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Figure 5. Comparison of Th1 and Tregs between 1(OH) vitamin
D3/Peg-IFN/RBV and Peg-IFN/RBV. Representative dot plots of
CD3*CD4*CD25*L7R™ (Tregs) and CD3*CD4*CXCR3*CCR5™ (Th1 cells)
are shown. (A) Frequencies of Th1 and Tregs among the 4 groups (IL28B
T/T vitamin D3/Peg-IFN/RBV, IL28B T/G or G/G vitamin D3/Peg-IFN/RBV,
I1L28B T/T Peg-IFN/RBV, and 1L28B T/G or G/G Peg-IFN/RBV) are shown.
(B) Comparison of the T-bet and IFN-y mRNA expression between
subjects treated with vitamin D3/Peg-IFN/RBV therapy and those
treated with Peg-IFN/RBV therapy. Each group included 5 patients.
Total mRNA was extracted from isolated CD4* T cells. The relative
expression levels are shown in bar graphs. The statistical analysis was
carried out by independent student t-test.
doi:10.1371/journal.pone.0063672.9005

were previously treated with IFN-based therapy and failed to
achieve SVR. Another 29 patients were treatment naive. Case
match control subjects treated with Peg-IFN/RBV therapy were
enrolled in this study (Fig. 1) (Table 1). All of the enrolled patients
had over 5 log copies/ml HCV-RNA and genotype 1b HCV
RNA. Thirteen patients had the hetero/minor IL28B allele (T/G)
(rs8099917) that was reported to be a marker of patients difficult-
to-treat with Peg-IFN/RBV therapy [29]. Twenty-nine patients
had the major homo IL28B allele (T/T) that was reported to be

" favorable for achieving SVR [29]. Therefore, we compared the

viral dynamics between subjects treated with the 1(OH) vitamin
D3/Peg-IFN/RBV and subjects receiving the Peg-IFN/RBV with
the same IL28B polymorphism (Fig. 2A and B). The titers of
HCV-RNA in the J/L28B (T/T)-HCV patients treated with 1{OH)
vitamin D3/Peg-IFN/RBV therapy were significantly lower than
those treated with Peg-IFN/RBV at 4 weeks after the start of Peg-
IFN/RBV therapy (p<<0.0I). The rate of early virological response
in the IL28B (T/T) patients treated with 1(OH) vitamin D3/Peg-
IFN/RBV was significantly higher than that in those treated with
Peg-IFN/RBYV alone (Fig. 2C). None of the patients showed side
effects from 1(OH) vitamin D3 administration such as hypercal-
cemia or renal dysfunction, etc. The rate of the sustained
virological response (SVR) in the overall patients treated with
1{OH) vitamin D3/Peg-IFN/RBV was 59.45% (45.24% in the
overall patients treated with Peg-IFN/RBV) (p = 0.2059) The rate
of SVR in the IL28B (T/T) patients treated with 1(OH) vitamin
D3/Peg-IFN/RBV was 73.07% (55.17% in IL28B (T/T) patients
treated with Peg-IFN/RBV) (p = 0.1657). However, this study was
conducted to analyze the immunological response during the early
phase of Peg-IFN/RBV. The sample size might not be large
enough to analyze the SVR rate.

Biological Effect of 1(OH) Vitamin D3 Treatment during
Peg-IFN/RBV Therapy

The biochemical and hematological analysis was carried out at 4
weeks before the start of Peg-IFN/RBV therapy and at the start of
Peg-IFN/RBYV therapy. Of those data, only the absolute counts of
white blood cells were significantly decreased after 4 weeks-1(OH)
vitamin D3-treatment (p<0.05) (Fig. 3). The titers of HCV-RNA
were not significantly changed after the 4-week administration of
1{OH) vitamin D3 without Peg-IFN/RBV therapy. Therefore, we
examined the immunological effects of 1(OH) vitamin D3. Atfirst, we
quantitated 10 cytokines (IL 4, IL 6,1L10,11.12, IL17, IFN-vy, IP-10,
MCP-1, RANTES, TNF-o) in the peripheral blood samples during
1(OH) vitamin D3/Peg-IFN/RBV therapy using multiple beads
suspension array (Fig. 4A and Fig. S1). Among the IL28B T/T
polymorphism patients, the amounts of IL4, IP-10 and MCP1 in the
peripheral blood serum were significantly reduced after 4-week-
1(OH)vitamin D3-treatment. Onthe otherhand, the amounts of IL6,
RANTES and TNF-a in the serum were significantly increased after
4-week 1(OH)vitamin D3 treatment. In the IL28B T/G or G/G
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Figure 6. The effect of vitamin D3 on the expression of ISGs mRNA in the liver. The relative amount of target mRNA was obtained by using
a comparative threshold cycle (CT) method. The expression levels of Mx, IFI44 or IFIT1 mRNA in an /L28B T/T patient treated without 1(OH) vitamin D3
are represented as 1.0 and the relative amounts of target mRNA in the other patients were calculated by the comparative Ct method [42]. Therefore,
the standard amount of 3 ISGs (Mx, IFl44 and IFIT1) is 3. The relative amounts of the 3 kinds of ISGs were added and shown in the graph (A). Black
circles indicate the data from IL28B (T/T) subjects treated without 1(OH) vitamin D3. White boxes indicate the data from IL28B (T/T) subjects treated
with 1(OH) vitamin D3. Black triangles indicate the data from IL28B (T/G or G/G) subjects treated without 1(OH) vitamin D3. Black lines indicate the
data from the subjects treated with 1(OH) vitamin D3 (A). The effect of vitamin D3 on the expression of ISGs mRNA in the hepatocyte cell culture are
shown (B). Huh-7 cells were treated with ethanol (control), 1(OH) vitamin D3 (1.0 uM) or 1,25(0H), vitamin D3 (1.0 pM) after transfection of poly IC
(Sigma-Aldrich, St. Louis, MO) or in vitro transcribed JFH-1 full-length RNA. Cells were harvested 30 h after transfection, and the expression levels of
Mx, IFl44 and IFITT mRNA were assessed by real-time PCR using TagMan Gene Expression Master Mix (Applied Biosystems, Carlsbad, CA} and gene-
specific primer and probe sets (TagMan Gene Expression Assay; Applied Biosystems) in accordance with the manufacturer's instructions. The
expression levels of genes with or without vitamin D3 treatment were expressed by log fold increase of untreated Huh-7 cells.
doi:10.1371/journal.pone.0063672.g006
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polymorphism patients, the amount of RANTES in the serum was
significantly increased after 4-week 1(OH) vitamin D3-treatment.
The amounts of IL4, IFN-y, IP-10, MCP-1 in the serum were
significantly decreased after 4-week 1(OH) vitamin D3-treatment.
The administration of 1 (OH)vitamin D3 could reduce the high IP-10
status that is reported to be difficult-to-treat. Then, we compared the
amounts of 10 cytokines between 1(OH) vitamin D3/Peg-IFN/RBV
group and Peg-IFN/RBYV group atO week and 12 weeks after the Peg-
IFN/RBV treatment. The amounts of cytokines in the patients
treated with 1(OH) vitamin D3/Peg-IFN/RBV at 0 week were
affected by 4 weeks 1(OH) vitamin D3 pre-treatment. The amounts of
IP-10 in the patients treated with 4 weeks-1(OH) vitamin D3 were
significantly lower than those in the group treated without 1(OH)
vitamin D3. However, the amounts of [IFN-gamma and RANTES in
the JL28B TT patients treated with 1(OH) vitamin D3/Peg-IFN/
RBV were significantly higher than those in the IL28B TT patients
treated with Peg-IFN/RBV without 1{OH) vitamin D3 at 12 weeks
after the start of Peg-IFN/RBYV treatment (Fig. 4B). In addition to the
absolute amounts of several cytokines, the changes in the amounts
after the 12 weeks Peg-IFIN/RBYV treatment were analyzed (Fig. 4B
and Fig. S2). Changes in the amounts of IL4, IL-12, IFN-gamma and
RANTES during the 12 weeks-treatment of Peg-IFN/RBV were
significantly different between the 1(OH) vitamin D3/Peg-IFN/
RBV group and Peg-IFN/RBV group (p<<0.05) (Fig. 4B and Fig. 52).

The Biological Effects of 1(OH)vitamin D3 and 1,25(0OH),
Vitamin D3 on the Production of Cytokines from PBMCs

Then, we examined whether the administration of 1(OH)
vitamin D3 could affect the production of various kinds of
cytokines from PBMCs. We used trans-well systems to analyze the
effects of hepatocytes with various kinds of enzymes that affect the
metabolism of 1(OH) vitamin D3 (Fig. 4C). We used a ng/ml
order of calcitriol(1,25(OH), vitamin D3) as the active form of
vitamin D3 and a pg/ml order of 1(OH) vitamin D3 as the pre-
active form of vitamin D3 with or without IFN-a (0.025 ng/ml).
The amounts of IL4, IL6, IFN-y, IP-10 and TNF-o were
significantly decreased by the active and pre-active form of
vitamin D3 without IFN-o (Fig. 4D). Among them, the amount of
IP-10 was dose-dependently decreased by 1(OH)vitamin D3 and
1,25(OH)yvitamin D3 without IFN-o.. On the other hand, the
amount of RANTES was dose-dependently increased by 1(OH)-
vitamin D3 and 1,25 (OH), vitamin D3 with or without IFN-o.
The amounts of IL10 and IFN-y were significantly increased by
1(OH)vitamin D3 and 1,25(OH)svitamin D3 with IFN-o (Fig. 4D).
These data indicated that 1(OH)vitamin D3 and 1,25(OH)yvita-
min D3 could modulate the immunological status of PBMCs,
especially the down-regulation of IP-10 production.

Comparison of the Frequency of Th1 and Tregs between
1(OH) Vitamin D3/Peg-IFN/RBV and Peg-IFN/RBV
Sequential analyses of CD3*CD4"CXCR3*CCR5(Thl cells)
and CD3*CD4*CD25*CD127~ (Tregs) were carried out during
1(OH) vitamin D3/Peg-IFN/RBV or Peg-IFN/RBV treatment.
Representative dot plots indicating Thl and Tregs are shown
(Fig. 5A). The subsets of these cells could be clearly recognized by
flow cytometry. Four-week treatment of 1{OH) vitamin D3 could
significantly decrease the frequency of Thl cells but not Tregs
(p<0.05) (Fig. 5B). However, the frequency of Thl cells was
rapidly increased after the start of Peg-IFN/RBV therapy,
especially in the IL28B T/T subjects treated with 1(OH) vitamin
D3/Peg-IFN/RBV therapy (Fig. 5B and C). The frequency of
Thl cells in the subjects treated with 1(OH) vitamin D3 was
significantly higher than in those treated with Peg-IFN/RBV at 12
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weeks after the Peg-IFN/RBV therapy, especially in the IL28B T/
T patients (Fig. 5C). Moreover, the expression of IFN-y and T-bet
mRNA in the isolated CD4" cells of subjects treated with [(OH)
vitamin D3/Peg-IFN/RBV therapy was significantly higher than
in those treated with Peg-IFN/RBV therapy at 4 weeks and 12
weeks after Peg-IFN/RBV therapy (Fig. 5D).

Changes in ISG mRNA Expression in Liver with 1(OH)
Vitamin D3 Treatment

The administration of 1{OH) vitamin D3 could reduce various
kinds of cytokines in the serum. Therefore, we carried out
quantification of ISG mRNA in samples from liver biopsies
(Fig. 6A). We selected the Mx, IFI44, IFIT1 genes among the
various kinds of ISGs, since another group previously reported
that these ISGs could clearly recognize patients as difficult-to treat
or easy-to-treat with IFN-based therapy [30]. The expression level
of ISGs in the IL28B TT polymorphism was significantly lower
than in the IL28B TG or GG polymorphism. Moreover, the
expression levels of liver ISGs in the CH-C patients receiving 4
week-administration of 1{OH) vitamin D3 were significantly lower
than those in the CHC patients without administration of (OH)
vitamin D3.

Direct Effect of Vitamin D on the Expression of ISGs in
Hepatocyte without Immune Cells

We used Huh-7 cells with a JFH-1 system that mimicks the
acute phase of ISG induction in HCV infection, since we wanted
to determine whether 1 (OH) vitamin D3 and 1, 25 (OH)2 vitamin
D3 could affect the ISG expression directly. Three representative
ISGs (MxA, IFI44 and IFIT1) were analyzed by real-time PCR.
JFH-1 replication could induce these ISGs in Huh-7 cells (Fig.6 B).
We used 1(OH) vitamin D3 and 1,25(OH), vitamin D3 to analyze
the ISG expression after JFH-1 inoculation. These ISGs were not
affected by 1{OH) vitamin D3, and 1, 25(0OH), vitamin D3
in vitro.

Discussion

Recently, it has been reported that supplementation of vitamin
D3, a potent immunomodulator, could improve the HCV
response to antiviral therapy [2,3,31]. We used 1(OH) vitamin
D3, since hepatocytes have various kinds of enzymes to convert
1(OH) vitamin D3 to the active metabolite 1,25(OH); vitamin D3.
Therefore, we speculated that the administration of 1{OH) vitamin
D3 could affect the liver adaptive immune cells since the local
concentration of 1,25(OH), vitamin D3 might be higher than the
systemic concentration of this active metabolite. Another group
reported that 25(OH) vitamin D3, but not vitamin D3 or
1,25(OH), vitamin D3, could have direct-antiviral activity at the
level of infectious virus assembly [7]. However, the antiviral
activity of 25(OH) vitamin D3 is not so remarkable. Moreover, the
system of HCV replication in that study did not include the
immune cells that are important for the control of HCV
replication [32-35].

In this study, we first reported that administration of 1(OH)
vitamin D3 could affect the cytokine production from PBMCs and
suppress the ISGs mRINA expression in the liver samples. Among
the various kinds of cytokines, IP-10, which was reported to be an
important biomarker for the treatment response, could be
significantly decreased after 1(OH) vitamin D3 treatment in vivo
[36,37]. It has been reported that a high amount of IP-10 is a
promising biomarker for difficult-to-treat patients regardless of the
IL28B polymorphism [36,37]. IP-10 can be produced from various
kinds of immune cells including monocytes. In this study, we found
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that calcitriol could reduce the production of IP-10 from PBMCs
dose-dependently i vitro. In addition to the production of IP-10,
the expression of ISG mRNA in the liver biopsy samples with
1(OH) vitamin D3 treatment was significantly lower than in those
without 1(OH) vitamin D3 treatment regardless of the IL28B
polymorphism. The excessive expression of ISG mRNA before the
Peg-IFN/RBV therapy might induce a poor response to IFN
administration [38,39]. In addition to these results, we confirmed
that the amounts of IFN-gamma and RANTES induced by 12-
weeks 1 (OH) vitamin D3/Peg-IFN/RBV treatment was signifi-
cantly higher than those induced by 12 weeks Peg-IFN/RBV
treatment without 1 (OH) vitamin D3. 1 (OH) vitamin D3 could
suppress the basal levels of the immune response in the CH-C
patients. However, the subsequent response of the adaptive
immune system after the start of Peg-IFN/RBV treatment could
have been augmented by 1(OH) vitamin D3. These data indicated
that calcitriol might be able to stabilize the adaptive immune
systems that were out of control in CH-C patients instead of
inducing their activation. In this study, we could not detect a
significantly higher rate of SVR in the 1(OH) vitamin D3/Peg-
IFN/RBYV group in comparison with those in the Peg-IFN/RBV
group. However, the addition of 1(OH) vitamin D3 could improve
the adaptive immune response. Therefore, the SVR rate in the
I(OH) vitamin D3/Peg-IFN/RBV group might have been
significantly higher than in the Peg-IFN/RBV group, if the
sample size had been large enough to analyze the SVR.

In addition to previous reports, our data indicated that calcitriol
could affect the production of cytokines from PBMCs [25,40].
However, we could not exclude the possibility of affecting
cytokines other than the 10 cytokines we analyzed in this study.
Moreover, other groups reported that vitamin D3 might modulate
the expression of TLRs and/or their signaling, which are
important in the immunopathogenesis of hepatitis C virus
persistent infection [6,14,41]. This study was not a randomized
control trial and did not have a large number of patients, since it
focused on the effect of 1,25 (OH), Vitamin D3 on the immune
cells. For this purpose, the number of included patients was
sufficient for the analysis. Moreover, we are conducting a
randomized control trial that includes a large number of chronic
hepatitis C patients with sever fibrosis and low vitamin D3
concentrations (ongoing study) (UMINO000007400).
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The Hepatitis E Virus Capsid C-Terminal Region Is Essential for the
Viral Life Cycle: Implication for Viral Genome Encapsidation and

Particle Stabilization

Tomoyuki Shiota, Tian-Cheng Li, Sayaka Yoshizaki, Takanobu Kato, Takaji Wakita, Koji Ishii

Department of Virology Il, National Institute of Infectious Diseases, Gakuen, Musashi-murayama, Tokyo, Japan

Although the C-terminal 52 amino acids (C52aa) of hepatitis E virus (HEV) capsid are not essential for morphology, the C52aa-
encoding region is required for replication. Transfection of a C52aa knockdown mutant showed transient growth, and the earli-
est population included a majority of noninfectious (possibly empty) particles and a minority of infectious particles with C-ter-
minal capsid degradation. Finally, the complete revertant was generated reproducibly. C52aa is essential for the viral life cycle,
promoting accurate encapsidation and stabilizing encapsidated particles.

‘ epatitis E virus (HEV) is responsible for acute and enterically
i transmitted hepatitis in the developing world (1). Before the
establishment of high-efficiency HEV cell culture systems (2), in
vitro generation of HEV virus-like particles (HEV-VLPs) in insect
cells and in vivo propagation in nonhuman primates were the
most useful models for the study of HEV. Genetic deletions or
cellular processing resulting in the loss of the N-terminal 111 or 13
amino acids (aa) or of the C-terminal 52 aa (C52aa) yielded capsid
protein capable of directing the formation of the HEV small (S) or
large (L) VLPs (3-5). Particle formation was required for C52aa
abbreviation, limiting the structural analysis of the resulting par-
ticles (3, 4, 6-10). However, the contribution of the C52aa-encod-
ing sequence was confirmed by both in vive (attenuated infectivity
of the point mutant virus in nonhuman primates) and in vitro
(reduced RNA synthesis by RNA-dependent RNA polymerase
[RdRp]) assays (11-14). Furthermore, the highly conserved na-
ture of the C52aa sequence implies that the C52aa domain itselfis
functionally important. In this study, we characterized the role of
the C52aa domain in the HEV life cycle by using infectious clones.

We constructed infectious clones by using the infectious virus
G3-HEV83-2-27, employing a procedure described previously
(20). Using a synthetic cDNA as the template, we amplified 12
fragments covering the entire G3-HEV83-2-27 genome by PCR
with the primers listed in Table 1. These fragments were ligated
stepwise and were inserted into the EcoRI-HindIII site of pUC19,
yielding a wild-type clone that we designated WT. Site-directed
mutagenesis of WT was used to generate clones that were mutated
to encode capsid protein lacking the C52aa domain, either by
introduction of an amber stop codon, UAA (a knockdown mutant
designated Amut), or via deletion of the corresponding segment
of the open reading frame 2 (ORF2) sequence (a knockout mutant
designated Dmut). We performed experiments on three separate
scales (normal, large, and huge, as described below) in order to
estimate virus progeny productivity, to clarify the growth kinetics,
and to analyze the process of encapsidation in the absence of re-
vertants.

Normal scale. To estimate the virus progeny productivity of
HEV without C52aa, transfection with Amut and Dmut was per-
formed in comparison to transfection with WT. A 50-pg quantity
of RNA from each infectious clone was electroporated into 1 X
107 cells of PLC/PRF/5. Analysis by enzyme-linked immunosor-
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bent assay (ELISA) (using an anti-G3-HEV-VLP rabbit polyclonal
antibody [5]) suggested that transient growth was observed with
Amut, in contrast to continuous growth with WT (Fig. 1A) and no
growth with Dmut (data not shown). The productivity (expressed
as the genome copy number) of Amut, measured by real-time
reverse transcription-PCR (RT-PCR) of RNA with a set of specific
primers (Table 1), was estimated as approximately 40-fold lower
than that of WT (Fig. 1B and 1C; note the differences in scale).
However, subsequent analysis demonstrated that the Amut-de-
rived HEV actually harbored synonymous and nonsynonymous
reversion mutations, suggesting that the actual productivity (of
intact Amut) was much lower than that suggested by real-time
RT-PCR. To assess the progeny, sucrose density gradient analysis
(SDGA) (with a gradient from 10 to 60% [wt/vol] sucrose) was
performed. Subsequently, the collected fractions were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and Western blot analysis (WB) was performed
with the polyclonal antibody noted above (5). Chemilumines-
cence was recorded using an LAS-3000 luminescent image ana-
lyzer (Fujifilm, Tokyo, Japan). In the series of fractions obtained
from progeny derived from infection with WT, the presence of
antigen was confirmed only in fraction 8 (F8) in Fig. 1C by WB
(data not shown). The 72-kDa size of the prominent band was in
agreement with the size of the capsid protein predicted for the WT
clone. Quantification of the HEV RNA genome copy number
showed a trailing peak for the progeny derived from infection with
Amut (Fig. 1B, F8 and F9) and a single peak for the progeny de-
rived from infection with WT (Fig. 1C, F8). These peaks corre-
sponded to similar specific densities. Sequence analysis showed
that while the progeny from infection with WT carried the original
sequence, the progeny from infection with Amut did not contain
the expected UAA (amber codon) at this position. Instead, the
trailing peak of this Amut-derived sample corresponded to two
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TABLE 1 Primers used for the construction of an HEV infectious cDNA clone, the C52aa deletion mutant, and the amber mutant and for the
quantification and sequencing of HEV RNA by real-time RT-PCR

Position in Amplicon (amplified region
Name Polarity® Sequence (5'-3') genome (nt)? in genome [nt])?
ET7G2-F + GAATTCAATACGACTCACTATAGGCAGACCACGTATGTGGTCGAT® 2-23 Fragment 1-1 (2-155)
155R-EV - AGTCTGCACGCGAGATAAAAACGGCCGGAC 126-155
126F-EV + GTCCGGCCGTTTTTATCTCGCGTGCAGACT 126-155 Fragment 1-2 (126-1370)
1370R-EV - CACCCTGGGATCCAGATGGAAGCCCGCAG 1342-1370
1363F-EV + TCTGCGGGCTTCCATCTGGATCCCAGGGTG 1341-1370 Fragment 2-1 (1341-1794)
1816R-EV - ACTGCTCAGGGCCGTTCGCCTCAAGATGAG 1765-1794
1787F-EV + CTCATCTTGAGGCGAACGGCCCTGAGCAGT 1765--1794 Fragment 2-2 (1765-2934)
2956R-EV - CGGCACAGGCACGGCCAACCTCTGTGGCAG 2905-2934
2857F-EV + CCGATGCAGCCGGCACTCACAATAACGGAG 2835-2864 Fragment 3-1 (2835-3194)
3216R-EV - AGCCCGCTGCATATGTAATAGCAGCAAGTG 3165-3194
3187F-EV + CACTTGCTGCTATTACATATGCAGCGGGCT 31653194 Fragment 3-2 (3165-3925)
3947R-EV - TCCGTAAGCTCAAAAACCAACACACTATCG 3896-3925
3918F-EV + CGATAGTGTGTTGGTTTTTGAGCTTACGGA 3896-3925 Fragment 3-3 (3896-4598)
4620R-EV - CTTCCAAAACCCCTTAAGGGATTCCTTAGG 4569-4598
4591F-EV + CCTAAGGAATCCCTTAAGGGGTTTTGGAAG 45694598 Fragment 4-1 (4569-5406)
5428R-EV - CTGTCGAGGGCGAGCTCCAGCCCCGGATTG 5377-5406
5399F-EV + CAATCCGGGGCTGGAGCTCGCCCTCGACAG 53775406 Fragment 4-2 (5377-5851)
5873R-EV - TGGAGTTCATGTCAACAGAAGTAGGGGTAG 5822~5851
5844F-EV + CTACCCCTACTTCTGTTGACATGAACTCCA 58225851 Fragment 4-3 (5822-6185)
6207R-EV ~ GTTCCATCGGCACCGCGGCGCAGCCGATG 6157-6185
6179F-EV + CATCGGCTGCGCCGCGGTGCCGATGGAAC 6157-6185 Fragment 5-1 (6157-7101)
7101R-EV - AGTAGACTGGAAGGCGCAACCCTGC 7077-7101
6981F-EV + CTGCGGTCGGTGTGTTAGCTCCACACTCGG 6959-6988 Fragment 5-2 (6959-7266)
SmartIIA-Hind - GCTCGAGCGGCCGCCAGTGTGATGGATATCTGCAGAATTCG 7238-7266
GCTTAAGCAGTGGTATCAACGCAGAAAGCTTTTTTTTT
TTTTTTTTTTTTITITTTT?
D81-F + ATGTGCCCTAGGGCTGTTCTGTTG 5173-5196 D81F/ORF2-52aa-Pac-R
ORF2-52aa-Pac-R - AATTAATTAATTAAGCAAGGGCCGAGTGTGGAG* 6977--6995 (5173-6995)
ORF2-52aa-del-F + TCCACACTCGGCCCTTGCTTAACTTGAGGATACTATTGACTAT 6978-7020
ORF2-52aa-del-R - ATAGTCAATAGTATCCTCAAGTTAAGCAAGGGCCGAGTGTGGA! 69787020 D81-F/ORF2-52aa-del-R
(5173-7020)
7224R - AGGGAGCGCGAAAAGCAGAAAAGAAAAAT 7196-7224 ORF2-52aa-del-F/7224R
(6978-7224)
HEV-G3-ANYF + ACCCCGGCAGTTGGTTTT 179-196 HEV-G3-ANYF/ANYR
HEV-G3-ANYR - CCCGCTGGATAGGATGATTCC 212-234 (179-234)
HEV-G3-ANYM1 + FAM-CGCCCTGAGGTACTT-BHQ-1¢ 198-212
83-2-6564F + GCTTCGTGCTAATGATGTTCTGTG 65646587 83-2-6564F/3'-terminal end
(6564-7266)
83-2-6940F + CACCCAGGCTAGTGGTGTAGGTAGA 69406964 83-2-6940F/3’-terminal end
(6940-7266)
ORF2-R-pacl - GAGAATTAAGACTCCCGGGTTTTAC 7136-7160 83-2-6564F/ORF2-R-pacl

(6564-7160)

“ Polarity of the primer on the HEV genome. -+, forward; —, reverse.

% In G3-HEV83-2-27 (GenBank accession no. AB740232).

¢ The underlined sequence contains the T7 promoter.

4 The underlined sequence contains a SmartIIA-specific sequence and a HindlIII-digestible sequence.
¢ The underlined sequence contains a Pacl-digestible sequence.

/The mutated nucleotides are underlined.

£ The fluorophore 6-carboxyfluorescein (FAM) is attached to the 5’ end of the probe, and a quencher, Black Hole Quencher-1 (BHQ-1), is attached to the 3’ end.

distinct peaks (F8 and F9) harboring the GUU (Val-encoding)
and GAC (Asp-encoding) codons, respectively. These changed
RNA sequences were predicted to encode full-length revertant
capsid proteins.

Large scale. To clarify the precise growth kinetics of Amut, a
larger-scale transfection of Amut RNA was performed. Specif-
ically, the large-scale transfection was performed on a scale
approximately 30-fold larger than that described above, and
culture supernatants were collected periodically. This proce-
dure permitted a time course of quantification by ELISA anal-
ysis and showed that the peak of antigen accumulation oc-
curred 25 days posttransfection, while the number of viral
genomes progressively declined during the 2 months of the
study (except for small recoveries in copy number on day 25
and at the end of the study) (Fig. 2A). These data suggested the
production of a low level of infectious particles from Amut
transfection. However, the nonreverted Amut antigens could
not be distinguished by WB in the normal- and large-scale
experiments, suggesting that the Amut products were unstable,
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of low infectivity, and/or produced in small amounts. To con-
firm the nature of the Amut product, pooled supernatants were
subjected to partial purification and SDGA. WB of the resulting
fractions detected a 72-kDa band in F7 (specific density, 1.15
g/ml) (Fig. 2B). Quantification of the HEV RNA genome in the
fractions detected a single peak, primarily in F7 (Fig. 2C). De-
termination of the F7 sequence revealed that the codon ex-
pected to be an amber codon was instead GUC (complete re-
version). Additionally, infection assays demonstrated that F7
readily infected cells (Fig. 2). Based on our subsequent exper-
iments, we suspect that the end product of the large-scale ex-
periment likely corresponded to a revertant to WT.

Huge scale. To clarify the apparent reversion of Amut, trans-
fection was performed at an even larger scale (10-fold increased
over the large scale); culture supernatants were collected periodi-
cally, and viral sequences from these samples were determined.
The results clearly showed a population shift from the originating
amber codon of Amut to the complete revertant (GUC) via an
intermediate mutant (GAC) (Table 2). Reversion mutants were

Journal of Virology
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FIG 1 Initial characterization of Amut and WT HEV. (A) Time course of
antigen production following transfection with Amut or WT HEV. HEV an-
tigen levels were measured by ELISA using an anti-G3-HEV-VLP rabbit poly-
clonal antibody. OD,,, optical density at 492 nm. (B and C) Sedimentation
analyses of the Amut product (B) and of the WT product, used as a control (C).
Concentrated supernatants derived from 50-ml cultures were sedimented on
continuous sucrose gradients (10% to 60% [wt/vol] in phosphate-buffered
saline). The resulting fractions were assessed for specific density and the HEV
RNA genome copy number (by real-time reverse transcription-PCR). Note
the distinct y-axis scales in panels B and C.

not detected until 3 weeks posttransfection. The reproducible re-
version of Amut provides evidence of the functional essentiality of
the C52aa domain for the HEV life cycle.

To permit analysis of the Amut clone in the absence of rever-
tants, culture supernatants collected within the first 10 days were
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FIG 2 Growth kinetics and character of Amut. (A) Supernatants were col-
lected periodically during 2 months of culturing, and HEV antigen levels were
measured by ELISA using an anti-G3-HEV-VLP rabbit polyclonal antibody;
the HEV RNA genome copy number was determined by real-time reverse
transcription-PCR. OD,g,, optical density at 492 nm. Supernatants from a
pooled total of 3 liters of culture were concentrated and sedimented. (B) Frac-
tions were subjected to Western blotting using an anti-G3-HEV-VLP rabbit
polyclonal antibody. NC, negative control (untransfected cells). P, positive
control (HEV-L-VLPs). 75 K, 75,000 (molecular weight). Symbols designate
the positions of the major band in the Amut supernatant (open arrowhead)
and the HEV-L-VLP (filled arrowhead). (C) Fractions were assessed for the
HEV RNA genome copy number and specific density. (D) Confirmation of the
infectivity of fraction 7 by ELISA.

pooled and subjected to partial purification and SDGA. WB de-
tected multiple bands of approximately 55 kDa and smaller, start-
ing in F7; these bands formed a broad range, with peak accumu-
lation detected in F10 (specific density, 1.21 g/ml) (Fig. 3A). In
contrast, F8 (specific density, 1.15 g/ml) had the highest copy
number of the genome (Fig. 3B). For subsequent analysis, F8 and
F10 were designated the minor and major products (Mip and
Map, respectively) based on antigen levels. To determine the
RNase sensitivities of the products, the fractions were treated with
20 pg/ml of RNase A for 30 min at 37°C. The RNase resistance of
the fractions was confirmed by RT-PCR quantification analysis,
indicating viral encapsidation. Both products exhibited resistance
to RNase treatment (Fig. 3C), indicating the presence of encapsi-
dated RNA. Neither the GAC nor the GUC reversion mutation
was detected in these products by RT-PCR sequencing analysis,
suggesting that those specific alleles were largely absent from this
population.

Further analysis of peak discrepancy between the antigen level
and the genome copy number revealed two points. First, the copy
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TABLE 2 Time course sequence of the codon mutated to an amber codon for the supernatants of Amut-transfected cells

Sequence® at the following day posttransfection:

Codon 7 10 14 17 21 24 28 31 35
Amber mutant UAA UAA UAA UAA UAA ND ND ND ND
Revertant
Intermediate ND ND ND ND ND GAC GAC ND ND
Complete ND ND ND ND ND GUC GUC GUC GUC

2 Determined for the first codon of the C52aa-encoding region of the ORF2 gene. ND, not detected.

number in the Map fraction was approximately 15 times lower  Gauge, version 4.0 (Fujifilm, Tokyo, Japan); the ratio in the Mip
than that in the Mip fraction (Fig. 3B). Second, the constitution fraction was approximately equal to that of WT (Fig. 3D). On the
(genome/antigen) ratio in the Map fraction was approximately other hand, the RNA content of the Map fraction was extremely
40-fold lower than that in the Mip fraction by analysis using Image ~ reduced, suggesting that these products represented empty parti-
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FIG 4 Detection of degraded capsid termini in Amut. HEV small virus-like
particles (HEV-S-VLP), HEV large virus-like particles (HEV-L-VLP), and
fraction 9 (derived as described for Fig. 3A) were stained with Coomassie
brilliant blue (CBB) or were subjected to Western blot analysis using a
monoclonal antibody specific to both HEV-S-VLP and HEV-L-VLP (MAb
53) or to HEV-L-VLP alone (MAb 68). Lane M, molecular weight markers.

cles; this inference is consistent with the low productivity of Amut
products on all scales. Specifically, we observed that the Map
fraction could not infect cells (Fig. 3E), while the Mip fraction
was infectious for these cells (Fig. 3E) and yielded reversion
mutants (GUC) during long-term observation (data not
shown). While the viral reproduction of Amut was impaired,
the Mip fraction could sustain low levels of viral production,
leading to the emergence of revertants as shown in the large-
scale experiment (Fig. 2A).

The observation, via WB (Fig. 3A), of a “smear” of antigen with
a maximum size of 55 kDa was unexpected, given that the capsid
protein lacking C52aa (predicted size, 6 kDa) was expected to
migrate at 66 kDa (that is, 72 kDa less 6 kDa). The observed 11-
kDa decrease in size suggested further degradation of the capsid in
the absence of the C52aa domain. Mass spectroscopy followed by
protein sequencing detected two fragments with amino acid se-
quences corresponding to early N-terminal capsid sequences. The
presence of the capsid N-terminal domain was confirmed by de-
tection with monoclonal antibody (MAD) 68 (Fig. 4), a reagent
that exhibits specificity for HEV-L-VLP (specific to the N-termi-
nal 13 to 111 aa) (T. C. Li, unpublished observations). In contrast,
the protein was not detected using the HEV-S-VLP- and HEV-L-
VLP-specific MAb 53 (Fig. 4), implying the absence of the S-and-L
common region. Protein sequencing and reactivity with the HEV-
VLP-specific antibodies strongly suggested that the 55-kDa bands
correspond to proteolytic products generated by degradation
from the C terminus on the viral surface, presumably via loss of
the P domain. Further degradation (to lower-molecular-weight
species) probably occurred after encapsidation, given that previ-
ous studies showed that this region was essential for dimerization
and particle formation by the capsid (3, 15, 16).

HEV virions exhibit distinct buoyant densities in feces (1.26 to
1.27 g/ml) and in circulating blood (1.15 to 1.16 g/ml), differences
that might be associated with their cellular membrane content
(17). The density of the Amut Map fraction was higher than that of
the Mip fraction. This result is inconsistent with the notion
that the Map is an empty particle (18). The Amut Mip fraction
had the specific density of membrane-associated virions, al-
though the ORF3 (egress-related) protein was not detected in
these particles, in contrast to WT particles (T. Shiota, unpub-
lished observations) (19). We hypothesize that the correct en-
capsidation of Amut resulted in an enveloped particle lacking
the ORF3 protein (Mip; density, 1.15 g/ml), whereas the incor-
rect encapsidation of Amut resulted in an nonenveloped and
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(usually) empty particle (Map; density, 1.21 g/ml), the density
of which was intermediate between that of the membrane-as-
sociated virion (1.15 to 1.16 g/ml) and the nonenveloped filled
virion (1.26 to 1.27 g/ml) (17).

In the present study, we showed that the C52aa domain of the
HEV capsid was essential for the HEV life cycle, as confirmed by
reproducible reversion at the amber mutation, which would oth-
erwise truncate the C52aa domain. The presence of the C52aa
domain promoted the accurate encapsidation of HEV and pro-
tected the particle from further C-terminal degradation. To clarify
the involvement of the C52aa domain in neutralization, further
studies (e.g., using a MAb specific for this region) will be required.

ACKNOWLEDGMENTS

We thank N. Sugiyama for excellent technical support and 1. Shiota for
helpful discussions and critical reading.

This work was supported in part by grants-in-aid from the Ministry of
Health, Labor, and Welfare and the Ministry of Education, Culture,
Sports, Science, and Technology, Japan.

REFERENCES

1. Chandra V, Taneja S, Kalia M, Jameel S. 2008. Molecular biology and
pathogenesis of hepatitis E virus. J. Biosci. 33:451-464.

2. Tanaka T, Takahashi M, Kusano E, Okamoto H. 2007. Development
and evaluation of an efficient cell-culture system for hepatitis E virus. J.
Gen. Virol. 88:903-911.

3. Li TC, Takeda N, Miyamura T, Matsuura Y, Wang JC, Engvall H,
Hammar L, Xing L, Cheng RH. 2005. Essential elements of the capsid
protein for self-assembly into empty virus-like particles of hepatitis E vi-
rus. J. Virol. 79:12999—13006.

4. Xing L, Li TC, Mayazaki N, Simon MN, Wall JS, Moore M, Wang CY,
Takeda N, Wakita T, Miyamura T, Cheng RH. 2010. Structure of
hepatitis E virion-sized particle reveals an RNA-dependent viral assembly
pathway. J. Biol. Chem. 285:33175-33183.

5. Li TC, Yamakawa Y, Suzuki K, Tatsumi M, Razak MA, Uchida T,
Takeda N, Miyamura T. 1997. Expression and self-assembly of empty
virus-like particles of hepatitis E virus. J. Virol. 71:7207-7213.

6. Mori Y, Matsuura Y. 2011. Structure of hepatitis E viral particle. Virus
Res. 161:59-64.

7. Xing L, Kato K, Li T, Takeda N, Miyamura T, Hammar L, Cheng RH.
1999. Recombinant hepatitis E capsid protein self-assembles into a dual-
domain T=1 particle presenting native virus epitopes. Virology 265:35-45.

8. Guu TS, Liu Z, Ye Q, Mata DA, Li K, Yin C, Zhang J, Tao YJ. 2009.
Structure of the hepatitis E virus-like particle suggests mechanisms for
virus assembly and receptor binding. Proc. Natl. Acad. Sci. U. S. A. 106:
12992-12997.

9. Yamashita T, Mori Y, Miyazaki N, Cheng RH, Yoshimura M, Unno H,
Shima R, Moriishi K, Tsukihara T, Li TC, Takeda N, Miyamura T,
Matsuura Y. 2009. Biological and immunological characteristics of hep-
atitis E virus-like particles based on the crystal structure. Proc. Natl. Acad.
Sci. U. S. A. 106:12986-12991.

10. Xing L, Wang JC, Li TC, Yasutomi Y, Lara J, Khudyakov Y, Schofield
D, Emerson SU, Purcell RH, Takeda N, Miyamura T, Cheng RH. 2011.
Spatial configuration of hepatitis E virus antigenic domain. J. Virol. 85:
1117-1124.

11. Agrawal S, Gupta D, Panda SK. 2001. The 3’ end of hepatitis E virus
(HEV) genome binds specifically to the viral RNA-dependent RNA poly-
merase (RdRp). Virology 282:87-101.

12. Emerson SU, Zhang M, Meng XJ, Nguyen H, St Claire M, Govindarajan
S, Huang YK, Purcell RH. 2001. Recombinant hepatitis E virus genomes
infectious for primates: importance of capping and discovery of a cis-
reactive element. Proc. Natl. Acad. Sci. U. S. A. 98:15270-15275.

13. Graff J, Nguyen H, Kasorndorkbua C, Halbur PG, St Claire M, Purcell
RH, Emerson SU. 2005. In vitro and in vivo mutational analysis of the
3’-terminal regions of hepatitis E virus genomes and replicons. J. Virol.
79:1017-1026.

14. Kumar A, Panda SK, Durgapal H, Acharya SK, Rehman S, Kar UK.
2010. Inhibition of hepatitis E virus replication using short hairpin RNA
(shRNA). Antiviral Res. 85:541-550.

jviasm.org 6035



Shiota et al.

15.

16.

17.

Li SW, Zhang J, He ZQ, Gu Y, Liu RS, Lin J, Chen YX, Ng MH, Xia NS.
2005. Mutational analysis of essential interactions involved in the assem-
bly of hepatitis E virus capsid. J. Biol. Chem. 280:3400-3406.

Graff ], Zhou YH, Torian U, Nguyen H, St Claire M, Yu C, Purcell RH,
Emerson SU. 2008. Mutations within potential glycosylation sites in the
capsid protein of hepatitis E virus prevent the formation of infectious virus
particles. J. Virol. 82:1185-1194.

Takahashi M, Tanaka T, Takahashi H, Hoshino Y, Nagashima S,
Jirintai, Mizuo H, Yazaki Y, Takagi T, Azuma M, Kusano E, Isoda N,
Sugano K, Okamoto H. 2010. Hepatitis E virus (HEV) strains in serum
samples can replicate efficiently in cultured cells despite the coexistence of

6036 jviasm.org

18.

19.

20.

HEYV antibodies: characterization of HEV virions in blood circulation. J.
Clin. Microbiol. 48:1112-1125.

Jacobson MF, Baltimore D. 1968. Morphogenesis of poliovirus. I. Asso-
ciation of the viral RNA with coat protein. J. Mol. Biol. 33:369-378.
Tyagi S, Korkaya H, Zafrullah M, Jameel S, Lal SK. 2002. The phos-
phorylated form of the ORF3 protein of hepatitis E virus interacts with its
non-glycosylated form of the major capsid protein, ORF2. . Biol. Chem.
277:22759-22767.

Li T-C, Song S, Yang Q, Ishii K, Takeda N, Wakita T. 2011. A cell culture
system for hepatitis E virus. Hepatol. Int. 5:202. doi:10.1007/512072-010
-9241-z.

Journal of Virology



Vaccine 31(2013) 2184-2190

Influenza A whole virion vaccine induces a rapid reduction of peripheral blood
leukocytes via interferon-a-dependent apoptosis

Manabu Ato®*, Yoshimasa Takahashi?, Hideki Fujii®?, Shu-ichi Hashimoto 2, Tomohiro Kaji®®,
Shigeyuki Itamura®, Yoshinobu Horiuchi%¢, Yoshichika Arakawa -3,
Masato Tashiro€, Toshitada Takemori®P

2 Department of Immunology, National Institute of Infectious Diseases, Toyama 1-23-1, Shinjuku-ku, Tokyo 162-8640, Japan

b | aboratory for Immunological Memory, Riken Research Center for Allergy and Immunology, Suehiro-cho 1-7-22, Tsurumi-ku, Yokohama, Kanagawa 230-0045, Japan
¢ Influenza Virus Research Center, National Institute of Infectious Diseases, Gakuen 4-7-1, Musashi-Murayama, Tokyo 208-0011, Japan

d Department of Bacteriology II, National Institute of Infectious Diseases, Gakuen 4-7-1, Musashi-Murayama, Tokyo 208-0011, Japan

€ Division of Quality Assurance, National Institute of Infectious Diseases, Gakuen 4-7-1, Musashi-Murayama, Tokyo 208-0011, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 17 October 2012

Received in revised form 24 January 2013
Accepted 6 February 2013

Available online 19 February 2013

Infection with single strand RNA (ssRNA) viruses, such as influenza A virus, is known to induce protective
acquired immune responses, including the production of neutralizing antibodies. Vaccination also causes
areduction in the number of peripheral blood leukocytes (PBL) shortly after inoculation, a result which
may have undesirable adverse effects. The cellular mechanisms for this response have not been elucidated
so far. Here we report that formalin-inactivated influenza A whole virus vaccine (whole virion) induces
a significant decrease in PBL in mice 5-16 h after administration, whereas an ether-split vaccine (HA

K <eyw.°rd3: R . split) made from the same influenza virus strain does not induce a similar loss of PBL. Concordant with
Inactivated influenza vaccine . L. . . . . . B
Leukocytopenia this reduction in the number of PBL, a rapidly induced and massive production of interferon (IFN)-a is

observed when mice are injected with whole virion, but not with HA split vaccines. The role of Toll-like
receptors (TLR), which are involved in signal transduction of influenza virus, and the subsequentinduction
of IFNa were confirmed using mice lacking TLR7, MyD-88, or IFN«/[3 receptor. We further demonstrated
that the observed PBL loss is caused by apoptosis in an [FNa-dependent manner, and not by leukocyte
redistribution due to chemokine signaling failure. These findings indicate that RNA-encapsulated whole
virion vaccines can rapidly induce a loss of leukocytes from peripheral blood by apoptosis, which may
modulate the subsequent immune response.

Innate immunity
Type-1 interferons
Apoptosis

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Viral infection or vaccination is known to elicit a rapid and
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FITC, fluorescein isothiocyanate; PE, phycoerythrin; ELISA, Enzyme-linked immune
solvent assay; pDC, plasmacytoid dendritic cells; PRRs, pattern recognition recep-
tors; S1P, sphingosin-1-phosphate.
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robustinnate immune response by the host. Activation of the innate
immune system is believed to play a key role in host protection
against infection by inducing cytokines and chemokines, recruiting
leukocytes at the site of infection, and the subsequent activation of
adaptive immune responses [1]. On the contrary, some viral infec-
tions and vaccinations have immunosuppressive effects, such as the
loss of peripheral blood leukocytes (PBL), decreased lymphocyte
numbers in the secondary lymphoid organs and immune cell apo-
ptosis, which may result in the suppression of protective immune
responses or unsuccessful vaccination [2-5].

Influenza A virus infection [6] or administration of inactivated
influenza vaccine [7] can induce an acute and transient lymphocy-
topenia, suggesting that the activation of innate immune responses
may be associated with the loss of PBL. Recent studies have
demonstrated that innate immunity activation is dependent on
the recognition of pathogen-specific molecular patterns (PAMPs)
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[1,8]. Influenza virus-specific PAMPs are known to be detected by
Toll-like receptors (TLR) 3, 7, and 8 [9,10], members of the retinoid
acid-inducible gene-I (RIG-I)-like receptors, and Nod-like receptors
that recognize viral RNA in the cytoplasm during viral replication
[8.11,12]. Stimulation of these receptors triggers induction of type-I
interferons (IFNs).

Type-I IFNs, which make up a large family including IFNB and
more than 10 members of IFNa in mammals, share a single recep-
tor IFNa/BR, and play a major role in protecting host cells from
viral infections [13]. Type-11FNs function not only to directly inhibit
viral replication, but also to modulate the subsequent immune
response by inducing a large number of IFN-inducible molecules,
including chemokines [14]. These in turn activate macrophages,
dendritic cells, and NK cells, as well as mediate the generation
of CTL [15]} and antibody-producing cells [16]. Hence, inocula-
tion of live virus or vaccine can modify the activation state and
distribution of leukocytes, which may in turn modulate the inten-
sity of virus-specific adaptive immune responses. However, it has
not been clarified which particular effect is dependent on the
type of vaccine and what viral component induces each host
response.

Here we attempted to unravel the mechanisms of these host
effects, as induced by either inactivated influenza whole virion vac-
cine (whole virion) or ether-split vaccine (HA split). Whole virion
induces PBL loss concomitant with IFNa production. Mice deficient
in IFNa/BR or MyD-88 completely retain PBL after inoculation with
whole virion. We further demonstrate that this PBLloss is indepen-
dent of PBL redistribution, but is instead caused by IFNa-dependent
apoptosis of circulating PBL.

2. Materials and methods

2.1. Mice

C57BL/6 (B6) and outbred ddY mice were purchased from Japan
SLC and were housed at the National Institute of Infectious Dis-
eases under specific pathogen-free conditions. IFNaf3R deficient
mice were purchased from B&K Ltd., and backcrossed to the B6
background (B6.IFNa/BR KO) under barrier conditions. MyD-88
deficient mice and TLR7 deficient mice were kindly provided by
Dr. Shizuo Akira (Osaka University). All animal procedures were
performed in accordance with the guidelines of the Institutional
Animal Care and Use Committee, National Institute of Infectious
Diseases.

2.2. Influenza virus vaccines

Inactivated influenza whole virion and HA split vaccines were
prepared from the vaccine strain A/Wyoming/3/2003 (IVR-134)
(H3N2) by the Chemo-Sero-Therapeutic Research Institute, a
licensed manufacturer of influenza vaccine in Japan. Briefly, the
virus was propagated in the allantoic cavity of embryonated hen'’s
eggs, and pelleted using ultracentrifugation. The pelleted virus
was resuspended, further purified by zonal centrifugation with a
sucrose density gradient, and inactivated with formalin for the
preparation of the whole virion vaccine [17]. To prepare the
HA split vaccine, the purified virus was treated with ether and
polysorbate 80, and the resulting aqueous solution was recov-
ered [18]. Inactivation was confirmed by the absence of detectable
hemagglutination activity following inoculation of the vaccines
into embryonated hen’s eggs. Each vaccine preparation was for-
mulated to contain a final concentration of immunologically active
HA of 90 jug/ml by the use of single-radial-immunodiffusion (SRD)
assays.

2.3. Administration of inactivated virus vaccine

Mice were injected i.p. at 6 weeks of age with 500 ! of whole
virion or HA split in saline at a concentration of 90 p.g/ml HA. For
in vivo treatment with pertussis toxin (PTX), mice were injected
i.p. with 500 ng of PTX (Sigma-Aldrich) or the same amount of non-
functional B-oligomer of PTX (Sigma-Aldrich) as a control on the
day before vaccination as previously described [19].

2.4. Flow cytometry

Ten pl of blood from the tail vein was harvested in PBS
containing 0.05% heparin (Mochida Pharmaceutical). After ery-
throlysis by treatment with hypotonic sodium ammonium chloride
buffer, the FcyR on PBL were blocked with anti-FcyRII/III mAb
(2.4G2), and the cells were stained with fluorescein isothiocyanate
(FITC)-labeled anti-B220 (RA3-6B2), phycoerythrin (PE)-labeled
anti-CD3e (2C11), allophycocyanin (APC) or Pacific blue-labeled
anti-Ly-6C/G (RB6-8C5) mAb, (eBioSciences), and propidium iodide
(PI; Sigma-Aldrich). The absolute PBL number was determined and
PBL subsets were analyzed using a FACSCalibur (BD Biosciences).
In some experiments, PBL were further stained with APC-labeled
annexin-V (BD PharMingen) for detecting apoptotic cells.

2.5. Enzyme-linked immunosorbent assay (ELISA).

Sera from vaccinated mice were collected from the tail vein or
by cardiac puncture under anesthesia, The level of cytokines in sera
was measured using a Ready-Set-Go! ELISA assay kit (for TNF, IL-
1a, IL-12p70; eBioscience) or mouse type-I IFNs ELISA kit (for IFNa
and IFNB; PBL) according to the manufacturers’ instructions.

2.6. Anti-influenza virus antibodies

One hundred pl of sera were collected from the tail veins of indi-
vidual mice at the time points indicated in the text. Anti-influenza
virus Ab titers were estimated by ELISA assays using whole virion
or HA split vaccine as the coating antigen [20].

3. Resulis

3.1. Inactivated influenza A virus but not HA split vaccine causes
a loss of PBL

First, we investigated the ability of whole virion and HA split,
both derived from the same vaccine strain of influenza virus
A/Wyoming/3/2003 (IVR-134) (H3N2), to decrease the number of
PBL. The HA protein content in each vaccine was standardized
using an SRD assay, a potency assay currently used for inactiv-
ated influenza vaccine. Fig. 1A shows that the total number of PBL
in a 10wl aliquot of blood was decreased in mice shortly after
immunization with the whole virion in a dose-dependent manner,
but this effect was not seen with the HA split or saline inocula-
tions (P<0.05). Strikingly, whole virion vaccination induced a dose
dependent decrease in the number of T- and B-cells (Fig. 1B and C),
and to a lesser extent, granulocytes (Fig. 1D). However, adminis-
tration of HA split vaccine did not induce a significant decrease of
total PBL or any of the subpopulations. The decrease in PBL num-
bers after inoculation of whole virus particles was seen not only in
outbred ddY mice but also in inbred strains such as B6 and BALB/c
(data not shown). These findings suggest that the administration
of whole virus particles causes a rapid decrease of PBL, as also seen
in live influenza virus infection {4,6] and following administration
of a viral RNA analog, polyinocinic-polycytidylic acid (poly (I:C))
[21], whereas administration of HA split vaccines do not affect PBL
numbers. :
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Fig. 1. Effect of inactivated influenza A vaccines on the number of PBL and of leukocyte subsets. ddY mice were injected i.p. with saline, HA split (open column) or inactivated
whole virion (closed column) vaccines. The starting dose was 0.5 ml, which had been adjusted to contain the same quantity of immunologically active HA in both vaccines,
with a series of dilutions as indicated. Ten pl of blood from the tail vein was collected at 16 h after inoculation. Cells were stained with PI, anti-Gr-1, anti-B220, and anti-
CD3 Abs, and analyzed using flow cytometry to identify leukocyte subsets. A summary of the number of peripheral blood leukocytes (PBL) (A), B cells (B), T cells (C), and
granulocytes (D) of vaccine- and saline-administrated mice is shown. Dots indicate individual values and columns indicate mean values (n=5). *P<0.05.

3.2. Ab response to influenza virus is independent of the decrease
of PBL

Next, we examined the influence of PBL loss on acquired
immune responses against influenza A virus. We measured the titer
of influenza virus-specific antibody in the sera of whole virion-
immunized or HA split-immunized mice. As shown in Fig. 2, we

evaluated primary Ab responses by ELISA at 10 days, 30 days, and
50 days post immunization with three vaccine doses. There was no
significant difference in virus-specific 1gG1 titers between whole
viral- and HA split- immunized mice (Fig. 2). These data indicate
that the HA content measured by SRD assay for determining the
vaccine doses correlated well with the in vivo virus-specific Ab
responses.
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Fig. 2. Anti~influenza virus immune responses induced by immunization with whole virion and HA split vaccines. ddY mice were injected i.p. with HA split {(O) and whole
virion (@) vaccines with the same condition as in Fig. 1. Sera from peripheral blood were collected on the indicated days post immunization. The titers of lgG1 Abs were

measured by influenza virus-specific ELISA. Bars indicate mean values (n=5).
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Fig. 3. The increased level of IFNa is responsible for the decreased number of PBL after administration of whole virion vaccine. (A) Sera were collected at the time points
indicated from tail veins of mice that were injected i.p. with HA split () or whole virion (®) vaccines. The concentration of IFNa was determined by ELISA. Bars indicate
mean values (n=5) *P<0.05. (B) Wild type C57BL/6 mice and B6.IFNet/BR KO mice were injected i.p. with 0.5 ml of saline or inactivated influenza virus; 16 h later, 10 .l of
blood was collected from the tail vein. Absolute numbers of PBL (B) and the proportions of PBL in virion-administrated mice to those in mock treated mice (C) are shown.

Bars indicate mean values (n=5). *P<0.05.

3.3. Loss of PBL was correlated with a high level of serum IFNu«

Next, we explored which molecule is associated with PBL loss
during innate immune response activation. We measured the
serum levels of TNF, IL-1«, and IL-12, at 2, 5, and 16 h post inocula-
tion, but we could not detect significant levels of those molecules
with either vaccination protocol (data not shown). On the other
hand, serum IFNa was detectable at 2 h post inoculation, peaked at
5h, and was sustained even at 16 h in whole virion administrated
mice (Fig. 3A). On the contrary, mice given the HA split vaccine did
not produce significant [FNa. The kinetics of [IFN[3 concentration in
sera were similar to those of IFNa (Supplementary Fig. 1). These
findings indicate that the increased level of serum IFNa and IFN3
are associated with innate immune responses after administration
of whole virions.

In order to evaluate whether the PBL decrease is mediated by
IFNa signaling, whole virion vaccine was administrated to mice
lacking the IFNa /B receptor gene (B6.IFNa/BR KO mice). Unmanip-
ulated B6.IFNo/BR KO mice had a similar PBL profile as wild type
(WT) B6 mice, including T-cell, B-cell, conventional dendritic cells,
and plasmacytoid dendritic cells (pDC) in their blood and spleens
(data not shown). Fig. 3B and C show that administration of whole

virion resulted in a significant reduction in the number of PBL in WT
B6 mice but not in IFNa/BR KO mice. These results suggest that the
loss of PBL following administration of whole virion is associated
with IFNa signaling through the IFNa/BR.

3.4. TLR signaling is necessary for the loss of PBL after inoculation
of influenza vaccine

As data on Fig. 3 raise the possibility that innate immune
responses are responsible for the decrease of PBL numbers, we tried
to define which recognition units mediate the loss of PBL occurring
with inactivated influenza virus. To this end, whole virions were
administrated to B6 background mice deficient in MyD-88 or TLR7,
molecules that are potentially involved in signal transduction of
influenza virus-mediated IFNa expression. In contrast to WT mice,
which had about an 80% reduction in PBL numbers at 16h after
injection of whole virions, B6.MyD-88 KO mice showed no decrease
(Fig. 4B). On the other hand, B6.TLR7 KO mice exhibited a signifi-
cant but less severe (~60%) PBL reduction (Fig. 4A, C). These results
suggest that whole virions cause PBL loss via a MyD-88-dependent
pathway, whereas TLR7 partially contributes.
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with 0.5 mi of whole virion vaccine. After 16 h, 10 .l of blood was collected from the tail vein and cells were analyzed by flow cytometry. Absolute number of PBL (A, B) and
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3.5. Apoptosis is the major mechanism of PBL loss caused by
inactivated influenza virus

Next, we approached the underlying mechanisms by which PBL
numbers decrease in response to inactivated influenza virus. A pre-
vious study has suggested that lymphocytes are trapped in the
regional lymph nodes by Sphingosin-1-phosphate (S1P) signaling
in the case of live viral infection or poly (I:C) administration [22].
To test this possibility, we administrated PTX, an inhibitor of G pro-
tein (Gai)-coupled receptors for chemokines, including S1P, prior
to vaccination of wild type or IFNw/BR KO mice with whole viri-
ons. PTX treatment failed to block the PBL decrease in WT mice at
16 h after inoculation of viral particles (Fig. 5A), although the extent
of PBL reduction in PTX-treated mice was slightly less than that
in the controls (Fig. 5B). These results indicate that GTP-coupled
receptors regulating PBL movement do not play a definitive role
in the loss of PBL. Therefore, we examined the role of cell death
and examined the frequency of apoptosis and necrosis in PBL after
administration of whole virions. At 5h after inoculation, a signif-
icant loss of PBL was observed in wild type but not IFNo/BR KO
mice (data not shown), which is similar to that seen at 16 h after
virus administration (Fig. 3B). Of note, the proportion of Annexin-
V* positive apoptotic cells was elevated in the PBL from WT mice
with virus administration, whereas no significant increase in the

apoptotic cell fraction was observed in PBL from B6.JFNa/BR KO
mice, or from mock treated mice (Fig. 5C, D). PBL apoptosis was
seen at 16 h after inactivated virus inoculation in wild type mice,
though the frequency was reduced (Supplementary Fig. 2). Taken
together, these data indicate that the loss of PBL after inactiv-
ated influenza virus immunization is attributable to apoptosis via
IFNo/[BR signaling and not to chemoattractant-dependent redistri-
bution.

3.6. Ab response to influenza virus is dependent on IFNw signaling

To evaluate the possible role of IFNa in the establishment
of humoral immunity against the influenza vaccine, we further
analyzed the ability of IFNo/BR deficient mice to generate virus-
specific IgG responses. IgG1 and IgG2c Ab titers were significantly
impaired at the early phase after vaccination of B6.IFNa/BR KO
mice as compared to wild type mice (Fig. 6, P<0.05). However, at
29 days post vaccination the Ab responses were equivalent in the
two mouse strains. These results indicate that IFNa/3R signaling
may be necessary for rapid induction of the initial protective
IgG response but not to maintain IgG titers against influenza
virus.
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virus-specific 1gG1 and (B) IgG2c antibodies were evaluated by ELISA. Bars indicate
mean values (n=5). *P<0.05.

4. Discussion

It has been reported that the inactivated whole virion vac-
cine was much more effective at inducing protective immunity to
influenza virus than the ether-split HA vaccine, because the former
contains viral ssRNA that can activate innate immunity via TLR-7/8
signaling [23,24]. However, the precise mechanism of vaccine-
induced unwanted adverse reactions, which are mainly due to
excessive immune responses, is not fully understood. In this study,
we immunized mice with two types of available influenza vaccines,
whole virion and HA split, adjusted to contain the same quantity
of immunologically active HA in both groups. To our knowledge,
this is the first study demonstrating that the administration of
whole virion, but not the HA split vaccine, has the potential to
reduce the number of PBLin a type-11FN signaling-dependent man-
ner. This phenomenon is not only recognized in mice but could
be reproduced in humans, because previous studies have shown
that the administration of type-1 IFNs or inactivated influenza virus
causes a rapid decrease of PBL in both humans [7,25,26] and mice
[20,27,28].

PAMPs of influenza virus, which have the ability to induce type-
I IFNs, are strong candidates for the factors responsible for PBL
loss. We further show that this PBL loss is completely abrogated in
MyD-88 KO mice and partially in TLR7 KO mice. Among the com-
ponents of influenza virus, viral ssRNA is recognized by TLR7. In
formalin-inactivated virus, viral ssRNA is probably encapsulated
inside the viral particles. By contrast, RNA in HA split is exposed
due to the loss of capsid lipids by ether treatment, which may allow
RNase in blood to degrade the viral ssRNA before it can be captured
by pDCs. Nevertheless, residual undigested RNA in HA split may
impact on the intensity of HA-specific Ab responses {29}, consid-
ering the discrepancy in kinetics between HA split-administrated
WT mice and whole virion-administrated B6.IFNat/BR KO mice. This
hypothesis will be tested by further examination of PBL loss using
a liposome-encapsulated HA split. Of note, partial loss of PBL in
TLR7 KO mice suggests that influenza virus stimulates MyD-88-
associated signaling by other PRRs. Recently, it has been shown
that pDCs from TLR7 KO mice retain the potential to produce [FNa
in response to whole virions {23]. Moreover, endocytosed influenza
virus ssRNA could be recognized by NOD-like receptor protein 3,
which results in inflammasome activation in mice [12]. Collec-
tively, TLR7 in addition to the autocrine/paracrine IL-13-MyD-88

mediated signal pathway may be necessary for the production of
sufficient type-I IFNs necessary to induce leukocytopenia.

Viral infections [2-4] or poly (I:C) administration [21] are known
to induce leukocytopenia via production of type-I IFNs, suggesting
that a viral PRRs-type-I IFNs axis is responsible for the loss of PBL.
However, the precise mechanisms by which type-I IFNs cause acute
leukocytopenia and the different role played by each member of the
type-I IFN family remain obscure. Regarding the fate of the miss-
ing leukocytes after administration of inactivated influenza virus,
there are two possibilities: redistribution and cell death. Shiow
et al. [22] have reported that administration of poly (I:C) or LCMV
infection causes accumulation of peripheral blood lymphocytes in
lymph nodes by blocking S1Preceptor 1 signaling. However, we and
others [28] demonstrated that S1P plays a very limited role in PBL
reduction. Additionally, we detected a slight decrease of peripheral
blood granulocytes, which is independent of egress from secondary
lymph nodes. These discrepancies may be attributed to differences
in the focus on leukocyte subsets, in the magnitude of type-I IFN
production, and/or the use of different TLR ligands in each system.
On the other hand, PBL rapidly undergo apoptosis in a type-I IFN
dependent manner prior to the massive reduction of PBL numbers.
Although the precise mechanism remains to be elucidated, it has
been reported that type-I IFNs cause rapid activation of periph-
eral T- and B-cells [30], which may lead to activation-induced cell
death [31]. Otherwise, antagonistic activity of type-I IFNs to IL-7
may affect lymphocyte survivals [14].

Several groups have reported that the type-IIFN signaling path-
way is essential for proper humoral responses to the influenza
vaccine {23,32,33]. However, their observations were all made at
a relatively short time after immunization: within 1-2 weeks. We
demonstrated that the virus-specific IgG titers in IFNa/BR KO mice
were restored to control levels by 4 weeks after vaccination. Taken
together, the role of type-1 IFNs in influenza-specific IgG produc-
tion during viral infection is evident from the previous studies,
but might be overstated and limited to within a short time after
vaccination with inactive whole virions.

In summary, the administration of inactivated influenza whole
vaccine causes a rapid loss of PBL in an IFNa-dependent manner.
The inability of HA-split vaccine to induce IFN« suggests that pack-
aging of viral ssRNA is important for strong induction of innate
immunity. The rapid apoptosis of PBL, which include circulating
memory lymphocytes, may influence immune responses to other
antigens, suggesting that keeping a balance between innate and
acquired immunity is required for more appropriate vaccination
strategies.
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Hepatitis C virus (HCV) genotype 3a is widespread
worldwide, but no replication system exists for its
study. We describe a subgenomic replicon system for
HCV genotype 3a. We determined the consensus se-
quence of an HCV genome isolated from a patient,
and constructed a subgenomic replicon using this
clone. The replicon was transfected into HuH-7 cells
and RNA replication was confirmed. We identified cell
culture-adaptive mutations that increased colony for-
mation multiple-fold. We have therefore established a
genotype 3a replicon system that can be used to study
this HCV genotype.

Keywords: Virology; Experimental Model; HCVGT3; In
Vitro Culture System.

Hepatitis C virus (HCV) infection leads to chronic
infection and advanced liver diseases in most in-
fected adults.” Of the 6 major HCV genotypes, genotypes
1 and 2 are the most prevalent in North America, Europe,
and Japan,?® and are the most highly studied. However,
other genotypes display specific characteristics. For exam-
ple, genotype 3a infection can result in hepatic steatosis*
and telaprevir and boceprevir are less effective against
genotype 3a.’ Therefore, the pathogenesis and inhibitor
sensitivity of all HCV genotypes should be studied. Al-
though HCV subgenomic replicons are useful for under-
standing viral/host factors involved in HCV replication
and inhibitor sensitivity, only HCV replicons for geno-
types la, 1b, and 2a have been established.é-* Here, we
report on the robust genotype 3a replication system.

An almost complete HCV genome was recovered from
the serum of a patient with post-transplantation recur-
rent HCV infection. This serum exhibited higher infectiv-
ity than other tested sera toward primary human hepato-
cytes (Supplementary Figure 1A). The isolate, named
S310, contained the following structural elements: a
S'UTR (nt 1-339), an open reading frame encoding 3021
aa (nt 340-9402), and a 3'UTR (nt 9403-9654). Only the
last 44 nt of the X-region (nt 9611-9654) could not be
recovered. Two major virus populations were found;
S310/A contained Ala, Thr, Thr, and Ile, and S310/B

contained Thr, Ala, Ala, and Thr, at the 7%, 151, 4315,
and 472" aa of the NS3 protein, respectively. S310 was
clustered into genotype 3a by phylogenetic analysis (Sup-
plementary Figure 1B). The complexity of the virus quasi-
species in the serum was analyzed by sequencing the
hypervariable region. Identical amino acid sequences in all
10 hypervariable region clones indicated a very low degree
of diversity. The hypervariable region sequence of the
JFH-1 strain also exhibited monoclonality,’® which can be
important for efficient replication in cultured cells.

Subgenomic replicons SGR-$310/A and SGR-S310/B
were constructed and their replication efficiency was eval-
uated by G418-resistant colony-formation assay. After 3
weeks, a small number of colonies were visible for both
replicons (Figure 1A). Because more colonies were ob-
served in SGR-S310/A than in SGR-S310/B, we focused
on SGR-S310/A (henceforth called SGR-S310). Ten cell
colonies of SGR-S310 were isolated and analyzed for HCV
replication. The mean RNA titer was 9.1 X 107 * 4.6 X
107 copies/ug total RNA (Figure 1B). HCV RNA (approx-
imately 8 kb) was detected by Northern blotting (Supple-
mentary Figure 24). Viral proteins in the replicon cells
were detected by immunofluorescence and Western blot-
ting (Supplementary Figure 2B and 2C). To determine
whether the G418 resistance of the cells was transmissible
by cellular RNA transfection, we electroporated total cel-
lular RNA isolated from 4 replicon clones into naive
HuH-7 cells. Multiple G418-resistant colonies appeared
after transfection of the RNA isolated from the replicon
clones (Supplementary Figure 34), but not from the naive
HuH-7 cells. These results indicate that the replicon RNA
in the parental colonies could replicate in naive cells.
Thus, the G418-resistant colonies that were isolated from
cells electroporated with SGR-S310 synthetic RNA con-
tained replicating viral RNA.

Replicating genomes have been shown to accumulate
cell culture adaptive mutations, which increase their rep-
lication potential. To examine whether SGR-S310 ac-
quired mutations, the complete HCV sequences from 10
replicon clones were sequenced. At least one nonsynony-
mous mutation was detected in the NS3-NS5B region of
each replicon clone (Figure 1B). The following mutations
were identified: T12861 in the NS3 helicase (6 of 10

Abbreviation used in this paper: HCV, hepatitis C virus.
© 2043 by the AGA Institute
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Figure 1. S310 subgenomic replicon analysis. (4) Three million HuH-7
cells were electroporated with 10 ug RNA from SGR-S310/A or SGR-
$310/B or 0.1 ug RNA from SGR-JFH1. G418-selected colonies were
fixed and stained after 3 weeks. (8) Non-synonymous mutations identi-
fied in the replicon genomes and HCV RNA titers in the replicon clones.
Nucleotide positions within the $310 subgenomic replicon and within the
full-length S310 genome (in parentheses) are given. (C) Replication po-
tential of the adaptive mutants as determined by the colony-formation
assay using Neo-replicons and by the transient replication assay using
Fluc-replicons. 172 /4 h, transient replication efficiency was determined
as a ratio of luciferase activity in the transfected cells between 72 h and
4 h post transfection. TINA, not available.

clones); T2188A or R2198H in NSS5A (2 clones); an
R2895G substitution in NSSB (1 clone); and 124961 in
NSS5A plus R2895K in NS5B (1 clone). These mutations
and the $2210I mutation (corresponding to 52204l in
genotype 1 replicon)”# were introduced, individually or in
combination, into the parental SGR-S310 and the colony-
formation efficiencies of the mutant replicons were tested.
All mutations, except T2496], increased the colony forma-
tion, indicating an adaptive phenotype (Figure 1C, Sup-
plementary Figure 3B). Transient replication efficiency
was also tested using firefly luciferase reporter replicons.
SGR-S310/Luc did not replicate in Huh-7.5.1 cells,
whereas the adaptive mutants displayed varying degrees of
replication (Figure 1C, Supplementary Figure 3C). Adap-
tive mutations T24961 and R2895K, when combined to-
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gether, most efficiently enhanced the colony formation as
well as transient replication (Figure 1C). Interestingly,
T1286I and R2895G found in our study correspond to the
Conl adaptive mutations T12801 and R2884G, respec-
tively.!12 T2188A or R2198H in NSSA were identified in
2 replicon clones and are located close to S22101L Indeed,
S2210I also enhanced SGR-S310 replication, suggesting
that this region might be important for HCV replication.
S310 replicons with adaptive mutations were compared
with genotype 1b (Conl and N) and 2a (JFH-1) replicons.
Colony-formation efficiencies of most $310 adaptive rep-
licons were at levels comparable with Conl and JFH-1
(Figure 1C, Supplementary Figure 3B). In contrast, S310
adaptive replicons replicated less efficiently than Conl-
NKS.1 and JFH-1 replicons in transient replication assays.
However, genotype 1b N replicon replicated at a level
similar to some S310 adaptive replicons (Figure 1C, Sup-
plementary Figure 3C). Future studies will dissect the
detailed mechanisms that underlie the effects of these
mutations.

Successful generation of a genotype 3a replicon pro-
vided a unique opportunity to compare the susceptibility
of genotype 3a (SGR-S310), 1b (Con1®3), and 2a (JFH-1/
4-113) replicons to HCV inhibitors. Interferon-alfa dose-
dependently decreased the replication of all tested geno-
types (Figure 2A4), whereas a protease inhibitor, BILN-
2061, was more effective against replicons from genotypes
1b and 2a than 3a (Figure 2B). The non-nucleoside poly-
merase inhibitor JTK-109 was more potent against geno-
type 1b and 3a (Figure 2C). However, the nucleoside
polymerase inhibitor, PSI-6130, equally inhibited all ge-
notypes (Figure 2D).

In conclusion, we established a subgenomic replicon for
genotype 3a, which should be useful for understanding
the specific characteristics of this genotype and for the
screening of antiviral chemicals that are effective against
this genotype. Construction of a full-length infectious
S310 clone is in progress.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournalorg, and at hrtp://
dx.dot.org/10.1053/{.gastro.2012.09.017.
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