25-Hydroxyvitamin D; Suppresses Hepatitis C
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Because the current interferon (IFN)-based treatment for hepatitis C virus (HCV) infection
has a therapeutic limitation and side effects, a more efficient therapeutic strategy is desired.
Recent studies show that supplementation of vitamin D significantly improves sustained viral
response via IFN-based therapy. However, mechanisms and an active molecular form of vita-
min D for its anti-HCV effects have not been fully clarified. To address these questions, we
infected HuH-7 cells with cell culture-generated HCV in the presence or absence of vitamin
Dj; or its metabolites. To our surprise, 25-hydroxyvitamin D3 [25(OH)Djs], but not vitamin
D; or 1,25-dihydroxyvitamin D3, reduced the extra- and intracellular levels of HCV core anti-
gen in a concentration-dependent manner. Single-cycle virus production assay with a CD81-
negative cell line reveals that the inhibitory effect of 25(OH)Dj is at the level of infectious vi-
rus assembly but not entry or replication. Long-term 25(OH)D; treatment generates a HCV
mutant with acquired resistance to 25(OH)D3, and this mutation resulting in a N1279Y
substitution in the nonstructural region 3 helicase domain is responsible for the resistance.
Conclusion: 25(OH)Dj is a novel anti-HCV agent that targets an infectious viral particle
assembly step. This finding provides insight into the improved efficacy of anti-HCV treatment
via the combination of vitamin D3 and IFN. Our results also suggest that 25(OH)D3, not
vitamin D3, is a better therapeutic option in patients with hepatic dysfunction and reduced

enzymatic activity for generation of 25(OH)Dj3. (HeratoLocy 2012;56:1231-1239)

epatitis C virus (HCV) infection affects about
200 million people worldwide."* The major-
ity of HCV-infected patients fail to clear the
virus and develop chronic liver diseases, including cirrho-
sis and hepatocellular carcinoma. Standard treatment for
chronic hepatitis C is currently based on a combination
of pegylated interferon (IFN) and ribavirin.” However,
the therapy is accompanied by substantial side effects
and is only effective in about half of patients.>* Thus, it
is critical to provide a new therapeutic modality against
chronic hepatitis C. Recently, vitamin D supplementa-
tion has been shown to improve the efficacy of combina-
tion therapy with IEN and ribavirin.”® However, mecha-
nisms of this effect have not yet been fully elucidated.
Vitamin D absorbed in the intestine from diet or
synthesized in the skin is converted to 25-hydroxyvita-

min D [25(OH)D] in the liver. Released 25(OH)D is
bound to a-globulin and transported to proximal
tubules of the kidney,7 where 25(OH)D is hydroxy-
lated either by 25(OH)D-1 alpha-hydroxylase to gen-
erate the active form, 1,25-dihydroxyvitamin D
[1,25(OH),D], or by 25(OH)D-24-hydroxylase to
form the biologically inactive form, 24,25-dihydroxyvi-
[24,25(OH),D]. 1,25(0OH),D is a key
hormone for calcium and bone homeostasis, and its
production is tightly regulated by plasma levels of cal-

tamin D

cium and phosphorus and parathyroid hormone, In
addition, vitamin D has nonskeletal actions, and vita-
min D deficiency is associated with many diseases
including cancer, autoimmune disorder, cardiovascular
) > . ) . . . 8-13
disease, insulin resistance, and infectious diseases.

Thus it is not surprising that vitamin D status also
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affects the eradication of HCV by IFN-based therapy
in patients chronically infected with the virus.>®

In this study, we evaluated the anti-HCV effects of vita-
min D3 and its metabolites, 25(OH)D3, 1,25(OH),D3,
and 24,25(0OH),D;. Here we show that 25(OH)Dj, but
not 1,25(OH),Dj3, possesses an anti-HCV effect targeting
the assembly of the infectious virus. This finding suggests
the novel conjunctive role of 25(OH)Dj3 in IFN-based
therapy against chronic hepatitis C.

Materials and Methods

Cell Culture and Reagents. The human hepatoma
cell line, HuH-7, and its derivative cell line, Huh-
7.5.1, provided by Francis Chisari (Scripps Research
Institute, La Jolla, CA) were maintained at 37°C, 5%
CO, in Dulbecco’s modified Eagle’s medium
(DMEM), containing 10% fetal bovine serum. The
HuH-7 derivative cell line Huh7-25, which lacks
CDS81 expression,14 was also used.

Vitamin D3 and 24,25(OH),D; were purchased
from Enzo Life Sciences Inc. (Farmingdale, NY).
25(OH)D3 was obtained from Immundiagnostik AG
(Bensheim, Germany). 1,25(OH),D; was kindly pro-
vided by Chugai Pharmaceutical Co. Ltd. (Tokyo, Ja-
pan). Vitamin D3 and its metabolites were dissolved in
ethanol at the stock concentration of 2.0 mM, and
stored at —30°C or —80°C until use. Only glass- or
Teflon-made wares were used for handling ethanol solu-
tions of vitamin D3 and its metabolites.

Human IFN-alfa2b was obtained from MSD K.K.
(Tokyo, Japan).

Cell Culture—Generated HCV. The production of
cell culture—generated HCV JFH-1 virus (HCVcc) has
been reported.' Briefly, the plasmid pJFH-1 was line-
arized at the 3’ end of the full-genome JFH-1 comple-
mentary DNA by Xbal digestion. Digested plasmid
DNA was purified and used as a template for iz vitro
RNA synthesis with a MEGAscript T7 kit (Ambion,
Austin, TX). Synthesized full-length JFH-1 RNA was
electroporated into Huh-7.5.1 cells with cytomix as
described. After long-term culture of transfected cells,
cell culture—adapted HCVcc was harvested and stocked
for further infection studies (Kato et al., unpublished

data).
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Quantification of HCV RNA, Core Antigen, and
Cell Viability. Total RNA was extracted from 140 uL
of culture medium with the QIAamp Viral RNA kit
(QIAGEN, Valencia, CA) or from harvested cell pel-
lets with the RNeasy mini kit (QIAGEN). Real-time
quantitative reverse-transcription  polymerase  chain
reaction (PCR) was performed to determine the copy
number of HCV RNA as described.'® The concentra-
tion of total RNA in the cells was determined using a
Nanodrop Spectrophotometer ND-1000 (Thermo Sci-
entific, Rockford, IL). The concentration of HCV core
antigen (Ag) in filtered culture medium and cell lysates
was determined using the Lumipulse Ortho HCV Ag
kit (Ortho Clinical Diagnostics, Tokyo, Japan) as
described.'”

To assess cell viability, a water-soluble tetrazolium
salt, 2-(2-methoxy-4- nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H tetrazolium, monosodium salt
(WST-8) was used as an indicator.'® In brief, the
WST-8 reagent solution (10 uL) was added to each
well of a 96-well microplate containing 100 uL of cells
in the culture medium. The plate was incubated for 1
hour at 37°C, and the absorbance in each well was
measured at 450 nm using a microplate reader.

HCV Pseudoparticles Assay. HCV pseudoparticles
(HCVpp) harboring E1 and E2 glycoproteins of vari-
ous HCV clones (H77, genotype la; TH, genotype
1b; JFH-1, genotype 2a; and J6CE genotype 2a) or
vesicular stomatitis virus G envelope glycoprotein were
produced as described.'”*® Briefly, to generate
HCVpp, the glycoprotein-expressing vector, the gag-
pol expression vector encoding murine leukemia virus
(MLV) retroviral cores, and the MLV-derived transfer
vector encoding the luciferase reporter protein were
transfected using FuGENEG (Roche, Indianapolis, IN)
into 2.5 x 10° 293T cells seeded in 10 cm dish 1 day
earlier. The medium was replaced with fresh complete
DMEM 6 hours after transfection. Supernatants con-
taining the HCVpp were harvested 48 hours later,
cleared by passage through 0.45-uM pore-size filters,
and used for infection assays. The target Huh-7.5.1
cells were seeded in 12-well plates at a density of 5 x
10% cells per well, incubated overnight at 37°C, and
infected with the HCVpp in the presence of
25(OH)D; or ethanol. At 16 hours postinfection,
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medium was replaced with DMEM with 10% fetal
bovine serum, and cells were harvested 24 hours later
for analysis of luciferase activity.

HCV Subgenomic Replicon Assay. The transient
assay of the genotype 2a (JFH-1) subgenomic reporter
replicon has been reported.”' This subgenomic repli-
con contains the firefly luciferase reporter gene and
enables assessment of HCV replication by measuring
the luciferase activities in culture cells. Four hours after
transfection, the cells in a portion of the plates were
harvested as a control for transfection efficiency, and a
remaining portion was treated with 25(OH)Dj; or
ethanol. The cells were harvested 72 hours after trans-
fection for luciferase measurement. Replication effi-
ciency of HCV in each preparation was calculated as
the percent of luciferase activity under the ethanol
treatment after normalization by transfection efficiency.

Titration of HCV Infectivity. Culture medium
was diluted 10-fold with phosphate-buffered saline
and concentrated with Amicon Ultra-15 centrifugal
filter units (Millipore, Billerica, MA) to avoid carry-
ing over the test substances. Prepared samples were
serially diluted in five-fold increments in complete
DMEM and used to infect naive Huh-7.5.1 cells
seeded 24 hours earlier in poly-D-lysine—coated flat-
bottom 96-well plates (Corning Inc., Corning, NY)
at a density of 1 x 10% cells per well. Three days af-
ter infection, HCV-positive cells were detected with
mouse monoclonal antibody recognizing the core pro-
tein (clone 2H9)'® and visualized with Alexa Fluor
488 anti-mouse secondary antibody (Invitrogen). The
infectivity titer was expressed as focus-forming units
per milliliter supernatant (ffu/mL), expressing the
mean number of HCV core—positive foci detected at
the highest dilutions.”* The intracellular infectivity
and specific intracellular infectivity titer were deter-
mined as described.?

Isolation of a 25(OH)Dj-Resistant Mutant. In
order to obtain a resistant mutant for 25(OH)Dj3, the se-
rial passage of JFH-1-transfected cells was performed.
HuH-7 cells were electroporated with 3 ug of synthetic
HCV RNA, resuspended in 10 mL of complete growth
medium, and seeded into a 10-cm dish. After 24 hours,
transfected cells were cultured with medium containing
1.0 uM of 25(OH)Ds;. HCV titer was monitored by
measuring the HCV core Ag, and the resistant mutant vi-
rus was harvested and stocked at the peak of the core Ag
expression. HCV RNA was extracted from culture me-
dium at this point, and complementary DNA was synthe-
sized and amplified via nested PCR covering almost the
entire open reading frame and part of the 5’ untranslated
region as described.”
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Fig. 1. Anti-HCV effect of vitamin D3 and its metabolites. HuH-7
cells were pretreated with vitamin D3, its metabolites, or ethanol (sol-
vent control) and inoculated with HCVcc. HCV production was
assessed by measuring the HCV core Ag after a 3-day treatment. HCV
core Ag in culture medium and cell lysates are indicated by white and
black bars, respectively. Results are expressed as the mean = SD of
the percent of the control (ethanol treatment).

Statistical Analysis. Assays were performed in trip-
licate. Data from repeated experiments are expressed as
the mean * SD. Statistical analysis was performed
using the Student 7 test, and P < 0.05 was considered
statistically significant.

Results

Anti-HCV Effect of 25(OH)Dj3. To assess the anti-
HCV effects of vitamin D3 and its metabolites—
25(OH)D3, 1,25(0OH), Ds, and 24,25(OH),Ds;—
the HCVcc system was exploited. HuH-7 cells were
treated with vitamin D3 and its metabolites at a concen-
tration of 1.0 uM and were infected with cell culture—
adapted HCVcc at a multplicity of infection of 0.5.
Treatment with 25(OH)D3 markedly reduces HCV core
Ag levels in culture medium and cell lysate to 47.97 *
10.89% and 44.39 = 7.52% of the control levels, respec-
tively (Fig. 1). Treatment with vitamin Dj; and
1,25(OH), D3 have no remarkable effects. The anti-
HCV effect of 25(OH)D3 on the core Ag is concentra-
tion-dependent from 0.125 to 1.0 uM (Fig. 2A). The cal-
culated 50% effective concentration (ECsp) of core Ag in
culture medium is 0.95 uM. A similar inhibitory effect
was also observed for the HCV RNA titer (Fig. 2B). At
the higher concentrations of 5 uM, 25(OH)Dj3 reduced
HCV core Ag levels to 0.4-1.8 % of control (Supporting
Fig. 1A). WST-8 assay demonstrated no cytotoxicity in
the cells treated with 25(OH)D; at a concentration of up
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Fig. 2. Dose-dependent anti-HCV effects of 25(0OH)D3. HuH-7 cells
were treated with various concentrations of 25(0H)D5 followed by inoc-
ulation with HCVcc. HCV production was assessed by measuring the
HCV core Ag. (A, B) HCV core Ag (A) and HCV RNA (B) in culture me-
dium and cell lysates are indicated by white and black bars, respec-
tively. *P < 0.05 versus ethanol. (C) Cell viability was assessed via
WST-8 assay. Results are expressed as the mean = SD of the percent
of the control.

to 2 uM, and the calculated 50% cytotoxic concentration
(CCsp) was 7.5 uM (Fig. 2C and Supporting Fig. 1B).
Effects of 25(OH)D3 in HCV Life Cycle. To evalu-
ate the effects of 25(OH)D; on the HCV entry
step, Huh-7.5.1 cells were infected with HCVpp
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harboring envelope glycoproteins of various HCV
clones (H77, TH, JFH-1, and J6CF) or vesicular
stomatitis virus in the presence of 25(OH)D; (1.0,
0.5, and 0.25 uM), or ethanol. Treatment with
25(OH)D3 has no effects on the relative luciferase
activity in the cells infected with HCVpp of any
clone, suggesting that 25(OH)D3 does not affect the
HCV entry (Fig. 3A).

To assess the effects of 25(OH)D3 on HCV repli-
cation, we used the HCV subgenomic replicon sys-
tem. The reporter subgenomic replicon RNA con-
taining luciferase reporter gene was transfected into
HuH-7 cells, and the cells were treated with
25(0OH)D3 at a concentration of 0.125 - 1.0 uM or
with ethanol. Relative luciferase activities of
25(OH)Djs-treated cells were comparable to those of
ethanol-treated cells, indicating no effect on HCV
replication (Fig. 3B).
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Fig. 3. Effect of 25(0H)Ds on HCV entry and replication. (A) HCVpp
harboring E1 and E2 glycoproteins of various HCV clones and vesicular
stomatitis virus G envelope glycoprotein were used to determine the
effect of 25(0H)D3 on the entry step of HCV. Efficiency of HCVpp
infection was estimated by measuring the luciferase activity. Results
are expressed as the mean = SD of the percent of the control. (B)
HuH-7 cells were transfected with the subgenomic replicon RNAs and
treated with various concentrations of 25(0H)D3. Replication efficiency
of the replicon was estimated by measuring the luciferase activity.
Results are expressed as the mean * SD of the percentage of
ethanol.
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Fig. 4. Effects of 25(0H)D3 on single-cycle virus production assay.
Huh7-25 cells were transfected with JFH-1/wt RNA and treated with
various concentrations of 25(0H)Ds. Intracellular HCV core Ag (A), in-
tracellular specific infectivity (B), and the ratio of intra- to extracellular
infectivity (secretion rate) (C) were determined. Results are expressed
as the mean = SD. *P < 0.05 versus ethanol.

Effects of 25(0OH)Ds in Single-Cycle Virus
Production  Assay. To  further assess  whether
25(0OH)Dj affects other steps of the viral life cycle, we
used a single-cycle virus production assay with Huh7-25
cells lacking CD81 expression on the cell surface.'* This
cell line can support only replication and infectious virus
production upon transfection of HCV genomic RNA
but cannot be reinfected by produced HCV, therefore
allowing the assessment of a single cycle of infectious vi-
ral production.”” After a 3-day treatment with various
concentrations of 25(OH)Ds, extra- and intracellular
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infectivity and intracellular HCV core Ag were deter-
mined. The intracellular levels of HCV core Ag in
25(OH)Ds-treated cells were similar to those of etha-
nol-treated cells (Fig. 4A and Supporting Table 1), cor-
roborating the observation from the subgenomic repli-
con experiment. To estimate the efficiency of viral
particle assembly, we next determined the intracellular
specific infectivity by calculating the ratio of the intracel-
lular infectivity titer over the intracellular HCV core Ag
level. Indeed, 25(OH)D3 at 0.5 and 1.0 uM reduced
the intracellular-specific infectivity by approximately half
compared with the control (P < 0.05) (Fig. 4B and
Supporting Table 1). To estimate the infectious virus
secretion, we determined the secretion rate by calculat-
ing the ratio of the extra- to intracellular infectivity. This
analysis revealed no effects of 5(OH)Dj on the secretion
rate at any dose (Fig. 4C and Supporting Table 1).

Enhancement of Anti-HCV Effects of IFN by
Supplementation of 25(0OH)Dj;. Vitamin D supple-
mentation has been shown to improve the efficacy of
IFN-based therapy. Therefore, we evaluated the anti-
HCV effect of IFN-alpha2b via supplementation of
25(OH)D5;. HuH-7 cells were treated with IFN-
alpha2b at concentrations of 1 or 10 IU/mL in combi-
nation with 25(OH)Dj3 (1.0 uM) or ethanol and were
infected with HCVcc. Treatment with 1 IU/mL of
IFN-alpha2b reduced HCV core Ag levels in culture
medium and cell lysate to 68.66 * 2.17% and 41.18
* 1.52% of the control, respectively (Fig. 5). Con-
comitant treatment with 25(OH)D; augments IFN-
induced reduction in HCV core Ag levels by approxi-
mately two-fold. Similar effects of 25(OH)Dj are
observed with 10 IU/mL IFN-alpha2b.
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Fig. 5. Enhancement of anti-HCV effects of IFN via supplementation
of 25(0H)D3. HuH-7 cells were treated with IFN at the indicated con-
centrations in combination with 25(0H)D3 (1.0 uM) or ethanol, fol-
lowed by inoculation with HCVcc. HCV production was assessed by
measuring the HCV core Ag. HCV core Ag levels in culture medium
and cell lysates are indicated by white and black bars, respectively.
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HCV core Ag
in Cell

(fmoliwell) Fig. 6. Emergence of a resistant

mutant in long-term culture with
103 25(0H)D5. (A) JFH-1/wt-transfected
HuH-7 cells were continuously
treated with 25(0OH)D3 for 32 days
to demonstrate the emergence of a
resistant mutant. The level of HCV
core Ag in culture medium was
monitored. The peak point is indi-
cated by an arrow. (B) Comparison
100 of viral production between JFH-1/
3 wt and N1279Y. HCV core Ag in
culture medium (lines) and cell
lysates  (bars) were indicated.
Results are expressed as the mean
+ SD. (C) Single-cycle virus pro-
duction assay with JFH-1 and
N1279Y. Intracellular HCV core Ag,
intracellular specific infectivity, and
secretion rate of JFH-1/wt (black
bars) and N1279Y (white bars)
were  depicted.  Results are
expressed as the mean = SD of
the percentage of JFH-1/wt. *P <
0.05 in comparison between
N1279Y and wild-type. (D) Anti-HCV
effects of 25(0H)D3 on JFH-1/wt
and N1279Y. Infectivity titer in cul-
ture medium and cell lysates were
determined. Results are expressed
as the mean = SD of the percent-
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Effects of 25(OH)Ds on IFN-Stimulated Gene
Induction. Vitamin D has emerged as a key regulator
of innate immunity in humans. Type 1 IFN induces
many effector molecules known as IFN-stimulated
genes (ISGs) with antiviral activities. In order to assess
the effects of 25(OH)D3 on ISG induction, HuH-7
cells were treated with IFN-alfa2b (10 IU/mL) in the
presence or absence of 25(OH)Dj; (1.0 uM), and the
expression of MxA and 2',5'-oligoadenylate synthetase
messenger RNAs were determined by quantitative real-
time PCR. The treatment with 25(OH)Dj; does
not affect either basal expression or IFN-mediated
induction of MxA and 2',5'-oligoadenylate synthetase
(Supporting Fig. 2).

Isolation of 25(OH)Dj; Resistant Mutant. Next,
we determined whether a long-term treatment with
25(0OH)D; leads to generation of a 25(OH)Dj-resist-
ant mutant in JFH-1 transfected cells. During a con-
tinuous treatment with 25(OH)D; (1.0 uM) over a
period of 32 days, the level of HCV core Ag in culture
medium indeed increases gradually (Fig. 6A), suggest-
ing an emergence of a mutant. Therefore, we harvested
the culture medium at peak point at day 25, isolated

Medium

age of ethanol. *P < 0.05 versus

Cell ethanol.

Medium  Cell

the HCV RNA from the medium, and determined the
sequence of entire ORFE. Comparative sequencing of
the JFH-1 has detected only one amino acid substitu-
tion of N to Y at amino acid 1279 (N1279Y) in non-
structural region 3 (NS3). To test the characteristics of
this amino acid substitution, we generated a full-ge-
nome JFH-1 construct with this substitution
(N1279Y) and compared virus replication and produc-
tion with the wild-type JFH-1 (JFH-1/wt). After trans-
fection of RNA of JFH-1/wt or NI1279Y into
Huh-7.5.1 cells, HCV core Ag in culture medium and
cell lysate were quantified. Both intra- and extracellular
levels of HCV core Ag from the N1279Y-transfected
cells were significantly higher than those of JFH-1/wt
transfected cells (2 < 0.05) (Fig. 6B). To analyze the
effects of this substitution on different stages of the vi-
rus life cycle, we performed a single-cycle virus pro-
duction assay. We compared intracellular HCV core
Ag, intracellular specific infectivity, and secretion rate
via transfection of JFH-1/wt and N1279Y RNAs into
Huh7-25 cells. Our results show that the intracellular
specific infectivity was 3.4-fold higher in N1279Y-
transfected cells than in JFH-1/wt—transfected cells.
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On the other hand, the intracellular core Ag level and
secretion rate were not affected by this substitution
(Fig. 6C and Supporting Table 2). To test whether this
amino acid substitution confers the resistance to the
inhibitory effect of 25(OH)Dj3, we compared the effect
on infectious virus production. As predicted, treatment
with 25(OH)D3 at a concentration of 1.0 uM reduced
intra- and extracellular infectivity titer in JFH-1/wt—
transfected cells to 54.5 = 9.0 and 59.1 = 14.4% of
the control, respectively (P < 0.05). However, in
N1279Y-transfected cells, these effects were completely
abrogated (Fig. 6D), suggesting that the N1279Y
responsible  for the 25(OH)D;

mutation  was

resistance.

Anti-HCV Effects of 25(0OH)D3 in Multiple HCV
Strains Other than JFH-1. To assess the strain speci-
ficity, we also examined the ant-HCV effect of
25(OH)D5; using other HCV  strains, J6/JFH-1,
H77S.2, and JFH-1 with V2440L mutation (JFH-1/
V2440L). Treatment with 25(OH)D3 reduced intra-
and extracellular infectivity titers of these strains to
25.2-48.2% of the ethanol control (Supporting Fig.
3). Thus, these strains are also susceptible to
25(OH)Ds.

Production of 1,25(0OH),D3; in Cell Culture.
Finally, we tested the possibility that the anti-HCV
effect of 25(OH)D3 is mediated by 1,25(OH),D; gen-
erated from 25(OH)Dj3 in the cells. HuH-7 cells were
treated with 25(OH)D5 at various concentrations, and
production of 1,25(OH),D; was measured. After
treatment of 25(OH)Dj3 at 5.0 and 2.0 uM, the con-
centrations of 1,25(OH),D3 detected in the culture
medium were 365.62 * 30.01 and 104.49 = 11.08
pM, respectively, and are slightly higher than that with
ethanol treatment (Supporting Fig. 4A). After treat-
ment of 25(OH)D3; at 1.0 and 0.5 uM, the
1,25(0OH),D3 concentrations are similar to that of
ethanol treatment. We then evaluated whether the con-
centrations of 1,25(OH),Dj3 ranging from 0.01 to 1.0
UM have an anti-HCV effect on HCVcc-infected cells.
This study revealed no anti-HCV effect at any concen-
tration studied, although an anti-HCV effect of
25(0OH)Dj is reproducible (Supporting Fig. 4B).

Discussion

Vitamin D is reported to have regulatory roles in
. . . 12,24 .
infectious diseases and to act as an immune mod-
ulator in both innate and adaptive immune path-
ways.zs’26 In patients with chronic hepatitis C, low se-
rum levels of vitamin D are associated with severe
fibrosis, and poor responsiveness to IFN-based therapy

MATSUMURA ET AL. 1237

has been reported.”” Furthermore, vitamin D supple-
mentation significantly improves the SVR rate of com-
bination IFN and ribavirin therapy in patients with
hepatitis  C.>®  These studies postulated that
1,25(0OH),D, the active metabolite of 25(OH)D, is re-
sponsible for the effects. However, our current study
using the culture model, identifies 25(OH)D3 but not
1,25(0OH),D5; as an effective anti-HCV metabolite
with the ability to suppress infectious virus production
(Figs. 1 and 2). By using HCVpp and a subgenomic
replicon system, we found that 25(OH)D; did not
influence the steps of HCV entry and replication (Fig.
3) but rather selectively inhibited the virus assembly
step (Fig. 4). We believe that this finding offers a novel
mechanistic insight into the therapeutic efficacy of
supplemental vitamin D observed in HCV patients.

Detailed mechanisms of the ant-HCV effect of
25(0OH)Dj are still elusive. The biological activity of
vitamin D is mainly attributed to 1,25(OH),D, the
most active form of vitamin D, and 25(OH)D has
only been regarded as a pro-hormone with no ascribed
direct biological functions. However, a recent study
demonstrates gene regulatory effects of 25(OH)D; in
a manner dependent on vitamin D receptor and its
synergism with 1,25(0H),D3.*® Tt is still unclear
whether 25(OH)D has direct targets or biological
functions different from those of 1,25(OH),D. Our
study demonstrates in HCVec-infected cells a clear dif-
ference in the effect on HCV viral assembly rendered
by 25(OH)Dj versus 1,25(OH),D3, with only the for-
mer having an inhibitory effect (Fig. 1, Supporting
Fig. 4); this finding suggests that the common signal-
ing pathway cannot underlie this discrete action. The
treatment with 25(OH)D; may induce specific host
factors involved in inhibition of infectious HCV pro-
duction. To this end, we evaluated ISG induction by
25(0OH)D3 with or without IFN treatment, but no
effects were observed (Supporting Fig. 2), suggesting
that involvement of ISGs is unlikely in the observed
effect of 25(OH)Ds.

The anti-HCV effect of 25(OH)D3 is limited in its
potency; infectious virus production is reduced only to
half of controls (Figs. 1 and 2). This reduction may
not be sufficient when it is used as a sole ant-HCV
agent. Moreover, in our long-term culture experiment
with 25(OH)D3, the JFH-1-resistant mutant emerged
(Fig. 6). We cloned and sequenced this mutant to
demonstrate that the N1279Y substitution in NS3 is
responsible for the resistance (Fig. 6D), although this
amino acid polymorphism is not observed among de-
posited strains in the Hepatitis Virus Database (http://
s2as02.genes.nig.ac.jp/). NS3 is known to code
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protease and helicase, and the detected substitution is
in the helicase domain. This substitution is associated
with a marked enhancement of assembly efficiency of
infectious virus particles (Fig. 6C). As the involvement
of the NS3 helicase domain in virion morphogenesis is
reported,” the observed suppressive effect of
25(OH)D3; may be associated with this specific func-
tion of NS3. Collectively, our findings suggest that the
treatment of hepatitis C with 25(OH)Dj; alone may
not be recommended because of a limited antiviral
effect and emergence of the resistant mutant. However,
if it is combined with compounds that inhibit the
HCYV replication such as IFN or protease inhibitors, it
should optimize the antiviral effect while minimizing
the genesis of the mutant. Indeed, we confirm the
enhancement of anti-HCV effect of IFN by supple-
mentation of 25(OH)Dj (Fig. 5).

The effective concentrations of 25(OH)D3 shown in
our study may seem too high. We used 1 uM of
25(OH)Dj; to observe the sufficient reduction of infec-
tious virus production (Fig. 2). This concentration is
almost 10-fold higher than the peripheral concentra-
tion in normal subjects. However, the actual concen-
tration of 25(OH)D may be much higher in the liver
where this metabolite is primarily produced. Because
HCV replicates in the same hepatocellular site,
25(OH)D may be sufficiently concentrated to render
an immediate anti-HCV effect. On the other hand,
low 25(OH)D levels are reported in patients with cir-
rhosis or severe hepatic dysfunction.’®> A depressed
activity of 25-hydroxylase in damaged livers in these
patients may be responsible for this observation.
Therefore, 25(OH)D, not vitamin D, should be a bet-
ter antiviral agent in such patients as a supplement for
IFN and ribavirin therapy.

In a recent report, Gal-Tanamy et al.** describe the
anti-HCV effects of vitamin D. In this study, treat-
ment with vitamin D3 or 1,25(OH),D; reduced infec-
tious virus production by Huh-7.5 cells infected with
HCV H77-JFH-1 intergenotypic chimeric virus. The
effects are ascribed to enhancement of IFN-beta
expression and ISG induction by 1,25(OH)2Ds;. In
our experiments, we did not observe such anti-HCV
effects of vitamin D3 or 1,25(OH),D5 at the concen-
trations similar to those used by Gal-Tanamy et al.
This discrepancy might be related to the different sys-
tems used for analyses. The anti-HCV activities of
vitamin D and its metabolites may be different among
HCV strains and cell lines. Further studies will be
needed to resolve this discrepancy.

In conclusion, 25(OH)D; is identified as a novel
anti-HCV agent that selectively targets the infectious
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viral particle assembly step. This observation provides
the basis for the improvement of efficacy of anti-HCV
treatment by supplementation of vitamin D to IFN
and ribavirin therapy. Our study also provides the pos-
sibility that the supplementation of 25(OH)D would
be indicated in patients with compromised hepatic
functions. Clinical studies are required to evaluate a

possible therapeutic use of 25(OH)D.
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