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Abstract

Hydrodynamic injection (HI) with a replication competent hepatitis B virus (HBV) genome
may lead to transient or prolonged HBV replication in mice. However, the prolonged HBV
persistence after HI depends on the specific backbone of the vector carrying HBV genome
and the genetic background of the mouse strain. We asked whether a genetically closely re-
lated hepadnavirus, woodchuck hepatitis virus (WHV), may maintain the gene expression
and replication in the mouse liver after HI. Interestingly, we found that HI of pBS-WHV1.3
containing a 1.3 fold overlength WHV genome in BALB/c mouse led to the long presence of
WHYV DNA and WHYV proteins expression in the mouse liver. Thus, we asked whether WHV
genome carrying foreign DNA sequences could maintain the long term gene expression
and persistence. For this purpose, the coding region of HBV surface antigen (HBsAg) was
inserted into the WHV genome to replace the corresponding region. Three recombinant
WHV-HBV genomes were constructed with the replacement with HBsAg a-determinant,
major HBsAg, and middle HBsAg. Serum HBsAg, viral DNA, hepatic WHV protein expres-
sion, and viral replication intermediates were detected in mice after HI with recombinant ge-
nomes. Similarly, the recombinant genomes could persist for a prolonged period of time up
to 45 weeks in mice. WHV and recombinant WHV-HBV genomes did not trigger effective
antibody and T-cell responses to viral proteins. The ability of recombinant WHV constructs
to persist in mice is an interesting aspect for the future investigation and may be explored
forin vivo gene transfer.
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Introduction

Recently, hepatitis B virus (HBV) mouse models based on the hydrodynamic injection (HI)
were proven to be useful to study HBV replication, persistence and clearance, and test certain
antiviral therapy strategies, though there is no viral spread in this model [1-10]. Yang et al. re-
ported that HI of replication-competent, overlength HBV genome in B10.D2 mice resulted in
high levels of HBV replication and replication levels decreased after one week. HBV transcripts
and replicative intermediates disappeared from the mouse liver after two weeks, coincident
with the appearance of antiviral CD8" T cells. In contrast, HBV persisted for more than 10
weeks after HI in NOD/Scid mice or mice treated with immunosuppressive drugs, clearly
showing that HBV clearance depends on the host immune response [3, 8]. Later, Huang et al.
reported that HI of a replication-competent overlength HBV genome in an AAV vector led to
the persistent HBV replication and gene expression in C57BL/6 mice [1]. It was speculated that
the unknown sequences in the backbone of pAAV/HBV1.2 regulated the long-term mainte-
nance or expression of HBV genome in vivo. And the genetic background of recipient mice,
which correlates with the strength of immune responses against viral antigen also determined
the outcome after HI. Both the vector backbone and the host genetic background were found
to be important for HBV persistence [1]. The HBV mouse models based on HI were explored
for different studies, for example, to examine the immunological requirements of HBV clear-
ance or to test HBV vaccination [4]. We also used HI of a 1.3 fold overlength HBV genome in
the vector of pBluescript IT SK(+), which led to a temporary HBV replication in BALB/c and
C57BL/6 mice, to study HBV drug resistant mutants and other genetic variants [2, 10,11].

Woodchuck hepatitis virus (WHYV) is a member of the family Hepadnaviridae discovered in
1978 [12] and infects the natural host of eastern woodchucks (Marmota monax) in Northern
America. WHV and HBV genomes show a homology of 60-65% at the level of nucleotide (nt)
sequences [13]. The woodchuck model has been proven to be a useful model for studies on
hepadnaviral infection and pathogenesis and for the evaluation of antiviral drugs [14,15].

Based on the high genetic similarity of HBV and WHYV, we asked whether the overlength
WHYV genome may be able to replicate or maintain the gene expression in mouse liver after HI
in BLAB/c mouse. Surprisingly, we found that WHYV genome and WHYV proteins could be de-
tected in mice for a prolonged period up to 40 weeks, though at low levels. To examine whether
other proteins could be expressed by recombinant WHYV genomes, we replaced the coding re-
gions of WHYV surface antigen (WHsAg) in WHYV genome by the corresponding coding se-
quences for HBsAg to construct recombinant WHV-HBV genomes. The recombinant
WHV-HBV genomes could also persist and express WHV and HBV proteins in mouse liver
for a prolonged period of time after HI. Thus, WHV genome may be explored as a vector for
long term expression of desired genes in the mouse liver.

Materials and Methods
Ethics statement

Fifty mice used in this study were bred in the Laboratory Animal Centre of Tongji Medical Col-
lege, Huazhong University of Science and Technology under specific pathogen free conditions.
The mice were fed diets daily and had access to water by drinking bottle. The experiments were
conducted in strict accordance with the Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Committee of Tongji Medical Col-
lege, Huazhong University of Science and Technology (Permit Number: 2011-347). All surgery
was performed under sodium pentobarbital anesthesia, and all efforts were made to

minimize suffering.

PLOS ONE | DOI:10.1371/journal.pone.0125658 May 5, 2015 2/17


http://www.dfg.de

@’PLOS ‘ ONE

Persistence of the Recombinant WHV Genomes

HI in BALB/c mice

Female BALB/c mice at 6-8 weeks of age were obtained from the Animal Center of Hubei
province, China. Ten pg of plasmids were injected into the tail vein of mice in a volume of 0.9%
NacCl solution equivalent to 8% of the mouse body weight [4]. The total volume was delivered
within 8 seconds (s).

Detection of the encapsidated viral DNA by PCR

50 pl of mouse sera were digested with 60 units of DNasel (TaKaRa) at 37°C overnight to elimi-
nate the residual input DNA. Encapsidated viral DNA was then released by proteinase K diges-
tion and purified by viral DNA kit (Omega Bio-Tek) according to the manufacturer’s
instructions. Encapsidated viral DNA in mice challenged by pBS-WHV1.3 or pWHV-HBV-Sa
was detected by PCR using the primers WQp1 and WQp2 (S1 Table). Meanwhile, encapsi-
dated viral DNA in mice injected by pBS-HBV1.3, pWHV-HBV-SS or pWHV-HBV-MS was
detected by PCR using the primers HQpl and HQp2 (S1 Table). The specificity of PCR prod-
ucts was verified by agarose gel electrophoresis.

Detection of WHcAg, WHsAg and HBsAg in liver sections by
immunohistochemical staining (ICS)

Liver samples were collected from mice sacrificed at the indicated time points, formalin-fixed,
and paraffin-embedded. Paraffin sections were stained with rabbit antibodies to WHV core an-
tigen (WHcAg) and WHsAg, and a goat antibody against HBsAg (Thermo Scientific, IL, USA),
respectively, following the procedure described previously [16].

Construction of recombinant WHV-HBV genomes

A 1.3 fold overlength WHYV genome (nt 1050-2190, GenBank accession no. J04514) was
cloned into pBluescript I SK(+) (Agilent Technologies, CA) at the restriction sites Kpnl and
Eagl, resulting in a new vector pBS-WHV1.3 (kindly provided by Dr. Zhongji Meng). Similarly,
pBS-HBV1.3 containing a 1.3 fold overlength HBV genome (nt 1038-1984, GenBank accession
no. AY220698) was constructed by insertion at the restriction sites PstI and Sacl (kindly pro-
vided by Dr. Lei Li).

The plasmid pMCS5 has been constructed in our previous work and contains WHV
preS2-S region (nt 107-987, GenBank accession no. J04514) with the middle part replaced by
HBYV sequence (nt 509-605, GenBank accession no. Y07587), encoding a chimeric middle sur-
face antigen with WHYV preS2 plus WHsAg amino acid (aa) 1-116, HBsAg aa 121-147, and
WHsAg aa 144-222 [17]. The plasmids pBS-WHV1.3 and pMCS5 both were digested with the
restriction enzymes Xbal and Apal. The fragment nt 382-887 of WHV genome in
pBS-WHV 1.3 was replaced by the corresponding fragment from pMCS5, resulting in the plas-
mid pWHV-HBV-Sa. pWHV-HBV-Sa contained 1.3 fold overlength WHYV genome, replaced
with HBsAg a-determinant (aa 121-147) coding region (Fig 1A).

In the plasmid of pWHV-HBV-SS, the coding region of WHsAg in WHYV genome was re-
placed by that of major HBsAg (Fig 1A). The fragment A with WHYV genomic sequence nt
1050-3052 was generated from pBS-WHV1.3 by digestion with the restriction enzymes Kpnl
and Pstl. The fragment Sb1 with nt 3047-298 and fragment C with nt 967-1915 were generated
from pBS-WHV 1.3 by PCR. Complementary, the fragment Sb2 with nt 157-838 was generated
from pBS-HBV1.3 by PCR. The fragment Sb1 was ligated with the fragment Sb2 encoding
major HBsAg by fusion PCR, resulting in the fragment SB (S1 Fig). pBS-WHV 1.3 was cleaved
with two restriction enzymes Kpnl and Nsil to produce the vector backbone with a short WHV

PLOS ONE | DOI:10.1371/journal.pone.0125658 May 5, 2015 3/17



el e
@ : PLOS ’ ONE Persistence of the Recombinant WHV Genomes

Days after HI Weeks after HI

>

0 1 5 10 184 6 8 12 16 20 24 32 40 45|

W13

W1.32

W1.33

W1.34

W1.35

W1.36

W1.37

W1.38

W1.38

Neg.

N2l
=
WHcAg _ , WHsAg
Day 0 Day 10 : 2t APROaae  St L Day 0 T Rt
Day 42 Day 98 * Day98

Fig 1. Serum WHV DNA and intrahepatic viral gene expression after Hl with pBS-WHV1.3. Nine BLAB/c mice (W1.3—1 to 9) were hydrodynamically
injected with pPBS-WHV1.3. (A) Mouse sera were collected at the indicated time points after HI. Encapsidated WHV DNA in sera was detected by PCR.
Products of the qualitative PCR were visualized by agarose gel electrophoresis. Neg.: sera from two mice (N1, 2) challenged by saline. (B) WHcAg and
WHsAg expression in liver were detected by ICS. Liver samples from three mice were taken at days 0, 10, 42, and 98 after HI and stained with rabbit
antibodies to WHcAg and WHsAQ, respectively. A set of representative samples was shown. Magnification: 200x.

doi:10.1371/journal.pone.0125658.g001

genomic sequence (nt 1915-2190). Finally, the four fragments (A, SB, C, and the vector back-
bone) were ligated at the Kpnl, Pstl, Hpal and Nsil sites in order, generating the plasmid of
pWHV-HBV-SS (S1 Fig). Using the same strategy, the coding region of middle HBsAg

(nt 3207-837) was inserted into pBS-WHV 1.3 and replaced WHYV preS2-S region (nt 116—
964), generating the plasmid of pWHV-HBV-MS (Fig 1A, S1 Fig). The primers used in PCR
were listed in S1 Table. All PCR products were cloned into pMD-19T vector (TaKaRa, Dalian,
China) and sequenced by a commercial service (Yingjun Biotechnology Company, Shanghai,
China) to verify the correctness of the sequences, before they were used for cloning.

A plasmid with the mutated WHV genome based on pWHV-HBV-Sa, pSaAP, was con-
structed by site-directed mutagenesis. In this clone, the start codon ATG of WHYV polymerase
was mutated to ACG, preventing the expression of WHV polymerase. In detail, two fragments
Al (nt 1050-2438) and A2 (nt 2421-3052) were generated from pWHV-HBV-Sa by PCR
using the primers of A1-F/AP-R and AP-F/A2-R, respectively (S2 Table). The fragments A1l
and A2 were ligated by fusion PCR, resulting in the fragment AAP, which contained the mutat-
ed start codon of WHYV polymerase, ATG to ACG. After digestion with the restriction enzymes
Kpnl and Pstl, the fragment AAP was reintroduced into the backbone pWHV-HBV-Sa and re-
places the wild type sequence, generating the plasmid pSaAP.
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Transient transfection and detection of HBsAg expression in hepatoma
cells

Different plasmids including recombinant WHV-HBV genomes, pBS-WHV1.3, pBS-HBV1.3
and pHBc were transiently transfected into human hepatoma Huh7 [18] and HepG2 [19] cells.
Huh7 and HepG2 cells were directly obtained from China Center for Type Culture Collection,
the catalogue number were GDC134 and GDC024, respectively. Huh7 and HepG2 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Gaithersburg, MD), supple-
mented with 10% of fetal calf serum (FCS). Cells were seeded in 6-well plates at approximately
60% confluence. After 24 hours (h) cells were transfected with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions [4]. The supernatants of cell cultures were collect-
ed at 24, 48, 72, and 96 h after transfection and subjected to the detection of HBsAg expression
by enzyme linked immuno-sorbent assay (ELISA) (Kehua, Shanghai, China). The cut off value
was set as 2.1 times over negative controls. To control the transfection efficiency, pBS-WHV1.3
and the recombinant constructs were co-transfected with pEGFP-N1 in Huh7 cells. Under the
fluorescence microscope, it was shown that about 30% of the transfected cells expressed GFP.
There was no obvious difference in the transfection efficiency of WHV and recombinant
WHV-HBV genomes.

Serological assays

HBsAg and anti-HBs in mouse sera were detected by the respective commercial ELISA kits
(Kehua) according to the manufacturer’s instructions. Mouse sera were tested at 1:10 dilution
and the results were read at optical density (OD) 450 nm. The cut off value was set as 2.1 times
over negative controls.

Detection of viral replication intermediates by southern blot (SB)

Encapsidated viral DNA in mouse liver samples was analyzed by Southern blotting as described
previously [16]. Briefly, the mouse liver tissue was homogenized in 1 ml of ice-cold Tris-EDTA
buffer. Nonidet P-40 (final concentration 0.5%) was added, and the samples were incubated on
ice for 30 min. Nuclei was pelleted by centrifugation. Supernatants were adjusted to 10 mM
MgCl, and treated with 100 ug/ml DNase I (Roche, Mannheim, Germany) at 37°C for 30 min.
The reaction was stopped by the addition of EDTA to a final concentration of 25 mM. Next,
proteins were digested with 0.5 mg/ml proteinase K (Qiagen, Diisseldorf, Germany) in the
presence of 1% sodium dodecyl sulfate at 55°C for 2 h. Encapsidated viral DNA was purified by
phenol/chloroform (1:1) extraction followed by isopropanol precipitation by adding 15 pg of
tRNA and 1/10 volume of 3 M sodium acetate, pH 5.2. Pellets were washed with 1 ml 70% etha-
nol and dissolved in 30 ul TE. The encapsidated viral DNA was subjected to agarose gel electro-
phoresis, followed by denaturation and Southern blotting, and detected by hybridization with a
*?P_labeled full-length WHYV probe.

Staining of cell surface markers and intracellular IFN-y of mouse
splenocytes and flow cytometric analysis

WHYV-specific CD8" and CD4" T cells were detected by established methods described in pre-
vious publications [10, 20]. Splenocytes in 96-well U-bottom plates were re-stimulated with in-
dividual peptides at a concentration of 2 pg/ml in the presence of brefeldin A (eBioscience, San
Diego, CA) at 4 pug/ml for 5 h. All antibodies were purchased from Biolegend (San Diego, CA).
Splenocytes were stained with fluorescein isothiocyanate (FITC)-conjugated anti-CD8 and
phycoerythrin (PE)-conjugated anti-CD4, while dead cells were excluded by 7-AAD staining
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(BD pharmingen, NJ). For intracellular IFN-y staining, cells were permeabilized by Fixation &
Permeabilization kit (eBioscience) and stained with allophycocyanin (APC)-conjugated anti-
IFN-v (Biolegend). Data were analyzed using FACS Calibur (BD Biosciences, San Jose, CA)
and Flow]Jo software (Treestar, Ashland, OR).

Statistical analysis

The statistical analysis was carried out using Statistical Package for Social Sciences (SPSS 11.0,
Chicago, IL). Analysis of variance with independent samples t-test was used to determine sig-
nificant differences in comparisons. P<0.05 was considered as statistically significant. Data are
presented as means + standard deviation.

Results
Persistence of WHV genome in mice after hydrodynamical injection (HI)

The prolonged HBV persistence after HI in mice depends on the specific backbone of the vec-
tor carrying HBV genome and the genetic background of the mouse strain. We asked whether
WHYV may maintain the gene expression and replication in the mouse model after HI. We
have tested both C57BL/6 and BALB/c mice HI with pBS-WHV1.3 at the initial experiments.
At day 10 after HI, we tested and compared the intrahepatic WHcAg expression and the serum
WHYV DNA. The percentages of WHcAg-expressing hepatocytes in BALB/c and C57BL/6
mice were comparable. However, the serum WHV DNA level was about 10° copies/ml in
BLAB/c mice, but lower to undetectable in C57BL/6 mice. Therefore, BALB/c mice were cho-
sen for our present study. Ten ug of pBS-WHV 1.3 containing a 1.3 fold overlength WHYV ge-
nome were injected hydrodynamically in BALB/c mice. Mouse sera were taken at the indicated
time points after HI and subjected to the detection of viral DNA by PCR. All mice were positive
for serum WHYV DNA at days 10 and 18 after HI. Surprisingly, serum WHV DNA remained
detectable up to 40 weeks after HI in 6 of 9 mice, though the amount of PCR products de-
creased over time (Fig 1A). For the low viral load and the limited volume of available sera, the
PCR detection of serum WHYV DNA failed at some time points.

Consistent with the serum WHYV DNA, the intrahepatic WHcAg and WHsAg were detected
by ICS in all tested mice at day 10, 42, 98 after HI. At each time point, the liver samples of at
least three mice were taken for ICS. About 4% of hepatocytes were positively stained for
WHcAg at day 10 after HI. WHcAg-positive hepatocytes were randomly distributed through
the liver lobules with a tendency for localization in the centrilobular area (Fig 1B). The number
of WHcAg-positive hepatocytes and the intensity of ICS decreased with time. At days 42 and
98 after HI, about 2.9% and 1.2% of hepatocytes were WHcAg positive, respectively (Fig 1B).
WHSsAg expression showed the same pattern like WHcAg. At days 10, 42, and 98 after HI, the
frequency of WHsAg-positive hepatocytes were 5%, 1%, and 1%, respectively (Fig 1B). The re-
sults indicated that after HI of pBS-WHV1.3, WHV genome may persist in mice and remain
functional over months.

HBsAg expression of the recombinant WHV-HBV genomes in
transiently transfected hepatoma cells

Further, we asked whether WHYV genome carrying foreign DNA sequences could maintain the
long term gene expression and persistence in mice after HI. For this purpose, the coding region
of HBsAg was inserted into pBS-WHV 1.3 to replace the corresponding WHYV region. Based on
pBS-WHYV1.3, three plasmids pWHV-HBV-Sa, pWHV-HBV-SS, and pWHV-HBV-MS with

HBV genome regions encoding HBsAg a-determinant only, major HBsAg, and middle HBsAg
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Fig 2. Constructions of recombinant WHV-HBV genomes and transient transfection of recombinant
WHV-HBV genomes in hepatoma cells. (A) The schematic map of recombinant WHV-HBV genomes.
pBS-WHV1.3 contained a 1.3 fold overlength WHV genome in pBluescript Il SK(+) vector and was used as
backbone. The respective WHV genome regions were replaced by the corresponding HBV sequences,
shown as black bars. The plasmids pWHV-HBV-Sa, pWHV-HBV-SS, and pWHV-HBV-MS contained HBV
sequences encoding HBsAg a-determinant only, major HBsAg and middle HBsAg, respectively. (B) HBsAg
expression in the supernatant of the transfected hepatoma cells. Huh7 and HepG2 cells were transiently
transfected with plasmids of pBS-WHV1.3 (W1.3), pWwHV-HBV-Sa (Sa), pWHV-HBV-SS (SS),
pWHV-HBV-MS (MS), pBS-HBV1.3 (H1.3), and pHBc (HBc). The culture supernatants were collected at 24,
48, 72, and 96 hours after transfection for the detection of HBsAg by ELISA. The results were read at OD 450
nm. The cut off value was set as 0.1 and indicated by the dotted line.

doi:10.1371/journal.pone.0125658.9002

were constructed (Fig 2A). The respective regions of WHYV genome in pBS-WHV 1.3 were re-
placed by the corresponding HBV sequences. This procedure led to the substitutions in both
amino acid sequences of WHYV surface antigen and polymerase (S2 Fig). For pWHV-HBV-Sa,
the coding region of WHsAg aa 117-143 was substituted by that of HBsAg a-determinant aa
121-147 [17]. Accordingly, pWHV-HBV-SS and pWHV-HBV-MS expressed major and middle
HBsAg instead of WHsAg, respectively. To examine whether these plasmids were able to express
chimeric WHsAg or complete HBsAg detectable by HBsAg immunoassay, Huh7 and HepG2
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cells were transiently transfected with these plasmids and the control plasmids pBS-WHV 1.3,
pBS-HBV1.3, and pHBc (a plasmid expressing HBV core antigen) [4]. Culture supernatants of
the transfected cells were collected for HBsAg analysis. The transfection with pWHV-HBV-SS,
pWHV-HBV-MS, and pBS-HBV1.3 led to the production of detectable HBsAg in both hepato-
ma cell lines, though at very different levels (Fig 2B). Rather unexpectedly, the transfection with
pWHYV-HBV-Sa did not result in the production of chimeric surface antigen detectable in
HBsAg immunoassay. Previously, the chimeric WHsAg with HBsAg a-determinant has been
found to be reactive with antibodies to HBsAg (anti-HBs) [17] and induce anti-HBs in mice by
vaccination [21]. pWHV-HBV-Sa may express the chimeric WHsAg at a very low level in vitro
but at detectable levels in vivo (see below). To detect the replication competence of the chimeric
genomes in vitro, we performed the Southern blot assay after the transfection in Huh7 cells. In
general, the replication level of the chimeric genomes was low, so we needed a long exposure of
blots to detect the replication intermediates (S3 Fig). The replication intermediates of woodchuck
hepatitis virus do not form distinct bands like HBV, rather a smear with undefined sizes [22].

Persistence of the recombinant genome WHV-HBV-Sa in mice after Hi

Six BALB/c mice Sal-Sa6 were challenged by HI with pWHV-HBV-Sa, while four mice (H1.3-
1 to H1.3-4) were hydrodynamically injected with pBS-HBV1.3. Mouse sera were taken at the
indicated time points after HI and subjected to serological assays for HBsAg and anti-HBs, and
PCR detection of encapsidated viral DNA. All 4 mice after HI with pBS-HBV1.3 were HBsAg
positive at day 5 and turned to HBsAg negative at day 28 after HI, consistent with the previous
studies (Fig 3A). The serum samples from 4 mice (Sal, 3, 4, 5) were highly positive in HBsAg
ELISA from day 1 on and up to week 45 after HI. The serum samples from mouse Sa2 became
negative in HBsAg ELISA from week 6 on. Another mouse Sa6 was positive in HBsAg ELISA
until week 32 (Fig 3A). None of the six mice was positive for anti-HBs. The PCR results con-
firmed the persistence of viral DNA in mouse sera at low levels up to week 45, and were well
correlated with HBsAg ELISA results (Fig 3B). ICS showed that WHcAg was expressed in
3.2%, 2.3%, and 1.4% of hepatocytes at days 10, 42, and 98 after HI, respectively (Fig 3C). In ad-
dition, WHcAg expression was detectable in the liver of some mice even at week 45, which was
well consistent with the presence of chimeric surface antigen produced in serum (54 Fig, S3
Table). These results indicated the long term persistence of the recombinant genome of
WHV-HBV-Sa and gene expression after HI in the mouse model.

The results above raised the questions why pBS-WHV1.3 and pWHV-HBV-Sa could persist
in mice after HI. We asked whether partial WHV genome fragments may support the pro-
longed HBsAg expression in mouse after HI. To answer the question, WHV genome was dis-
sected in 8 overlapping fragments by PCR and cloned into pHBsBK, a HBsAg expression
plasmid based on pcDNA3, resulting in a set of plasmids of pHBsW1-W38 (S5 Fig). HI with
pHBsW1-W38 led to the transient expression of HBsAg in mouse sera. However, serum HBsAg
disappeared quickly at days 3 to 5 after HI (Fig 4A). Therefore, the prolonged gene expression
in vivo was not determined by a partial fragment of WHV genome tested so far.

It is also possible that the prolonged viral gene expression may be due to the persistence of
the residual plasmid DNA after HI. To test this possibility, pSaAP, harboring a mutated start
code of WHV polymerase in pWHV-HBV-Sa, was constructed and hydrodynamically injected
in eight BALB/c mice (SaP1-8). The chimeric WHsAg with HBV a-determinant in mouse sera
detected by HBsAg ELISA peaked at day 5 and disappeared at day 10 after HI (Fig 4B). The
encapsidated viral DNA in serum was not detectable. This result demonstrated that the pro-
longed viral gene expression was not produced by the residual plasmid DNA, but required the
replication of WHYV and the recombinant WHV-HBV-Sa genome in vivo.
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representative samples was shown. Magnification: 200x.

doi:10.1371/journal.pone.0125658.9003

Persistence of the recombinant genomes of WHV-HBV-SS and
WHV-HBV-MS in mice after HI

Besides pWHV-HBV-Sa, the recombinant constructs of pWHV-HBV-SS and
pWHV-HBV-MS were injected hydrodynamically into BALB/c mice. The HBsAg levels and
the viral DNA in mouse sera were examined at the indicated time points after HI by HBsAg
ELISA and PCR. The mice received pWHV-HBV-SS and pWHV-HBV-MS showed
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doi:10.1371/journal.pone.0125658.9g004

significantly prolonged HBsAg antigenemia than that with pBS-HBV1.3 and lost HBsAg posi-
tivity gradually (Fig 5A). Notably, two mice with pWHV-HBV-MS (MS4 and MS5) were con-
tinuously HBsAg positive at high levels until week 36 after HI. So far tested, no anti-HBs was
detectable in mice receiving chimeric WHV-HBYV genomes. Meanwhile, the mouse liver sam-
ples were subjected to ICS. The frequencies of WHcAg positive hepatocytes at days 10, 42, and
98 after HI with pWHV-HBV-SS were 4.3%, 1.8%, and 1.3%, respectively (Fig 5B). In
pWHV-HBV-MS injected mice, the frequencies of WHcAg expressing hepatocytes were 4.1%,
1.5%, and 1% at days 10, 42, and 98 after HI, respectively (Fig 5B). Hepatic WHcAg expression
at week 45 after HI was also examined by ICS. The results were consistent with the detection of
serum HBsAg (S4 Fig and S3 Table). In addition to the hepatic WHcAg expression, HBsAg ex-
pressions in mouse livers at day 10 and 42 after HI were also detectable by ICS (S6 Fig). The
persistent expression of hepatic WHcAg and HBsAg confirmed that chimeric viral genomes re-
main functional for a prolonged period in mice after HI. Similar to the previous experiments,
the encapsidated vial DNA in sera was detected at low levels by PCR (S6 Fig). However, the
presence of HBsAg and viral DNA in sera was not well correlated.

Replication of WHV and the recombinant WHV-HBV genomes in mouse
after HI

We detected the replication intermediates in mouse liver after HI with pBS-WHV1.3 and re-
combinant constructs. Mouse liver tissue was collected at day 10 after HI and the encapsidated
viral DNA was analyzed by Southern blot to detect the replication intermediates. The replica-
tion intermediates including relaxed circular DNA (RC) and single stranded DNA (SS) were

PLOS ONE | DOI:10.1371/journal.pone.0125658 May 5, 2015 10/17
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doi:10.1371/journal.pone.0125658.9g005

detectable in mouse liver (Fig 6). However, it indicated the low levels of viral replication in
vivo, and not all the samples were positive. We found that the recombinant genomes of

WHV-HBV-SS and WHV-HBV-MS were of much weaker replication competence after HI in

mice, compared with the genome of WHV and WHV-HBV-Sa. The replacement of long frag-
ment in the recombinant genomes may influence the function of polymerase and reduced the
replication competence.

Specific T cell responses to WHV and HBV antigens in mice after HI

The specific T cell responses determined the outcome of HBV genome after HI in mouse
model [1]. Both WHcAg and HBsAg have been suggested to be the major targets of host im-
mune responses and play a critical role in viral clearance [23-25]. Therefore, specific T cell re-
sponses to WHcAg and HBsAg were measured in some BALB/c mice hydrodynamically
injected with pWHV-HBV-SS and pWHV-HBV-MS. Mouse splenocytes were prepared at

week 36 after HI and subjected to ELISpot assay for the detection of WHcAg- and HBsAg-spe-
cific IFN-y-producing cells. Further, mouse splenocytes were cultured in the presence of select-

ed WHcAg- and HBsAg-derived peptides to expand specific CTLs in vitro. The frequencies of
CD4" IFN-y" T cells and CD8" IFN-y" T cells in splenocytes were analyzed by staining of cell

surface markers and intracellular IFN-y and flow cytometry. However, the positive response in
ELISpot assay to HBsAg was only seen in mice MS5 and MS7 (Fig 7). Otherwise, both methods
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SS DNA: single stranded DNA.

doi:10.1371/journal.pone.0125658.9g006

failed to demonstrate the presence of specific T cells to WHcAg and HBsAg in splenocytes
from other mice (Fig 7). These results suggested that HI with recombinant WHV-HBV ge-
nomes primed only limited specific T cell responses against WHV and HBV proteins in BALB/
¢ mouse.

Discussion

In the present study, we found that WHYV and the recombinant WHV-HBV genomes were
able to persist and express WHV and HBV proteins in mice after HI for a prolonged period of
time. The recombinant genome of WHV-HBV-Sa with HBsAg a-determinant in WHsAg
backbone expressed the chimeric surface antigen at relative high levels for over 40 weeks. Both
viral DNA and antigens in mouse sera and liver samples were consistently detectable. The re-
combinant genomes of WHV-HBV-SS and WHV-HBV-MS with the substitution of the com-
plete coding regions of small and middle HBsAg showed significantly prolonged HBsAg
antigenemia. Serum HBsAg and hepatic WHcAg expression were well correlated.

Previously, it was reported that HI of an overlength HBV genome in an AAV vector could
lead to persistent HBV replication and gene expression in C57BL/6 mice [1]. Both the vector
backbone and the host genetic background were found to be important for HBV persistence [1].
In our study, the 1.3 fold overlength WHYV genome and the recombinant WHV-HBV genomes
cloned in pBluescript IT SK(+) vector could persist in BALB/c mice after HI. However, the
pBluescript IT SK(+) vector does not support the long term persistence of 1.3 fold overlength
HBV genome in BALB/c mice. Thus, we attempted to determine which part of WHV genome
might cause the persistent gene expression in mice. However, the partial WHV genome frag-
ments were not able to maintain HBsAg expression in mice, as shown in Fig 4A. In addition, the
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specific peptides.

doi:10.1371/journal.pone.0125658.g007

mutated recombinant WHV-HBYV genome of pSaAP without replication competence could not
support the long-term antigen expression in vivo either (Fig 4B). Thus, we concluded that a rep-
lication competent WHYV genome is required to maintain the long-term gene expression and
the persistence of viral DNA in mice after HI. In this case, the formation of functional WHV
cccDNA in the mouse liver was presumed. This hypothesis has been discussed since the
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establishment of the hydrodynamic injection mouse model. It has been established that cccDNA
is present at exceedingly low or undetectable levels in hydrodynamically transfected mice [3],
and even in HBV transgenic mice with high replication levels [26]. This is due to the existence
of a species restriction on the production of cccDNA [27]. In our study, only very few hepato-
cytes (<10%) in the mice after HI with WHYV and the recombinant genomes were positive for
WHcAg expression and WHYV replication. Therefore, no direct evidence for the WHV cccDNA
in the mouse liver could be obtained currently by available methods.

Meanwhile, we found that HI of WHYV and the recombinant WHV-HBV genomes did not
trigger effective antibody and T-cell responses to viral proteins in BALB/c mouse. This is simi-
lar to the situation if pAAV/HBV1.2 has been used for HI in BL6/C57 mice [1]. The reasons of
the weak immune responses to HI with WHV and WHV-HBV genomes in mice might be the
low replication activity and the relative low expression levels of viral proteins. As these proteins
are expressed in the liver, an immune-privileged organ, there is no effective immune activation
after HI. WHV-specific immune responses, if pre-primed by vaccination, could clear WHV
from mice after HI [20].

The primary goal of this study is to investigate whether WHYV genome could replicate or
maintain gene expressions in mice after hydrodynamic injection. Besides that, it was also con-
sidered to generate the replication competent WHYV genome carrying the relevant HBV genes,
which might be used for infection in woodchucks. The woodchuck model is an informative
model for studies on HBV infection, including host immune responses and immunotherapies
of chronic HBV infection. Unfortunately, the specific reagents like vaccines for HBV research
could not be directly used in woodchucks. In an early study, it was found that the co-expression
of HBV core antigen and WHcAg led to the production of capsid containing both components
[28]. Defective HBV polymerase due to a insertion mutation could be complemented by WHV
polymerase, allowing HBV replication, and vice versa [28]. HBV PreS region could be replaced
by the corresponding region from WHYV genome and did not affect the expression of HBV sur-
face antigen (HBsAg) and assembly of virus particles [29]. In our previous experiments, a num-
ber of chimeric plasmids containing the complementary parts of HBsAg and WHsAg were
constructed. Such recombinant plasmids are able to produce surface antigens and retained the
correct antigenicity [17, 21]. In the present study, we have constructed and tested the various
WHYV-HBsAg recombinant genomes based on the replicable overlength WHV genome. We
found that WHV genome could tolerate the replacement of the surface region by the corre-
sponding sequences from the HBV genome. It will be interesting to investigate the replication
of the recombinant genomes with complementary HBV and WHYV sequences in vivo. In addi-
tion, our findings indicated the possibility to explore the overlength WHYV genome for the
liver-specific, long-term gene expression in vivo, if the desired sequence could be integrated
into the WHYV genome properly [30,31].

Taken together, the recombinant WHV and WHV-HBYV genomes could persist and main-
tain the long term protein expression in mice. The ability of the recombinant WHYV constructs
to persist in mice is an interesting aspect for the future investigation and may be explored for
in vivo gene transfer. In addition, our data suggests that the viral factor is an independent de-
terminant for viral persistence in the mouse model, besides the vector backbone and host
genetic background.
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S3 Fig. Detection of the replication intermediates of WHYV and chimeric genomes in the
transfected Huh?7 cells by Southern blot assay.
(TIF)

S4 Fig. WHcAg expression in mouse liver at week 45 after HI.
(TIF)

S5 Fig. Construction of pHBsW1-W8.
(TTF)

S6 Fig. Detection of viral DNA in mouse sera and hepatic HBsAg expression by ICS after
HI with pWHV-HBV-SS (SS) and pWHV-HBV-MS (MS).
(TIF)

S7 Fig. The serum viral DNA levels were determined by real time PCR.
(TIF)

S1 Table. Primers used for PCR detection of chimeric viral DNA in serum.
(DOC)

S2 Table. Primers used for the construction of pWHV-HBV-SS, pWHV-HBV-MS and the
mutated pWHV-HBV-Sa (pSaAP).
(DOC)

§3 Table. Detection of viral DNA in sera, serum HBsAg, and hepatic WHcAg expression in
mice received HI with pWHV-HBV-Sa, pWHV-HBV-SS, and pWHV-HBV-MS at week 45.
(DOC)

Acknowledgments

We thank Drs. Junzhong Wang and Fei Zhao for their technical help and Drs. Zhongji Meng
and Lei Li for the plasmids.

Author Contributions

Conceived and designed the experiments: YX ML DY. Performed the experiments: DP YL
WW JS EZ. Analyzed the data: DP YL WW YX ML. Contributed reagents/materials/analysis
tools: CW XC KH DY. Wrote the paper: DP YX ML.

References

1. Huang LR, Wu HL, Chen PJ, Chen DS. An immunocompetent mouse model for the tolerance of human
chronic hepatitis B virus infection. Proc Natl Acad Sci U S A. 2006; 103(47):17862—7. PMID: 17095599

2. WuC,DengW,DenglL,Caol,QinB,LiS,etal. Amino Acid Substitutions at Positions 122 and 145 of
Hepatitis B Virus Surface Antigen (HBsAg) Determine the Antigenicity and Immunogenicity of HBsAg
and Influence In Vivo HBsAg Clearance. J Virol. 2012; 86(8):4658—-69. doi: 10.1128/JV|.06353-11
PMID: 22301154

3. YangPL, Althage A, Chung J, Chisari FV. Hydrodynamic injection of viral DNA: a mouse model of
acute hepatitis B virus infection. Proc Natl Acad Sci U S A. 2002; 99(21):13825-30. PMID: 12374864

4. YinY,WuC, SongJ, Wang J, Zhang E, Liu H, et al. DNA immunization with fusion of CTLA-4 to hepati-
tis B virus (HBV) core protein enhanced Th2 type responses and cleared HBV with an accelerated ki-
netic. PLoS One. 2011; 6(7):e22524. doi: 10.1371/journal.pone.0022524 PMID: 21799884

PLOS ONE | DOI:10.1371/journal.pone.0125658 May 5, 2015 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125658.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125658.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125658.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125658.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125658.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125658.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125658.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125658.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125658.s010
http://www.ncbi.nlm.nih.gov/pubmed/17095599
http://dx.doi.org/10.1128/JVI.06353-11
http://www.ncbi.nlm.nih.gov/pubmed/22301154
http://www.ncbi.nlm.nih.gov/pubmed/12374864
http://dx.doi.org/10.1371/journal.pone.0022524
http://www.ncbi.nlm.nih.gov/pubmed/21799884

@’PLOS ‘ ONE

Persistence of the Recombinant WHV Genomes

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Lin YJ, Huang LR, Yang HC, Tzeng HT, Hsu PN, Wu HL, et al. Hepatitis B virus core antigen deter-
mines viral persistence in a C57BL/6 mouse model. Proc Natl Acad Sci U S A. 2010; 107(20):9340-5.
doi: 10.1073/pnas.1004762107 PMID: 20439715

Yang PL, Althage A, Chung J, Maier H, Wieland S, Isogawa M, et al. Immune effectors required for hep-
atitis B virus clearance. Proc Natl Acad Sci U S A. 2010; 107(2):798-802. doi: 10.1073/pnas.
0913498107 PMID: 20080755

Tian'Y, Chen WL, Ou JH. Effects of interferon-alpha/beta on HBV replication determined by viral load.
PLoS Pathog. 2011; 7(7):e1002159. doi: 10.1371/journal.ppat.1002159 PMID: 21829354

Wang J, Wang B, Huang S, Song Z, Wu J, Zhang E, et al. Immunosuppressive drugs modulate the rep-
lication of hepatitis B virus (HBV) in a hydrodynamic injection mouse model. PLoS One. 2014; 9(1):
€85832. doi: 10.1371/journal.pone.0085832 PMID: 24465734

Song J, Zhou Y, Li S, Wang B, Zheng X, Wu J, et al. Susceptibility of different hepatitis B virus isolates
to interferon-alpha in a mouse model based on hydrodynamic injection. PLoS One. 2014; 9(3):e90977.
doi: 10.1371/journal.pone.0090977 PMID: 24618716

Cao L, Wu C, ShiH, Gong Z, Zhang E, Wang H, et al. Coexistence of hepatitis B virus quasispecies en-
hances viral replication and the ability to induce host antibody and cellular immune responses. J Virol.
2014; 88(15):8656—66. doi: 10.1128/JVI1.01123-14 PMID: 24850745

Qin B, Budeus B, Cao L, Wu C, Wang Y, Zhang X, et al. The amino acid substitutions rtP177G and
rtF249A in the reverse transcriptase domain of hepatitis B virus polymerase reduce the susceptibility to
tenofovir. Antiviral Res. 2013; 97(2):93-100. doi: 10.1016/j.antiviral.2012.12.007 PMID: 23261845

Summers J, Smolec JM, Snyder R. A virus similar to human hepatitis B virus associated with hepatitis
and hepatoma in woodchucks. Proc Natl Acad Sci U S A. 1978; 75(9):4533—7. PMID: 212758

Galibert F, Chen TN, Mandart E. Nucleotide sequence of a cloned woodchuck hepatitis virus genome:
comparison with the hepatitis B virus sequence. J Virol. 1982; 41(1):51-65. PMID: 7086958

Menne S, Cote PJ. The woodchuck as an animal model for pathogenesis and therapy of chronic hepati-
tis B virus infection. World J Gastroenterol. 2007; 13(1):104-24. PMID: 17206759

Lu M, Menne S, Yang D, Xu Y, Roggendorf M. Immunomodulation as an option for the treatment of
chronic hepatitis B virus infection: preclinical studies in the woodchuck model. Expert Opin Investig
Drugs. 2007; 16(6):787-801. PMID: 17501692

Wang BJ, Tian YJ, Meng ZJ, Jiang M, Wei BQ, Tao YQ, et al. Establishing a new animal model for
hepadnaviral infection: susceptibility of Chinese Marmota-species to woodchuck hepatitis virus infec-
tion. J Gen Virol. 2011; 92(Pt 3):681-91. doi: 10.1099/vir.0.025023-0 PMID: 21084496

Zheng X, Schirmbeck R, Hilken G, Waters JA, Yang D, Reimann J, et al. Characterization of complex B
cell epitopes on woodchuck hepatitis virus surface antigens by using plasmids encoding chimeric pro-
teins and DNA immunization. Virology. 2002; 294(2):342-53. PMID: 12009876

Nakabayashi H, Taketa K, Miyano K, Yamane T, Sato J. Growth of human hepatoma cells lines with dif-
ferentiated functions in chemically defined medium. Cancer Res. 1982; 42(9):3858—-63. PMID:
6286115

Aden DP, Fogel A, Plotkin S, Damjanov |, Knowles BB. Controlled synthesis of HBsAg in a differentiat-
ed human liver carcinoma-derived cell line. Nature. 1979; 282(5739):615-6. PMID: 233137

Zhang E, Kosinska AD, Ma Z, Dietze KK, Xu Y, Meng Z, et al. Woodchuck hepatitis virus core antigen-
based DNA and protein vaccines induce qualitatively different immune responses that affect T cell re-
call responses and antiviral effects. Virology. 2015; 475:56-65. doi: 10.1016/j.virol.2014.11.004 PMID:
25462346

Schirmbeck R, Zheng X, Roggendorf M, Geissler M, Chisari FV, Reimann J, et al. Targeting murine im-
mune responses to selected T cell- or antibody-defined determinants of the hepatitis B surface antigen
by plasmid DNA vaccines encoding chimeric antigen. J Immunol. 2001; 166(2):1405-13. PMID:
11145726

Meng Z, Ma Z, Zhang E, Kosinska AD, Liu J, Zhang X, et al. Novel Woodchuck Hepatitis Virus (WHV)
transgene mouse models show sex-dependent WHYV replicative activity and development of spontane-
ous immune responses to WHYV proteins. J Virol. 2014; 88(3):1573-81. doi: 10.1128/JVI1.02086-13
PMID: 24257601

Frank |, Budde C, Fiedler M, Dahmen U, Viazov S, Lu M, et al. Acute resolving woodchuck hepatitis
virus (WHV) infection is associated with a strong cytotoxic T-lymphocyte response to a single WHV
core peptide. J Virol. 2007; 81(13):7156—63. PMID: 17459928

Ferrari C, Penna A, Bertoletti A, Valli A, Antoni AD, Giuberti T, et al. Cellularimmune response to hepa-
titis B virus-encoded antigens in acute and chronic hepatitis B virus infection. J Immunol. 1990;
145(10):3442-9. PMID: 2230128

PLOS ONE | DOI:10.1371/journal.pone.0125658 May 5, 2015 16/17


http://dx.doi.org/10.1073/pnas.1004762107
http://www.ncbi.nlm.nih.gov/pubmed/20439715
http://dx.doi.org/10.1073/pnas.0913498107
http://dx.doi.org/10.1073/pnas.0913498107
http://www.ncbi.nlm.nih.gov/pubmed/20080755
http://dx.doi.org/10.1371/journal.ppat.1002159
http://www.ncbi.nlm.nih.gov/pubmed/21829354
http://dx.doi.org/10.1371/journal.pone.0085832
http://www.ncbi.nlm.nih.gov/pubmed/24465734
http://dx.doi.org/10.1371/journal.pone.0090977
http://www.ncbi.nlm.nih.gov/pubmed/24618716
http://dx.doi.org/10.1128/JVI.01123-14
http://www.ncbi.nlm.nih.gov/pubmed/24850745
http://dx.doi.org/10.1016/j.antiviral.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23261845
http://www.ncbi.nlm.nih.gov/pubmed/212758
http://www.ncbi.nlm.nih.gov/pubmed/7086958
http://www.ncbi.nlm.nih.gov/pubmed/17206759
http://www.ncbi.nlm.nih.gov/pubmed/17501692
http://dx.doi.org/10.1099/vir.0.025023-0
http://www.ncbi.nlm.nih.gov/pubmed/21084496
http://www.ncbi.nlm.nih.gov/pubmed/12009876
http://www.ncbi.nlm.nih.gov/pubmed/6286115
http://www.ncbi.nlm.nih.gov/pubmed/233137
http://dx.doi.org/10.1016/j.virol.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25462346
http://www.ncbi.nlm.nih.gov/pubmed/11145726
http://dx.doi.org/10.1128/JVI.02086-13
http://www.ncbi.nlm.nih.gov/pubmed/24257601
http://www.ncbi.nlm.nih.gov/pubmed/17459928
http://www.ncbi.nlm.nih.gov/pubmed/2230128

@’PLOS ‘ ONE

Persistence of the Recombinant WHV Genomes

25.

26.

27.

28.

29.

30.

31.

Jung MC, Spengler U, Schraut W, Hoffmann R, Zachoval R, Eisenburg J, et al. Hepatitis B virus antigen-
specific T-cell activation in patients with acute and chronic hepatitis B. J Hepatol. 1991; 13(3):310-7.
PMID: 1808224

Guidotti LG, Matzke B, Schaller H, Chisari FV. High-level hepatitis B virus replication in transgenic
mice. J Virol. 1995; 69(10):6158—-69. PMID: 7666518

Raney AK, Eggers CM, Kline EF, Guidotti LG, Pontoglio M, Yaniv M, et al. Nuclear covalently closed
circular viral genomic DNA in the liver of hepatocyte nuclear factor 1 alpha-null hepatitis B virus trans-
genic mice. J Virol. 2001; 75(6):2900—11. PMID: 11222715

Okamoto H, Omi S, Wang Y, Imai M, Mayumi M. Trans-complementation of the C gene of human and
the P gene of woodchuck hepadnaviruses. J Gen Virol. 1990; 71 (Pt 4):959-63. PMID: 2157804

Hourioux C, Kneser J, Bruss V. In vitro expression of human hepatitis B virus genomes carrying wood-
chuck hepatitis virus pre-S1 sequences. Intervirology. 2002; 45(4—6):233—-6. PMID: 12403922

Qi Z, LiG, HuH, Yang C, Zhang X, Leng Q, et al. Recombinant covalently closed circular hepatitis B virus
DNA induces prolonged viral persistence in immunocompetent mice. J Virol. 2014; 88(14):8045-56. doi:
10.1128/JV1.01024-14 PMID: 24807718

Hong R, Bai W, Zhai J, Liu W, Li X, Zhang J, et al. Novel recombinant hepatitis B virus vectors efficiently
deliver protein and RNA encoding genes into primary hepatocytes. J Virol. 2013; 87(12):6615-24. doi:
10.1128/JVI1.03328-12 PMID: 23552416

PLOS ONE | DOI:10.1371/journal.pone.0125658 May 5, 2015 17/17


http://www.ncbi.nlm.nih.gov/pubmed/1808224
http://www.ncbi.nlm.nih.gov/pubmed/7666518
http://www.ncbi.nlm.nih.gov/pubmed/11222715
http://www.ncbi.nlm.nih.gov/pubmed/2157804
http://www.ncbi.nlm.nih.gov/pubmed/12403922
http://dx.doi.org/10.1128/JVI.01024-14
http://www.ncbi.nlm.nih.gov/pubmed/24807718
http://dx.doi.org/10.1128/JVI.03328-12
http://www.ncbi.nlm.nih.gov/pubmed/23552416

