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ABSTRACT Hepatitis E virus (HEV) causes an acute, self-limiting hepatitis in healthy
individuals and leads to chronic disease in immunocompromised individuals. HEV in-
fection in pregnant women results in a more severe outcome, with the mortality
rate going up to 30%. Though the virus usually causes sporadic infection, epidemics
have been reported in developing and resource-starved countries. No specific antivi-
ral exists against HEV. A combination of interferon and ribavirin therapy has been
used to control the disease with some success. Zinc is an essential micronutrient that
plays crucial roles in multiple cellular processes. Zinc salts are known to be effective in
reducing infections caused by few viruses. Here, we investigated the effect of zinc salts
on HEV replication. In a human hepatoma cell (Huh?7) culture model, zinc salts inhibited
the replication of genotype 1 (g-1) and g-3 HEV replicons and g-1 HEV infectious
genomic RNA in a dose-dependent manner. Analysis of a replication-defective mu-
tant of g-1 HEV genomic RNA under similar conditions ruled out the possibility of
zinc salts acting on replication-independent processes. An ORF4-Huh7 cell line-based
infection model of g-1 HEV further confirmed the above observations. Zinc salts did
not show any effect on the entry of g-1 HEV into the host cell. Furthermore, our
data reveal that zinc salts directly inhibit the activity of viral RNA-dependent RNA
polymerase (RdRp), leading to inhibition of viral replication. Taken together, these
studies unravel the ability of zinc salts in inhibiting HEV replication, suggesting their
possible therapeutic value in controlling HEV infection.

IMPORTANCE Hepatitis E virus (HEV) is a public health concern in resource-starved
countries due to frequent outbreaks. It is also emerging as a health concern in de-
veloped countries owing to its ability to cause acute and chronic infection in organ
transplant and immunocompromised individuals. Although antivirals such as ribavi-
rin have been used to treat HEV cases, there are known side effects and limitations
of such therapy. Our discovery of the ability of zinc salts to block HEV replication by
virtue of their ability to inhibit the activity of viral RdRp is important because these
findings pave the way to test the efficacy of zinc supplementation therapy in HEV-
infected patients. Since zinc supplementation therapy is known to be safe in healthy
individuals and since high-dose zinc is used in the treatment of Wilson’s disease, it
may be possible to control HEV-associated health problems following a similar treat-
ment regimen.

KEYWORD hepatitis E virus

epatitis E virus (HEV) is a single-stranded, positive-sense RNA virus belonging to
the family Hepeviridae (1). It is a major cause of acute, sporadic hepatitis in many
developing countries. HEV is primarily transmitted through the fecal-oral route. Al-
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though HEV-induced hepatitis is self-limiting, the mortality rate ranges from 0.5 to 3%
in young adults and increases up to 30% in pregnant women (2). The virus that infects
mammals is classified into seven genotypes and one serotype. Genotype 1 (g-1) and
genotype 2 (g-2) viruses exclusively infect humans, and no animal reservoir is known for
them. Genotype 3 (g-3) and genotype 4 (g-4) are zoonotic, with an expanded host
range, and are highly diverse. Genotype 5 and 6 viruses infect wild boar, and genotype
7 virus infects camel (1). Cases of chronic hepatitis E have been reported in immuno-
compromised persons, such as organ transplant recipients, patients receiving cancer
chemotherapy, and HIV-infected persons (3-5). Emerging evidence also demonstrates
the ability of HEV to infect extrahepatic tissues such as placenta, intestine, gallbladder,
and neuronal cells (6-10). No specific antiviral therapeutic exists against HEV. Ribavirin
monotherapy or combined therapy together with pegylated interferon has been
reported to clear viruses in transplantation patients (11-13). Nevertheless, these broad-
spectrum antivirals have to be used with care in transplant patients and are not ideal
for use in pregnant women. Therefore, a specific antiviral against HEV is warranted.

Zinc is an essential trace element for humans and other animals. It is required for the
catalytic activity of many cellular enzymes, and it is also an essential component of the
zinc finger motif-containing proteins, many of which act as transcription factors. It plays
a significant role in metabolic and immune homeostasis (14, 15). Zinc has been shown
to possess broad-spectrum antimicrobial activity. Among the viruses, human immuno-
deficiency virus (HIV), transmissible gastroenteritis virus (TGEV), herpes simplex virus
(HSV), vaccinia virus, severe acute respiratory syndrome coronavirus (SARS-CoV), equine
arteritis virus (EAV), rhinovirus, and respiratory syncytial virus (RSV) are known to be
inhibited by zinc salts (16-22). The antiviral effects of zinc on these viruses are mediated
via different mechanisms, such as inhibition of virus entry, blocking of polyprotein
processing, or inhibition of viral RNA-dependent RNA polymerase (RdRp) activity.

We investigated the antiviral activity of zinc salts against HEV. Here, we report that
zinc salts inhibit the replication of both g-1 and g-3 HEVs. Our in vitro and in vivo studies
demonstrate that zinc salts act on HEV by inhibiting the activity of viral RdRp. The
significance of these findings in the context of HEV infection is discussed.

RESULTS

Zinc salts inhibit the replication of hepatitis E virus. Huh7 cells were transfected
with in vitro-synthesized capped genomic RNA of a g-1 HEV replicon expressing
enhanced green fluorescent protein (HEV-EGFP) and treated with increasing concen-
trations (10, 50, 100, and 200 wM) of zinc sulfate (Zn sulfate) and zinc acetate (Zn
acetate) for 24 and 48 h to evaluate their effects on viral replication. Similar concen-
trations of magnesium sulfate (Mg sulfate) and magnesium acetate (Mg acetate) were
used in parallel to ensure specificity of the effect of zinc. Both zinc sulfate and zinc
acetate inhibited viral sense and antisense RNA levels by approximately 50% at a
working concentration of 10 uM whereas neither magnesium sulfate nor magnesium
acetate had any effect (Fig. 1A and B). An increase in the zinc salt concentration further
decreased the level of viral sense and antisense RNA in a dose-dependent manner, with
approximately 95% inhibition at 200 uwM (Fig. 1A and B). A possible cytotoxic effect of
zinc sulfate and zinc acetate on Huh7 cells was ruled out by measuring the viability of
aliquots of the cells (used above for RNA estimation) using an assay based on
tetrazolium salt [MTT; 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide] (Fig. 1C). Since zinc salts have been reported to inhibit cellular translation in a
neuronal cell line (23), the global protein level of Huh7 cells treated for 48 h with
high doses of zinc and magnesium salts (100 and 200 wM) was monitored by silver
staining of the whole-cell extract, which revealed equal protein levels in all the samples
(Fig. 1D). Further, a toxic dose of zinc sulfate and zinc acetate in Huh7 cells was
measured by treating the cells for 24 h with increasing amounts of the salts, followed
by measurement of cell viability by MTT assay. Fifty percent toxicity was observed at
~450 uM and 500 uwM Zn acetate and Zn sulfate treatment, respectively (Fig. 1E), which
clearly ruled out the role of zinc-induced cytotoxicity in reducing the level of HEV RNA.
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FIG 1 Zinc salts inhibit the activity of g-1 HEV-EGFP replicon. (A) gRT-PCR detection of the HEV sense-strand RNA level in
Huh? cells expressing in vitro-synthesized capped RNA of a g-1 HEV-EGFP replicon treated with different salts, as indicated.
Values were normalized to the level of GAPDH and are represented as means * SEM of triplicate samples. (B) qRT-PCR
detection of the HEV antisense-strand RNA level in the samples described in panel A. Values were normalized to the level
of GAPDH and are represented as means = SEM of triplicate samples. (C) MTT assay-mediated cell viability estimation of
aliquots of the samples described in panel A. The value for an untreated (no salt) sample was considered to be 100%, and
all other values were calculated with reference to that. Values are means = SEM of triplicate samples. (D) Silver staining
of total protein of whole-cell extract prepared from Huh7 cells treated with different salts for 48 h, as indicated. (E) MTT
assay-mediated cell viability estimation of Huh7 cells treated for 24 h with increasing concentrations of Zn sulfate and Zn
acetate, as indicated. The value for the untreated (no salt) sample was considered to be 100%, and all other values were
calculated with reference to that. Values are means * SEM of triplicate samples. (F) Detection of EGFP (green) and
4',6'-diamidino-2-phenylindole (nucleus, blue) in Huh7 cells expressing in vitro-synthesized capped genomic RNA of g-1
HEV-EGFP replicon, treated with different salts, as indicated. Untransfected and no-salt cells refer to Huh7 cells lacking g-1
HEV-EGFP and g-1 HEV-EGFP-containing Huh7 cells without any additional salt treatment, respectively.

RNA analysis data were further supplemented by monitoring the level of EGFP fluo-
rescence in Huh7 cells expressing the g-1 HEV-EGFP replicon and treated with different
zinc salts. In agreement with quantitative real-time PCR (qRT-PCR data), 100 uM zinc
sulfate or zinc acetate treatment significantly decreased EGFP fluorescence at 24- and
48-h time points (Fig. 1F).

Next, a Huh7 cell-based model of g-3 HEV replicon expressing luciferase (clone P6
HEV-Luc) was used to estimate the effect of zinc salts on the replication of g-3 HEV.
Huh7 cells expressing in vitro-synthesized capped genomic RNA of P6 HEV-Luc replicon
were treated with 100 and 200 uM concentrations of different zinc and magnesium
salts for 48 h, followed by measurement of Renilla luciferase activity and cell viability.
Both zinc sulfate and zinc acetate significantly reduced luciferase activity, indicating an
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inhibition of viral replication (Fig. 2A). Data obtained from the replicon models were
confirmed using a Huh7 cell-based infectious g-1 HEV model. Huh7 cells were trans-
fected with in vitro-synthesized capped genomic RNA of g-1 HEV and treated with
different concentrations of zinc and magnesium salts for 24 and 48 h. Viral sense and
antisense RNA levels were reduced by zinc sulfate and zinc acetate at both 100 uM and
200 wM concentrations at both time points (Fig. 2B). A replication-defective mutant of
the g-1 HEV genome, GAA HEV (24), was used in parallel to ensure the specificity of the
RT-PCR data, which did not produce any antisense RNA, as expected (Fig. 2B). An
immunofluorescence assay was performed using g-1 HEV-expressing Huh7 cells to
assess the effect of zinc salts on the level of viral ORF2 protein. Treatment with 100 uM
zinc sulfate and zinc acetate for 24 or 48 h, followed by immunofluorescence staining
using anti-ORF2 antibody, demonstrated a clear reduction in ORF2 signal without any
cytotoxic effect (evident from almost similar numbers of cells and normal nuclear
morphology in all the samples) (Fig. 2C). Quantification of the number of ORF2-positive
cells in 12 random fields revealed a significant reduction in ORF2 levels in cells treated
with zinc salts (Fig. 2D).

In the case of viral RNA analysis in the g-1 HEV-EGFP replicon and infectious g-1 HEV
and quantification of the ORF2 level in infectious g-1 HEV-expressing cells, it was
observed that the 24- and 48-h treatments with zinc salts had almost similar effects. To
evaluate whether replenishment of zinc salts at 24-h intervals would further enhance
the inhibitory effect, we measured viral sense and antisense RNA levels in g-1 HEV-
expressing cells treated once or twice (at a 24-h interval) with Zn acetate for 48 h.
Repeating the treatment at a 24-h interval further reduced the level of viral sense and
antisense RNA (Fig. 3A). An MTT assay of similarly treated cells revealed that two
treatments with Zn acetate did not cause cytotoxicity (Fig. 3B).

Zinc salts inhibit viral replication in HEV-infected cells. The effect of zinc salts on
HEV replication was further evaluated in a cell line-based infection model using a
naturally circulating g-1 HEV clinical isolate obtained from an acute HEV patient. Virus
was isolated from the fecal sample of the patient and concentrated by polyethylene
glycol (PEG) precipitation; the viral genotype was confirmed by sequencing, and
genome copy number was estimated by quantitative real-time PCR (gRT-PCR) (see
Materials and Methods). Initial infection studies were carried out in Huh7 and ORF4-
Huh7 cells to identify the optimal duration and the cell line that supports efficient
replication of the infected virus. Note that our earlier studies have demonstrated that
Huh7 cells constitutively expressing the ORF4 protein of g-1 HEV (ORF4-Huh7 cell line)
permit efficient replication of g-1 HEV (24). A total of 4 X 10> Huh7 or ORF4-Huh7 cells
were infected with 8 X 10 genome copies of the virus; this was followed by qRT-PCR-
mediated detection of viral sense and host glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) RNA levels at different days, up to 2 weeks. Viral RNA values were
normalized to the level of GAPDH to equalize the input RNA quantity. Maximum viral
RNA was detected between 12 and 14 days postinfection (Fig. 4). Between 8 and 14
days postinfection, ORF4-Huh7 cells harbored approximately 10-fold more viral RNA
than Huh7 cells, demonstrating that the former permit more efficient replication of the
virus (Fig. 4). Thus, ORF4-Huh?7 cells were used to evaluate the effect of zinc salts on the
replication of the naturally circulating g-1 HEV clinical isolate. Next, the possible
cytotoxicity levels of different zinc and magnesium salts on Huh7 and ORF4-Huh7 cells
were compared. On the 8th day postinfection, g-1 HEV clinical isolate-infected ORF4-
Huh7 cells were treated for 24 and 48 h with increasing concentrations of different salts.
None of the salts showed any cytotoxicity at the concentrations tested, indicating that
there was no gross difference between Huh7 and ORF4-Huh7 cells with respect to zinc
metabolism (Fig. 5A and B). gRT-PCR analysis of viral sense and antisense RNA levels in
ORF4-Huh?7 cells revealed a significant reduction in their levels in the presence of zinc
sulfate and zinc acetate, in agreement with the earlier data (Fig. 5C and D). Zinc
salt-mediated inhibition of viral replication in HEV-infected ORF4-Huh7 cells was also
demonstrated by measuring the number of viruses released to the culture medium of
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FIG 2 Inhibition of a g-3 HEV replicon and infectious g-1 HEV replication by zinc salts. (A) Measurement of Renilla luciferase
activity in Huh7 cells expressing in vitro-synthesized capped RNA of a P6 HEV-Luc replicon, treated for 48 h with different salts,
as indicated. Renilla luciferase values were normalized to the value of the cell viability assay and are represented as means +
SEM of triplicate samples. Mock treatment represents cells transfected with the transfection reagent only (without RNA). (B)
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FIG 3 Repeat treatment with zinc salts at 24-h intervals more effectively inhibits HEV replication. (A)
Huh7 cells were transfected with in vitro-synthesized capped genomic RNA of g-1 HEV. At day 6
posttransfection, cells were treated once (1X) or twice (2XX; treatment repeated at a 24-h interval) with
the indicated concentrations of different salts. At 24 and 48 h posttreatment, total RNA was isolated from
the cells, followed by qRT-PCR measurement of viral sense, antisense, and host GAPDH RNA levels.
GAPDH-normalized sense (s) and antisense (as) RNA levels are represented as means + SEM of triplicate
samples. (B) Simultaneously processed samples (described for panel A) were used to measure cell
viability by MTT assay. The value for the untreated (no salt) sample was considered to be 100%, and all
other values were calculated with reference to that. Values are means * SEM of triplicate samples.

the infected cells. Fecal HEV-infected ORF4-Huh7 cells were treated for 24 or 48 h with
different concentrations of zinc acetate on the 9th or 8th day postinfection, respec-
tively, followed by collection of the culture medium, precipitation of the virus particles
using PEG 6000, isolation of RNA, and quantification of viral genome copies. Zinc
acetate significantly reduced the amount of virus particles released from the infected
cells (based on genome copy number), further supporting its role in inhibiting HEV
replication (Fig. 5E). Mg acetate treatment for 48 h did not alter virus release under
similar conditions (Fig. 5E).

Zinc salts act by inhibiting the activity of HEV RNA-dependent RNA polymer-
ase. Zinc salts have been reported to inhibit viral entry as well as replication in a few
viruses. We tested the effect of zinc salts on the entry of g-1 HEV into ORF4-Huh7 cells.
A total of 4 X 10> ORF4-Huh7 cells were treated with different salts (100 uM final
concentration); 15 min later, they were infected with 8 X 10° genome copies of the
virus for 1 h, followed by washes to remove the unbound virus and measurement of the
intracellular level of viral sense RNA. Zinc or magnesium salts had no effect on
intracellular viral RNA levels, indicating that virus entry was not affected (Fig. 6A). In
order to ensure whether a 1-h infection was sufficient for virus entry into the cell and

FIG 2 Legend (Continued)

RT-PCR detection of HEV sense and antisense RNA levels in Huh7 cells expressing in vitro-synthesized capped genomic RNA
of g-1 HEV or its replication-defective mutant (GAA HEV) and treated with different salts, as indicated. Values were normalized
to the value of GAPDH and are represented as means = SEM of triplicate samples. Mock treatment represents cells transfected
with the transfection reagent only (without RNA). (C) Immunofluorescence detection of ORF2 (green) and nucleus (blue)
in Huh7 cells expressing in vitro-synthesized capped genomic RNA of g-1 HEV treated with different salts, as indicated.
Untransfected and no-salt cells represent Huh7 cells lacking the g-1 HEV genome and g-1 HEV genome-containing Huh7 cells
without any additional salt treatment, respectively. (D) Quantitation of ORF2-positive cells in 12 random fields of the
immunofluorescence slides represented in panel C. The percentage of green fluorescent cells with reference to blue

fluorescent cells (total nuclear staining) is shown. Values are means = SEM of two experiments.
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sense and GAPDH RNA levels. The ratios of HEV sense/GAPDH values are represented as means * SEM.

if the viral sense RNA measured by gRT-PCR was actually recovered from internalized
virus rather than virus attached to the extracellular surface, cells incubated in parallel
were processed for immunofluorescence assay to detect the intracellular ORF2 protein.
ORF2 was equally detected in all samples, irrespective of the presence or absence of
different salts, further suggesting that zinc salts had no effect on HEV entry (Fig. 6B).

To evaluate whether the observed inhibitory effect of zinc salts on HEV replication
might be an indirect outcome of the interference of the zinc salts with any cellular
process, ORF4-Huh7 cells were pretreated with different concentrations of Zn or Mg
acetate for 10 h, followed by a 1-h infection with fecal HEV and further incubation in
the maintenance medium in the presence of Zn or Mg acetate for 3 days (salt treatment
was repeated at 24-h intervals). On the fourth day postinfection, total RNA was isolated,
and the HEV sense RNA level was measured by gRT-PCR. As expected, the HEV sense
RNA level was significantly reduced in the zinc acetate-treated samples (Fig. 6C). Cell
viability of the samples was monitored by MTT assay in parallel, which ruled out any
cytotoxic effect of zinc acetate (Fig. 6D).

Next, an in vitro RNA-dependent RNA polymerase (RdRp) assay was performed to
evaluate the effect of zinc salts on HEV RdRp activity (24, 25). Flag affinity-purified RdRp
was incubated with the template RNA in the presence of different salts, followed by
chemiluminescent detection of the double-stranded RNA (dsRNA) product. Magnesium
sulfate or magnesium acetate at 10 uM had no effect on HEV RdRp activity whereas 10
1M zinc sulfate or zinc acetate completely inhibited its activity, indicating the specificity
of the inhibition exhibited by the zinc salts (Fig. 6E). Moreover, 0.1 uM zinc sulfate or
zinc acetate could significantly inhibit viral RdRp activity, further supporting the specific
effect of zinc sulfate and zinc acetate on HEV RdRp activity (Fig. 6F).

Effect of cotreatment with zinc salt and ribavirin on HEV replication. Ribavirin
treatment is known to inhibit HEV replication (26). We wondered whether cotreatment
of zinc and ribavirin would enhance or antagonize the inhibitory effect of either of
them. To demonstrate that, Huh7 cells expressing in vitro-synthesized capped genomic
RNA of a P6 HEV-Luc replicon were treated with 100 uM zinc sulfate along with 10 uM
or 50 uM ribavirin for 3 days (treatment repeated at 24-h intervals). Only ribavirin-
treated (10 and 50 wM) cells were maintained in parallel as controls. Note that in our
cell viability assay, 100 uM ribavirin showed some cytotoxicity, so it was not possible to
include it in the experiment. Analysis of normalized Renilla luciferase values revealed
that 100 uM Zn sulfate treatment displayed inhibition almost similar to that of 50 uM
ribavirin, and cotreatment of 100 uM Zn sulfate and 50 uM ribavirin marginally yet
significantly increased inhibition efficiency compared to that observed with 100 uM Zn
sulfate or 50 wM ribavirin treatment alone (Fig. 7).

DISCUSSION
The current study identifies the ability of zinc salts such as zinc sulfate and zinc
acetate to inhibit the replication of HEV. Employing both an in vitro-synthesized capped
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FIG 5 Zinc salts inhibit the replication of a g-1 HEV clinical isolate. (A) MTT assay-mediated estimation of
cell viability in Huh7 cells infected with a g-1 HEV clinical isolate and treated with different salts, as
indicated. The value for the untreated (no salt) sample was considered to be 100%, and all other values
were calculated with reference to that. Values are means = SEM of the triplicate samples. (B) MTT
assay-mediated estimation of cell viability in ORF4-Huh7 cells infected with a g-1 HEV clinical isolate treated
with different salts, as indicated. The value for the untreated (no salt) sample was considered to be 100%, and
all other values were calculated with reference to that. Values are means = SEM of the triplicate samples. (C)
gRT-PCR detection of the HEV sense-strand RNA level in ORF4-Huh7 cells infected with a g-1 HEV clinical isolate
treated with different salts, as indicated. On days 8 and 9 postinfection, 48- and 24-h treatments, respectively,
were started, and all samples were processed for RNA isolation on the 10th day. HEV sense RNA values were
normalized to the value for GAPDH and are represented as means = SEM of triplicate samples. (D) qRT-PCR
detection of the HEV antisense-strand RNA level in ORF4-Huh7 cells infected with a g-1 HEV clinical isolate
treated with different salts, as indicated. Treatment was done as described for panel B, and values were
normalized to the value of GAPDH and are represented as means = SEM of triplicate samples. (E) gRT-PCR
detection of the HEV sense-strand RNA level in HEV particles recovered from the medium of ORF4-Huh7 cells
infected with a g-1 HEV clinical isolate, followed by treatment with different salts, as indicated. Treatment was
done as described for panel B, and 10th-day medium from each plate was used for PEG precipitation. No
amplification was observed in samples treated with 100 uM Zn acetate (denoted by *).

genomic RNA-based replication model of g-1 and g-3 HEVs and an infection model
using a clinical isolate of g-1 HEV, our data clearly demonstrate that the inhibitory effect
of zinc salts on HEV replication is specific. These findings suggest the possibility of
evaluating the potential benefit of zinc in controlling HEV infection-associated health
problems in humans as well as in farm animals such as swine. Note that although cell
lines may not be ideal for evaluation of the therapeutic value of zinc salts, based on our
data from Huh7 and ORF4-Huh7 cells, the therapeutic index (ratio of 50% toxicity
concentration to 50% inhibitory concentration) of Zn sulfate and Zn acetate was found
to be approximately 45 and 50, respectively.
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FIG 6 Zinc salts act by inhibiting the activity of HEV RNA-dependent RNA polymerase. (A) qRT-PCR detection of the HEV sense
RNA level in ORF4-Huh7 cells infected for 1 h with a g-1 HEV clinical isolate. Cells were treated with the indicated salts at 15
min prior to the infection and maintained throughout the HEV infection period. HEV sense RNA values were normalized to
the value of GAPDH and are represented as means + SEM of triplicate samples. (B) Immunofluorescence detection of ORF2
(green) and nucleus (blue) in ORF4-Huh7 cells infected and treated with different zinc salts as described for panel A. (C)
ORF4-Huh7 cells were pretreated with the Mg acetate or Zn acetate for 10 h, followed by infection with a g-1 HEV clinical
isolate for 1 h. Infected cells were maintained in the presence of Mg acetate or Zn acetate for 3 days. On day 4, total RNA
was isolated from the cells, followed by qRT-PCR detection of HEV sense and host GAPDH RNA levels. HEV sense RNA values
were normalized to the level of GAPDH and are represented as means = SEM of triplicate samples. (D) MTT assay-mediated
cell viability estimation of aliquots of the samples described in panel C. The value for the untreated (no salt) sample was considered
to be 100%, and all other values were calculated with reference to that. Values are means = SEM of triplicate samples. (E) HEV RdRp
assay in the presence of different zinc and magnesium salts, as indicated. Different salts were added to the reaction mixture
containing RdRp protein and template RNA and maintained throughout the incubation period. Mock and RdRp (—NTPs) denote
reaction mixtures devoid of RdRp protein and nucleoside triphosphates (ATP, CTP, GTP, and UTP), respectively. (F) HEV RdRp assay
in the presence of increasing amounts of zinc salts, as indicated. Salt treatment was done as described for panel E.
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FIG 7 Cotreatment with Zn sulfate and ribavirin marginally increases the inhibitory effect of either of
them on HEV replication. Renilla luciferase activity was measured in Huh7 cells expressing in vitro-
synthesized capped RNA of the P6 HEV-Luc replicon, treated every day for 3 days with 100 uM Zn sulfate
and/or 10, 50 uM ribavirin, as indicated. Luciferase values were normalized to the value of the cell
viability assay (detected by MTT assay) and are represented as means = SEM of triplicate samples.

Zinc is an important micronutrient involved in many different cellular processes as
it is essential for the function of many cellular enzymes and transcription factors. It is
crucial for maintaining metabolic and immune homeostasis. Zinc deficiency affects
both innate and adaptive immune systems and induces oxidative stress in humans and
animals, which can be corrected by zinc supplementation (15, 27, 28). Zinc has been
reported to potentiate the antiviral action of human alpha interferon (IFN-a), alleviate
the symptoms of rhinovirus-induced colds, and increase the response rate of IFN-«
therapy in chronic hepatitis C cases, and topical zinc treatment has been used to
control HSV infection (18, 29-31). Although several reports have demonstrated the
inhibitory effect of zinc salts on viral replication, very few studies have identified the
underlying mechanism. In the case of rhinovirus, zinc is reported to block the binding
of virus to the host cell surface and inhibit the activity of viral protease and RdRp (32,
33). In the case of EAV and SARS-CoV, zinc inhibits the activity of viral RdRp in vitro
whereas in the case of RSV, zinc inhibits both viral penetration as well as replication (20,
22). Our results reveal that zinc inhibits HEV RdRp activity without affecting entry of the
virus. There might be a common mechanism underlying zinc-mediated inhibition of the
activity of HEV, EAV, and SARS-CoV RdRp. Analysis of the structure and activity of RdRp
of these three viruses should provide a better insight into the mechanism by which zinc
inhibits their function.

One of the limitations of zinc supplementation-mediated therapy is attributed to
the tight regulation of bioavailability of zinc by the host metabolic processes. The
liver is the primary organ involved in zinc metabolism, and zinc is present as both
rapidly mobilized and slowly mobilized forms in the liver. Glucocorticoids, insulin,
and glucagon hormones control zinc metabolism in the liver, which in turn influ-
ences the plasma zinc level (31). Normal plasma zinc concentration ranges between
10 and 20 uM, and approximately 10 to 20% of the ingested zinc is absorbed (34).
Therefore, ingestion of a high dose of zinc supplement may not proportionately
increase the bioavailability of zinc in all individuals. The net bioavailable quantity
of zinc will be dependent on the level of zinc available before the onset of zinc
supplementation. It is also important to note that a high level of zinc supplemen-
tation may lead to toxicity (35). In all our experiments involving measurement of
viral replication in cells, 10 uM zinc sulfate or zinc acetate had a moderate effect.
A minimum 100 wM concentration was required to achieve a ~75% inhibitory
effect. However, in vitro, 10 uM zinc salts was able to completely inhibit the activity
of viral RdRp. Therefore, the requirement of a high concentration of zinc salts in
cell-based assays might be linked to the status of zinc metabolism in Huh7 or
ORF4-Huh7 cells, which limits the net level of bioavailable zinc for acting on viral
RdRp. A similar situation might be prevailing in vivo in HEV-infected patients, which
may counter the therapeutic benefit of zinc supplementation. However, since a high
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incidence of HEV infection is generally observed among populations of economi-
cally weak or developing countries, which remain zinc deficient due to malnutrition
or other associated causes, zinc supplementation is likely to have a therapeutic
benefit in controlling HEV infection not only by inhibiting viral RdRp activity but
also by stimulating the overall immune response (36, 37).

While evaluating the effect of cotreatment of zinc salts and ribavirin on HEV
replication, we observed a moderate enhancement in inhibition when both zinc acetate
and ribavirin were added. This appears to be an interesting observation since such a
therapy might prove to be a better strategy to manage severe cases. Future studies
should provide conclusive evidence of the possible therapeutic value of zinc salts and
their cooperativity with ribavirin in controlling HEV infection-induced hepatitis.

MATERIALS AND METHODS

Plasmids, viral RNA, cell culture, transfection and salt treatment. The pSK-HEV2 (GenBank
accession no. AF444002.1) (g-1 HEV) and pSK P6-Luc (GenBank accession no. JQ679013.1) (g-3 HEV)
plasmids containing cDNA of g-1 HEV and the P6 HEV-Luc replicon were generously provided by S.
Emerson (38, 39). The sequences between nucleotides 6220 and 6970 (from the 5’ end of genome),
falling within the ORF2 region of pSK-HEV2, was replaced in frame by enhanced green fluorescent
protein (EGFP) sequence to generate the HEV-EGFP replicon. Nucleotides 3970 to 6251 (from the 5’ end
of genome) of g-1 HEV was PCR amplified using the primers 5'-CCACGCTCGTGGGCCGTTAT-3" (forward
primer [FP]) and 5’-TCTCAGTGCTAGCCGCTATCCCGCGGCC-3’ (reverse primer [RP]) and digested with Sfil
and Nhel. EGFP sequence was PCR amplified using the primers 5’-TCTCAGTGCTAGCGTGAGCAAGGGCG
AGGA-3’ (FP) and 5'-TCTCAGTGCTAGCACCTTGTACAGCTCGTCCATGC-3" (RP) and digested with Nhel.
pSK-HEV2 was digested with Sfil and Nhel; a 7-kb band was gel extracted and ligated with the digested
PCR products to generate pSK-HEV-EGFP. The clone was confirmed by sequencing. The replication-
defective mutant of HEV (GAA HEV) has been described previously (24). g-1 HEV, g-1 HEV-EGFP, and P6
HEV-Luc genomic RNAs were in vitro synthesized, as described previously (38); size and integrity were
monitored by formaldehyde agarose gel electrophoresis. Huh7 human hepatoma cells were originally
obtained from the laboratory of C. M. Rice (40). The ORF4-Huh7 cell line has been reported previously
(24). Cells were maintained in Dulbecco’s modified eagle medium (DMEM) containing 10% fetal calf
serum (FCS) and 50 IU/ml penicillin and streptomycin in 5% CO,. Hygromycin (200 ug/ml) was added to
ORF4-Huh? cells during routine maintenance (24). Cells were transfected using Lipofectamine 3000 (Life
Technologies, USA) for g-1 HEV and g-1 HEV-EGFP RNA or electroporated (Bio-Rad Gene Pulser Xcell;
Bio-Rad, USA) for P6 HEV-Luc RNA in a 4-mm cuvette at 200 V, 950 uF, and infinite resistance, according
to the manufacturer’s guidelines. Stock solutions of magnesium sulfate, magnesium acetate, zinc sulfate,
and zinc acetate (230391, M5661, 96495, and 379786, respectively; Sigma, USA) were prepared in water
and added to the cells at the final concentration mentioned in the text and shown in the figures on the
6th day of transfection; cells were maintained for 24 and 48 h (unless mentioned otherwise) before being
used for cell viability assays, RNA isolation, silver staining, or immunofluorescence assays. Ribavirin
(R9644; Sigma, USA) was prepared in dimethyl sulfoxide (DMSO) and added to the cells at the indicated
final concentrations. Every day, culture medium was changed, and fresh ribavirin and Zn sulfate were
added for 3 days.

Cell viability assay, luciferase assay, qRT-PCR, silver staining, immunofluorescence, and RdRp
assay. A cell viability assay was performed using a Cell Titer 96 Non-Radioactive Cell Proliferation Assay
(MTT) kit (Promega, USA) according to the manufacturer’s instructions. A luciferase assay was done as
described previously (24). Total RNA from cells was isolated using TRI reagent (MRC, USA), and RNA from
a PEG-precipitated virus suspension was isolated using a QlAamp viral RNA minikit (Qiagen, USA)
according to the manufacturer’s instructions. Reverse-transcription (RT) and quantitative real-time PCR
(QRT-PCR) were done as described previously (24). Briefly, to measure the HEV sense and host GAPDH
RNA levels, cDNA was synthesized using random hexamers, and to measure the HEV antisense RNA level,
an HEV antisense RT primer (5'-CGTGTCATGGTGGCGAATAAGCAGACCACATATGTGGTCGAT) was used.
Superscript lll (Thermo Fisher Scientific, USA) was used for cDNA synthesis. The following primers were
used for subsequent quantitative real-time PCR: HEV sense, 5'-GAACTACATATGTTGCGCGGACAGCAA (FP)
and 5'-AGACTGAATTCGGAGCAGCAGCAAATGAGG (RP); human GAPDH (hGAPDH), 5'-GAGTCAACGGATT
TGGTCGT (FP) and 5'-TTGATTTTGGAGGGATCTCG (RP); HEV antisense, 5'-GTGTCATGGTGGCGAATAAG
(FP) and 5'-AACGGTGGACCACATTAGGA (RP). Silver staining was done using a Pierce silver stain kit
(Thermo Fisher Scientific, USA). An immunofluorescence assay was done using rabbit polyclonal anti-
ORF2 antibody, as described previously (24). An RdRp assay was done as described previously (24) with
the modification that EDTA was removed from the assay buffer, and, in the case of salt-treated samples,
the indicated concentrations of salts (Fig. 6E and F) were added to the reaction mixture before addition
of RdRp protein.

Infection assays using a g-1 HEV clinical isolate. With informed consent, a fecal sample was
obtained from an acute HEV patient admitted to the Gastroenterology Department of the All India
Institute of Medical Sciences, New Delhi, India, according to institutional guidelines. The fecal sample was
suspended in 10% (wt/vol) phosphate-buffered saline (PBS) without calcium and magnesium and centrifuged
at 7,000 X g for 1 h at 4°C, and the supernatant was collected. The collected supernatant was passed through
a 0.2-um-pore-size filter. The viral suspension was concentrated by PEG precipitation for 16 h at 0°C using PEG
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6000 at a working concentration of 8% made in 0.4 M NaCl, according to a previously described protocol (41).
The precipitated virus-containing sample was centrifuged at 18,000 X g for 30 min at 4°C, followed by
resuspension of the pellet in PBS and buffer exchange to remove the PEG 6000. The final virus-containing
suspension was filtered through a 0.2-um-pore-size filter under sterile conditions and stored in aliquots
at —80°C. Total RNA was isolated from an aliquot of the filtered viral suspension, followed by cDNA
synthesis and RT-PCR using HEV-specific primers (FP, 5'-GATACTAAGCTTATCATGGTGCGCGGACAG-3'; RP,
5'-AGATCGAATTCGGAGCAGCAGCAAATGAGG-3'). The PCR product was purified and cloned into pJET 1.2
vector (CloneJET PCR cloning kit; Thermo Fisher Scientific, USA) according to the manufacturer’s
instructions, and two independent clones were sequenced to confirm their identity with the g-1 HEV
sequence. For estimating genome copy number of the viral suspension, known quantities of the pSK
HEV2 plasmid that contains the g-1 HEV genome were serially diluted and amplified by qRT-PCR to
generate a standard plot. cDNA from the viral suspension was amplified in parallel and quantified from
the standard curve. Genome copy number was estimated to be 4 X 107 copies/ml using the following
formula: number of copies = [ng X (number/mole)l/[bases X (ng/g)(g/mole of bases)].

For comparing the replication efficiency of the infectious virus in cell lines, 4 X 10> Huh7 or
ORF4-Huh7 cells were infected with 8 X 10° genome copies of the virus, according to a previously
reported protocol (42). After a 1-h infection, cells were washed three times in PBS and maintained for the
indicated periods (up to 2 weeks) (Fig. 4). For estimation of the viral sense RNA level in infected cells, total
RNA was isolated at different time points, followed by qRT-PCR analysis of HEV sense and GAPDH RNA
levels. HEV sense RNA values were normalized to the GAPDH level to equalize the input quantity. For
studies involving salt treatment, at 8 days postinfection, fresh medium (DMEM, 10% FCS, penicillin,
streptomycin) was added to the infected ORF4-Huh7 cells, followed by addition of different salts and
further incubation for 24 or 48 h. Simultaneously, processed cells were used for cell viability assays and
quantification of intracellular sense and antisense RNA levels.

For estimation of the amount of virus released into the culture medium, medium from the above-
mentioned salt-treated cells was collected on the 10th day postinfection and clarified by centrifugation
at 7,197 X g at 4°C for 15 min. Virus particles in the clarified medium were concentrated by precipitation
in 8% PEG 6000, as described above for the fecal virus. The precipitated samples were resuspended in
TRI reagent (MRC, USA), followed by isolation of RNA and measurement of the HEV sense RNA level by
gRT-PCR. Simultaneously, processed cells were used to measure cell viability.

For studies involving evaluation of the effect of different salts on HEV entry, ORF4-Huh7 cells were
infected with the virus suspension for 1 h as described above, followed by three washes of the cells with
PBS to remove the unbound virus and processing of the cells for RNA analysis and immunofluorescence
assay. Different salts were added to the culture medium at 15 min prior to addition of the virus and
maintained throughout the infection period.

For studies involving pretreatment of cells with zinc salt, ORF4-Huh7 cells were treated with different
concentrations of Zn acetate or Mg acetate for 10 h, followed by treatment with maintenance medium
containing the above salts and infection with fecal HEV. At 1 h postinfection, cells were washed in PBS
as described above, and fresh medium containing the above salts was added. Medium (with Zn and Mg
acetate) was changed at 24-h intervals, and cells were maintained for 3 days. On the 4th day, total RNA
was isolated from the cells, and the levels of HEV sense and GAPDH RNAs were estimated by qRT-PCR.

Statistics. Data are presented as means * standard errors of the means (SEM) of three independent
experiments unless indicated otherwise and were analyzed using GraphPad Prism and a Student t test.
A P value of <0.05 was considered significant.
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