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ABSTRACT

Background: The hepatitis C virus (HCV) effectively establishes persistent infection
in human livers. The non-structural (NS) 3/4A complex participate in this process by
cleavage of IFN-B promoter stimulator-1 (IPS-1; also termed Cardif/ MAVSVISA),
which inhibits responses to double stranded (ds) RNA. However, it is not known
whether this effect extends beyond innate responses.

Aims: Totest if HCV NS3/4A affect innate and adaptive immune responses in vivo.
Methods: NS3 levels were semi-quantified in human liver biopsies, transfected cells,
and in transgenic (Tg) mouse livers by western blot. The effect of NS3/4A on
dsRNA-mediated signaling and on integrity of IPS-1 was analyzed using in vitro
tranglation, transfected cells and Tg mice. Cytotoxic T cell (CTL)-mediated clearance
of transiently Firefly luciferase (FLuc)- and/or NS3/4A-Tg hepatocytes was
determined using in vivo imaging and western blot.

Results: NS3-protein levels were at somewhat comparable range (0,1 - 49 pg/g tissue)
in infected human livers and Tg mouse livers. Importantly, these levels of NS3/4A
reduced murine innate responses to synthetic dsRNA in vivo, supporting that this
occurs aso in infected humans. The likely explanation for this was the NS3/4A-
mediated cleavage of mouse IPS-1, albeit less efficiently than human IPS-1. Despite
this were FLuc- and/or NS3/4A-expressing murine hepatocytes effectively eliminated
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by hepatic CTLs, utilizing the classica molecules for virus-infected cell lysis,
including CD8, IFN-y, perforin, and FasL.

Conclusions. Although HCV NS3/4A inhibits the innate immunity, this does not
prevent CTL-mediated clearance of NS3/4A-expressing hepatocytes in vivo. Thus,
other HCV proteins are most likely responsible for interfering with the adaptive
immunity.

INTRODUCTION

The hepatitis C virus (HCV) is highly efficient in establishing persistent infections in
human hepatocytes in vivo, but not in vitro * 2. Several HCV proteins protect infected
cells against the various ways that the host can shut down or eliminate infected cells ®
and the specific T cell responses seem to be deregulated during the chronic infection
19 This impairment may be caused by escape mutations within T cell epitopes ™™, or
by an inhibitory effect directly exerted by viral proteins *. Indeed, transgenic (Tg)
mice expressing the complete HCV polyprotein have an impaired clearance of
hepatotropic infections *°, but the responsible protein/s has yet not been identified.
Examples of events documented in transgenic mice are inhibition of Fas-mediated
apoptosis, reduced sensitivity to tumor necrosis factor-alpha (TNF-o)-mediated
apoptosis, and reduced IFN responses >". However, these studies are hampered in
that we do not know whether similar effects can be observed in both human and
murine cells.

The HCV infection itself does not seem to be highly immunogenic . Certain HCV
proteins, in particular the non-structural (NS) 3/4A complex has been found to
modulate the host response 3. The NS3/4A protease has been shown to cleave adaptor
proteins transducing the host cell response to the double stranded (ds) RNA generated
during replication of the vira genome * . HCV dsRNA is synthesized by the
membrane-bound replication complex in the endoplasmic reticulum and lipid droplets
2L can activate the retinoic acid inducible gene-l (RIG-I) pathway. The RIG-I
pathway activates nuclear factor kB (NF«B) and interferon (IFN) responses, which
switches the cell into an antiviral state * . However, to prevent this response, the
protease domain of the HCV NS3/4A complex cleaves the interferon- promoter
stimulator-1 (IPS-1; also known as, caspase recruitment domain adaptor inducing
interferon-f [Cardif], mitochondrial anti-viral signaling protein [MAVS] and virus-
induced signaling adaptor [VISA]) signal transducer from the mitochondria. This
prevents nuclear translocation of transcription factors interferon regulatory factor 3
(IRF-3) and NFxB 2, and inhibit IFN responses and apoptosis. However, most of
these results have been generated from transfected tumor cells in vitro, and less is
known about any in vivo consequences **°%, New data obtained using unrelated RNA
viruses suggest that IPS-1 does not influence adaptive immune responses % %, Hence,
although it is clear that the NS3/4A-protein in vitro inhibits innate signaling through
IPS-1, it is not known if this affects to the adaptive immune responses.

To better understand the in vivo role of NS3/4A-mediated inhibition of innate
responses seen in human tumor cells transfected by HCV NS3/4A, we aimed at
determining if similar effects reported could be observed in murine cells. This is
certainly of importance since this would allow for detailed in vivo studies in Tg mice
that mimic events taking place in the human liver.

MATERIALSAND METHODS
Human liver biopsies
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Liver biopsies were taken from six patients due to clinical routine work-up using an
aspirating 1,6 mm diameter needle. A 5-10 mm part of the biopsy was snap-frozen in
liquid nitrogen. Five patients had confirmed chronic HCV infections with a viral load
of 14.2x10° (male, gt1), 8.8x10° (male, gt3a), 0.45x10° (male, gt3a) and 0.44x10°
IU/mL (female, gtla). For one male patient infected by HCV gtl the vira load had
not been determined. All HCV infected patients had inflammation ranging from grade
| to grade 11l and fibrosis ranging from grade | to grade IV. A patient with a liver
disease not caused by HCV was used as a negative control and had minimal
inflammation and intermediate steatosis. The local ethical committee had approved all
sampling and analysis.

Animals

Inbred C57BL/6 (H-2°), BALB/c (H-2% (Charles & River, Germany), Perforin-/- (H-
2"), FasL-/- (H-2°) (The Jackson Laboratory, USA), CD4-/- (H-2°), CD8-/- (H-2%),
TLR4-/- (H-2") and IFN-yR2-/- (H-2") 4-8 weeks old mice were obtained from the
breeding facility at the Department of Microbiology, Tumor and Cell biology,
Karolinska Institutet, Sweden. C57BL/6 and CBAXC57BL/6 Tg mice with intra-
hepatic expression of the NS3/4A proteins *” were bred and maintained in-house. The
ethical committee for animal research at Karolinska Institutet had approved all animal
experiments.

Plasmid DNA, recombinant protein and synthetic peptides

Plasmids containing a full-length wild-type (wt) NS3, wtNS3/4A, mutant (mut)
NS3/4A with a mutation that prevents cleavage between NS3 and NS4A, three
alanine mutant NS3/4A genes where the cleavage of NS3-NS4A was retained 4,
and a codon optimized (co) NS3/4A gene in pVAX 1 have been described %%, Genes
coding for FLuc2- (Promega) and human (h) and mouse (m) IPS-1 (InvivoGen) were
separately cloned into pVAX1 using standard techniques. The plSRE-TA-Luc and
pPRL-TA-Luc plasmids were purchased from Promega.

Recombinant NS3 (rNS3) protein has been described ’. The NS3-derived MHC class
| H-2D-restricted GAVQNEVTL peptide and the HBc-derived H-2K"-restricted
MGLKFRQL peptide were kindly provided by Dr Michael Levi, Tripep AB,
Stockholm, Sweden *’. Peptides were synthesized using standard protocols using 9-
fluorenylmetoxycarbony! protected amino acids %°.

Cell lines

The SP2/0-Agl4 (H-2%, RMA-S cells (kindly provided by Professor Klas Kérre,
Karolinska Institutet, Sweden), HepG2, and HEK 293 were maintained as described *'.
SP2/0-Agl4 cells with stable expression of NS3/4A * were maintained with
800ug/mL geneticin.

Transient transfection and protein sample preparation

HepG2 and SP2/0 cells were transiently transfected as described 2. In brief, the cells
were plated into 10 cm?® wells (5 x 10° cells/well) the day before transfection. Two g
of each pVAX1 plasmid was transfected into cells using Lipofectamine 2000 reagent
(Invitrogen). Cells were either co-transfected using 0.2-2ug/uL poly(l:C) or treated
with 0.2-2ug/uL poly(1:C) 5 hrs after transfection or left untreated. After transfection,
the cells were incubated for 16-36 hrs at 37°C, 5% CO, prior to harvest and
subsequent isolation of cytoplasmic and nuclear protein fractions, according to
standard protocols. In brief, cells were re-suspended in lysis buffer (10 mM HEPES-
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KOH, 1,5 mM MgCl,, 10 mM KCI, 0,2 mM PMSF, 1mM NaVO, and 0,5 mM
DTT), sonicated and incubated on ice for 10 minutes, where after samples were
centrifuged and the supernatant containing the cytoplasmic portion was collected. The
remaining cell pellet was re-suspended in a different lysis buffer (20 mM HEPES-
KOH, 1,5 mM MgCl,, 420 mM KCI, 0,2 mM EDTA, 25% Glycerol, 0,2 mM PMSF,
1ImM NaVO, and 0,5 mM DTT) and incubated for 30 minutes on ice before the
nuclear portion was collected by centrifugation. All protein extracts were stored at -
80°C until analysis.

Detection of IRF-3, NF xB and IPS-1 by western blot

Cytoplasmic and nuclear extracts from transiently transfected cells were loaded on a
4-12% Tris-Bis gel (Invitrogen) for SDS-PAGE analysis. Proteins were transferred to
Invitrolon/PVDF membrane (Invitrogen) for 1hr at 30V. For detection of IRF-3,
NFxB and IPS-1, arabbit-IRF-3 antibody (#4962; Cell Signaling), arabbit-NF«B p65
antibody (#3034; Cell Signaling) or a rabbit-IPS-1 antibody (AT107; Alexis
Biochemicals) was used at a dilution of 1:1000, 1:1000 and 1:2000 respectively.
Bound antibody was detected using an enzyme conjugated goat-anti-rabbit antibody
(Dako, Denmark), and proteins were visualized using the ECL Plus Western blotting
reagent (Amersham Biosciences) according to manufacturer’s protocol.

Luciferase reporter assay

A reporter plasmid containing the interferon stimulatory response element (ISRE)
enhancer upstream of the TATA box and luciferase (Clontech) were used for transient
transfections of HEK 293 cells. For transfections, 10° cells were plated per well in a
24-well plate before co-transfected with 0.125(g of plSRE-TA-Luc (Firefly) reporter
plasmid, 0.01(g of pRL-TK (Renilla) reporter plasmid and 0.375(g empty pvAX1
plasmid or pVAX1 plasmid containing WtNS3, wWtNS3/4A or coNS3/4A using the
Lipofectamine 2000 reagent (Invitrogen). At 16 hrs post transfection the cells were
treated with 2ug/uL poly(l:C). Cell lysates collected 6-24 hrs post poly(l:C) treatment
were analyzed for luciferase activity using the Dual-luciferase reporter assay system
(Promega) according to manufacturers protocol. Light emission was detected in
Anthos Lucy2 luminometer and was analyzed using the Anthos LucySoft software
(Anthos Labtech Instruments, Austria) and Microsoft Excel.

In vitro transcription and translation assay

The cleavage of mIPS-1 was analyzed by co-expression of 1ug mIPS-1 and 1ug
WENS3, WINS3/4A or coNS3/4A DNA plasmids by an in vitro transcription and
translation assay (TNT; Promega, Madison, Wisconsin, USA), as described *2°,

Immunization and treatment protocols

DNA immunizations were performed by regular intramuscular (i.m.) immunization in
the tibialis anterior (TA) muscle (50 pg/dose) or by gene gun-based immunization (2
ng/dose) exactly as described previously %%,

The effects of synthetic dSRNA in vivo was studied by injecting 100 ug poly(1:C)
(Invitrogen) in 200 uL sterile PBS or 200 uL sterile PBS alone intravenoudly into the
tail vein. The effect of TNF-o was studied after i.p. injection of TNF-o. at doses of 5-
20 pgkg with D-galactosamine (D-Gal) (20mg) in 100 uL PBS as previously
described *'.
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Determination of HCV NS3/4A-protein expressing liver cellsin vivo

NS3-protein expression was determined in human (5 mg) and murine (100 mg) livers
as described 2°*” ®. Groups of mice were immunized once using the gene gun or left
untreated. Two weeks later the mice were given a hydrodynamic injection of the
coNS3/4A plasmid, exactly as described previously * *!. The presence of NS3/4A-
protein expression was determined 72 hrs later by immuno-precipitation and western
blot as described previously %27 %,

For in vivo imaging, groups of mice were immunized once i.m. in the right TA muscle
with either 50 pg of Luc2-pVAX1 plasmid, 50ug of the coNS3/4A plasmid, or left
untreated. Two weeks later the mice were given a hydrodynamic injection containing
50 ug Luc2 and 50 pug coNS3/4A plasmid. The presence of reporter gene expression
was determined from 7 hrs up to 192 hrs by bioluminescence in anesthetized mice
using the In Vivo Imaging System 100 (IVIS 100, Xenogen, Hopkinton, MA). To
detect presence of reporter gene expression the luciferin (Xenogen, Hopkinton, MA)
substrate was injected and the reporter gene expression was analyzed 5 to 10 minutes
later for 1, 5 and/or 60s (depending on time point). Images and assessment of emitted
light were analyzed with Living Image software (version 2.50; Xenogen).

Detection of NS3/4A-specific lytic CTLs, IFN-y producing CTLs and T helper cdlls,
and intra-hepatic T cells

Lytic CTLs in immunized mice were detected in individual mouse spleens by a
standard four-hour *'Cr-release assay using NS3-peptide (GAVQNEVTL) loaded H-
2DP-expressing RMA-S target cells exactly as described previously *. The presence
of IFN-y producing CTLs and T helper (Th) cells to NS3 were detected in pooled
splenocyte cultures by a commercially available ELISpot assay as described
previously .

The detection of CD3+ T cells in the liver was performed by immunohistochemistry
as described previously *°. The mean values of staining scores and standard deviations
were calculated for vaccinated and non-vaccinated animals and compared using the
Mann-Whitney U-test.

Satistical analysis

Statistical comparisons were performed using the Statview 5.0 (3/20/98, Power PC
version, SAS Institute) and Excel:mac (version 11.3.7, Microsoft) software packages
for Macintosh. Parametrical data were compared using Student’ s t-test (Statview and
Excel) and non-parametrical data were compared using the Mann-Whitney U-test
(Statview). Frequencies were compared using Fisher’s exact test (Statview).

RESULTS

HCV NS3/4A gtla interfere with IFN signaling and NFxB activation in human and
murine tumor cells

Interference of our gt 1a NS3/4A sequence with IFN responses was tested in human
HEK-293 cells co-transfected with NS3 and a reporter plasmid controlled by an IFN-
sensitive promoter. This revealed that synthetic dsRNA, i.e. poly(l:C)-induced IFN-
reporter expresson was impaired by the NS3/4A genes (Figure 1a). Also, the
coNS3/4A gene reduced NFxB activation in transiently transfected poly(l:C) treated
HepG2 cells (data not shown). Thus, our gtla NS3/4A gene behaves the same way as
other NS3/4A sequences %%,

We next tested if NS3/4A had similar effects in murine tumor cells. First, the basal
level of NFxB was reduced in SP2/0 cells stably expressing the NS3/4A-proteins


http://gut.bmj.com/
http://group.bmj.com

Downloaded from http://gut.bmj.com/ on September 16, 2016 - Published by group.bmj.com

Ahlenetal.,

(data not shown), and in transiently NS3/4A-transfected poly(l:C)-stimulated SP2/0
cells (Figure 1b). No difference in major histocompatibility complex (MHC) class |
expression was seen between non-transfected and NS3/4A-transfected SP2/0 cells
(data not shown). Collectively, NS3/4A affects NF«xB responses in murine tumor
cells, but not class | antigen presentation.

Expression levels of NS3-protein in human and murine livers

To explore the effects of NS3/4A on non-tumor cells in vivo, we used our different
NS3/4A-Tg mouse models ** *. We first compared the levels of NS3-expression
between human HCV infected livers and livers from the Tg mice (Figure 1c and d).
NS3 levels were estimated using a standard curve obtained with dilutions of
recombinant NS3 (Figure 1d). In liver biopsies from two patients with high viral load
(>800,000 1U/mL serum) the levels of NS3 were 45 (gtla) and 41 pg/g (gt3a) tissue,
respectively (Figure 1c, lanes 2 and 4, respectively). In another two patients, with an
intermediate viral load (450,000 and 550,000 1U/mL, respectively), the NS3 levels
were 31 and 15 pg/g tissue, respectively (Figure 1d). From one patient with an
unknown viral load the NS3 levels were 49 pg/g liver tissue (Figure 1d). The average
NS3-expression levels in five human livers were 36 + 14 ug/g tissue. An analysis of
the NS3 levels in stable Tg (sTg) mice ranged from 0,1 to 0,5 pg in females (n = 7,
mean 0,3 £ 0,2 pug/g) and from 0,2 to 4 in males (n = 42; mean 1,5 + 3,7 ug/g),
consistent with previous observations *'. In the transiently Tg (tTg) mice (n = 6) the
levels ranged from 0,5 to 11 pg/g tissue, with a mean of 4 + 4 ug/g tissue. Taken
together, this suggests that the mean levels of NS3 in the male stable NS3/4A-Tg
mice were on average 22-fold lower as compared to four patients with a viral load
exceeding 400,000 IU/mL. In contrast, the NS3 levels in livers from the transient Tg
mice were more within the same range as the tested human livers, on average 8-fold
lower, and may possibly even exceed those in patients with a lower viral load. Thus,
the NS3-levels seem to be lower in the stable Tg mice as compared to humans with a
vira load exceeding 400,000 1U/mL, whereas the NS3-levels in the transiently Tg
mice are more comparable to humans. Finaly, a larger study on NS3-expression in
human livers is underway, and we have not seen a band corresponding to NS3 in any
of more than 20 patients negative for HCV infection (Rahbin et al., manuscript in
preparation). Also, we have never seen a band corresponding to NS3 in a non-
transgenic mouse liver. Thus, the currently used Western blot assay seems to have a
satisfying specificity.

The role of NS3/4A on in vivo responses to dsRNA

We wanted to emulate the effects of an infection with an RNA virus without
activating the specific immune response, since this would complicate analysis of
innate responses in vivo. We therefore used synthetic dsRNA, or poly(l:C) which only
activates the innate responses. After intravenous injection of poly(l:C) the nuclear
translocation of IRF-3 and NF«B by the RIG-I/TLR3-dependent pathway was
determined (Figure 2a). As a comparison, the NS3/4A-Tg mice were also treated with
TNF-o/D-gal (Figure 2b), representing a RIG-I/TLR3-independent pathway *. A
reduced nuclear translocation of IRF-3 and NFxB in the NS3/4A-Tg mice showed
that the response to dsRNA was impaired in vivo (Figure 2a). In contrast, treatment
with TNF-o/D-gal had no effect on IRF-3 (Figure 2b), whereas the nuclear NFxB
levels were increased in the NS3/4A-Tg mice (Figure 2b). The latter is now a well-
documented finding in these mice (Weiland et al., manuscript in preparation). Thus,
expression of NS3/4A in mouse livers, at around 25-fold lower levels as compared to
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those seen in HCV infected humans, specifically inhibits the RIG-1/TLR3-dependent
activation of IRF-3 and NFxB by dsRNA. Thus, NS3/4A modulates the innate murine
response to dsRNA in vivo.

NS3/4A cleaves human and murine IPS-1

The best-documented effects of NS3/4A on cell signaling is the cleavage of human
IPS-1 from the mitochondrial membrane '°%*. Whether the same is true for IPS-1 of
other species, except for tamarins *, is not known. We first tested the cleavage of
murine IPS-1 by an in vitro transcription and translation assay (Figure 2c). Co-
trandation of mIPS-1 with NS3/4A results in a reduction of free NS3, and the
appearance of a band consistent with truncated (A) IPS-1 (Figure 2c and data not
shown). Hence, the cleavage of murine IPS-1 is competing with the cleavage a the
NS3-NS4A junction resulting in a reduction of free NS3. This was confirmed by over-
expressing human and murine IPS-1 in HepG2 cells, where co-transfection with
NS3/4A resulted in an extra band representing AIPS-1 (Figure 2d). Thus, HCV
NS3/4A cleaves both human and murine IPS-1. The exact position for cleavage of
murine IPS-1 is under investigation, although the predicted site at cystein residue at
position 470 of the mouse IPS-1 should be a good candidate *. To better characterize
the difference in the effectiveness of cleavage of the human and mouse IPS-1 we co-
transfected HepG2 cells with versions of our wild-type gtla NS3/4A sequence having
single alanine substitutions and with intact protease activity ****. Using these mutant
NS3/4A sequences we did see differences in the efficiency of cleaving of the human
IPS-1 gene (Figure 2e), suggesting that the generally fainter AmIPS-1 band observed
isaresult of aless efficient cleavages as compared to human IPS-1 (Figure 2¢€).

NS3/4A does not protect transiently transfected hepatocytes, as a model of infected
hepatocytes, from elimination by specific T cells

Since NS3/4A inhibit the innate murine immune response, an immediate question isif
this has any clear effects also on the adaptive hepatic immune responses. We therefore
used in vivo imaging to study the real-time kinetics of clearance of hepatocytes co-
expressing NS3/4A and FLuc generated by a hydrodynamic injection. Co-expression
of NS3/4A did not promote survival of FLuc-expressing cells in naive mice, where
hepatocytes co-expressing NS3/4A and FLuc persisted for less than 14 days (336h;
Figure 3a), but more than 8 days (192h; Figure 3b). In contrast, mice with pre-existing
NS3/4A-specific CTLs had cleared most NS3/4A-FLuc co-expressing hepatocytes
between 24 and 48 hours (Figure 3b). Collectively, NS3/4A cannot protect
transfected, or “infected”, hepatocytes from clearance by specific T cells. This is
consistent with the idea that IPS-1 does not have a major influence on the adaptive
immunity %,

Clearance of NS3/4A-expressing hepatocytes is dependent on classical molecules
involved in the killing of virus-infected cells

To define molecules involved in the effector-mediated clearance of NS3/4A-protein
expressing hepatocytes, we studied hepatic entry of CD3+ cells and elimination of
hepatic NS3/4A-protein expression in vaccinated gene deficient “knock-out” mice.
The role of the molecules were defined by a hydrodynamic challenge with an
NS3/4A-expressing plasmid *°, in naive or vaccinated mice lacking specific genes
involved in T cell priming or effector function (CD4 and CD8), T cell trafficking
(TLR4 and IFN-y receptor-2) *°, and Iytic killing of virally infected cells (perforin and
FasL) 3738
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In wild type mice, an NS3/4A-DNA vaccination activates |FN-y-producing Th cells
and CTLs, and the CTLs have lytic activity in vitro (Figure 4a). These T cells enter
the liver, evidenced by an increase in hepatic CD3+ cells, and are functional, since
transiently NS3/4A-transgenic hepatocytes are cleared within 72 hours (Figure 4a).
Consistent with previous reports % *, were CD8+, but not CD4+ cells required for
clearance (Figure 4b and c). CD4-/-, but not CD8-/- mice developed lytic and IFN-y-
producing T cells that entered the liver and eliminated NS3/4A-protein expressing
hepatocytes (Figures 4b and c). This is consistent with our previous observation that
priming and clearance of NS3/4A-specific CTLs is independent of CD4+ cells, but
dependent on CD8+ T cells 2.

Next, IFN-yR2, but not TLR4, was required for clearance of NS3/4A-protein
expressing hepatocytes (Figure 4d and e), despite that the IFN-yYR2-/- mice had a
strong lytic activity in vitro (Figure 4e€). This may possibly be explained by that the
CTLs failed to enter the liver (Figure 4e), consistent with resent data showing that
IFN-y is involved in trafficking of T cells to infected sites **. However, we found no
role for TLR4 in either priming or hepatic recruitment of newly primed NS3/4A-
specific CTLs (Figure 4d), which is different from the suggested role of TLR4 in
trapping memory cellsin the liver %,

Lastly, hepatic clearance of NS3/4A-protein expressing cells was dependent on
classical molecules involved in killing of virally infected cells. Mice lacking perforin
or FasL had a significantly impaired clearance of hepatic NS3/4A-protein expression
(Figure 4f and g), strongly suggesting that these molecules are required for clearance
of these cells. Both perforin-/- and FasL-/- mice failed to develop in vitro detectable
lytic T cells, although IFN-y producing cells were recalled in vitro confirming that T
cells had been primed (Figure 4f and g). Also, the vaccinated perforin-/- mice had an
increased frequency of CD3+ cellsin the liver (Figure 4f), suggesting that the absence
of perforin affect killing rather than hepatic trafficking of T cells. Importantly, these
data also suggest that NS3/4A does not actively interfere with killing mechanisms
exerted by perforin and Fas. In conclusion, using transiently NS3/4A-Tg mice with
hepatic NS3/4A-expression at levels comparable to humans, we found no apparent
role for NS3/4A to participate the observed inhibition of CTL responses observed in
HCV infected individuals '° and transgenic mice .

DISCUSSION

The underlying mechanisms that help HCV to establish and maintain a chronic
infection in humans are still actually quite poorly understood ¢ ** %, Several
mechanisms that seem to promote viral persistence have been identified in vitro and
in animal studies * “*. Many HCV proteins seems to interfere with host cell
signaling, where the NS3/4A-complex is the so far best characterized ® *° ?°. The
NS3/4A-mediated cleavage of IPS-1 has been documented in human and tamarin cells
3 35 However, there are significant difficulties to study these events repeatedly in
infected human livers. It is therefore of the outmost importance to determine if there
are other ssimpler model systems that may in the same, or in a different way, represent
the in vivo situation. Since a number of transgenic mouse lineages exist where
NS3/4A should be present 1'% we studied the effects of NS3/4A in murine cells.

In line with previous reports **° 2 did we find that over-expression of NS3/4A in
human cells reduced poly(l:C)-induced IFN and NFxB activation. One peculiar
observation was that the reported cleavage of TRIF found in human cells %, could not
be documented in murine cells (unpublished observations) and this cleavage seems to
differ between different human cell lines “. The mice with stable transgene


http://gut.bmj.com/
http://group.bmj.com

Downloaded from http://gut.bmj.com/ on September 16, 2016 - Published by group.bmj.com

Ahlenetal.,

expression of NS3/4A had a lower expression of NS3/4A as compared to infected
humans, whereas the levels in the transiently NS3/4A-Tg mice were somewhat better
comparable to humans. Thus, this suggests that transgenic mouse models are valid but
these differences in expression levels need to be kept in mind. In addition, when
NS3/4A is present in murine cells it seems to behave similarly as when present in
human cells. This was supported by that the NFxB response to poly(l:C) was reduced
in murine SP2/0 cells transiently transfected with NS3/4A. In addition, in poly(l:C)
treated NS3/4A-Tg mouse livers the activation of IRF-3 and NFxB was reduced,
whereas, as predicted, TNF-o. failed to do the same *. Thus, the effects seen on IRF-3
and NF«B after poly(I:C) treatment was specific for the RIG-I/TLR3-dependent
pathway, suggesting that the response to dsRNA was impaired by NS3/4A aso in
murine cells. We therefore tested whether our NS3/4A-protein cleaved murine IPS-1.
This was indeed the case as determined by both an in vitro transcription and
translation assay as well as in transiently transfected cells. Comparison with the
efficiency by which mutant NS3/4A sequences cleaved human IPS-1, suggested that
the cleavage of mouse IPS-1 was less efficient than human IPS-1. Also, this suggests
that different HCV NS3/4A sequences may cleave IPS-1 with different efficiencies,
which certainly merits further investigation. Thus, it is likely to assume that the
NS3/4A-mediated cleavage of murine IPS-1 is the cause for a reduced response to
dsRNA invitro and in vivo. This supports the findings from human tumor cells where
NS3/4A blocks the dsRNA-induced interferon response mediated by RIG-I, IPS-1,
and IRF-3 3%, Hence, these signaling events may now be studied in detail in vivo,
albeit with care, using mouse models.

A role for NS3/4A in blocking responses to dsRNA in viral pathogenesis seems
obvious, since this should prevent induction of an antiviral state and apoptosis of
infected cells. However, it is not known whether this extends to the adaptive
immunity. There are several potential ways in which NS3/4A could inhibit the
adaptive immunity directly, or indirectly. For example, the cleavage of IPS-1 may
inhibit chemokine release, hamper the recruitment of T cells to the liver, or inactivate
various immune targets by blocking MHC class | presentation, or by preventing Fas
or perforin/granzyme mediated killing. If this was indeed the case, this should be
detectable in mouse livers transiently expressing NS3/4A as an impaired clearance of
transfected cells. We could show that NS3/4A did not promote persistence of a co-
transfected reporter gene by in vivo imaging. Also, we could show that the clearance
of NS3/4A-protein expressing hepatocytes followed the classical pattern of Iytic
elimination requiring IFN-y, perforin and Fas, generally seen in viral infections 3 34,
Thus, this strongly suggests that these pathways are not affected by NS3/4A. This
issue was partialy addressed also in a recent study using another RNA virus, the
murine lymphocytoid choriomeningitis virus 2%, showing that the priming of virus-
specific CTLs by the infecting virus was independent on IPS-1. Taken together, this
suggests that 1PS-1 does not seem to be critical for CTLs either at the priming or the
effector stage. Moreover, these data confirms our previous observation, that the
reported inactivation of the Fas-related molecule Bid seen in mice that express the full
HCV polyprotein °, is probably not mediated by NS3/4A *'.

In conclusion, the inhibition of dsSRNA-induced RIG-I-signaling was impaired in vivo
in mice with 25-fold lower expression levels of NS3/4A than those seen in infected
human livers. However, even when using mice with higher expression levels of
NS3/4A, we found no clear evidence for an NS3/4A-mediated protective effect of
“infected” cells towards CTLs. This is in line with recent studies, using unrelated
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RNA viruses, showing that IPS-1 is not required for the adaptive immune response %
25

ACKNOWLEDGEMENTS

The present study was supported by the Swedish Science Council, the Cancer
Foundation, the Stockholm County Council, and the European Commission through
the VIRGIL Network of Excellence. Dr. Lars Frelin was supported by grants from the
Swedish Society of Medicine, the Swedish Society for Medical Research, the Royal
Swedish Academy of Sciences, Goljes Memoria fund, the Ruth and Richard Juhlin
Foundation, Jonas Soderqvists fund, and from Karolinska Institutet. We thank Marit
Bjon-Holm for excellent technical assistance.

REFERENCES

1. Lohmann V, Korner F, Koch J, Herian U, Theilmann L, Bartenschlager R.
Replication of subgenomic hepatitis C virus RNASs in a hepatoma cell line.
Science 1999;285(5424):110-3.

2. Wakita T, Pietschmann T, Kato T, Date T, Miyamoto M, Zhao Z, et a. Production
of infectious hepatitis C virus in tissue culture from a cloned viral genome.
Nat Med 2005.

3. Gae M, Jr., Foy EM. Evasion of intracellular host defence by hepatitis C virus.
Natur e 2005;436(7053):939-45.

4. Bowen DG, Walker CM. Adaptive immune responses in acute and chronic hepatitis
C virus infection. Nature 2005;436(7053):946-52.

5. Chang KM, Thimme R, Melpolder JJ, Oldach D, Pemberton J, M oorhead-Loudis J,
et al. Differential CD4(+) and CD8(+) T-cell responsiveness in hepatitis C
virus infection. Hepatology 2001;33(1):267-76.

6. Gerlach JT, Diepolder HM, Jung MC, Gruener NH, Schraut WW, Zachoval R, et
a. Recurrence of hepatitis C virus after loss of virus-specific CD4(+) T-cell
response in acute hepatitis C. Gastroenterology 1999;117(4):933-41.

7. Grakoui A, Shoukry NH, Woollard DJ, Han JH, Hanson HL, Ghrayeb J, et al. HCV
persistence and immune evasion in the absence of memory T cell help.
Science 2003;302(5645):659-62.

8. Gruener NH, Lechner F, Jung MC, Diepolder H, Gerlach T, Lauer G, et al.
Sustained dysfunction of antiviral CD8+ T lymphocytes after infection with
hepatitis C virus. J Virol 2001;75(12):5550-8.

9. Nascimbeni M, Mizukoshi E, Bosmann M, Mgor ME, Mihalik K, Rice CM, et al.
Kinetics of CD4+ and CD8+ memory T-cell responses during hepatitis C virus
rechallenge of previously recovered chimpanzees. J Virol 2003;77(8):4781-93.

10. Wedemeyer H, He XS, Nascimbeni M, Davis AR, Greenberg HB, Hoofnagle JH,
et al. Impaired effector function of hepatitis C virus-specific CD8+ T cells in
chronic hepatitis C virus infection. J Immunol 2002;169(6):3447-58.

11. Cox AL, Mosbruger T, Mao Q, Liu Z, Wang XH, Yang HC, et a. Cellular
immune selection with hepatitis C virus persistence in humans. J Exp Med
2005;201(11):1741-52.

12. Erickson AL, Kimura Y, Igarashi S, Eichelberger J, Houghton M, Sidney J, et al.
The outcome of hepatitis C virus infection is predicted by escape mutationsin
epitopes targeted by cytotoxic T lymphocytes. Immunity 2001;15(6):883-95.

13. Soderholm J, Ahlen G, Kaul A, Frelin L, Alheim M, Barnfield C, et al. Relation
between viral fitness and immune escape within the hepatitis C virus protease.
Gut 2006;55:266-74.

10


http://gut.bmj.com/
http://group.bmj.com

Downloaded from http://gut.bmj.com/ on September 16, 2016 - Published by group.bmj.com

Ahlenetal.,

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Soderholm J, Sallberg M. A complete mutational fitness map of the hepatitis C
virus nonstructural 3 protease: relation to recognition by cytotoxic T
lymphocytes. J Infect Dis 2006;194(12):1724-8.

Disson O, Haouzi D, Desagher S, Loesch K, Hahne M, Kremer EJ, et al. Impaired
Clearance of Virus-Infected Hepatocytes in Transgenic Mice Expressing the
Hepatitis C Virus Polyprotein. Gastroenterology 2004;126:859-872.

Duong FH, Filipowicz M, Tripodi M, La Monica N, Heim MH. Hepatitis C virus
inhibits interferon signaling through up-regulation of protein phosphatase 2A.
Gastroenter ology 2004;126(1):263-77.

Frelin L, Brenndorfer ED, Ahlen G, Welland M, Hultgren C, Alheim M, et al. The
hepatitis C virus and immune evasion: non-structural 3/4A transgenic mice are
resistant to lethal tumour necrosis factor {alpha} mediated liver disease. Gut
2006;55(10):1475-83.

Chen M, Sallberg M, Sonnerborg A, Weiland O, Mattsson L, Jn L, et al. Limited
humoral immunity in hepatitis C virus infection. Gastroenterology
1999;116(1):135-43.

Foy E, Li K, Wang C, Sumpter R, Jr., Ikeda M, Lemon SM, et a. Regulation of
interferon regulatory factor-3 by the hepatitis C virus serine protease. Science
2003;300(5622):1145-8.

Li K, Foy E, Ferreon JC, Nakamura M, Ferreon AC, lkeda M, et a. Immune
evasion by hepatitis C virus NS3/4A protease-mediated cleavage of the Toll-
like receptor 3 adaptor protein TRIF. Proc Natl Acad Sti U S A
2005;102(8):2992-7.

Miyanari Y, Atsuzawa K, Usuda N, Watashi K, Hishiki T, Zayas M, et a. The
lipid droplet is an important organelle for hepatitis C virus production. Nat
Cell Biol 2007;9(9):1089-97.

Kumar H, Kawai T, Kato H, Sato S, Takahashi K, Coban C, et a. Essential role of
IPS-1 in innate immune responses against RNA viruses. J Exp Med
2006;203(7):1795-803.

Meylan E, Curran J, Hofmann K, Moradpour D, Binder M, Bartenschlager R, et
a. Cardif is an adaptor protein in the RIG-1 antiviral pathway and is targeted
by hepatitis C virus. Nature 2005;437(7062):1167-72.

Jung A, Kato H, Kumagai Y, Kumar H, Kawa T, Takeuchi O, et a.
Lymphocytoid choriomeningitis virus activates plasmacytoid dendritic cells
and induces cytotoxic T cell response viaMyD88. J Virol 2007.

Koyama S, Ishii KJ, Kumar H, Tanimoto T, Coban C, Uematsu S, et al.
Differential role of TLR- and RLR-signaling in the immune responses to
influenza A virus infection and vaccination. J Immunol 2007;179(7):4711-20.

Frelin L, Ahlen G, Alheim M, Weiland O, Barnfield C, Liljestrom P, et al. Codon
optimization and mMRNA amplification effectively enhances the
immunogenicity of the hepatitis C virus nonstructural 3/4A gene. Gene Ther
2004;11(6):522-33.

Frelin L, Alheim M, Chen A, Soderholm J, Rozell B, Barnfield C, et al. Low dose
and gene gun immunization with a hepatitis C virus nonstructural (NS) 3
DNA-based vaccine containing NS4A inhibit NS3/4A-expressing tumors in
vivo. Gene Ther 2003;10(8):686-99.

Lazdina U, Hultgren C, Frelin L, Chen M, Lodin K, Weiland O, et al. Humoral
and CD4(+) T helper (Th) cell responses to the hepatitis C virus non-structural
3 (NS3) protein: NS3 primes Thl-like responses more effectively as a DNA-

11


http://gut.bmj.com/
http://group.bmj.com

Downloaded from http://gut.bmj.com/ on September 16, 2016 - Published by group.bmj.com

Ahlenetal.,

based immunogen than as a recombinant protein. J Gen Virol 2001;82(Pt
6):1299-308.

29. Sallberg M, Ruden U, Magnius LO, Norrby E, Wahren B. Rapid "tea-bag" peptide
synthesis using 9-fluorenylmethoxycarbonyl (Fmoc) protected amino acids
applied for antigenic mapping of vira proteins. Immunology Letters
1991;30(1):59-68.

30. Ahlen G, Nystrom J, Pult I, Frelin L, Hultgren C, Sallberg M. In Vivo Clearance
of Hepatitis C Virus Nonstructural 3/4A-Expressing Hepatocytes by DNA
Vaccine-Primed Cytotoxic T Lymphocytes. J Infect Dis 2005;192(12):2112-6.

31. Ahlen G, Soderholm J, Tjelle TE, Kjeken R, Frelin L, Hoglund U, et al. In vivo
Electroporation Enhances the Immunogenicity of Hepatitis C Virus
Nonstructural3/4A DNA by Incressed Loca DNA Uptake, Protein
Expression, Inflammation, and Infiltration of CD3+ cells. J Immunol 2007;
179(7) 4741-53.

32. Binder M, Kochs G, Bartenschlager R, Lohmann V. Hepatitis C virus escape from
the interferon regulatory factor 3 pathway by a passive and active evasion
strategy. Hepatology 2007.

33. Seth RB, Sun L, Ea C-K, Chen ZJ. Identification and Characterization of MAVS,
a Mitochondrial Antiviral Signaling Protein that Activates NF-kB. Cell
2005;122:669-682.

34. Loo YM, Owen DM, Li K, Erickson AK, Johnson CL, Fish PM, et a. Vira and
therapeutic control of |FN-beta promoter stimulator 1 during hepatitis C virus
infection. Proc Natl Acad Sci U S A 2006;103(15):6001-6.

35. Chen Z, Benureau Y, Rijnbrand R, Yi J, Wang T, Warter L, et a. GB virus B
disrupts RIG-1 signaling by NS3/4A-mediated cleavage of the adaptor protein
MAVS. J Virol 2007;81(2):964-76.

36. Turner SJ, Olivas E, Gutierrez A, Diaz G, Doherty PC. Disregulated influenza A
virus-specific CD8+ T cell homeostasis in the absence of IFN-gamma
signaling. J Immunol 2007;178(12):7616-22.

37. Kagi D, Ledermann B, Burki K, Seiler P, Odermatt B, Olsen KJ, et al.
Cytotoxicity mediated by T cells and natural killer cells is greatly impaired in
perforin-deficient mice. Nature 1994,;369(6475):31-7.

38. Kagi D, Seiler P, Pavlovic J, Ledermann B, Burki K, Zinkernagel RM, et a. The
roles of perforin- and Fas-dependent cytotoxicity in protection against
cytopathic and noncytopathic viruses. Eur J Immunol 1995;25(12):3256-62.

39. John B, Crispe IN. TLR-4 regulates CD8+ T cell trapping in the liver. J Immunol
2005;175:1643-50.

40. Cox AL, Mosbruger T, Lauer GM, Pardoll D, Thomas DL, Ray SC.
Comprehensive analyses of CD8+ T cell responses during longitudinal study
of acute human hepatitis C. Hepatology 2005;42(1):104-112.

41. van der Most RG, Murdi-Krishna K, Lanier JG, Wherry EJ, Puglielli MT,
Blattman JN, et al. Changing immunodominance patterns in antiviral CD8 T-
cell responses after loss of epitope presentation or chronic antigenic
stimulation. Virology 2003;315(1):93-102.

42. van der Most RG, Sette A, Oseroff C, Alexander J, Murali-Krishna K, Lau LL, et
al. Anaysis of cytotoxic T cell responses to dominant and subdominant
epitopes during acute and chronic lymphocytic choriomeningitis virus
infection. J Immunol 1996;157(12):5543-54.

12


http://gut.bmj.com/
http://group.bmj.com

Downloaded from http://gut.bmj.com/ on September 16, 2016 - Published by group.bmj.com

Ahlenetal.,

43. Wherry EJ, Blattman JN, Murali-Krishna K, van der Most R, Ahmed R. Vird
persistence aters CD8 T-cell immunodominance and tissue distribution and
results in distinct stages of functional impairment. J Virol 2003;77(8):4911-27.

44. Shoukry NH, Grakoui A, Houghton M, Chien DY, Ghrayeb J, Reimann KA, et al.
Memory CD8+ T cells are required for protection from persistent hepatitis C
virusinfection. J Exp Med 2003;197(12):1645-55.

45. Lerat H, Honda M, Beard MR, Loesch K, Sun J, Yang Y, et al. Steatosis and liver
cancer in transgenic mice expressing the structural and nonstructural proteins
of hepatitis C virus. Gastroenterology 2002;122(2):352-65.

46. Dansako H, lkeda M, Kato N. Limited suppresson of the interferon-beta
production by hepatitis C virus serine protease in cultured human hepatocytes.
Febs J 2007;274(16):4161-76.

47. Kagi D, Vignaux F, Ledermann B, Burki K, Depraetere V, Nagata S, et al. Fas
and perforin pathways as mgjor mechanisms of T cell-mediated cytotoxicity.
Science 1994;265(5171):528-30.

FIGURE LEGENDS

Figure 1. Inhibition of IFN responses to dsRNA in human cells () determined by
firefly luciferase (FLuc) expression in cell lysates of HEK293 cells 36 hrs post co-
transfection with pISRE-Luc reporter plasmid and indicated NS3- and NS3/4A-
containing plasmids. Mean values were compared using Student’s t-test. The effect of
NS3 and NS3/4A on poly(l:C) induced nuclear NFxB in transiently transfected SP2/0
(H-2% cells (b). The “+" indicates cells co-transfected with poly(1:C), “(+)” indicates
cells treated with poly(1:C) 5 hrs post transfection. Detection of NS3-protein in human
liver biopsies (5mg) by immunoprecipitation and Western blot analysis (c). “M”
indicates the molecular rainbow marker, “Pos ctrl” NS3/4A transiently transfected
HepG2 cells, “Neg ctrl” wt mouse liver (c). Semi-quantification of NS3-protein
expression (ug/g liver tissue) in human livers, stable and transiently NS3/4A-
transgenic mouse livers (d). All experiments were run at least three times, except for
1d which is asummary of datafrom several experiments.

Figure 2. NS3/4A-protein expression in mice disturbs responses to synthetic dsRNA.
The nuclear translocation of IRF-3 and NA B by intravenous poly(l:C) is reduced in
stable NS3/4A-Tg mice (@), but not by TNF-o/D-Gal treatment (b), representing a
RIG-I-independent pathway. Cleavage of murine (m) IPS-1 by the NS3/4A protease
was determined using a standard in vitro transcription and translation assay in
presence of **S-methionine and SDS-PAGE electrophoresis (c). The loading of each
lane has been indicated under the gel. Expression of mIPS-1 alone generates a single
protein band, whereas mIPS-1 co-expressed with wtNS3/4A or coNS3/4A, but not
wtNS3 (data not shown), generates two distinct protein bands, one representing miPS-
1 and the other the truncated mIPS-1 (c). Detection of cleaved hIPS-1 (AhIPS-1) and
AMIPS-1 in HepG2 cells (d) co-transfected with human (upper gel) or mouse (lower
gel) IPS-1 by HCV NS3/4A and appropriate controls. Un-cleaved IPS-1 generates one
single band in the western blot analysis. In presence of a functional NS3/4A protease
(WENS3/4A and coNS3/4A) a cleavage of IPS-1 generates two distinct bands on the
membrane. MNS3/4A has a mutation that prevents the release of NS4A and the
generation of the complete NS3/4A complex (d). Comparison of the efficiency of
human IPS-1 cleavage by NS3/4A sequence with alanine mutations at residues 111,
112 or 113 of the NS3 protease with the cleavage of murine IPS-1 (€). Also shown is
aparalel analysis of the cleavage of mouse IPS-1 by HBcAg (negative control), wild
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type NS3, mutant NS3/4A with an impaired protease, and coONS3/4A with a functiona
protease. All experiments shown have been repeated two to five times.

Figure 3. NS3/4A does not promote survival of firefly luciferase (FLuc) expression in
co-transfected hepatocytes in vivo. Real-time in vivo imaging of FLuc expression in
mice 12, 36 and 336 hrs after a hydrodynamic injection of FLuc aone or in
combination with coNS3/4A. (a) NS3/4A does not prevent clearance of NS3/4A-FLuc
co-transfected hepatocytes in mice intramuscularly immunized with PBS, coNS3/4A -
pVAX1 or FLuc-pVAX1 two weeks prior to hydrodynamic injection (b). The
presence of a statistical difference has been indicated as follows: * = p<0.05; ** =
p<0.01, Mann-Whitney U-test. The area used for calculation of light-intensities has
been boxed. All experiments shown have been repeated at |east thrice.

Figure 4. Presence of NS3-specific IFN-y producing spot forming cells (SFCs) by
ELISpot (bar graphs), lytic CTLs (line graphs), and hepatic NS3 (gels) in vaccinated
and non-vaccinated mice receiving a hydrodynamic challenge. SFCs were counted
after stimulation with a H-2DP restricted MHC class | peptide (GAVQNEVTL),
recombinant (r) NS3, or an irrelevant MHC class | peptide (HBc) in pooled lymph-
nodes from naive or gene gun immunized wt (a), CD4-/- (b), CD8-/- (c), TLR4-/- (d),
IFN-yR2-/- (€), perforin-/- (f) and FasL-/- (g) mice. A cutoff at 50 SFCs/10° cells
indicates a positive |FN-y response. NS3-specific lytic CTL activity using peptide was
determined using peptide-loaded RMA-S cells in splenocytes from individual mice,
re-stimulated in the presence of the H-2D" restricted MHC class | peptide. Specific
lysis was determined at effector:target ratios at 60:1, 20:1 and 7:1 in a standard >*Cr-
release assay. Cutoff for a positive lysis has been set to 20% specific lysis. In vivo
clearance of transient hepatic NS3/4A-protein expression was analyzed by
immunoprecipitation and western blot 72 hrs after the hydrodynamic injection. “M”
indicates the molecular rainbow marker. “+”, positive control (e.g. cCONS3/4A
transiently transfected BHK cells). The number of NS3-protein positive mice per
group has been indicated in the row below each gel. P-values indicate a statistical
difference (p<0.05 or p<0.01) between naive and vaccinated mice as determined by
Fisher’s exact test (Statview). In the second row below the gel, the mean number of
detectable infiltrating CD3+ T-cells/10mm? in the livers of groups of mice has been
given. P-values indicate a statistical difference (p<0.05 or p<0.01) between naive and
vaccinated mice as determined by Mann-Whitney U-test (Statview). Experiments
were that had been run previously (wt, CD4-/-, CD8-/-, and IFN-yR2-/-) were run
once with five mice per group, whereas the other experiments were run with a higher
number of animals per group (n= 6 to 9). Since results were consistent the latter were
only run once.
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a) Effect of NS3/4A gt 1a on ISRE reporter upon poly(IC) treatment
p<0,05
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a) dsRNA-induced, RIG-I/TLR3-dependent,
nuclear responses in wild-type (wt) and
NS3/4A-Tg (Tg) mouse livers
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a) Persistence of NS3/4A and/or FLuc2-expressing hepatocytes in naive mice
Injected plasmid(s) 12 hrs 36 hrs 336 hrs
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