Kit and ViewRNA Chromogenic
Signal Amplification Kit provided by Affymetrix as described in
the online supplementary materials.

Detection of interferon-gamma (IFNy)-producing T cells by
Enzyme-Linked ImmunoSpot (ELISpot)

Assay

Splenocytes from each group of mice were pooled and tested
for the presence of NS3/4A-specific T cells. Production of IFNy
was determined by using a commercially available ELISpot
assay (Mabtech, Nacka Strand, Sweden) exactly as described
previously”® using splenocytes from groups of immunised
and/or tumour cell-challenged mice. Details are given in
the online supplementary materials.

Quantification of HCV NS3 gt2a-specific CD8+ T cells

The frequency of NS3-specific CD8+ T cells was analysed by
ex vivo staining of splenocytes using the recombinant soluble
dimeric mouse H-2D(b):Ig fusion protein (BD Biosciences,
San Jose, California, USA) as described previously.”' 2° In brief,
1x10°spleen cells were resuspended in PBS/1% FBS (FACS
buffer) and incubated with Fc-blocking antibodies. Cells were
then washed and incubated for 90 min with H-2D(b):Ig preloaded
with a NS3-derived major histocompatibility complex (MHC) I
peptide (eg, NS3 cytotoxic T lymphocyte (CTL) epitope with
the amino acid sequence APPPSWDAM, H-2D"). Thereafter,
cells were washed and incubated for 30 min with a PE-conju-
gated rat antimouse IgG1 antibody. Cells were then washed and
incubated for 30 min with APC-conjugated rat antimouse CD19
and FITC-conjugated rat antimouse CD8 antibodies. A total of
150000 events from each sample were acquired on a FACSVerse
flow cytometer (BD Biosciences) and analysed using the FlowJo
V.9.2 software (Ashland, Oregon, USA). The following anti-
bodies were used: antimouse CD16/32 ‘Fc block’ and anti-
mouse CD19-APC ‘clone 1D3’ (BD Biosciences), and antimouse
CDS8-FITC ‘clone KT15 (Prolmmune).

Histopathological evaluation of the inflammatory response in
tumour tissue

Tumour specimens were collected and analysed as described in
the online supplementary materials.

Statistical methods

All comparisons were performed using GraphPad Prism, Macin-
tosh (V.5.0b, 2003; GraphPad Software, San Diego, Cali-
fornia, USA) and Microsoft Excel 2011, Macintosh (V.14.3.9;
Microsoft, Redmond, Washington, USA). Kinetic measure-
ments were compared using the area under the curve (Excel).
Parametrical data were compared using the analysis of variance
or Student’s t-test, and non-parametrical data with the Mann-
Whitney U test.

RESULTS

HCV replicon cells maintain viral antigen expression in the
absence of selection

We aimed at developing a mouse model based on the synge-
neic transplantation of Hep56.1D (C57BL/6]-derived) hepa-
toma cells containing a genotype 2a subgenomic replicon as
described previously'” (figure 1A). In the initial set of experi-
ments, two replicon cell clones were selected, designated 21-3
and 21-10" supporting HCV RNA replication to a level compa-
rable with the one in cells of the well-established human hepa-
toma cell line Huh7 (subclone Lunet; figure 1B). This was well
reflected in similar expression levels of viral proteins as revealed
by NS5A-specific western blot (figure 1C) and comparable
subcellular localisation of viral proteins as exemplified for NS3
(figure 1D). Thus, the murine replicon cells are representative of
the human replicon cells.

As G418 selection for HCV replicons is not possible in
vivo, we determined maintenance of HCV replicon RNA and
antigen expression in the cells in the absence of G418. As shown
in figure 1E, in spite of some fluctuation, HCV replicon cells
retained NS3 protein expression at least up to 7weeks in the
absence of G418 selection, similar to what we had found earlier
for human replicon cells.** Of note, Hep56.1D cells stably
expressing NS3/4A protein (NS3/4A hepatoma) from an inte-
grated DNA copy and used as control had NS3 protein expression
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levels comparable with those in the HCV replicon clones (data
not shown).

HCV replicon cells form solid tumours in vivo

To determine the ability of HCV replicon clones to form solid
tumours, we injected 5 million cells subcutaneously into the right
flank of C57BL/6] mice and measured tumour growth using a
sliding calliper (figure 1F). Both replicon clones, as well as the
stably transfected NS3/4A hepatoma cells (data not shown),
formed palpable solid tumours at the site of inoculation with
tumour sizes peaking between 8 and 16days postinoculation
(figure 1F and data not shown). The Hep56.1D and HCV
replicon clones 21-3 (figure 1F) and 21-10 (data not shown)
as well as the stably transfected NS3/4A hepatoma cells (data
not shown) all had similar in vivo growth kinetics. Interestingly,
the HCV replicon clone 21-3 primed a weak HCV-specific T
cell response by day 24 postinoculation (figure 1F), whereas the
Hep56.1D-derived replicon cell clone 21-10 and the parental
Hep56.1D cells did not (data not shown and figure 1F, respec-
tively). This suggested that antigen production, and thus HCV
RNA replication, was maintained in vivo in the HCV replicon
cell clone 21-3, which therefore was chosen for further studies
and is designated the ‘HCV replicon cell line’ in the following.
To allow for non-invasive in vivo imaging of the tumour and to
normalise for the number of tumour cells present at each time
point, this HCV replicon cell line was stably transfected with a
firefly luciferase (Fluc) gene (figure 1G) and was found to have
integrated two luciferase gene copies/cell.

Characterisation of HCV replicon cell tumours

To determine the impact of an HCV-specific immune response on
tumour cell growth, mice were either immunised with an HCV
NS3/4A DNA vaccine or unrelated DNA once or twice (4 weeks
apart), or left unimmunised, and challenged with the Hep56
tumour cells 2weeks later (figure 1G). Solid Hep56.1D-de-
rived tumours formed in vivo were characterised with respect
to volume, HCV RNA and Fluc DNA copy numbers, as well
as histological appearance, including H&E staining, specific
staining for Troma-1/cytokeratin 8 (CK8: to detect hepatoma
cells) and CD3 (to detect T/NKT cells). These parameters were
determined both in naive mice and in mice vaccinated with a
HCV NS3/4A DNA 2weeks prior to tumour cell challenge.
The tumour volume as determined by a sliding calliper peaked
around days 8-16 post challenge, depending on the experiment
(figure 1F and online supplementary figure 1).

HCV RNA could be detected in tumours by both in situ hybri-
disation (figure 2A) and by RT-qPCR (figure 2B,C) indicating
HCV RNA persistence in vivo. HCV replicon cell tumours
grew much stronger in control (OVA and naive) mice lacking
an HCV-specific T cell response compared with vaccinated
animals as determined by both caliper and Luc DNA copy
numbers (figure 2B, left and middle panels). However, levels of
HCV RNA declined rather slowly throughout the observation
period, indicating persistence of HCV RNA or fragments thereof
in non-replicon cells (figure 2B). To verify the possible early
effect of T cells on HCV RNA levels, the data from two inde-
pendent experiments (figure 2B, D) at day 4 were pooled and
analysed statistically. Lower HCV RNA levels were observed in
HCV NS3/4A-DNA immunised mice, as compared with control
animals lacking HCV-specific T cells (figure 2C), arguing for
immune control of HCV replicon cells.

To further corroborate these results, HCV RNA kinetics were
determined in naive and NS3/4A DNA vaccinated wild-type

(CD4+/CD8+), CD4-deficient (CD4—/CD8+) and CD8-defi-
cient (CD4+/CD8—) mice challenged with the HCV replicon
cells (figure 2D). As groups consisted of only three mice, we
added the same groups from days 4 and 8, or 8 and 12, or 4, 8
and 12 to allow for statistical calculations. We found that mice
with NS3/4A-specific T cells had lower HCV RNA levels than
naive mice for all analysed groups (p<0.05, Mann-Whitney).
Thus, in spite of profound variability of HCV RNA levels, T cells
seem to have an early inhibitory effect on HCV RNA replication
in this model. Of note, both CD4+ and CD8+ T cells were
essential for protection against HCV replicon tumour growth
(online supplementary figure 2).

In order to confirm the role of T cells in control of HCV
replicon cells (gt2a), we challenged NS3/4A DNA vaccinated
NS3/4A(gt1a)-Tg mice that owing to tolerance have a gtla-spe-
cific dysfunctional T cell response to this HCV antigen. The
HCV replicon tumours were smaller at day 4 in the presence
of HCV-specific T cells in both wild-type and NS3/4A(gtla)-Tg
mice (figure 3A,B). Later the protection against HCV replicon
tumours was dependent on a functional genotype-specific T cell
response that appeared to be lacking in NS3/4A(gtla)-Tg mice
(figure 3).

In conclusion, HCV replicon cells effectively establish tumours
with HCV RNA replication persisting for at least 2-3 weeks in
different syngeneic mouse strains. Our results suggest a very
transient T cell-mediated control of HCV replication at early
time points, which is lost at later time points. Yet protection
against HCV replicon tumour cell growth is clearly mediated by
functional genotype-specific T cells.

A massive inflammatory response in the absence of early
HCV-specific T cells

The drivers for tumour growth in the non-vaccinated mice were
both the expansion of Troma-1/CK-8-positive HCV replicon
cells and the inflammatory response to the tumour (figure 4).
Importantly, simultaneous with the expansion of HCV repl-
icon cells at days 4 and 8 (figure 4) with HCV RNA replication
(figure 2A,B), we observed a massive polyclonal inflammatory
infiltrate containing CD3" cells (data not shown), granulocytes
and macrophages (figure 4). Thus, in this mouse model HCV
RNA replication coexists with a strong inflammatory response,
similar to what is a hallmark for HCV infection of humans.

The infiltrate, including CD3" cells, was more pronounced
in non-vaccinated mice, suggesting that uncontrolled growth
of HCV replicon cells, or NS3/4A-expressing hepatoma cells,
attracted a non-specific inflammatory response (figure 4). In
contrast, when tumour growth was controlled by vaccine-in-
duced HCV-specific T cell response, as in the vaccinated mice,
the inflammatory response was much reduced (figure 4). Such
a negative correlation between CTL function and an unspecific
inflammatory infiltrate has been observed in human livers of
persistently HBV-infected individuals that were unable to control
viral replication.®! Thus, in this presented mouse model, an early
HCV-specific T cell response has transient effects on HCV RNA
replication, but can prevent a strong inflammatory response and
expansion of HCV replicon cells in vivo.

Characterisation of a T cell response that protects against
HCV replicon cell tumours

We found that an optimal priming of HCV-specific T cells is
necessary for protection against growth of HCV replicon cells.
This priming required DNA vaccination via in vivo electropora-
tion (EP) to generate a response that protected against tumour
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Figure 2 Detection of HCV RNA by chromogen in situ hybridisation and correlation of tumour growth, HCV RNA levels and effects of T cell
immunity. (A) Detection of HCV RNA by chromogen in situ hybridisation (purple staining) in paraffin-embedded tumour tissues. Wild-type animals
and mice immunised once with 50 pg of HCV NS3/4A-gt2 DNA using in vivo EP were challenged with HCV replicon-expressing hepatoma cells, and
HCV RNA was detected in individual mice at days 4 and 8 postinoculation by in situ hybridisation. (B) Side-by-side comparison of tumour size, number
of luciferase (Luc) gene-positive cells and HCV RNA copies per tumour. The blue line represents both OVA-DNA immunised and non-immunised

mice (naive controls). The black line represents NS3/4A-gt1a DNA (50 ug DNA with in vivo EP) immunised mice and the red line represents NS3/4A-
gt2a DNA (50 g DNA with in vivo EP) immunised mice. (C) Comparison of the HCV RNA copy number in tumours at day 4 from naive or OVA DNA
immunised mice (controls) and NS3/4A DNA immunised mice (50 ug DNA with in vivo EP) from two separate experiments. Statistical comparison with
Mann-Whitney U-test. (D) Comparison of HCV RNA copy number per tumour in relation to HCV-specific T cell immunity at days 4, 8, and 12 post-
tumour challenge. Groups of wild-type (CD4+/CD8+), CD4-deficient (CD4—/CD8+) or CD8-deficient (CD4+/CD8—) mice were either immunised with
NS3/4A-gt2a DNA (50 g DNA with in vivo EP) or left non-immunised or immunised with a control OVA-encoding DNA (OVA-DNA). All mice were
challenged with the HCV replicon cells. A "*" sign indicates p<0.05 as determined by Mann-Whitney U test. When the values from the wild-type group
atdays 4 and 8, or days 4, 8, and 12, were added, there was a significant difference between the naive and the vaccinated group with respect to

HCV RNA levels (p<0.05, respectively, Mann-Whitney). This was also true when the values from the wild-type group and CD4 deficient group at days
4 were added together (p<0.05, respectively, Mann-Whitney; not indicated in graph). Different groups were added because each group consisted of
three animals. EP, electroporation.

Levander S, et al. Gut 2018;67:1525-1535. doi:10.1136/gutjnl-2016-313579 1529



Vaccine
1

Hepatology

Mouse strain
A

a) NS3/4A DNA gt1

b)

NS3/4A DNA gt2

\ [ \
OVA DNA

wild type

NS3/4A-Tg gtl

Day 4 Day 8 Day 12
—_ —_—
E 1.0x10% — — E 1.0x100" E 1.0x10% —
@ 1.0x10% o g 08 4 ] 06 S o
ﬁ . o L, Eg??’ g:? % 1.0x10 . S N et o2 g3 R £ 1.0x10 A, e
o 1.0x10%%¢ & - I > 1.0x10%; . — N ® = 1.0x1005 * M N
Bromomzm 2 v 2 e Cc i BT -T2
£ 1.0x100 ° s 5 1.0x10%] o 2 % ¢ § 10610 o x4 T o a2 ew
£ 1.0x10%= . £ 1.0x10% £ 1.0x100%—+ -
o} ] |
NS3/4A DNA gt1 + + NS3/4A DNAgt1 + + NS3/4A DNA gt1 + +
NS3/4A DNA gt2 + + NS3/4A DNA gt2 + + NS3/4A DNA gt2 + +
OVA DNA + OVADNA + + OVA DNA + +
Naive * * Naive + + Naive + +
wild type NS3/4A-Tg wild type NS3/4A-Tg wild type NS3/4A-Tg
Vaccine Treatment group Vaccine Treatment group Vaccine Treatment group

Figure 3 Relation between protection against tumour growth and HCV-specific DNA vaccination in wild-type and HCV NS3/4A-gt1a transgenic
mice. Groups of 12 wild-type (wt) and HCV NS3/4A-gt1 transgenic (Tg) mice were either immunised with 50 ug of NS3/4A-gt1a DNA or NS3/4A-

gt2a DNA or left non-immunised or immunised with an irrelevant plasmid DNA (OVA-DNA). Two weeks after the last immunisation, all mice were
challenged with the HCV replicon-containing hepatoma cell line 21/3 stably expressing in addition firefly luciferase. (A) The protection against tumour
growth was analysed by measuring the biodistribution of firefly luciferase determined by in vivo imaging of immunised and non-immunised mice at
days 4, 8 and 12 post tumour cell inoculation. Representative in vivo imaging pictures are shown. (B) Summary of the imaging data that are given as
the emitted light of individual mice (p/s/cm?sr). The horizontal line shows the mean emitted light of each group (+SEM). *p<0.05 as determined by

the Mann-Whitney U test.

growth (online supplementary figure 2B). However, tumour
growth was only partially controlled when using the same
NS3/4A DNA dose, but administered intramuscularly without
EP (online supplementary figure 2C). It is worth noting that the
(presumed) CD4+ T cells that were detected were cross-reactive
between recombinant NS3/4A gtl and gt2 antigens, suggesting
a different quality of the early vaccine-primed CD4+ T cells as
compared with those primed by the HCV replicon cell challenge
(online supplementary figure 2A vs figure 2B,C).

To better understand the importance of the role of HCV RNA
replication in the HCV replicon cell transplantation model, we
used a Hep56.1D-derived NS3/4A cell line stably expressing
gt2a NS3/4A as control. The NS3/4A protease complex has
potent immune modulatory properties and therefore is a suitable

control to determine effects that are not simply due to NS3/4A
protein expression. To measure T cell responses, we first iden-
tified two H-2-restricted NS3/4A gt2-specific CTL epitopes
(online supplementary figure 3). One of these epitopes was
also suitable to quantify NS3/4A gt2-specific CTLs by using the
DimerX technology (online supplementary figure 4). This also
allowed us to study genetic variations (ie, immune escape) within
the epitopes as they might emerge during replicon cell tumour
growth.

Taking advantage of these novel tools, we monitored the
kinetics of HCV NS3/4A epitope-specific and the global (peptide
pools) T cell response to NS3/4A, and its role in protecting
against the HCV replicon cell-induced tumours (figure 5).
Groups of mice were vaccinated with NS3/4A gt2a DNA, or left
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Figure 4 Histological analysis of tumour tissues from immunised and non-immunised mice. Histological analysis of tumour tissues from NS3/4A-
gt2a immunised (50 ug gt2 DNA, administered with in vivo electroporation) or non-immunised (naive) wild-type mice challenged with HCV replicon
cells or Hep56.1D cells stably expressing NS3/4A. Samples were taken at days 4, 8, and 12 postinoculation. Paraffin-embedded tumour sections
were stained with H&E to determine the inflammatory infiltrate (red panels), and specific staining of TROMA-I/cytokeratin 8 was performed to detect
hepatoma cells (brown/blue panels). Representative histological pictures are shown.

untreated (naive), and challenged with Hep56.1D-derived HCV
replicon cells or stably NS3/4A-expressing cells 2 weeks later.
Vaccination with the NS3/4A gt2a DNA protected mice against
HCV replicon cell-induced tumours (figure SA, blue line graphs),
with the dominant response directed to the peptide pools (ie,
both CD4+ and CD8+ T cells) peaking around days 8-12
(figure SA; black bar graphs). This vaccine-induced pre-existing
T cell response remained broad and seemed to be marginally
boosted by the tumour cell challenge, but controlled HCV repl-
icon cell tumour growth (figure SA). In contrast, the non-vacci-
nated mice developed only a poor T cell response at days 12-16
that was unable to control tumour growth (figure 5A). Thus, an

early IFNy-producing CD4+ and CD8+ T cell response controls
HCV replicon cell tumour growth. However, HCV-specific
CD4+ and CD8+ T cells were only poorly boosted by the HCV
replicon cell challenge (figure 5A). In addition, the weak T cell
response primed by the HCV replicon cells alone was unable to
control tumour growth (figure 5A).

A pre-existing T cell response also protected against growth of
the stably NS3/4A-expressing hepatoma cells; however, with an
impressive boosting effect dominated by CTLs (figure 5B). The
T cell response narrowed over time to target only the NS3/4A
peptide pools that included the CTL epitopes at 8-20 days
after tumour challenge (figure 5B). Of note, this dominant CTL
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Figure 5 Relation between protection against tumour growth and HCV-specific T cell immunity. Kinetic (days 4, 8, 12, 16, 20 and 24) of tumour
growth in groups (20 mice/group) of wild-type mice immunised twice with 50 pug of NS3/4A-gt2a-DNA vaccine using in vivo electroporation (NS3/4A
DNA,; left panel) or non-immunised (naive; right panel). All mice were given 5x10°HCV replicon hepatoma cells (A) or the hepatoma cells stably
expressing NS3/4A (B) subcutaneously into the right flank. Tumours were measured through the skin every second to third day using a sliding

caliper. The tumour volume of individual mice is shown (blue lines). At indicated time points, mice were sacrificed and splenocytes harvested for
determination of the number of IFNy spot-forming cells (SFCs) in wild-type mice by using ELISpot assay. The production of IFNy was determined after
in vitro stimulation of splenocytes with de-escalating doses of the following antigens: two CTL peptides (NS3-CTL epitope 1 and epitope 2; 20, 2, 0.2,
0.02, 0.002, 0.0002 pg/mL), and five NS3/4A overlapping peptide pools (15 peptides per pool, total concentration 7.5 pg/mL as indicated). As control
antigens OVA-CTL (1 pg/mL) and ConA (2 or 1 pg/mL) were used. Results are given as the mean SFCs/10° (+5D) splenocytes with a cut-off set at 50
SFCs/10° splenocytes. The red, blue and black dots on the y-axis indicate 400, 800 and 3000 IFNy-producing SFC/108 cells, respectively.
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Figure 6 Quantification of the kinetics of NS3-specific CD8+ T cell responses in wild-type mice postimmunisation and tumour challenge. The
expansion of NS3-specific CD8" T cells in wild-type mice was determined using direct ex vivo staining of splenocytes with a recombinant soluble
dimeric mouse H-2D(b):Ig fusion protein preloaded with the NS3 CTL epitope APPPSWDAM (A—F). Groups of mice were immunised twice with 50 pg
of an N$3/4A-gt2a-DNA vaccine using in vivo electroporation or left non-immunised. All mice were challenged with 5x10°HCV replicon hepatoma
cells or NS3/4A-expressing hepatoma cells injected subcutaneously into the right flank. Quantification of APPPSWDAM epitope-specific CD8* T

cells was performed at days 4, 8, 12, 16, 20 and 24 postinoculation. Each group consists of three to five mice per time point. APPPSWDAM epitope-
specific CD8* T cells are shown as the percentage of NS3-specific CD8* T cells where each filled black circle represents an individual mouse. The black
horizontal line indicates the mean of the group. Vacc, NS3/4A DNA immunised; naive, non-immunised; rep, HCV replicon cells; stable, hepatoma cells
stably expressing NS3/4A.
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epitope-directed response was distinct from that induced by
the HCV replicon cells (figure 5A). Challenge with the NS3/4A
hepatoma cells in the non-vaccinated group primed a strong and
even more narrow response peaking at day 16 (possibly present
at day 8) and lasting until at least day 24, and a weaker response
to the peptide pools (figure 5B).

These differences were also reflected in the expansion of
epitope-specific CTLs quantified by flow cytometry using the
DimerX technology (figure 6). A challenge with HCV replicon
cells barely recalled a detectable CTL expansion, whereas the
NS3/4A hepatoma cells recalled a prominent CTL expansion at
days 8-12 after replicon cell transplantation (figure 6). Thus,
there are significant differences in the responses primed and
boosted by the HCV replicon cells and the stably transfected
NS3/4A hepatoma cells, despite expression of comparable levels
of an enzymatically active NS3/4A protease. Hence, the weaker
response primed by the HCV replicon cells supports the notion
that HCV replication might attenuate the cellular immune
response and that HCV RNA replication per se might exert
immune regulatory effects.

DISCUSSION

There is a lack of simple and readily available small animal
models to study the effect of HCV vaccines. Several models have
been generated, but all have their individual drawbacks.” ! ¢ 32
The most advanced model is the transgenic mouse allowing for
HCV replication, but requiring a STAT1™'~ background, which
severely impairs both the innate and the adaptive immune
response.'® ** This model is unfortunately not useful for studying
invivo primed T cell responses, and in addition requires extensive
backcrossing to study the role of individual host genes. Several
transgenic lineages expressing all or selected HCV proteins
have been generated and these are useful to study vaccine-in-
duced T cell responses in the presence of a dysfunctional T cell
response.” ! However, these mouse models lack HCV RNA
replication and the degree of T cell dysfunction varies greatly
depending on the timing and levels of the transgene expression.
Thus, there is a need for a simple model supporting HCV RNA
replication.

We generated a mouse model based on a mouse hepatoma
cell line supporting the replication of subgenomic HCV repli-
cons.'” When these HCV replicon cells were injected subcuta-
neously into syngeneic mice, a solid tumour was formed in the
absence of an early functional HCV-specific T cell response.
Despite its limitations, many aspects of this model replicate
what we know from the infection of humans. First, the HCV
replicon cells, like the HCV-infected liver, attract an influx
of immune cells that are unable to control tumour growth.
In the presence of an early and broadly specific CD4+ and
CD8+ T cell response, the expansion of HCV replicon cells
and tumour formation is prevented, recapitulating the events
in patients who spontaneously clear acute HCV infection.
Second, injection of the HCV replicon cells failed to effec-
tively prime a HCV-specific T cell response, contrasting the
strong CTL-focused T cell response appearing after injection
of hepatoma cells stably expressing an enzymatically functional
HCV NS3/4A complex. In humans and chimpanzees a cleared
HCV infection does not induce a protective immunity.*® Thus,
much alike HCV infection of humans, the HCV replicon cells
appear to be poorly immunogenic in vivo, possibly reflecting
immune inhibitory effects of the HCV replication itself.’* *
Third, we do not yet know whether immune escape is one
reason for the poor immunogenicity with respect to CTLs. In

an attempt to address this question we sequenced parts of the
replicon corresponding to two epitopic regions that were iden-
tified during the MHC I epitope screening (online supplemen-
tary figure 3). Although we could identify one synonymous
change, this mutation also appeared in vitro after 12 days of
culture without G418 (data not shown). Thus, we do not yet
have evidence of genetic changes within these epitopic regions.
However, genetic changes outside of the epitopic regions might
be selected in vivo in the HCV replicon cell line. One observa-
tion might favour this assumption. Vaccinated wild-type mice
challenged with the HCV replicon cells showed an increase in
HCV RNA copy number per cell from days 4 to 16, arguing
that a few cells might be selected with high levels of HCV RNA
replication. This will be of importance to determine along with
a detailed characterisation of the tumour infiltrating immune
cells. Fourth, the HCV replicon cells can be rapidly applied to
any genetic variant in the murine H-2" background for elucida-
tion of the role of individual genes for immune control of HCV
RNA replication and tumour formation.

Although the HCV replicon cell-based mouse system
described here lacks many features of the HCV infection of
humans such as release of infectious virus, difficulties in tracing
HCV RNA replication and restriction to Hep56.1D hepatoma
cells, its advantages outweigh these limitations. Of note, the
HCV replicon cells mimic infection of humans in key points.
Like in patients with chronic hepatitis C, HCV replicon cells
sustain self-replicating HCV RNAs in an inflammatory envi-
ronment and are poorly immunogenic in vivo. Moreover,
HCV replicon cells escape control in an immune-competent
host with dysfunctional HCV-specific immunity. Finally, this
immune-competent mouse model is highly versatile, because
any H-2'-restricted C57BL/6]-derived transgenic mouse
lineage can be used for syngeneic transplantation. In all these
respects, the system described here provides new opportunities
to study the immune response to liver cells containing self-rep-
licating HCV RNA:s.
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