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Fig. 3. (A) Resistance to CsA of T1280V and D2292E mutants. While under G418
selection, established replicon cells were treated with CsA at the indicated doses.
(B) Standard methods described in Section 2 were used to determine the colony-
forming abilities of T1280V and D2292E mutants.

known to confer CsA resistance to some HCV genotypes [25-28],
and as a single mutation, it conferred CsA resistance to three sep-
arate HCV strains in our hands. In contrast, T1280V in NS3 was not
previously identified as a CsA-resistance mutant, and in our hands,
it had no impact on CsA resistance as a single mutation (Figs. ZE
and 3A).

D2292E was the most significant resistance mutation in this
study (Fig. 4C). This mutation is also significant in the regulation
of HCV genome replication (28], and close to the CypA binding
region {30} (Supplementary Fig. 1). With several genotypes (1a,
1b, 2a, 3, 4, and 6), D2292E is frequently observed after Debio-
025 selection {28,31]. Other different mutations in NS5A and
NS5B were identified in other studies of CsA resistance {7]; there-
fore, various mutations could influence HCV resistance to CsA.

In addition to the D2292E mutation, the T1280V mutation in
NS3 was present in both clones #6 and #7. Despite its presence
in both clones, it did not confer CsA resistance as a single mutant,
nor did it enhance the effects of the NS5A CsA-Tesistant mutants
(Fig. 2E). Instead, it partially rescued the colony-forming defect
caused by D2292E (Fig. 3B). We used three assays—colony forma-
tion assay without CsA treatment (Fig. 3B), cell survival assay of
established replicon cells with CsA and G418 dual-treatment
(Fig. 3A), and HCV replication inhibition assay without G418 treat-
ment (Fig. 2E and Tabie 2)—to evaluate the HCV replication compe-
tence of each of these two mutations (D2292E, T1280V). It is
difficult to fully explain all of the results, and comparison of the
two CsA-tesistant clones (clone #6 and #7) leaves some questions
unanswered. These clones were similar to each other when consid-
ering survival during CsA and G418 dual-treatment (¥ig. 1B), but
they show differences in their resistance in HCV sub-genome rep-
lication assay (Fig. 2B and E). Apparently, each mutation in clone
#7, except for D2292E, had no effect on the results of the HCV
sub-genome replication inhibition assay with CsA. These findings
might suggest that these mutations were important to G418 resis-
tance, but not to the resistance of HCV to CsA treatment. In con-
trast, each of three other mutations in NS5A (D2303H, $2362G,
and E2414K) that were found in clone #6 were required for the
maximum level of drug resistance conferred by a mutant NS5A
in this study. To our knowledge, D2303H is a novel CsA-resistant
mutation, and as a single mutation, it conferred CsA resistance
comparable to D2292E. D2303H, like D2292E, was located in car-
boxy-terminal of domain I of NS5A, which is reportedly a CypA
binding site {9]. S2362G and E2414K were mutations in domain
III of NS5A, and these mutations may have influenced the pepti-
dyl-prolyl isomerase enzymatic catalytic activity of CypA [22].
The V1681A mutation in NS4A identified in clone #6 greatly
enhanced the CsA resistance of a HCV construct that had NS3
and NS5A replaced with Cs6#6 sequences (Fig. 2B-D). Though

Table 1

The list of each mutated amino acid sequences in 16 clones throughout whole non-structural region.
NS3 4A | 4B NS5A 5B
AA. No. 106211275]1280{1560]1609| 1612|1681 1797|2109|2179|2197|2231|2269 | 2287 | 2303|2320 | 2362 | 2387 | 2414 | 2992
p5.1 VID|T|S|K|I|V]|]I|D|S|P|L|S|DID|K|S|S|E|M
HVIDIV]|G|K|T|A|]I | DIS|PIJLIS|D|DI/K|G]S|KI|M
VID|VIS|E|I]|JV]I|N|S|P|JL|S|D|D|K|S|S|EIM
CsCHS 4VIDIVIG|K|T|A|I |D|S|PJL|S|E|H|K|G|[S|KI|M
5| VIDIV|IG|K|T|A|I1|D|S|P|L|IS|E|HIK|G|]SIK]|M
6| VID|IVIG|K|T|A|I|E|S|P|{L|S|E|H|K|G|S|K[M
7| VID|IVIG|K|T|A|I|E|S|P|]L|S|E|[H|K|G|S|K[M
8 VID|V|IG|K|T]JA|T]|D|S|P|JL|S|E|H|{K|G|S|K|M
1 JG|V|S|EJI|V]|]I|NM|Ss|P|P|P|E|D|K|S|P|lE]|T
2l VIDI|VIS|E|Il|VII|N|S|P|P|P|E|[D|K|SIP|G]T
3l JG|V|iS|IK|I]|]V|IV|IN|P|L|L|S|E|[D|JT|S|S|]EI[M
CsBiT dqije|V|s{K|I]Vv]|v|D|P|L|L|S|E|[D[M][S]S]E[M
5|l | GJVIS|IK|I]|J]V|V|ID|P|L|L|S|E|D|T|S|S|E[|M
sF : : g
nije(v]|s|iK|I|]v]v|D|P|L|]LIP|E|[D|{K|[S|P|G|T
sfVIDIVIS|E|T|V[TIN[S|PIPIP|E[D|K|[S|[P|G|T

The two gray-highlighted lines were selected as the representative sequences of CsA_6uM_#6 and #7 and used to generate the derivative

constructs.
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Fig. 4. Amino acid sequences of HCV-RMT-tri (GT1a) and HCV-JFH1 (GT2a) around (A) T1280V and (B) D2292E. (C) Location of the CsA resistant mutations in NS5A. Amino

acid sequences around the positions of four CsA resistant mutations.

Table 2
Evaluation of resistance to CsA of mutants that have single mutations or combinations
of multiple mutations.

Mutations 1Cs0 (1em) Fold change
NS3 NS5A

RMT-tri (RMT, GT1a) - - 0.79 1.0
- D2292E 2.1 2.7
T12801 - 0.96 1.2
T12801 D2292E 2.46 3.1
T1280V - 0.91 1.2
T1280V D2292E 2.54 3.2

JFH1 (JFH1, GT2a) - - 0.49 1.0
- D2292E 1.3 2.7
T12801 - 0.51 1.0
T12801 D2292E 1.38 2.8
Ti280V - 0.69 14
T1280V D2292E 1.2 2.4

Threonine at site 1280 (RMT-tri or JFH1) were mutated to isoleucine (adaptive
mutation of Con1 replicon) or valine (major mutation of CsA resistant clones).
Aspartic acid at 2292 was mutated to glutamic acid.

Table 3 .
Evaluation of amino acid mutations in NS5A that conferred CysA resistance.
Mutations in NS5A ICsp Fold
D2292E D2303H  $2362G E2414k (Hm)  change
Con1_5.1 0.11 1.0
(GT1b) o 0.88 79
O 0.52 4.7
O 0.12 1.0
o] 0.30 2.7
O o} O 1.0 9.4
O O 1.8 16.6
O o] 0.95 85
) O 1.5 131
O O o e] 2.80 257

we have not assessed V1681A as single mutant, analyzing its
mechanism of CsA resistance and its cooperation with other muta-
tions in NS3 and NS5A must be worthwhile because V1681A
greatly enhanced the CsA resistance of some constructs.

In all, we evaluated three cyclophilin inhibitors—CsA, NIM811,
and Debio-025. Among them, Debio-025 showed the strongest
inhibition (ICsp values to any mutants) and was tolerated by
CsA-resistant mutations (ICsp index change values, Fig. 2 and

Table 4
Evaluation of amino acid mutations in NS5A that conferred NIM811 resistance.
Mutations in NS5A 1Cso Fold
D2292E D2303H $2362G E2dtag (AT chanee
Con1_5.1 0.054 1.0
(GT1b) O 0.324 6.0
O 0.184 34
O 0.056 1.0
O 0.125 23
O O O 0.455 8.4
O O 0.635 11.8
O O 0.403 7.5
O O 0.599 111
o] O O O 0.923 171
Table 5
Evaluation of amino acid mutations in NS5A that conferred Debio-025 resistance.
Mutations in NS5A ICso Fold
D2202E D2303H S2362G E2414k (Wm)  change
Conl1_5.1 0.024 1.0
(GT1b) O 0.095 4.0
(@] 0.074 3.1
O 0.028 1.2
O 0.024 1.8
o] O O 0.139 5.8
O O 0.198 8.3
O O 0.139 5.8
O o] 0.185 7.8
o] O O O 0.263 11.0

Table 3-5). It was interesting that the resistant mutants differed
so greatly in their tolerance of these three inhibitors because all
three inhibitors have the same mode of action. Garcia-Rivera
et al. concluded that CsA resistance of HCV mutants were solely
derived from dependence of the NS5A proteins on cyclophilins
[28]. Our results might indicate that other factors are important
to CsA resistance, in addition to residual cyclophilin activity.
Drugs that are intended to treat chronic HCV infection and that
target important nonstructural HCV proteins—the serine protease
NS3/4A, the large phosphoprotein NS5A, or the RNA-dependent
RNA polymerase NS5B—have reached the clinical trial stage of drug
development [32-34]. Two oral HCV protease inhibitors were
approved by the FDA, and some of the drugs could achieve a sus-
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tained virologic response (SVR) [35]. However, to develop treat-
ments that eradicate individual chronic HCV infections, additional
studies on the emergence of drug-resistant HCV mutants and on
the molecular interactions at HCV replication complexes are
necessary.

Our new findings provided insights into the way by which HCV
acquires resistance to cyclophilin inhibitors, and these insights will
facilitate the development of this type of anti-HCV drug for clinical
use.
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Ahstract

Hepatitis C virus (HCV} mfectzon leads to the development of hepamc d:seases, as we!l as extrahepauc disorders such as B~
cell non-Hodgkin's lymphoma (B-NHL) To reveal the molecular signalling pathways responsible for HCV—assoctated B-NHL -
~ development, we utilised transgenic (Tg) mice that express the full-length HCY genome specifi cally in B cells and develop, :
non-Hodgkin type B-cell |ymphomas (BCLs). The gene expression profiles in B cells from BCL-devéloping HCVY-Tg mice, from
BCL-non~deveIopmg HCV-Tg mice, and from BCL-non-developing HCV-negative mice were analysed. by genome«wnde; 1
- microarray. In BCLs from HCV-Tg mice, the expression of various genes was modified, and for some ‘genes, expressmn was
- influenced by the gender of the animals. Markedly modified genes such as Fos, C3, LTPR, A20, NF-kB and miR-26b-in BCLs -
“were further characterised using: specific_assays. We propose that activation of both: canonical and alternatrve NF—:(B”
sngnai!mg pathways and dowmregu!atuon of m;R~26b contnbute to the deve!opment of HCV~assocaated B»NHL :
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Introduction virologic response to antiviral treatments, including the interferon
a-induced regression of HCV-associated lymphomas and viral
relapse after the initial virologic response, led to lymphoma
recurrence [10]. However, the mechanisms underlying the cause-
and-effect relationship are mostly unknown.

One of the potential host factors involved in HCV-associated B-
NHL development is activator protein 1 (AP-1), which is primarily
composed of c-Jun, c-Fos, and JunB, while JunD or Fra-1, Fra-2
and FosB are involved less frequently [11]. AP-1 is involved in B
; ! ! : cell lymphomagenesis, is repressed by B cell lymphoma-6 [12] and
immune complex-mediated  disorder characterised by B cell s jnhibited by the overexpression of T cell leukaemia/lymphoma
proliferation with the risk of evolving into overt B-cell non- | which resulted in the enhancement of nuclear factor kappa B
Hodgkin’s lymphoma (B-NHL), is frequently recognised in CHC (NF-xB) [13].
patients [4-6]. We have previously demonstrated the presence of
both HCV RNA and viral proteins in peripheral B cells of CHC
patients [7], although the mode of HCV infection and possible
HCV replication in peripheral B cells remains a matter of debate.
Furthermore, in the last two decades, an array of epidemiological
evidence has accumulated involving the association between HCV
infection and the occurrence of several hematologic malignancies,
most notably B-NHL [8], [9]. The most compelling argument for
a causal relationship between HCV and the occurrence of B-NHL
is made by interventional studies demonstrating that a sustained

Approximately 200 million people are currently infected with
the hepatitis C virus (HCV) worldwide {1]. HCV has been the
major etiological agent of post-transfusion hepatitis and has
frequently caused liver cirrhosis and hepatocellular carcinoma in
chronic hepatitis C (CHC) patients {2,3]. Hepatocytes are
considered to be the primary and major site of HCV replication;
however, extrahepatic manifestations are commonly seen in CHC
patients. For example, mixed cryoglobulinemia (MC), a systemic

NF-xB is a ubiquitously expressed transcription factor that
regulates a wide array of cellular processes, including the immune
response, cell growth and differentiation [14,15]. The activation of
NF-kB 1is regulated by two distinct pathways termed the
‘canonical’ and the ‘alternative’ NF-xB signalling pathways.
Representative  stimulators of the canonical and alternative
pathways are tumour necrosis factor o TNFa) and lymphotoxin
o and B (LT and LT), respectively [16]. Previous studies have
demonstrated that NF-xB is activated via both the canonical
[17,18] and alternative [19] pathways in chronic HCV infection
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[17,18] and HCV-related B-NHL [20]. However, the key NF-kB-
activating pathway involved in HCV-associated B-NHL remains
unknown.

TNFo-induced protein 3 (TINFAIP3), also known as A20, was
first identified as a TNF-induced cytoplasmic protein with zinc
finger motifs [21]. A20 has since been described as playing a
pivotal role in the negative regulation of inflaimmation by
terminating the canonical NF-xB signalling pathway [22-24].
Recently, A20 has gained attention as a novel tumour suppressor.
For example, A20 was reported to be frequently inactivated or
even deleted from mantle-cell lymphoma [25,26] and diffuse large
B-cell lymphoma (DLBCL) [27]. These findings raise the
possibility that inactivation of A20 is, at least partially, responsible
for lymphomagenesis [28-30]. Other investigators have subse-
quently confirmed these findings [27,31]. Moreover, A20 also
regulates antiviral signalling [32] as well as programmed cell death
[33-35].

microRNAs (miRNAs) play a role in controlling various
biological functions, including cell differentiation, growth regula-
tion and transcriptional regulation [36]. In general, the dysfunc-
tional expression of miRNAs is considered to be a common
hallmark of cancers, including lymphomas [37]. HCV has been
shown to influence miRNA expression m vivo and in wvitro and
utilises the liver-specific microRNA miR-122 for its replication
[38]. The expression of miRNAs is also known to involve NF-xB
activation. For example, miR-125a and miR-125b, both of which
are often duplicated and/or overexpressed in DLBCL, were
shown to activate NF-xB by targeting the A20 [39] and NF-xB-
mediated dysregulation of miRNAs observed in lymphoma([40].
Moreover, global miRINA expression profiling analysis revealed
miR-26b down-regulation in HCV-related splenic marginal zone
lymphomas (SMZL) [41]. The same miRNA was found to be
downregulated in peripheral blood mononuclear cells (PBMCs)
from HCV-positive MC and NHL subjects [42].

We recently established transgenic mice that express the full-
length HCV genome specifically in B cells (HCV-Tg mice) and
observed the incidence of non-Hodgkin type B-cell lymphoma
(BCL), primarily DLBCL, within 600 days after birth in
approximately 25% of the HCV-Tg mice [43]. This experimental
model is a useful tool for analysing the mechanisms underlying the
development of HCV-associated manifestations such as B-NHL.
To reveal the molecular signalling pathways responsible for HCV-
associated B-NHL development, we performed a comprehensive
molecular analysis of BCLs in HCV-Tg mice using a genome-wide
microarray. We also characterised miR-26b expression in BCLs
from HCV-Tg mice. Our results suggest that the activation of both
canonical and alternative NF-xB pathways is involved in HCV-
associated B-NHL development.

Materials and Methods

Ethics Statement

This study was carried out in strict accordance with both the
Guidelines for Animal Experimentation of the Japanese Associa-
tion for Laboratory Animal Science and the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health. All experiment protocols were approved by the institu-
tional review boards of the regional ethics committees of
Kumamoto University (A22-136) and Kagoshima University
(H24-008).

Animal experiments
The full-length HCV genome (Rz) under the conditional Cre/
loxP expression system [44] with mice expressing the Cre enzyme
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under the transcriptional control of the B lineage—restricted gene
CDI19 [45] was established as RzCD19Cre mice [43]. Wild-type
(WT), Rz, CD19Cre, RzCD19Cre mice (129/sv, BALB/c and
C57BL/6] mixed background) were maintained in conventional
animal housing under specific pathogen-free conditions. CD19Cre
and RzCD19Cre mice were bred to be heterozygous for the Cre
allele.

Isolation of B cells and their RNAs

Mouse B cells were isolated using MACS® beads (Milteny
Biotec, Bergisch Gladbach, Germany) and anti-CD19 antibody
(Beckton Dickinson, Franklin Lake, NJ). For FACS analysis, B and
T cell populations were characterised using FITC-conjugated anti-
B220 antibody (Milteny Biotec) and phycoerythrin (PE)-conjugat-
ed anti-CD3 antibody (Milteny Biotec) (Figure S1A). B cell purity
was routinely over 95%. Total RNA was extracted from the B cells
using the acid guanidine thiocyanate phenol chloroform method
[44,46]. The RNA integrity number was measured with an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), and
samples with values over 8.0 were subjected to microarray analysis

(Figure SIB).

Microarray analysis

For microarray analysis, total RNAs were extracted, and RNA
integrity was assessed using a Bioanalyzer (Agilent Technologies).
cRINA targets were synthesised and hybridised with Whole Mouse
Genome Microarray (G4846A; Agilent Technologies), in accor-
dance with the manufacturer’s instructions. More than 2-fold
changes in gene expression were consideﬁd to be significant.
Array data were analysed using MetaCore  software (Thomson
Reuters Co., New York, NY). The results of microarray analysis

Table 1. Mice subjected to microarray analysis.

Mouse

Pairing genotype Mouse (No) Age (d) Sex Remarks

59-1 723 male

219 female

female

308-3 219 female

*BCL: B cell lymphoma; *4EBP(+/~): heterozygous knockout of 4E-BP1 gene
731
doi:10.1371/journal.pone.0091373.t001
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Figure 1. Data from array performed once with mixed RNA samples (Table 1) were analysed using MetaCore software. Signals were
analysed in the disease network (A) and in the process network (B) the values for the microarray data [(Feature number; yellow), (Process Signal (635);
blue), (Process signal {532); red), Test/Control (532/635); green), (Process Signal (635); orange), (Process signal (532); purple)] are indicated by coloured
bars, Abbreviations: BCL =B cell lymphoma. Refer to Table 1 for construction of pairings.

doi:10.1371/journal.pone.0091373.g001

were registered in the Gene Expression Omnibus (GEO) database
under the accession number GSE54722.

Quantitative RT-PCR

c¢DNA was synthesised from 0.5 or 1 g of total RNA with a
Superscript II kit (Life Technologies, Carlsbad, CA). TagMan
gene expression assays were custom-designed and manufactured
by Life Technologies. RNA expression was quantified using the
ABI 7500 real-time PCR system (Life Technologies) or the CFX96
system (BioRad, Hercules, CA).

Western blot analysis

Whole-cell proteins were extracted using RIPA buffer. Protein
concentrations were determined using the BCA Protein assay Kit-
Reducing Agent Compatible (Pierce Biotechnology, Rockford, IL).
Samples (~10 pg) were loaded onto 10% SDS acrylamide gels,
and gels were then transferred to PVDF membranes (Merck
Millipore, Darmstadt, Germany). Membranes were blocked using
5% (w/v) non-fat milk for approximately 1 hour at room
temperature and were then sequentially probed with primary
and secondary antibodies at 4°C overnight and at room
temperature for approximately 1 hour, respectively.

As primary antibodies, anti-A20 antibody (sc-166692; Santa
Cruz Biotech, Dallas, TX), anti-A20 antibody (SAB3500036;
Sigma-Aldrich, St. Louis, MO), anti-C3 antibody (D-19; Santa
Cruz Biotech), anti-Fos (sc-52; Santa Cruz Biotech), anti-c-Jun(N)
(sc-45; Santa Cruz Biotech) and anti-GAPDH-HRP (sc-20357;
Santa Cruz Biotech) antibodies were used. Secondary antibodies
used were horseradish peroxidase-coupled donkey anti-rabbit Ig
(NA934; GE Healthcare, Buckinghamshire, UK) and horseradish
peroxidase-coupled sheep anti-mouse Ig (NA931; GE Healthcare).
Protein bands were detected and quantified using either Super-
Signal West Dura or Femto Extended Duration Substrate (Pierce
Biotechnology) with a LAS-3000 Image Analyzer (Fuji Film,
Tokyo, Japan). Stripping and re-probing of the Western blots were
performed using Re-blot plus mild antibody stripping solution
(Merck Millipore).

Histological preparation :

Liver, spleen, thymus and lymph nodes were harvested from
HCV-Tg mice and fixed in 4% (wt/vol) paraformaldehyde in
phosphate-buffered saline (pH 7.5) at 4°C for 24 hours. After
fixation, samples were dehydrated in a graded ethanol series,
cleared in xylene and embedded in paraffin, and 4-pm semi-thin
sections were prepared using a carbon steel blade (Feather Safety
Razor Co., Osaka, Japan) on a microtome (Yamato Kouki, Tokyo,
Japan). Tissue sections were mounted on super-frosted glass slides
coated with methyl-amino-silane (Matsunami Glass, Osaka,
Japan). Histological images were acquired using an Olympus
BX53 microscope (Olympus, Tokyo, Japan) equipped with 10x/
0.30, 20x/0.50, 40x/0.75, and 100x/1.30 NA objective lenses.
Images were captured using an Olympus DP73 (Olympus) under
an Olympus FV1000 confocal microscope (Olympus).

Immunofluorescence

Anti-mouse NF-kB p65 antibody (Ab7970; Abcam, Cambridge,
UK) and anti-mouse B220 (14-0452-81; eBioscience, San Diego,
CA) were used as primary antibodies, and donkey anti-rat IgG-
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Alexa Fluor 488 [712-545-153; Jackson ImmunoResearch Labo-
ratories Inc. (JIR), West Grove, PA], donkey anti-rabbit IgG-Alexa
Fluor 488 (711-545-152; JIR), donkey anti-rat IgG-Cy3 (712-165-
153; JIR) and donkey anti-rabbit IgG-Cy3 (711-165-152; JIR)
were used as secondary antibodies. Staining was conducted as
described previously [47]. Briefly, antigen retrieval was performed
in a steam pressure cooker with prewarmed antigen retrieval
buffer, citrate pH 6 (S203130; Dako, Glostrup, Denmark) at 95°C -
for 15 min. After blocking with 3% bovine serum albumin in
phosphate-buffered saline, sections (4 pm) were incubated with
anti-NF-«B, -Ix-B, -B200 or -A20 antibodies at a 1:200 dilution
each at 4°C overnight. Sections were incubated with secondary
antibodies and anti-rat Alexa Fluor 488, -rabbit Alexa Fluor 488, -
rat Alexa Fluor 546, and -rabbit Alexa Fluor 546 at room
temperature for 2 hours. Nuclei were stained with Hoechst
333421 (H3570; Life Technologies).

Single assay stem-loop Q-RT-PCR/ miR-26b analysis

Formalin-fixed, paraffin-embedded (FFPE) splenic tissue from
24 animals (BCL HCV+, n=8; BCL HCV-, n = 5; non-tumorous
spleen HCV+/—, n=11) was selected for miR-26b expression
analysis. Total RNA was extracted using an RNeasy FFPE Kit
(Qiagen, Hilden, Germany) in accordance with the manufacturer’s
protocol. Single assay stemn-loop Q-RT-PCR (TagMan Micro-
RNA assays, Life Technologies) was used to quantify miRNAs in
accordance with the manufacturer’s protocol. Total RNA input
for each reaction was 50 ng. Expression was analysed for hsa-miR-
26b and an endogenous control (snoRNA202). Each sample was
analysed in triplicate, and delta C, values were calculated using
endogenous controls.

Statistics

For statistical analysis of NF-xB localisation, approximately 30—
100 cells were randomly selected from each section area (two
sections were used), and the cells double-positive for NF-xB and
B220 were counted. All statistical analyses were performed using
Prism software, version 5 (GraphPad, San Diego, CA). All
experiments were independently performed three times, and a
two-tailed Student ttest was applied to verify whether the results
were significantly changed compared to the control (P<<0.05).

Results

Characterisation of gene expression in B cells from HCV-
Tg mice by microarray analysis

We previously established HCV-Tg mice that develop sponta-
neous BCL with a high penetrance (approximately 25%) [43]. To
clarify the mechanisms of the HCV-associated B-NHL develop-
ment using this mouse model, we performed a comprehensive
gene expression analysis using a genome-wide microarray. B cells
were isolated from BCL-developing HCV-Tg mice (Table 1,
upper columns of pairing | and 3), from BCL-non-developing
HCV-Tg mice (lower columns of pairing 1 and 3 and upper
columns of pairing 2 and 4), and from BCL-non-developing HCV-
negative mice (lower columns of pairing 2 and 4). RNA was
purified from these B cells (Figure S1) and was characterised by
microarray analysis (data not shown). In B cells isolated from BCL-
non-developing HCV-Tg male mice, 455 and 863 genes were up-
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Figure 2. The expression of genes involved in oncogenic pathways associated with BCL. A: Highly modified gene signals in B cell
lymphoma in RzCD19Cre mice BCL vs. B cells in RzCD19Cre male (Pair 1) or female (Pair 3) mice (left), and the genes modified by HCV expression in B
cells in male (Pair 2) or female (Pair 4) (right). Red indicates the relative enhancement of the expression ratio of the processed signal (Test/Control,
532/635), and green indicates the relative reduction of expression. B: Quantification of Fos mRNA in HCV-, HCV+ B cells and HCV-Tg BCL in mice
(numbers of individual mice were indicated) by quantitative RT-PCR. Fos mRNA was normalised against 185 rRNA, and the relative ratio was
calculated. Vertical bars indicate S.D. C: Quantification of C3 mRNA in HCV-, HCV+ B cells and HCV-Tg BCL in mice. C3 mRNA was normalised against
18S rRNA, and relative ratio was calculated. Vertical bars indicate S.D. D: Quantification of LT BR mRNA in HCV-, HCV+ B cells and HCV-Tg BCL in mice

by quantitative RT-PCR. RNA copies per total RNA (ug) were indicated and vertical bars indicate S.D.

doi:10.1371/journal.pone.0091373.g002

and down-regulated, respectively, compared with the HCV-
negative counterparts (Table 1, pairing 2); whereas 133 and 331
genes were up- and down-regulated, respectively, in BCL-non-
developing HCV-Tg female mice (Table 1, pairing 4). Further-
more, 1,682 and 2,383 genes were up- and down-regulated,
respectively, in BCL-developing HCV-Tg male mice compared to
their BCL-non-developing counterparts (Table 1, pairing 1);
whereas 2,089 and 2,565 genes were up- and down-regulated,
respectively, in BCL-developing HCV-Tg female mice (Table 1,
pairing 3).

Metacore analysis of microarray results

In order to characterize the cellular processes affected by the
gene expression changes, we carried out a pathway analysis of
microarray data of pairings 1-4 (Table 1) using MetaCore
software. This data mining revealed that lymphoma, leukaemia, B
cell lymphoma, and lymphatic disease pathways were appreciably
modified in pairings 1 and 3 with high frequency (Figure 1a). In
pairings 2 and 4, the modifications involving wound healing and
infection pathways were highlighted, respectively. In the process
network, the cell cycle and immune response (B cell receptor, T
cell receptor, and IL-2) pathways were greatly modified in pairings
1 and 3 (Figure 1b). The immune response (complement,
macrophage, IL-2, and IL-3 in group 2; Thl and Th2 in pairing),
protein folding (in pairing 2), and cell cycle (in pairing 4) pathways
were also modified.

Dysregulated genes in HCV-associated B-cell lymphoma

In addition to the pathways analysis, we also carefully examined
the expression of genes involved in oncogenic pathways associated
with BCL. Expression of Fos, Fosb, Jun and Junb was markedly
down-regulated in BCL obtained from HCV-Tg mice (Figure 2a).
Similarly, the expression of A20 and LTP was greatly down-
regulated in BCL (Figure 2a). In contrast, the expression of the
LTP receptor (LTPR), the IL-2 receptor o(IL-2Ra, IL-2RP and
complement C3 was up-regulated in the examined BCLs
(Figure 2a). While alterations in the gene expression of LTa and
IL-2Rp differed between males and females, the overall mRINA
expression profile in the BCL analysed from HCV-Tg mice
essentially showed no differences between male and female mice.
In addition, clinically, there was no clear gender priority in HCV-
NHL [48-50]. These results suggest that the molecular signalling
pathways leading to HCV-associated B-NHL development are
common to males and ferales.

In non-tumorous B cells from BCL-non-developing HCV-Tg
male mice, the expression of LTPR and C3 was up-regulated
when compared with HCV-negative counterparts (Figure 2a). In
contrast, in female counterparts, the expression of LTBR and
complements Clga, ¢, and ab was down-regulated (Figure 2a,
Pair. 4). These results suggest that the impact of HCV infection in
B cells may be different between males and females.

PLOS ONE | www.plosone.org

Expression of Fos, €3, and LTBR genes in HCV-associated
BCL ' :
In order to validate the microarray results, levels of Fos and C3
mRNAs were quantified by real-time PCR. Striking down-
regulation of Fos gene expression was observed in BCLs from
HCV-Tg mice (Figure 2b). In contrast, C3 mRNA expression was
markedly up-regulated in BCLs from HCV-Tg mice (Figure 2c).
These results were consistent with the microarray data (Figure 2a,
GEO accession number GSE534722). Similarly, the mRNA
expression of the LTPR gene was significantly increased in
HCV-associated BCLs (Figure 2d), confirming the microarray
analysis results (Figure 2a). Importantly, these changes occurred in
both male and female mice.
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Figure 3. The expression of A20 in HCV-associated BCL. A:
Expression levels of A20 in the spleen from RzCD19Cre mice with or
without BCL. Whole-tissue extracts prepared from the spleen in
CD19Cre mice (control, n=3; lanes 1-3 217-2, 2 224-2, 224-3),
RzCD19Cre mice without BCL (HCV/Tumour(-), n=5; lanes 4-8 217-3,
224~4, 232-3, 254-4, 240-2) and RzCD19Cre mice with BCL (HCV/
Tumour(+), n=5; lanes 9-13 24-1, 56-5, 69-5, 59-1, 43-4) were
subjected to SDS-PAGE and were analysed by immunoblotting using
anti-N terminal (A20N), anti-C terminal A20 (A20C), and anti-GAPDH
antibodies. GAPDH was used as protein loading control. B; Quantitation
of A20 (N and (), the average is indicated and statistical analysis was
performed. Vertical bars indicate S.D.
doi:10.1371/journal.pone.0091373.g003
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Figure 4. Double immunofluorescence localisation of B220 (Green) and NF-kB p65 (Red) in HCV-Tg mice and the fractionation
analysis of mouse tissues. A: Co-localisation of NF-kB p65 immunoreactivity with B220 is indicated by arrows. {(a—b) Cells double-positive for B220
and NF-xB in the control mouse {CD19cre). (c-d) Cells double-positive for B220 and NF-xB in the asymptomatic HCV-Tg mouse (RzCD19cre). {e-f)
Cells double-positive for B220 and NF-«B in the lymphomatous HCV-Tg mouse (RzCD19cre). B: Quantitative analysis of the ratio of double-positive
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cells among B220-positive cells in each HCV-Tg mouse. Bar graph indicates the percentage of cells with NF-xB p65 nuclear translocation in B220-
positive cells. C: Bar graph shows the ratio of double-positive cells within the B220-positive cells in normal, asymptomatic and lymphomatous HCV-Tg
mice. Ho: Hoechst33342 Data are presented as means * S.E., * P<<0.05, ** P<<0.01, *** P<0.001. D: Western blot analysis: tissues from the spleen of
controls (224-2, 3) or HCV-Tg mice without BCL (217-3, 224-4, 232-3) or with BCL (56-5, 69-5) were fractionated into nuclear and cytoplasmic
fractions. NF-xB p50 and p65 were detected by antibodies. Relative ratios of quantitation by imager are indicated. GAPDH was detected as a loading

control of the cytoplasmic fraction.
doi:10.1371/journal.pone.0091373.g004

Expression of A20 in HCV-associated BCL

In order to further validate the microarray results, we assessed
A20 protein levels in BCLs isolated from HCV-Tg mice by
Western blotting (Figure 3a). Two distinct anti-A20 antibodies
recognising the N- (A20N) and C-terminal regions were used for
the detection of A20. Regardless of the anti-A20 antibodies used,
expression levels of A20 in BCL from HCV-Tg mice (Figure 3a,
lanes 9 to 13) were markedly decreased when compared to
splenocytes obtained from either BCL-non-developing HCV-
negative mice (lanes 1 to 3) or from BCL-non-developing HCV-
Tg mice (lanes 4 to 8). Quantitative analysis showed a significant
decrease in A20 in BCLs obtained from HCV-Tg mice (Figure 3b).
These results strongly suggest that the reduced expression of A20 is
correlated with HCV-associated N-BHL development.

Nuclear localisation of NF-kB p65 in HCV-associated BCL

We next analysed the activation status of NF-kB by investigat-
ing the nuclear localisation of NF-xB p65 in cells positive for a B-
cell marker molecule, B220, in BCLs isolated from HCV-Tg mice
(Figure 4a). Quantitative analysis revealed that the ratio of cells
double-positive for B220 and NF-«xB p65 in the nuclei of the
examined BCLs was significantly higher than the ratio in splenic
tissue obtained from either BCL-non-developing HCV-negative
mice or from BCL-non-developing HCV-Tg mice (Figures 4b and
c). The fractionation assay showed that more NF-kB p50 and p65
were present in BCLs from HCV-Tg mice (Figure 4d). These
results indicate the activation of NF-kB in HCV-associated BCL.

Expression of miR-26b in HCV-associated BCL

" Recent studies have demonstrated that miR-26b is down-
regulated in hepatocellular carcinoma [51], nasopharyngeal
carcinoma [52], primary squamous cell lung carcinoma [53] and
squamous cell carcinoma of the tongue [54]. In addition, miR-26b
was down-regulated in HCV-positive SMZL when compared with
HGV-negative counterparts [41] and in the PBMC of HCV-
positive MC and NHL patients [42]. Therefore, we compared the
expression levels of miR-26b in BCL from HCV-Tg mice with
BCL from HCV-negative mice (i.e., spontaneously developed
BCL) or in splenic tissue from BCL non-developing HCV-positive
and -negative mice (Figure. 5). Interestingly, miR-26b expression
was significantly down-regulated in BCLs from HCV-Tg mice.
These results indicate that miR-26b is also down-regulated in
HCV-associated BCL.

Discussion

In the present study, we identified differentially expressed genes
in BCLs examined from HCV-Tg mice using a genome-wide
microarray (Figures 1 and 2a, Table 1, and Figure S2). The
microarray results for representative genes were validated at the
RNA (Figures 2 and 5) and protein (Figures 3 and 4) levels. These
findings helped dissect the molecular mechanisms underlying
HCV-associated B-NHL development.

In the BCLs from HCV-Tg mice, the marked down-regulation
of the Fos gene as well as other AP-1 protein genes (Fosb, Jun and
Junb) was observed. Although AP-1 DNA binding activity was
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observed in Hodgkin-/multinuclear Reed-Stemberg cells and
tissues from classical Hodgkin’s disease, non-Hodgkin cell lines
lacked the DNA binding activity of AP-1 [55]. Junb was weakly
expressed in non-Hodgkin lymphomas of B-lymphoid origin;
however, strong expression has been previously found i
lymphomas that originated from the T-lymphoid lineage, and
Junb selectively blocked B-lymphoid but not T-lymphoid cell
proliferation ex vivo [56]. The BCL that developed in HCV-Tg
mice was the non-Hodgkin type [43]; therefore, the decrease in
AP-1 protein levels (Fos, Fosb, Jun, and Junb) may be crucial for
lymphoma development.

In our previous study, soluble IL-2Ra levels were increased in
BCL-developing HCV-Tg mice [43] Therefore, the up-regulation
of IL-2Ra(Figure 2a) is potentially linked to the increase of soluble
IL-2Ra, although further investigation is needed to clarify the
details of this mechanism.

Expression of complement component C3 was significantly
increased in BCLs isolated from HCV-Tg mice (Figure 2¢). The
presence of polymorphisms in complement system genes in non-
Hodgkin lymphoma [57] suggests the involvement of complement
in lymphoma development. The elevated C3 expression may be
induced by TNF-a [58]. In addition, C3a, which is a cleavage
product of C3, may contribute to the binding of NF-xB and AP-1
as shown previously [59].

The expression of LTPR, which is one of the key molecules in
the alternative NF-kB signalling pathway [16], was significantly
increased in BCLs from HCV-Tg mice (Figure 2d). HCV core
proteins were reported to interact with the cytoplasmic domain of
LTPBR [60,61] and to enhance the alternative NF-kB signalling
pathway [62]. The induction of LTBR by the HCV non-structural
protein NS5B, and HCV RNA-dependent RNA polymerase, was
also observed [63]. These findings suggest that the regulatory
pathways involved in HCV infection also play a role in HCV-
associated B-NHL development.

We observed several differences in the gene expression between
male and female mice. Male HCV-negative mice showed up-
regulation of LTPBR and C3; however, female HCV-positive mice
featured the downregulation of LTa and up-regulation of IL-2R 3.
Female HCV-Tg mice showed decreased overall survival in a
previous study [43] and the above-mentioned gene dysregulations
may contribute to this finding. However, the incidence of B-NHL
between male and female mice did not show marked differences in
the transgenic model [43]. Some clinical studies found gender-
specific differences in the incidence of HCV-associated B-NHL
and different effects of HCV on gene expression, which may also
be dependent on gender [64]. However, meta-analyses did not
provide consistent evidence for any gender preferences in HCV-
NHL [48-50].

The down-regulation of A20, which is a ubiquitin-editing
enzyme and tumour suppressor in various lymphomas [26], was
observed in BCLs from HCV-Tg mice (Figures 3a and 3b). A20
has been reported to interact with the TINF receptor associated
factor 2 (TRAF2), TRAF6, and the NF-xB essential modulator
(NEMO). A20 inhibits NF-B activation-induced by TNFa or by
the overexpression of other proteins such as TRAF2 and receptor-
interacting protein serine/threonine kinase 1 (RIPK1) proteins
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Figure 5. Quantification of miR-26b in BCL from HCV-positive
and HCV-negative and non-tumour Tg mice. Formalin-fixed,
paraffin-embedded (FFPE) splenic tissue from 24 animals (BCL HCV+,
n=8; BCL HCV-, n=5; non-tumorous spleen HCV+/—, n=11) was
analysed for miR-26b expression by single assay stem-loop Q-RT-PCT by
triplicate experiments. Data are shown as scatter dot-plots, and
horizontal bar depicts the mean; y-axis: delta Ct (inverted scale)
calculated in relation to endogenous control (snoRNA202). HCY-positive
lymphoma tissue: filled circles; HCV-negative lymphoma tissue: filled
squares; non-tumorous splenic tissue: filled triangles. P-values are
shown in the graph.

doi:10.1371/journal.pone.0091373.g005

[65]. RIPKS contributes to TNFR1-mediated RIPK1-dependent
apoptosis and necroptosis [66]. RIPK2 (also known as RIP2) is
also involved in B cell lymphoma cell survival and mediates the
activation of NF-kB and MAPK pathways, associated with the
TNF receptor family [67]. Therefore, suppression of A20 activates
NF-xB by increasing nuclear translocation in tumour tissues.
Expression of miR-26b in BCLs obtained {from HCV-Tg mice
was significantly down-regulated (Figure 5). miR-26b is also down-
regulated in numerous cancers, ¢.g., HCC [51], nasopharyngeal
carcinomas [52], primary squamous cell lung carcinomas [53]and
squamous cell carcinoma tongue [54]. In addition, c-Myc, which is
up-regulated in various cancer types, has been shown to contribute
to the reduction of miR-26a/b expression [68]. Notably,
expression of miR-26b was significantly down-regulated in SMZL
arising in HCV-positive patients [41]. Although the mechanisms
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This report is the first to demonstrate the possible involvement
ol networks of NI-xB, AP-1, complements and miR-26b in HCV-
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dysregulation of these networks and their modification by HCV
may provide valuable information on improving therapy for
HCV-associated B-NHL.
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for the estimation of purity.

(PDF)

Figure 82 Possible pathways invelved in BCL develop-
ment. Both canonical and alternative NF-kB pathways
may play a role. Bold arrows indicate up-regulation or down-
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Abstract

Toll-like receptors (TLRs) and cytoplasmic RNA sensors have
been reported to be involved in the regulation of hepatitis B
virus (HBV) replication, but remain controversial due to the
lack of a natural infectious model. Our current study sets out
to characterize aspects of the role of the innate immune sys-
tem in eliminating HBV using hydrodynamic-based injection
of HBV replicative plasmid and knockout mice deficient in
specific pathways of the innate system. The evidence indi-
cated that viral replication was not affected by MAVS or
TICAM-1 knockout, but absence of interferon regulatory fac-
tor 3 (IRF-3) and IRF-7 transcription factors, as well as the in-
terferon (IFN) receptor, had an adverse effect on the inhibi-
tion of HBV replication, demonstrating the dispensability of
MAVS and TICAM-1 pathways in the early innate response
against HBV. Myd88~~ mice did not have a significant in-
crease in the initial viremia, but substantial viral antigen per-

sisted in the mice sera, a response similar to Rag2™~ mice,
suggesting that the MyD88-dependent pathway participat-
ed in evoking an adaptive immune response against the
clearance of intrahepatic HBV. Taken together, we show that
the RNA-sensing pathways do not participate in the regula-
tion of HBY replication in a mouse model; meanwhile MyD88
is implicated in the HBV clearance. © 2014 S. Karger AG, Basel

Introduction

Hepatitis B virus (HBV) is a noncytopathic human
DNA (hepadna) virus that infects hepatocytes causing
acute and chronic hepatitis [1]. More than 360 million
people are chronically infected with HBV worldwide. Al-
though less than 5% of HBV-infected patients develop
persistent infections that progress to liver cirrhosis and
hepatocellular carcinoma, HBV causes about 20% of he-
patocellular carcinoma deaths [2]. The adaptive immune
response is widely acknowledged as pivotal in the defense
against HBV. However, the role of innate immunity dur-
ing HBV infection remains controversial since analysis in
patients at the early stage of infection is unfeasible. In ad-
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dition, no reliable cell-based in vitro infection system or
convenient animal model is available.

During HBV infection, the HBV genome is delivered
into the nucleus. Infection is defined by the formation of
covalently closed circular DNA. Following formation of
covalently closed circular DNA, viral mRNA and prege-
nomic RNA are transcribed [3, 4]. The pregenomic RNA
is subsequently converted to a partially double-stranded
genome by the viral DNA polymerase. Unlike other DNA
viruses, HBV uses an RNA proviral intermediate that
must be copied back into DNA for replication. Although
these replication steps are sequestered in the nucleus of
infected cells, cytoplasmic DNA/RINA sensors are report-
ed to affect the efficacy of HBV replication [5, 6]. The as-
sociation between cytoplasmic pattern recognition recep-
tors and the dynamics of the HBV life cycle in HBV-in-
fected cells needs to be clarified.

Viral RNA is sensed by the innate immune system by
either Toll-like receptor 3 (TLR3) or cytoplasmic sensors
such as retinoic acid-inducible gene-I (RIG-I) and mela-
noma differentiation-associated gene 5 (MDAS). RIG-I
and MDAS mainly participate in type [ interferon (IFN)
induction in conjunction with the adaptor molecule, mi-
tochondrial antiviral signaling protein (MAVS; also
called IPS-1, Cardif, or VISA) [7-9]. The Toll/IL-1R
homology domain-containing adaptor molecule 1
(TICAM-1; also called TRIF) is the adaptor of TLR3,
which senses viral RNA on the endosomal membrane
[8-10]. Several DNA sensors, most of which signal
through STING for type I IFN induction, have been re-
ported in recent years [11]. A few reports have also men-
tioned that MAVS participates in DNA sensing in certain
human cells whereby poly-dA/dT DNA is found to signal
via RIG-I. Later, it was also shown that poly-dA/dT
serves as a template for RNA polymerase IIT to make
RIG-I ligands [12-14]. Nevertheless, this hypothesis is
unresolved in mouse cells. Once stimulated by the viral
DNA/RNA, these adaptor proteins activate IFN regula-
tory factor (IRF)-3 and IRF-7, which induce type I IFN
production [7-9]. These pattern recognition receptor-
mediated early innate immune responses are crucial in
controlling viral replication and spread before the initia-
tion of more specific and powerful adaptive immune re-
sponses [8, 9, 15].

Despite numerous studies on HBV pathogenesis, the
putative molecular patterns of HBV that trigger cellular
responses remain unknown. A few reports have suggest-
ed that the antiviral response against HBV is mediated by
the RIG-I/MAVS pathway in the cytosol and its activa-
tion is blocked by HBV polymerase in infected cells [16-

48 J Inpate Immun 2015;7:47-58
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18]. However, no definitive evidence in vivo is available
because analysis on the gene expression and effectors re-
quired for elimination of the replicative template has
been especially difficult. Since viral clearance is a multi-
faceted process, we hydrodynamically injected a naked
HBYV plasmid DNA into wild-type (WT) and gene-dis-
rupted mice deficient in TICAM-1, MAVS, TICAM-1/
MAVS, IRF-3/IRF-7, IFNAR, MyD88, or RAG2 to iden-
tify and characterize the immunological events for HBV
clearance. With the availability of various gene-disrupted
mice, our study allows the identification of pathways cru-
cial for the clearance of HBV.

Materials and Methods

Animal Studies

Allmice were backerossed with C57BL/6 mice more than seven
times before use. Ticam-1-~[19] and Mavs™~ [20] mice were gen-
erated in our laboratory as described previously, while Ticam-1"~
Mavs™™ mice were generated by crossing Ticam-17~ mice with
Mavs™" mice. [rf-3""/Irf-7""" and Ifnar~" mice were kindly pro-
vided by T. Taniguchi (University of Tokyo, Tokyo, Japan).
Myd88™"" mice were provided by Drs. K. Takeda and S. Akira
(Osaka University, Osaka, Japan). Rag2™'~ mice were kindly pro-
vided by Dr. N. Ishii (Tohoku University, Sendai, Japan). Female
C57BL/6] mice were purchased from CLEA Japan (Tokyo) and
used at 7-9 weeks of age. All mice were maintained under specific
pathogen-free conditions in the animal facility at Hokkaido Uni-
versity Graduate School of Medicine (Sapporo, Japan). Animal ex-
periments were performed according to the guidelines set by the
Animal Safety Center, Japan,

Hydrodynamic Transfection of Mice with HBV1.4 Plasmid

The pTER1.4xHBYV plasmid containing 1.4-genome length se-
quences of HBV that were previously shown to produce a similar
sedimentation in sucrose density gradient centrifugation to HBV
extracted from the serum of carriers [21] was used in this study. A
total of 50 pg of the plasmid was injected into the tail vein of 7- to
9-week-old mice in a volume of 2.0 ml of TransIT-QR hydrody-
namic delivery solution (Mirus, USA). The total volume was deliv-
ered within 3-8 s. Plasmid DNA was prepared by using an Endo-
Free plasmid system (Qiagen, Germany) according to the manu-
facturer’s instructions.

Quantification of HBY DNA by Real-Time PCR

To determine the HBV DNA in the serum, 30 pl of each serum
sample was pretreated with 20 units of DNase I (Roche, Germany)
at 37°C overnight. The encapsidated viral DNA was extracted
with the SMITEST kit (Genome Science Laboratories, Tokyo,
Japan) following the manufacturer’s instructions and dissolved in
20 wl of TE-buffer. The purified viral genome was quantified by
real-time PCR using the SYBR green master mix (Life Technolo-
gies, USA) and the HBV-DNA-F/R primer (see suppl. table 1 for
primer sequences; for all online suppl. material, see www.karger.
com/doi/10.1159/000365113). Amplification conditions included
initial denaturation at 95°C for 10 min, followed by 45 cycles of
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denaturation at 95°C for 15 s, annealing at 58°C for 5 s, and ex-
tension at 72°C for 6 s. The lower detection limit of this assay is
1,000 copies.

Immunohistochemical Staining for HBV Core Antigen

For immunohistochemical staining of the HBV core antigen
(HBcAg), mouse livers were fixed with 4% paraformaldehyde
overnight, cryoprotected in 30% sucrose, and sectioned at a thick-
ness of 10 um using Leica cryostat and mounted on Superfrost
glass slides. Sections were incubated with the primary antibody
(anticore polyclonal rabbit antibody, DAKO) overnight, followed
by incubation with an immunoperoxidase technique involving av-
idin-biotin peroxidase complexes (Vectastain ABC kit; Vector
Laboratories, Burlingame, Calif., USA) according to a method re-
ported previously [22].

HBYV Surface Antigen Antigenemia

Mice were bled on the days mentioned after injection of pTER-
1.4xHBV and serum was isolated by centrifugation. Concentration
of HBV surface antigen (HBsAg) in the serum was quantified by
sandwich ELISA in commercial ELISA kits following the manufac-
turer’s protocol (XpressBio, USA). The reporting unit is the signal/
cutoff ratio of the 1,000-fold diluted serum at an O.D. of 450 nm.

Southern Blotting to Detect Intracapsid HBV DNA

Viral DNA was isolated from intracellular viral capsids and de-
tected with a specific DIG-labeled probe as described previously
[21]. In brief, to isolate the viral DNA, mouse livers were homog-
enized and subjected to overnight sodium dodecyl sulfate-protein-
ase K digestion followed by phenol extraction and ethanol pre-
cipitation. Twenty micrograms of the isolated DNA was separated
in 1% agarose gel, transferred onto Immobilon-Ny+ charged nylon
membrane (Milipore), and detected with a full-length HBV-DNA
probe labeled by the DIG DNA labeling and detection kit (Roche
Diagnostics, Basel, Switzerland) according to the instructions pro-
vided by the manufacturer.

Anti-HBs Antibody ELISA

IgG antibodies specific for HBsAg were detected by ELISA as
described previously [23] with slight modification. A 96-well plate
was coated with antigen of HBs in carbonate buffer and followed
by blocking of 2% BSA. Plasma samples were diluted 5x and then
incubated in the antigen-coated wells for 3 h at room temperature.
A horseradish peroxidase-conjugated goat anti-mouse IgGy
(Southern Biotechnology, USA) and TMB were used to develop
the signal. Plates were read at 450 nm. Normal mouse plasma was
used to generate cutoff values. The antibody titers are reported as
the reciprocal of Aysg (sample)/Assp (2.17 normal mouse average)
at which samples with a value >1 were considered to have scored
positive.

Quantitative HBV or Cytokines mRNA in the Organs

Each organ was extracted from the mice on the days mentioned
after hydrodynamic injection of the HBV plasmid. Total RNA of
the organs was isolated with TRIzol according to the manufactur-
er’s protocol. Using 0.5-1 pug of total RN A as a template, cDNA was
obtained using a high-capacity cDNA transcription kit (Applied
Biosystems) according to manufacturer’s instructions. gPCR was
performed using a Step One real-time PCR system (Applied Bio-
systems). The expression of cytokine mRNA was normalized to

MAVS/TICAM-1-Independent Pathway
Regulates HBV Replication

that of B-actin mRNA in each organ, and the fold increase was de-
termined by dividing the expression in each sample by that of the
mice receiving the control plasmid. The primer sequences are de-
scribed in online supplementary table 1.

Quantitative cGAS, STING, and MAV'S Expression in Cell

Lines

Total RNA was isolated from 1929 cells, RAW264.7 cells, im-
mortalized mouse hepatocytes, Huh7 cells, and HepG2 cells with
TRIzol according to the manufacturer’s protocol. Using 0.5-1 pg
of total RNA as a template, cDNA was obtained using a high-ca-
pacity cDNA transcription kit (Applied Biosystems) according to
manufacturer’s instruction. QPCR was performed using a Step One
real-time PCR system (Applied Biosystems). The expression of
each targeted mRNA was normalized to that of f-actin mRNA in
each sample and shown as a relative expression. The primer se-
quences are described in online supplementary table S1.

Reporter Gene Assay

To prepare the HBV RNA, immortalized mouse hepatocytes
previously established in our laboratory [24] were transfected with
either control plasmid or pTER1.4xHBV. Total RNA containing
the HBV RINA was isolated after 12 h and confirmed with RT-PCR,
while the RNA transfected with only control plasmid was used as
a control. The isolated RNA was later used as stimuli for the re-
porter gene assay of IFN-f. Briefly, the immortalized hepatocytes
were again transfected with the reporter plasmids. After 16 h, the
immortalized hepatocytes were transfected with the stimuli in-
cluding PIC, a control plasmid, HBV RNA, and pTER1.4xHBV
using FuGENE HD (Roche). Cells were lysed at the time point
mentioned using a passive lysis buffer, and Firefly and Renilla lu-
ciferase activities were determined using a dual-luciferase reporter
assay kit. Firefly luciferase activity was normalized by Renilla lu-
ciferase activity and was expressed as the fold stimulation relative
to activity in nonstimulated cells.

Statistical Analysis

The statistical significance of the obtained data in this study was
analyzed using a two-tail unpaired t test and p < 0.05 was regarded
as statistically significant.

Results

MAVS and TICAM-1 Are Dispensable in Suppressing

HBYV Replication

We hydrodynamically transfected replication-compe-
tent HBV DNA into Mavs™ or Ticam-17" and Mavs™"/
Ticam-17~ miceto access the role of these viral RN A-sens-
ing pathways in response to HBV. Serum HBsAg and
HBV-DNA levels were monitored regularly as surrogate
markers of HBV replication in vivo. WT mice displayed
acute self-limiting hepatitis with peak HBs antigenemia
on day 4 after DNA injection (fig. la~c). Subsequently,
HBsAg in sera decreased and terminated by day 11.
Mavs™" and Ticam-1"" mice displayed HBsAg clearance
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kinetics that closely paralleled the WT mice response
(fig. 1a, b, left panels). Serum HBV-DNA levels were
quantified using real-time PCR. The average titer of se-
rum HBV DNA in 15 WT mice injected with HBV DNA
was below 1 x 10* copies/ml 1 day after injection and
reached 2 x 10° copies/ml 4 days after injection (fig. 1a—c,
right panels). At later time points, most mice showed no
detectable virus titer. Similar results were obtained with
Mavs™" and Ticam-17" mice (fig. la,b). The serum HBV -
DNA and HBsAgresults showed only a marginal effect for
the absence of MAVS or TICAM-1 compared to WT
mice. The results suggested that the pathways involving
these two adaptor proteins were dispensable for triggering
the immune responses that suppressed HBV replication.

To determine whether the RIG-I/MDA5-MAVS and
TLR3-TICAM-1 RNA-sensing pathways were dispens-
able for suppressing the HBV replication, similar stud-
ies were performed in mice lacking both the MAVS and
TICAM-1 adaptor proteins (fig. 1¢). No notable differ-
ences were observed between WT and MAVS/TICAM-1
double-knockout mice in serum HBsAg and HBV-DNA
levels, consistent with other data obtained. In addition,
similar kinetics of intrahepatic clearance of the HBV
template as well as HBV replication was observed in
WT, Mavs™", and Ticam-17" mice as revealed by South-
ern blotting using HBV-specific probes (online suppl.
fig. 1).

To ensure the efficiency of delivery of the HBV tran-
scriptional template into the mouse liver, a plasmid har-
boring the lacZ gene was used to transfect the liver cells
using the hydrodynamic injection method. X-gal (a
substrate for lacZ) staining showed that nearly the en-
tire liver of injected mice has successfully received the
injected plasmid (online suppl. fig. 2). An independent
determination of transfection efficiency was carried out
using a plasmid harboring the GFP fragment. The com-
parable transfection efficiencies observed did not differ
significantly among the different mouse strains (data
not shown). Furthermore, quantification of HBV
mRNA in the organs of WT and knockout mice on day

Fig. 1. IFNAR and IRF-3/IRF-7 are critically associated with regu-
lation of HBV propagation in mice but not MAVS and/or
TICAM-1. HBsAg or HBV DNA were measured with sera from
Mavs™ (n = 13) (a), Ticam-1"" (n = 10) (b), Ticam-1"/Mavs™'~
(n = 6) (c), Irf-3‘/‘/Irf—T" (n = 12) (d), and Ifnar”" (n = 13) (e)
mice compared to WT mice (n = 15). These mice were hydrody-
namically injected with 50 ug of the pTER-1.4xHBV plasmid con-
taining full-genome HBV DNA. Mouse sera were isolated at the
time points indicated. The HBsAg titers in the 1,000-fold diluted

MAVS/TICAM-1-Independent Pathway
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3 after hydrodynamic injection revealed that HBV
mRNA was amplified mainly in the liver but not in oth-
er organs, including kidney, lung, heart, spleen, and
thymus (online suppl. fig. 3). Only weak HBV signals
were detected in other organs in some types of knockout
mice. These results demonstrated that HBV replication
in vivo using the injection method was efficient and liv-
er specific. ,

To further assess the possibility of HBV RNA acting as
pathogen-associated molecular patterns to trigger the in-
duction of type I IFN in hepatocytes, we transfected the
immortalized hepatocytes with a plasmid containing the
full genome of HBV as well as RNA containing the HBV
mRNA. Along with the synthetic analog of dsRNA,
poly(I:C), as a control, we determined the activity of the
IFN- promoter upon the stimulation using reporter
gene assay (online suppl. fig. 4). Unlike poly(I:C), neither
the full genome of HBV nor RNA induced any activity of
the type I TFN promoter in the immortalized hepatocytes.
Furthermore, we quantified the endogenous expression
of genes including cGas, Sting, and Mavs in the hepato-
cyte cell lines in order to access the intrinsic RNA or
DNA-sensing pathways (online suppl. fig. 5). We found
that the hepatocyte cell lines, including those originating
from mice and humans, expressed extremely low amounts
of Sting compared to the intrinsic Mavs. However, other
cell lines, including RAW 264.7 (murine macrophage cell
line) and 1929 (murine fibrosarcoma cell line), have high-
er endogenous expression of Sting in comparison to
Mavs.

IRF-3/IRF-7 and IFNAR Are Critical Factors for HBV

Replication Regulation

To investigate the mechanisms underlying the rapid
termination of HBV replication in WT mice, we examined
HBYV clearance in IRF-3-/IRF-7-deficient mice. Activa-
tion of transcription factors including IRF-3 or IRF-7 is
essential for raising immune responses including IFN pro-
duction [25]. Unlike Mavs™~, Ticam-1~-, or WT mice,
mice lacking the transcription factors IRF-3/IRF-7 had

serum (left) and HBV DNA (right) in the knockout mice (@) were
compared to the WT mice (O). Serum HBsAg titers were deter-
mined with an enzyme immunoassay at O.D. 450 nm [calculated
as signal-over-noise ratios (S/N})]. Sera HBV DNA were deter-
mined by Q-PCR and indicated as copies per milliliter. Error bars
indicate SD. The statistical p values were analyzed and no signifi-
cant differences were observed in a-c. * p < 0.01 in d and e are
time points statistically different between WT and transgenic
mice.
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Fig. 2. Lacking IFNAR and IRF-3/IRF-7 causes an increase of
HBcAg in mouse liver injected with the HBV replicative plasmid.
The HBc protein in the livers on day 3 after injection was visualized
with immunohistochemical staining of the mice liver sections em-
bedded in OCT using an anti-HBc antibody for HBcAg. Represen-
tative sections are shown. HBcAg-positive cells were absent in the
WT mice that received only the control plasmid (a). Only margin-
al differences were observed in the frequency of HBcAg-positive
cells between WT (b), Mavs™ (c), and TICAM-1"" (d) mice. Fre-
quency of HBcAg-positive cells in the livers of the Ifnar”~ (e) and
Irf-37"/Irf-7"~ (§) mice are more prevalent compared to the WT
mice. The scale bars represent 10 um. The images are displayed at
200x magnification. Frequency of HBcAg-positive signals between
the different mouse strains shown is based on 3 images of each.
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markedly high amounts of HBsAg and HBV DNA in sera
(fig. 1d). A sharp peak of HBsAg in sera occurred in
Irf-37""/Irf-7"~ mice on day 4 after injection. However, in
spite of the high virus titer at the early stage, HBsAg and
DNA in sera were cleared with kinetics that paralleled the
WT mice response, and viremia was eliminated by day 11.
Hence, the substantial differences in the serum viremia
between WT and Irf-37"/Irf-7"/~ mice in the early stage
after transfection presumably reflects the importance of
the genes being expressed with these transcription factors
in the suppression of the HBV replication. IRF-3 and IRF-
7 are the key molecules in the suppression of HBV viremia
in the early stage after HBV injection.

Since type I IFN stimulates the IFNAR pathway to am-
plify type I TFN production, we hydrodynamically trans-
fected HBV plasmid into mice lacking the gene of the type
1 IFN receptor (Ifnar”") and assessed the suppression of
HBV replication. Ifnar”~ mice showed markedly high ti-
ters of viral DNA and antigens in sera (fig. 1e) similar to
Irf-37/Irf-77"~ mice.

The presence of HBcAg-positive hepatocytes was also
monitored by immunohistochemical staining of liver sec-
tions from mice of each strain at day 4 after the injections
(fig. 2). Data from the observed HBcAg-positive hepato-
cytes were in good agreement with the results on sera
HBsAg and HBV DNA: only deficiency of IRF-3/IRF-7
and IFNAR resulted in a sharp increase of viremia in mice
in the early stage (earlier than day 4). Fewer HBcAg-pos-
itive hepatocytes were observed in Mavs™~ and Ticam1™~
as well as W'T mice at day 4 after injection than in Irf-37/~/
Irf-77"~ or Ifnar”~ mice (fig. 2).

To gain insight into cytokine production in the liver in
response to the HBV genome and its replication, we
quantified the expression of type I IFN, IFN-y, IL-7, I1.-
12p40, and chemokines including CXCL9, CXCL10, and
CXCL11 mRNA in the livers of WT mice receiving either
the control plasmid or plasmid carrying the HBV full ge-
nome on days 1, 3, 7, and 10 after hydrodynamic injec-
tion. Replication of HBV in the liver did not cause any
significant changes in the expression of the cytokines or
chemokines except the IFNs and CXCL-10 (fig. 3a-h). A
similar study was carried out in WT and Ifnar”~ mice in
order to further elaborate the type I IFN production. The
IENs increased in WT mice livers receiving the HBV full
genome compared to the mouse livers receiving the con-
trol plasmid (fig. 3i-k). This increase was not observed in
Ifnar”~ mice lacking the INF receptor. Although there
appeared to be slight individual-to-individual differences
in the apparent peaks of IFN-a induction, the result indi-
cated that IFN-B was responsible for suppressing HBV
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