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A B S T R A C T

Hepatitis E, which is caused by hepatitis E virus (HEV), is generally a self-limiting, acute, and rarely fatal disease.
It is sometimes fulminant and lethal, especially during pregnancy. Indeed, it occasionally takes a chronic course
in immunocompromised individuals. To cure hepatitis E patients, the broad-spectrum antivirals (ribavirin and
pegylated interferon α) are used. However, this treatment is insufficient and unsafe in some patients due to
embryoteratogenic effects, leukopenia, and thrombocytopenia. In this study, we constructed an HEV replication
reporter system with Gaussia luciferase for comprehensively screening anti-HEV drug candidates, and developed
a cell-culture system using cells robustly producing HEV to validate the efficacy of anti-HEV drug candidates. We
screened anti-HEV drug candidates from United States Food and Drug Administration-approved drugs using the
established HEV replication reporter system, and investigated the selected candidates and type III interferons
(interferon λ1-3) using the cell-culture system. In conclusion, we constructed an HEV replicon system for anti-
HEV drug screening and a novel cell-culture system to strictly evaluate the replication-inhibitory activities of the
obtained anti-HEV candidates. Our findings suggested that interferon λ1-3 might be effective for treating he-
patitis E.

1. Introduction

Hepatitis E, caused by hepatitis E virus (HEV), is generally self-
limiting and rarely fatal, with a lethality of 0.5%–3% in young adults;
however, this rate reaches 30% in pregnant women (Hoofnagle et al.,
2012; Nimgaonkar et al., 2018; Wang et al., 2016a, 2016b). HEV be-
longs to the Hepeviridae family, which can be divided into two genera:
Orthohepevirus and Piscihepevirus (Purdy et al., 2017). The genus Or-
thohepevirus includes four species (A–D). Orthohepevirus A species in-
cludes HEV strains of genotypes 1–8; only genotypes 1–4 and 7 HEVs
have far been recognized to infect humans (Purdy et al., 2017). Hepa-
titis E was believed to be a developing country-specific disease caused
by the infection of HEV through the fecal-oral route or from polluted
water. Recently, however, sporadic cases of hepatitis E have also been
observed in industrialized countries as zoonotic food-borne, transfu-
sion-associated, or organ transplantation disease (Emerson and Purcell,
2013; Meng, 2013)

HEV has an approximately 7.2-kilobase (kb) single-stranded, posi-
tive-sense RNA genome. This viral genome contains three open reading
frames (ORFs). Each of them encodes a nonstructural polyprotein,
ORF1; a capsid protein, ORF2; and a multifunctional protein, ORF3
(Holla et al., 2013; Tam et al., 1991). Among them, the ORF2 and ORF3
proteins are both translated from a bicistronic approximately 2.2-kb
subgenomic RNA (Graff et al., 2006). HEV is secreted into the culture
media and circulating blood as enveloped viruses with the host-derived
lipid coat but is shed into feces in a non-enveloped form (Okamoto,
2013). Hence, it was declared to be a quasi-enveloped virus (Yin et al.,
2016).

At present, ribavirin (RBV) and pegylated interferon α (PEG-IFN)
are administrated to treat hepatitis E (Kamar et al., 2014; Nimgaonkar
et al., 2018; Wang et al., 2016a, 2016b). RBV, a purine nucleoside
analogue, displays broad-spectrum antiviral activity against several
DNA and RNA viruses (Crotty et al., 2000). Interferons (IFNs) are cy-
tokines released by host cells in response to pathogens and are classified
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into three types (Type I-III) (de Weerd and Nguyen, 2012). In hepatitis
E patients, monotherapy with RBV or PEG-IFN achieves a sustained
virological response (SVR) in many cases (Kamar et al., 2014;
Nimgaonkar et al., 2018; Todt et al., 2016b). However, this therapy is
associated with major side effects, such as leukopenia, thrombocyto-
penia, risk of organ rejection, and the occasional emergence of RBV-
resistant HEV species (Nimgaonkar et al., 2018; Okanoue et al., 1996;
Todt et al., 2016b). RBV and PEG-IFN belong to United States Food and
Drug Administration (US FDA) categories X and C, respectively. Al-
though HEV infection leads to more fulminant hepatitis in pregnant
women, these drugs are not recommended to be given to pregnant
women unless substantial benefit can be assured, given the above-
mentioned side effects (Spera et al., 2016).

Recently, van der Valk et al. (2017) reported that sofosbuvir (SOF),
an oral uridine nucleotide analogue for the treatment of hepatitis C,
showed antiviral activity for chronic hepatitis E in combination with
RBV. SOF exerts no embryotoxicity in animal studies (nota bene: no
controlled data on its effects during human pregnancy are available)
and belongs to US FDA category B (Cada et al., 2014; Spera et al.,
2016). However, another report indicated that SOF without RBV was
not effective for treating chronic hepatitis E (Donnelly et al., 2017).
This finding reflects the low anti-HEV activity of SOF (IC50= 1.2 μM)
compared with its activity against hepatitis C virus (HCV; about 10-fold
lower than that of anti-HEV) (Dao Thi et al., 2016; Sofia et al., 2010).
These studies suggest that the dose of SOF (400mg/day) is not suffi-
cient to clear HEV. Thus, more effective and safer anti-HEV drugs as
alternatives to RBV, PEG-IFN, and SOF are required.

The HEV genome itself has been shown to stimulate the response of
type III IFN (especially, IFN-λ1-3) both in in vitro and in vivo (Wang
et al., 2017b; Wu et al., 2018; Yin et al., 2017). It has recently been
suggested that IFN-λ1 and IFN-λ3 inhibit the replication of HEV
(Shukla et al., 2012; Todt et al., 2016a; Yin et al., 2017). IFN-λ1-3 are
also known as interleukin (IL)-29, IL-28A, IL-28B, respectively
(Hemann et al., 2017; Zanoni et al., 2017).

Gaussia luciferase (GLuc) is a 19.9-kDa secretary luciferase that
generates a high signal intensity compared with firefly and Renilla lu-
ciferase (over 2000-fold) and secreted alkaline phosphatase (over
20,000-fold) (Badr et al., 2007; Tannous et al., 2005). GLuc is widely
used in high-throughput screening (HTS) assays, including viral re-
plication monitoring systems, such as HBV and HCV (Harada et al.,
2017; Hu et al., 2014; Nishitsuji et al., 2015). In addition, GLuc was
reported as an effective reporter protein for monitoring the replications
of several HEV strains (Debing et al., 2014, 2016; Qu et al., 2017; Wang
et al., 2017a). HEV replication reporter systems using GLuc are pow-
erful tools for identifying anti-HEV replication candidates. However,
because replication is only an event that occurs during the virus life-
cycle, we need to confirm the effectiveness of the obtained candidates
in a time-course analysis of HEV growth in living cells.

In this study, we constructed an HEV replication reporter construct
using GLuc based on the genotype 3 HEV (JE03-1760F) (Tanaka et al.,
2007) and PLC/PRF/5 cells, which supported more efficient propaga-
tion of HEV than other hepatoma cells (Tanaka et al., 2007). In addi-
tion, we developed a cell-culture system using cells robustly producing
HEV for validating the replication-inhibitory activity of selected anti-
HEV drugs. We screened the 767 FDA-approved compounds and IFN-
λ1-3 with the GLuc reporter construct. We also confirmed the effects of
the candidates in the newly developed validating system.

2. Materials and methods

2.1. Compounds

The Screen-Well® FDA approved drug library V2 (BML-2843J-0100,
Japanese version) was purchased from Enzo Life Sciences, Inc.
(Farmingdale, NY, USA). RBV (188-02333; Wako Pure Chemical
Industries, Ltd., Osaka, Japan), mycophenolic acid (MPA, M2216;

Tokyo Chemical Industry Co. Ltd., Tokyo, Japan), SOF (HY-15005;
MedChemexpress Co., Ltd., Monmouth Junction, NJ, USA), INF-α2b
(HZ-1072; HumanZyme, Inc., Chicago, IL, USA), lomibuvir (LMV, HY-
75800; MedChemexpress), ciprofloxacin hydrochloride monohydrate
(CPFX, C2227; Tokyo Chemical Industry), IFN-λ1 (IL-29, HZ-1156;
HumanZyme), IFN-λ2 (IL-28A, HZ-1235; HumanZyme), and IFN-λ3
(IL-28B, HZ-1245; HumanZyme) were purchased from the sources in-
dicated.

2.2. pJE03-1760F/P10-GLuc and pJE03-1760F/P10/GAA-GLuc plasmid
construction

Previously, we reported the generation of the cloned genotype 3
HEV strain (pJE03-1760F/P10) after 10 passages of the wild-type strain
pJE03-1760F/wt (Nagashima et al., 2016). pJE03-1760F/P10 (DDBJ/
EMBL/GenBank accession no. LC126332) exhibits enhanced HEV pro-
duction compared with pJE03-1760F/wt. This cell culture-adapted
strain was deemed suitable for a reporter assay to screen anti-HEV re-
plication drugs because of its robust production of HEV.

To construct pJE03-1760F/P10-GLuc, the orf3 and orf2 genes of
pJE03-1760F/P10 were disrupted and replaced with GLuc. In detail,
the first ATG of the orf3 gene was replaced with GCA, and the 585-base
pair (bp) fragment from the first ATG of the orf2 gene was replaced with
the C-terminal FLAG (DYKDDDDK)-tagged GLuc gene with an extra
stop codon (585 bp) inserted. The PshAI (R0593; New England Biolabs,
Inc., Ipswich, MA, USA)-digested pJE03-1760F/P10 plasmid DNA and
the polymerase chain reaction (PCR)-amplified DNA fragments with
specific primers (5′-CAACTGGAGAGACCATCGTCCACGGTAAGGTCG-3′
and 5′-TGATCCTGCGGGCGATGCACAAAACATGTTATTC-3′ using the
pJE03-1760F/P10 plasmid as a template, 5′-TCGCCCGCAGGATCACC
ATGGGAGTCAAAGTTCTG-3′ and 5′-TGTCATCGTCGTCCTTGTAGTCG
TCACCACCGGCC-3′ using the pcDNA3-GLuc plasmid (NanoLight
Technologies, Prolume, Ltd., Pinetop, AZ, USA) as a template, and
5′-AGGACGACGATGACAAGTAATGACCGCTGGTGCCGAATGC-3′ and
5′-GTAGTGAGGGGACGGCCGTCCAGAGTAACTTTAG-3′ using the
pJE03-1760F/P10 plasmid as a template) were fused using an In-Fusion
HD cloning kit (Z9633 N; TaKaRa Bio Inc., Shiga, Japan). As a re-
plication-defective (negative) control of JE03-1760F/P10-GLuc, JE03-
1760F/P10/GAA-GLuc was constructed. The 4,681GATGAT4,786 of
JE03-1760F/P10-GLuc was replaced with GCCGCC (as an amino acid
sequence; 1560GDD1562 to GAA). The PshAI-digested pJE03-1760F/
P10-GLuc plasmid DNA and the PCR-amplified DNA fragments using
specific primers (5′-CAACTGGAGAGACCATCGTCCACGGTAAGGTCG-3′
and 5′-AAGGGTGCCGCCTCGGTGGTCCTCTGTAGTG-3′, and 5′-CGAG
GCGGCACCCTTAAAGGCGGCAACCC-3′ and 5′-GTAGTGAGGGGACGG
CCGTCCAGAGTAACTTTAG-3′ using the pJE03-1760F/P10-GLuc
plasmid as a template) were fused using the In-Fusion HD cloning kit.

2.3. In vitro transcription and capping

pJE03-1760F/P10-GLuc and pJE03-1760F/P10/GAA-GLuc plasmid
DNAs were linearized by BamHI-HF (R0136; New England Biolabs)
digestion. 1760F/P10-GLuc and 1760F/P10/GAA-GLuc RNAs were
transcribed from the linearized pJE03-1760F/P10-GLuc and pJE03-
1760F/P10/GAA-GLuc plasmid DNA with an AmpriScribe™ T7-Flash™

Transcription Kit (ASF3507; epicentre/Illumina, Inc., San Diego, CA,
USA), respectively, according to the manufacturer’s protocol. The syn-
thesized RNA was purified by standard phenol-chloroform extraction
and ethanol precipitation and then capped with a ScriptCap™m7G
capping System (C-SCCE0625; CELLSCRIPT, Madison, WI, USA) ac-
cording to the manufacturer’s protocol. The capped RNA was purified
by standard phenol-chloroform extraction and ethanol precipitation.

2.4. Cell culture and RNA transfection

PLC/PRF/5 cells (ATCC No. CRL-8024; American Type Culture
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Collection, Manassas, VA. USA) were grown in Dulbecco’s modified
Eagle’s medium (DMEM, 12800-058; Gibco/Thermo Fisher Scientific
Inc., Waltham, MA, USA) supplemented with 10% (v/v) heat-in-
activated fetal bovine serum (FBS, 10270; Gibco/Thermo Fisher
Scientific), 100 U/mL of penicillin, 100 μg/ml of streptomycin, and
2.5 μg/ml of amphotericin B (growth medium) at 37 °C in a humid at-
mosphere saturated with 5% CO2 (Tanaka et al., 2007). To assess the
replication of 1760F/P10-GLuc, 2.0× 103 cells were seeded onto a 96-
well plate (BioLite 96 Well Multidish, 130188; Thermo Fisher Scien-
tific). The next day, 40 ng (for drug screening) and 50 ng (for other
assays)/well of capped RNA were transfected with a TransIT-mRNA
Transfection Kit (MIR2225; Mirus Bio LLC., Madison, WI, USA) ac-
cording to the manufacturer’s protocol.

2.5. Measurement of Gaussia luciferase activity

Four-microliter culture supernatants were diluted with 36 μL of
growth medium in a 96-well microplate (Berthold Technologies, Bad
Wildbad, Germany). An equal volume (40 μL) of 2.5 μg/ml coelenter-
azine (CZ-250; JNC Corporation, Tokyo, Japan) containing reaction
buffer (10mM EDTA, 0.01% Tween20 in PBS) was added to the well,
and the luminescence kinetics was measured with a TriStar2 LB942
multimode plate reader (Berthold Technologies). The measured values
for the initial luminescence intensity (Imax), represented as relative lu-
minescence units (RLU), were converted to the relative GLuc expression
with the standard curve. The obtained values were normalized with
that of vehicle control.

2.6. Measurement of cell viability

Cell viabilities were measured using a Cell Counting Kit-8 (WST-8,
341-07761; Dojindo Laboratories, Kumamoto, Japan) with iMark mi-
croplate reader (Bio-Rad Laboratories, Richmond, CA, USA) according
to the manufacturer’s protocol. In brief, the cells were pulsed with
10 μL/well of WST-8 solution for 50min at 37 °C. The absorbance at
450 nm (reference wavelength: at 620 nm) of the reduced WST-8 was
measured. The obtained values were normalized with that of vehicle
control.

2.7. HEV inoculation and drug assessments

Drug assessments were performed with two different HEV inocula-
tion methods.

In one method, cells producing no virus (naïve; PLC/PRF/5 cells)
were seeded at 1.0× 105 cells/well onto a 24-well plate. The next day,
the cells were washed with PBS and inoculated with culture super-
natants containing a cell culture-adapted genotype 3 JE03-1760F strain
(passage 26; 1.0× 105 copies/well) (Lorenzo et al., 2008) in 200 μl of
plain DMEM. After 4 h, the inoculum was discarded, and the cells were
grown in fresh growth medium for 1 day at 37 °C. The cells were rinsed
with PBS five times to completely wash out the remaining HEV and
then grown in growth medium supplemented with an appropriate
concentration of the compounds. Half of the culture medium was ex-
changed for fresh medium every other day.

In the other method, virus-producing cells (infected-PLC/PRF/5
cells [with a plateau-titer of HEV production] at 1.5× 103 cells/well)
and naïve ones (as in the HEV spreading model; naïve PLC/PRF/5 cells
at 3.0× 105 cells/well) were mixed and seeded onto a 24-well plate
(BioLite 24 Well Multidish, 930186, Thermo Fisher Scientific). Two
days later, the cells were rinsed with PBS twice, and then the culture
medium was exchanged for fresh medium supplemented with appro-
priated concentrations of the compounds. Half of the culture medium
was collected and exchanged for fresh medium every other day. The
collected culture medium was subjected to reverse transcription-quan-
titative PCR (RT-qPCR).

2.8. Quantitation of HEV RNA and housekeeping gene

After treatment of culture supernatant with ribonuclease A (Qiagen)
at 37 °C for 40min, particle-associated viral RNA was purified using
TRIzol-LS Reagent (Thermo Fisher Scientific) according to the manu-
facturer’s protocol and quantified by RT-qPCR with a 7900 H T Fast
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). For
quantitation of HEV RNA, we used a QuantiTect Probe RT-PCR Kit
(Qiagen, Hilden, Germany) and specific primer and TaqMan probe set
targeting the ORF2 and ORF3 overlapping region, as described pre-
viously (Takahashi et al., 2008). For quantitation of a housekeeping
gene, TATA-box binding protein (TBP), cellular mRNA was extracted
from cell lysates with TRIzol-LS Reagent (Thermo Fisher Scientific) and
specific primers, 5′-GCAGCTGCAAAATATTGTATCCAC-3′ and 5′-AACC
GCTTGGGATTATATTCGG-3′ and QuantiNova SYBR Green RT-PCR Kit
(Qiagen) were used according to the manufacturer’s protocol.

2.9. Immunofluorescence

3.0 × 105 cells/well of naïve PLC/PRF/5 cells and 1.5×103 cells/
well of infected-PLC/PRF/5 cells (with a plateau-titer of HEV produc-
tion) were seeded on type I-C collagen (631-01011; Nitta Gelatin Inc.,
Osaka, Japan.) coated coverslip in 24 well plate. 1, 2, 4, 8, and 12 days
after, cells were rinsed with PBS and fixed with 4% paraformaldehyde
/PBS (paraformaldehyde; TAAB Laboratory Equipment Ltd., Reading,
UK). Then cells were permeabilized with 0.2% NP-40/PBS (NP-40, N-
6507; SIGMA) and rinsed with PBS. After that, cells were blocked with
2% BSA/PBS (BSA, A4503; SIGMA) following react with 1st antibody,
mouse monoclonal antibody (Mab) against HEV ORF2 protein (H6225)
(Takahashi et al., 2008), then Alexa 488 labeled 2nd antibody (Life
Technologies, Carlsbad, CA) each for 1 h. The stained coverslips were
mounted with ProLong Gold mounting medium (Life Technologies).

2.10. Statistics

All values are expressed as mean ± standard deviation (SD). The
significance of differences was assessed by one-way analysis of variance
(ANOVA), with differences among groups assessed by Tukey-Kramer
post-hoc analysis. Probabilities less than 5% (*P < 0.05), 1%
(**P < 0.01) or 0.1% (***P < 0.001) were considered to be statisti-
cally significant.

3. Results

3.1. Construction of HEV replicon expressing GLuc

We constructed an HEV replicon based on pJE03-1760F/P10 to
express the replication reporter protein GLuc (named to pJE03-1760F/
P10-GLuc). This construct disrupted the expression of the capsid protein
ORF2 and the multifunctional ORF2-overlapping protein ORF3
(Fig. 1A). In addition, we also constructed the mutant form of pJE03-
1760F/P10-GLuc as a replication-deficient (negative) control (pJE03-
1760F/P10/GAA-GLuc). pJE03-1760F/P10/GAA-GLuc expresses the
functionally disrupted RNA-dependent-RNA polymerase. To confirm
the GLuc expression from these synthesized modified HEV genomic
RNAs (1760F/P10-GLuc from pJE03-1760F/P10-GLuc, 1760F/P10/
GAA-GLuc from pJE03-1760F/P10/GAA-GLuc), we transfected the
synthesized 5′-capped RNA as a replicon to PLC/PRF/5 cells. The GLuc
activity in the culture supernatant of the 1760F/P10-GLuc-transfected
cells plateaued at six days post-transfection but was not detected in the
culture supernatant of the 1760F/P10/GAA-GLuc transfected cells
(Fig. 1B). We therefore validated the efficient GLuc expression by the
HEV replication reporter construct.
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Fig. 1. Construction of the HEV replicon with the specific expression of Gaussia luciferase and optimization of the experimental condition to monitor the replication.
(A) A schematic illustration of the Gaussia luciferase (GLuc)-expressing HEV replicon (1760F/P10-GLuc). The ORF3 protein expression was abolished by mutating its
first ATG to GCA. The 5′-terminal 585 bp from the first ATG of the orf2 gene was replaced with the FLAG-tagged GLuc containing two consecutive STOP codons. (B)
The GLuc expression of the construct 1760F/P10-GLuc and its replication defective control 1760F/P10/GAA-GLuc. PLC/PRF/5 cells were transfected with the
indicated capped RNAs (100 ng/well, 96-well format) synthesized from the constructs (n=3). (C) The optimization of the culture temperature (34, 35.5, and 37 °C)
and the RNA amount (50, 100, and 150 ng/well) for transfection in PLC/PRF/5 cells (n= 3). The relative GLuc expression was normalized with the mean at 6 days
post-transfection at 35.5 °C. Error bars represent the mean ± SD. (D–G) The optimizations of the DMSO concentration and minute amounts of RNA for transfection in
PLC/PRF/5 cells. (D) Experimental time-course. (E) The cell activity at three days post-transfection was measured using WST-8 substrate. (F, G) The GLuc activity
was measured at 2 (F) and 3 (G) days post-transfection (dpt). The asterisks in (E)-(G) indicate the standard (50 ng/well RNA, 0% DMSO) in each of the panels.
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3.2. Optimization of the capped 1760F/P10-GLuc RNA replication
condition

Screening for anti-HEV replication drugs showing greater efficacy
than RBV or PEG-IFN will require the optimization of the monitoring
system to exhibit rapid expression of the GLuc from the 1760F/P10-
GLuc HEV replicon. To determine the most suitable transfection and
culture conditions for the GLuc expression from the replicon, we opti-
mized the amount of capped 1760F/P10-GLuc RNA and the culture
temperature. For this replicon, 50 ng/well (96-well format) and 37 °C
resulted in the most efficient luciferase activity (Fig. 1C). We further
optimized the concentration of dimethylsulfoxide (DMSO), one of the
most widely used vehicles of chemical compounds, and the minute
amount of capped 1760F/P10-GLuc RNA for 2 and 3 days, as indicated
in Fig. 1D. As a result, we found that 1.0% DMSO was suitable for as-
sessing the cell activity (Fig. 1E). Indeed, 40 and 50 ng/well of the
capped 1760F/P10-GLuc RNA resulted in the highest levels of GLuc
expressions (Fig. 1F and G). We then calculated the Z'-factor, which is
widely used to evaluate the quality of HTS, with 40 and 50 ng/well of
1760F/P10-GLuc RNA. The Z'-factor is a statistical parameter and
should be between 0.5–1.0 for screening. In our screening systems with
40 and 50 ng/well of the capped 1760F/P10-GLuc RNA, the Z'-factor
values were 0.910 and 0.886, respectively. On the other hand, the
Relative GLuc expression was higher with 50 ng of RNA (1.11 times
higher on day 2) than 40 ng of RNA. We therefore employed 40 ng/well
of RNA and 1.0% DMSO at 37 °C for 2 days for the drug screening assay
and 50 ng/well of RNA and 1.0% DMSO at 37 °C for the other assays.

3.3. Known anti-HEV drugs suppress the GLuc expression on 1760F/P10-
GLuc reporter construct

We next confirmed whether or not the known anti-HEV drugs sup-
press GLuc expression from 1760F/P10-GLuc RNA transfected cells. We
investigated the following drugs: RBV, MPA, SOF, and IFN-α2b.
Lomibuvir (LMV, also known as VX-222 and VCH-222), a non-nucleo-
side HCV NS5B polymerase inhibitor (Yi et al., 2012), was admini-
strated as a negative control. These drugs, except for LMV, sufficiently
suppressed the expression of GLuc in a concentration-dependent
manner in this reporter system. RBV and MPA at high concentrations
were slightly toxic in the GLuc expressing cells (Fig. 2). On SOF, there
are conflicting results including ours. Wang et al. (2016a, 2016b) de-
monstrated that SOF could not suppress HEV replication using Sar-55
based genotype 1 and KernowC1/p6 based genotype 3 replicon assay.
However, Dao Thi et al. (2016) also showed poor sensitivity of SOF on
Sar-55 based genotype 1 replicon assay but not on KernowC1/p6 based
genotype 3 replicon assay. In our study, JE03-1760F (genotype3) based
replicon was sensitive for SOF (Fig. 2). These data indicate that our new
HEV replication reporter system with GLuc is indeed effective for as-
sessing the anti-HEV drug activity.

3.4. HTS of anti-HEV replication drugs

To identify anti-HEV replication drugs, we screened a library of 767
FDA-approved compounds using this HEV replication reporter system.
Abravanel et al. (2015) recently reported that the plasma concentration
of RBV was 1.05–6.2 μg/mL (4.28–25 μM) in chronic hepatitis E pa-
tients given 200–800mg of RBV daily, resulting in an SVR. However, in
our study, 2 μg/ml (8.2 μM) of RBV exhibited less HEV replication in-
hibitory activity (Fig. 2). Similarly, although the plasma concentration
of RBV is estimated to range from 2.5 to 4.9 μg/mL (10–20 μM) in
treated chronic hepatitis C patients (Slavenburg et al., 2011), the anti-
HCV effect of RBV was insufficient under 100 μM in an in vitro study
(Galli et al., 2018).

We screened these compounds at concentrations of 100, 20, and 10
μM. We administrated these compounds 5 h after transfection of the
1760F/P10-GLuc replicon (Fig. 3A). After two days, we measured GLuc

activity and cell viability. First, the compounds were tested at the final
concentration of 100 μM (Fig. 3B). Next, the compounds that were
highly cytotoxic at 100 μM were retested at concentrations of 20 μM
(212 compounds) or 10 μM (237 compounds) (Fig. 3B). A total of 55
compounds containing RBV and MPA, as indicated in the boxed lines in
Fig. 3B, inhibited HEV replication. In detail, we chose the compounds;
at 100 μM concentration, compound which exhibited less than 10% of
GLuc expression and 40–50% of cell activity, and less than 35% of GLuc
expression and 50–70% of cell activity, and less than 50% GLuc ex-
pression and more than 70% of cell activity to the control. At 20 and
10 μM concentrations, compounds, which exhibited less than 35% GLuc
expression and 50–70% of cell activity and less than 50% of GLuc ex-
pression and more than 70% cell activity.

3.5. Ciprofloxacin and IFN-λ1-3 inhibit HEV replication

Some of the 55 identified compounds exhibit severe side effects or
non-oral and/or -intravenous administration, e.g. anti-cancer agent,
corticosteroids (airway administration), and so on, and each of them
have suitable concentration to be administered to human body.
Therefore, we omitted the hit compounds screened at higher con-
centrations than those suitable for administration to human body and
narrowed the compounds down to the 20 with mild side effects
(Supplementary Table S1). We confirmed the inhibitory activity against
HEV replication of these 20 compounds with the 1760F/P10-GLuc re-
plicon. Our findings showed that a high concentration of ciprofloxacin
(CPFX) inhibited HEV replication and displayed the weak toxicity
(Fig. 4), while the other compounds did not exhibit sufficient inhibitory
activity (data not shown). In addition to the compounds, we also tested
whether or not IFN-λ1-3 inhibit HEV replication. All three exerted si-
milar degrees of HEV replication inhibitory activity. Thus, these data
suggest that CPFX and all three type III IFNs (IFN-λ1-3) inhibit HEV
growth.

3.6. Ciprofloxacin suppresses HEV growth in culture cells

Next, we tested the inhibitory effect of CPFX on the HEV growth in
cultured cells. CPFX and RBV (as a positive control) were administrated
the day after inoculation of the cell culture-adapted HEV to the PLC/
PRF/5 cells. RBV exerted dose-dependent inhibition of HEV growth
(Fig. 5A). However, while 40 μg/ml (160 μM) of RBV completely in-
hibited the HEV growth, a low dose of RBV (< 20 μg/mL) showed in-
sufficient inhibition (Fig. 5A). Indeed, the HEV copy number with
20 μg/ml (80 μM) of RBV plateaued at a lower titer (nearly 5× 104

copies/ml) than with ≤10 μg/ml (≥1.0× 108 copies/mL) (Fig. 5A).
Similarly, 80 μg/ml (220 μM) of CPFX weakly suppressed the HEV
growth in PLC/PRF/5 cells and did not inhibit the viral growth at lower
doses (Fig. 5B). HEV expressing cells treated with RBV and those
treated with CPFX displayed no significant differences in the TATA-box
binding protein (TBP) mRNA expression, unlike the GLuc replicon
transfected cells (Fig. 5A,B). These findings indicate that CPFX can in-
hibit HEV growth in cell culture, but its effect is insufficient compared
to RBV.

3.7. Development of an efficient anti-HEV drug assessment system with
culture cells

To further assess the inhibitory activity of anti-HEV drug candidates
in cultured cells, we developed a new drug assay model of the in vitro
spread of HEV. We co-seeded naïve PLC/PRF/5 cells and HEV-infected
cells two days before drug administration. As indicated in Fig. 5, HEV
growth was suppressed by 40 μg/ml (160 μM) of RBV but not by con-
centrations of ≤20 μg/ml (80 μM). In Fig. 6, however, the same con-
centration of RBV failed to suppress HEV production in the cells ex-
pressing HEV robustly. In the situation, RBV displayed no significant
toxicity in the cell activity test (WST-8 assay) (Supplementary Fig. S1).
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In addition, immunofluorescence analysis at day 12, detecting HEV
ORF2 protein, confirmed the inhibitory effect of RBV (Fig. 6C). These
results indicate that this assay system is suitable for strictly confirming
the anti-HEV activity of compounds.

3.8. IFN-λ1-3 reduce HEV RNA released from HEV infected PLC/PRF/5
cells

Next, with this new system, we evaluated the anti-HEV ability of
CPFX and IFN-λ1-3. CPFX at 80 μg/ml (220 μM) failed to suppress HEV
growth, similar to RBV at ≤20 μg/ml (80 μM) (data not shown). All
three types of type III IFNs (IFN-λ1-3) suppressed HEV growth with
dose dependency (Fig. 6), and the inhibitory effects persisted for at least
28 days. Under the situations, the cell activity tested with WST-8 was
upregulated at high concentrations of IFN-λ1-3 (Supplementary Fig.
S1). Moreover, the HEV ORF2 protein expressions decreased markedly
in IFN-λ1-3 treated cells in the immunofluorescence analysis at day 12
(Fig. 6C). These results indicate that IFN-λ1-3 sufficiently inhibited
HEV growth in culture cells, similar to RBV.

4. Discussion

In this study, we developed an HEV replication reporter construct
using GLuc with genotype 3 HEV (JE03-1760F strain) and screened 767
compounds to obtain anti-HEV replication drugs using PLC/PRF/5
cells. We obtained 55 drug candidates containing RBV and MPA, which
are known to be effective anti-HEV compounds (Nimgaonkar et al.,
2018; Wang et al., 2014). We narrowed the 55 candidates down to 20
ones judging from their doses and side effects in clinical use. These 20
candidates were assessed in detail using this reporter construct. Al-
though CPFX exhibited HEV replication inhibitory activity in the re-
porter system, it did not sufficiently inhibit HEV growth in the in vitro
culture system using PLC/PRF/5 cells robustly producing HEV. The
present study indicated that, although our HEV replication reporter
system using replicon with GLuc is suitable for the comprehensive
screening of many candidate compounds, our cell culture system using
HEV-infected cells robustly producing progeny viruses is more suitable
for strictly evaluating the anti-HEV inhibitory activity.

Replication reporter systems have some advantages for monitoring
the replication of the replicon of the virus in interest: it is a very simple
and easy method of obtaining anti-viral drugs. However, this approach
is associated with a major point of concern: the obtained drugs may

Fig. 2. The effectiveness of the system for monitoring HEV replication. The known compounds and interferon that inhibit HEV replication were tested with this
system to evaluate the inhibitory efficiencies of HEV replication. The luciferase activities were measured at 48 and 72 h post-transfection and converted to the
relative expression. The cell activities were measured at 72 h post-transfection using WST-8 substrate. Both the relative GLuc expression and the cell activities were
normalized with vehicle control. Lomibuvir was used as a negative control (n= 3). Error bars represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
by ANOVA with Tukey–Kramer test.
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exhibit inhibitory effects only in this setting, with their effects not being
sufficient to inhibit actual viral growth. We therefore need to confirm
the obtained compounds using a replication reporter in an in vitro viral
growth assay. For instance, as described in Fig. 6, 20 ng/ml of IFN-λ1-3
exerted inhibitory effects on HEV growth until 16–20 days post-drug
treatment but not thereafter. We therefore must confirm the inhibitory
effects of the drugs identified using our in vitro virus culture system over

a long time-course.
Clinically, although hepatitis E is mostly an acute self-limiting dis-

ease, it can progress to fulminant hepatitis, and pregnant women are
particularly susceptible (Hoofnagle et al., 2012; Nimgaonkar et al.,
2018). Immunocompromised individuals infected with HEV are also at
risk of developing chronic hepatitis E (Kamar et al., 2014; Nimgaonkar
et al., 2018). In such cases, RBV and PEG-IFN sometimes fail to clear the

Fig. 3. Anti-HEV replication drug screening. Screening of 767 compounds using the developed replication reporter system. (A) A schematic illustration of the time-
course of the assay. The capped 1760F/P10-GLuc RNA was transfected to PLC/PRF/5 cells for 5 h. After two days’ exposure of compounds, the luciferase activities in
the culture supernatants and the cell activities (WST-8 assay) were measured. (B) The relative GLuc expression (Y-axis) and the cell activity (X-axis), which were
normalized to a DMSO (vehicle) control, were plotted (100 μM, 767 compounds; 20 μM, 212 compounds; 10 μM, 237 compounds). The boxed lines indicate the
compounds to be assessed in further investigations. The hit compounds were colored in cyan. CPFX and RBV were marked in green and red, respectively.

Fig. 4. Ciprofloxacin and interferon λ1-3 inhibit HEV replication. The inhibitory activity of ciprofloxacin (CPFX), a hit compound, and interferon λ1-3 (IFN-λ1-3) on
HEV replication. PLC/PRF/5 cells were transfected with 50 ng/well (96-well plate format) of the capped 1760F/P10-GLuc RNA. The cells were administered the
indicated amounts of CPFX and IFN-λ1-3. The luciferase activities were measured at 48 and 72 h post-transfection and converted to the relative expression. The cell
activities were measured at 72 h post-transfection using WST-8 substrate. Both the relative GLuc expressions and the cell activities were normalized with vehicle
control (n= 3). Error bars represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 by ANOVA with Tukey–Kramer test.
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HEV from the patient’s serum due to ineffectiveness and/or the emer-
gence of drug-resistant HEV (Nimgaonkar et al., 2018). To achieve an
SVR in hepatitis E patients with a high virus titer, more effective al-
ternatives to RBV and PEG-IFN are needed. For this reason, it is un-
suitable to evaluate anti-HEV drug candidates using immediately in-
oculated cells, which start with a very low (nearly 0) titer of HEV RNA.
We therefore searched for candidates using a new in vitro system to
evaluate the anti-HEV activity using cells robustly producing HEV. In
the previous system (drug treatment immediate after inoculation), RBV
exhibited anti-HEV growth activity at doses exceeding 20 μg/ml (80
μM); however, this result was not achieved with the new assay system
(Fig. 6). Our new assay system therefore seems able to evaluate the anti-
HEV activity of candidate drugs more strictly than the old system.

CPFX is a member of the fluoroquinolone class and one of the most
widely used antibiotics (Naeem et al., 2016). This antibiotic is classified
into pregnancy category C by the FDA because of insufficient studies on

its effects in pregnant women. As such, its administration during
pregnancy should be avoided unless ample benefit can be demon-
strated, such as in the treatment of anthrax (Meyerhoff et al., 2004).
CPFX acts on extracellular pathogens and slightly penetrates tissues,
include the liver and lung (Wong et al., 2003). For this reason, several
reports have described liposome encapsulation or other methods of
delivering CPFX inside cells to combat intracellular infections (Cipolla
et al., 2016; Drulis-Kawa and Dorotkiewicz-Jach, 2010; Wong et al.,
2003). The inhibitory effect of high-dose CPFX on HEV replication
observed in this study might therefore be ascribable to its indirect ef-
fects, which is in contrast to the direct activities of nucleoside analogues
such as RBV and SOF on HEV genome replication.

IFN-λ1-3 are type III IFNs. Yin et al. (2017) and Wu et al. (2018)
found that HEV infection of culture cells induce a type III IFN response.
In addition, Wang et al. (2017b) indicated that the HEV genome also
triggers a type I IFN response. Indeed, Yin et al. (2017) and Todt et al.

Fig. 5. Ciprofloxacin suppresses HEV growth. The inhibitory effect of ciprofloxacin (CPFX) on HEV growth was tested with the HEV culture system using PLC/PRF/5
cells. PLC/PRF/5 cells were inoculated with cell-culture derived HEV and then treated with the indicated compounds. (A) Ribavirin (RBV) as a positive control
inhibited HEV growth in a dose-dependent manner. The mean values were plotted (n= 3). (B) CPFX suppressed HEV growth in a dose-dependent manner. As internal
control, mRNA expression of TATA-box binding protein; TBP were displayed. No significant differences were observed. Shown in both (A) and (B) are the means of
three independent experiments. Error bars represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 by ANOVA with Tukey–Kramer test.
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(2016a) indicated that IFN-λ1 and IFN-λ3 inhibit HEV replication using
Kernow-C1/p6 genotype 3 HEV replicon. Todt et al. (2016a) showed
that IFN-λ3 moderately inhibits HEV growth in cultured cells (HepG2
cells) for a short period (48 h). Their data suggest that IFN-λ3 inhibits
HEV growth in vitro. We similarly observed that IFN-λ3 suppressed HEV
growth in a dose-dependent manner in PLC/PRF/5 cells. Furthermore,
in our study, the inhibitory effect persisted for a long period of time (at
least 28 days) (Fig. 5). Moreover, IFN-λ1 and IFN-λ2 also reduced the
amount of HEV RNA, indicating that IFN-λ1 and IFN-λ2 sufficiently

inhibited HEV growth in culture cells, similar to RBV and IFN-λ3.
Recently, Te et al. (2013) reported an interesting case in which

valganciclovir (VGCC) cleared HEV in a chronic hepatitis E patient who
received an organ graft and was infected with genotype 3 HEV. VGCC, a
prodrug of ganciclovir (GCV), which is a synthetic analogue of 2′-
deoxy-guanosine, is incorporated into viral DNA and inhibits viral DNA
polymerases (Ambrose et al., 2016). In our HEV replication reporter
system, VGCC did not inhibit GLuc expression (data not shown). A re-
cent study suggested that GCV also functions via other mechanisms to

Fig. 6. Ribavirin and interferon λ1-3 decrease
the HEV propagation in cultured cells. (A)
Time-course infection and spreading of HEV.
Immunofluorescence analysis was performed
with anti-HEV ORF2 Mab. The green, blue, and
gray signals indicated HEV ORF2, DAPI, and
bright field (BF). Bars= 200 μM. (B) The anti-
HEV inhibitory efficiencies of RBV and IFN-λ1-
3 were tested in HEV-producing PLC/PRF/5
cells. HEV-producing PLC/PRF/5 cells in the
plateau phase and naïve ones were co-cultured
and treated with the indicated drugs. RBV
40 μg/ml and IFN-λ1-3 100 ng/mL inhibited
HEV production. Shown in the panels are the
means of three independent experiments. (C)
Immunofluorescence analysis at day 12, de-
tecting HEV ORF2 protein, in HEV-infected
PLC/PRF/5 cells treated with RBV (40 μg/mL)
or IFN-λ1-3 (100 ng/mL). Error bars represent
the mean ± SD. *P < 0.05, **P < 0.01,
***P < 0.001 by ANOVA with Tukey–Kramer
test.
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reduce the titer of the RNA virus HCV, just as with HEV, such as by
improving the body’s antiviral immunity (Li et al., 2016; Miszewska-
Szyszkowska et al., 2015). These previous findings suggest that these
compounds might be suitable for treating chronic hepatitis E in vivo. A
chronically HEV-infected animal model using immuno-deficient rats
may help clarify the effects of these compounds against HEV (Debing
et al., 2016).

In the present study, we constructed an HEV replication reporter
system using GLuc with the genotype 3 JE03-1760F strain and screened
FDA-approved drugs. The candidate compound CPFX suppressed the
expression of reporter protein in the HEV replication reporter system.
However, CPFX only moderately inhibited HEV growth in our cell-
culture system. These results suggest that we need to perform assess-
ments not only in an HEV replicon reporter model but also in a strict
HEV growth model using cells robustly producing HEV over a long time
period in order to obtain more plausible data on candidates for treating
HEV infection. Using this assay model, we found that the Type III IFNs
(IFN-λ1-3) sufficiently inhibit HEV growth. These cytokines may be
useful for clearing HEV in vivo.
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