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Abstract: Hepatitis E virus (HEV) is increasingly recognized as the leading cause of acute hepatitis.
Although HEV infections are mostly self-limiting, a chronic course can develop especially in those
with immunocompromised state. Ribavirin is currently used to treat such patients. According to
various reports on chronic HEV infections, a sustained virological response (SVR) was achieved
in approximately 80% of patients receiving ribavirin monotherapy. To increase the SVR rate, drug
combination might be a viable strategy, which we attempted in the current study. Ritonavir was
identified in our previous drug screening while searching for candidate novel anti-HEV drugs. It
demonstrated potent inhibition of HEV growth in cultured cells. In the present study, ritonavir
blocked HEV internalization as shown through time-of-addition and immunofluorescence assays. Its
combination with ribavirin significantly increased the efficiency of inhibiting HEV growth compared
to that shown by ribavirin monotherapy, even in PLC/PRF/5 cells with robust HEV production,
and resulted in viral clearance. Similar efficiency was seen for HEV genotypes 3 and 4, the main
causes of chronic infection. The present findings provide insight concerning the advantage of
combination therapy using drugs blocking different steps in the HEV life cycle (internalization and
RNA replication) as a potential novel treatment strategy for chronic hepatitis E.

Keywords: hepatitis E virus; ritonavir; virus internalization; ribavirin; drug combination; in vitro;
virus growth

1. Introduction

Hepatitis E virus (HEV) is a quasi-enveloped virus with a single-stranded, positive-
sense RNA genome of approximately 7.2 kb and is a member of the family Hepeviridae,
subfamily Hepevirinae, and genus Paslahepevirus [1]. The HEV genome possesses the 5′-
untranslated region (UTR) capped at its 5′-end, and a short 3′-UTR terminated by a poly(A)
tract [2,3]. The genome contains three major open reading frames (ORFs): ORF1, which
encodes a non-structural polyprotein involved in viral replication [4,5]; ORF2, which
encodes a capsid protein essential for virion assembly and for virion attachment to host cells,
and which is the major target for neutralizing antibodies; and ORF3, which is important for
virion egress [6–8] and is a functional ion channel acting as a viroporin [9].

HEV has two distinct particle forms: the membrane-associated form (eHEV), which
is present in the blood stream and culture supernatants, and the membrane-unassociated
form (neHEV), which is present in the bile and feces [10–13].

HEV is distributed worldwide and can be transmitted through various routes, mainly
through the fecal–oral and zoonotic foodborne routes [14], as well as through less-frequent
routes such as organ transplantation [15], transfusion of blood or blood products [16–19],
and vertical transmission from the mother to the fetus [20]. Despite the low overall mortality
rate in the general population, HEV infection can be fatal in pregnant women, where it has
shown a 30% mortality rate, particularly in the third trimester of pregnancy [20,21].
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There are approximately 20 million HEV infections worldwide every year, and hepati-
tis E was estimated to cause around 44,000 deaths in 2015 [22]. Although HEV infections
are mostly self-limiting, a chronic course can develop, especially in those in an immuno-
compromised state [15]. Most human infections are with the species Paslahepevirus balayani
genotypes 1, 2, 3, and 4, and less frequently 7 [1]. Among the four major HEV genotypes
infecting humans, a clear epidemiological dichotomy is observed between developing
and industrialized countries. HEV genotype 1 (HEV-1) and HEV-2 are restricted to hu-
mans and mostly affect people living in Asia and Africa. They are transmitted through
fecally-contaminated drinking water [23]. In contrast, HEV-3 and HEV-4 are common in
industrialized nations and are transmitted through consumption of raw or undercooked
animal meat products [24], organ transplantation [15], or blood transfusion [16,25]. Of
note, although HEV-1 and HEV-2 strains usually lead to self-limited infections, HEV-3 and
HEV-4 strains can evolve to chronicity in immunocompromised patients [26].

Chronic hepatitis E cases require treatment with antiviral drugs and ribavirin is cur-
rently used in such clinical settings [27]. A sustained virological response (SVR)—an unde-
tectable serum HEV RNA level for at least six months after cessation of ribavirin therapy—
was achieved in approximately 80% of patients receiving ribavirin monotherapy [28–30]. To
increase the SVR rate, combination drug treatment might be a viable strategy.

We recently reported that ritonavir was identified in our screening of a Food and
Drug Administration (FDA)-approved library using membrane-associated infectious HEV
harboring the nanoKAZ gene in the hypervariable region of ORF1 (eHEV-nanoKAZ [31]).
Demonstrating potent inhibition of HEV growth in cultured cells, ritonavir was shown to
block early steps in the HEV life cycle such as attachment and internalization [31].

In the present study, we showed that ritonavir blocks HEV internalization and that, in
cultured cells, its combination with ribavirin exhibited more efficient inhibition of virus
growth than ribavirin treatment alone, resulting in viral clearance, even in the PLC/PRF/
5 cells with robust production of HEV-3 or HEV-4, which are the main causes of chronic
HEV infection [26]. The combination of two drugs blocking different steps in the HEV life
cycle—ritonavir as the inhibitor of HEV internalization and ribavirin as the inhibitor of HEV
RNA replication—might prove an advantageous novel strategy for treating HEV infection.

2. Materials and Methods
2.1. Cell Culture

PLC/PRF/5 (CRL-8024) cells obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA) were grown in Dulbecco’s modified Eagle medium (DMEM)
(Thermo Fisher Scientific, Waltham, MA, USA) containing 10% heat-inactivated fetal bovine
serum (FBS) (Thermo Fisher Scientific). The growth medium for HEV-infected cells was
supplemented with 1% dimethyl sulfoxide (DMSO) (Fujifilm Wako, Osaka, Japan). In
the present study, cell culture was conducted under a humidified 5% CO2 atmosphere,
according to the previously described method [32].

2.2. Viruses

Culture supernatants containing the cell-culture-adapted genotype 3 JE03-1760F
strain (passage 26; 1.5 × 108 copies/mL) [33] or genotype 4 HE-JF5/15F strain (pas-
sage 24; 2.0 × 108 copies/mL) [34,35] were used for virus inoculation (referred to as eHEV-3
[membrane-associated HEV-3] and eHEV-4 [membrane-associated HEV-4], respectively) in
this study.

Culture supernatants containing the membrane-associated infectious HEV harboring
the nanoKAZ gene in the hypervariable region of ORF1 (eHEV-nanoKAZ [31]) (7.13 ×
107 copies/mL) derived from RNA transfection were used for virus inoculation in the
luciferase assays.
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2.3. Drugs

Sucrose (Fujifilm Wako), ribavirin (Fujifilm Wako), and ritonavir (Tokyo Chemical
Industry, Tokyo, Japan) were purchased from the indicated sources.

2.4. Quantification of HEV RNA

Total RNA was extracted from culture supernatants using TRIzol-LS reagent (Thermo
Fisher Scientific) or from PLC/PRF/5 cells using TRIzol reagent (Thermo Fisher Scientific).
The quantification of HEV RNA was performed by real-time reverse transcription (RT)-
polymerase chain reaction (PCR) using a LightCycler apparatus (Roche Diagnostics KK,
Tokyo, Japan) with a QuantiTect Probe RT-PCR kit (Qiagen, Tokyo, Japan), a primer set, and
a probe targeting the overlapping region of ORF2 and ORF3, according to the previously
described method [36].

2.5. Luciferase Assay

eHEV-nanoKAZ was inoculated into monolayers of PLC/PRF/5 cells in a 96-well plate
(Thermo Fisher Scientific) and incubated at 37 ◦C for 4 h in the presence of the indicated
drug dose in DMSO (final concentration, 1%). After inoculation, growth medium containing
the indicated drug dose in DMSO (final concentration, 1%) was added to each well, and
the cells were subsequently incubated at 35.5 ◦C for 96 h. The cells were then washed
twice with phosphate-buffered saline (pH 7.5) without Ca2+ and Mg2+ (PBS[–]) and lysed
with 20 µL of cell lysis buffer (JNC Corporation, Tokyo, Japan). The intracellular luciferase
activity was measured using h-coelenterazine (h-CTZ) (JNC Corporation) in assay buffer for
CTZ-type luciferase (JNC Corporation), according to a previously described method [31], in
a TriStar2 LB942 multimode plate reader (Berthold Technologies, Bad Wildbad, Germany).

2.6. Time-of-Addition Assay

PLC/PRF/5 cells were seeded in a 96-well plate and incubated at 37 ◦C for 72 h to
obtain a monolayer. In the viral inactivation assay, eHEV-nanoKAZ (3 × 106 copies/well)
was incubated with ritonavir (20 µM), sucrose (250 mM), or ribavirin (40 µM) with DMSO
(final concentration, 1%) in a test tube for 1 h at 37 ◦C. After washing the monolayers of
PLC/PRF/5 cells with PBS(-) twice, the mixture was inoculated into the cells and incubated
at 4 ◦C for 1 h to allow for virus attachment to the cells before being shifted to 37 ◦C for
1 h to trigger viral internalization. After washing the cells with PBS(-) once to remove any
unbound virus, growth medium supplemented with 1% DMSO was added, and the cells
were incubated at 35.5 ◦C.

In the viral attachment assay, after the monolayers of PLC/PRF/5 cells were washed
with PBS(-) twice, eHEV-nanoKAZ was inoculated into the cells along with the indicated
drug in DMSO (final concentration, 1%). Following incubation at 4 ◦C for 1 h, the treated
cells were incubated at 37 ◦C for 1 h. After washing the cells with PBS(-) once, growth
medium supplemented with 1% DMSO was added, and the cells were then incubated at
35.5 ◦C.

In the viral internalization assay, the monolayers of PLC/PRF/5 cells were washed
with PBS(-) twice and then inoculated with eHEV-nanoKAZ and incubated at 4 ◦C for 1 h.
After removal of the inoculum, the indicated drug in DMSO (final concentration, 1%) was
added and the cells were then incubated at 37 ◦C for 2 h. After washing the cells with
PBS(-) once, growth medium supplemented with 1% DMSO was added, and the cells were
then incubated at 35.5 ◦C.

In all experiments, after 96-h incubation at 35.5 ◦C, the cell lysates were collected, and
then the intracellular luciferase activity was measured, as previously described [31].

eHEV-nanoKAZ-infected PLC/PRF/5 cells treated with drug vehicle—DMSO (final
concentration, 1%)—were used as the control for each assay.
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2.7. Immunofluorescence Assay

In a four-well chamber slide (Watson, Tokyo, Japan), monolayers of PLC/PRF/5 cells
were inoculated with eHEV-3 at 2 × 105 copies/well in the presence of ritonavir (20 µM),
sucrose (250 mM), or ribavirin (40 µM) and incubated at 37 ◦C for 4 h. After washing the
cells with PBS(-) twice, the growth medium supplemented with 1% DMSO was added, and
the cells were incubated at 35.5 ◦C for 96 h. The cells were then subjected to immunofluo-
rescence staining according to the previously described method [37]. The primary antibody
used was anti-HEV ORF2 monoclonal antibody (MAb, H6225) [36], and the secondary anti-
body was Alexa-Fluor 488-conjugated anti-mouse IgG (Thermo Fisher Scientific). Nuclei
were counterstained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI; Thermo
Fisher Scientific). Slide glasses were mounted with Fluoromount/Plus medium (Diagnos-
tic BioSystems, Pleasanton, CA, USA) and then viewed under an FV1000 confocal laser
microscope (Olympus, Tokyo, Japan).

2.8. Validation of the Anti-HEV Activity of the Ritonavir and Ribavirin Combination Therapy

eHEV-nanoKAZ was inoculated into PLC/PRF/5 cells in a 96-well plate in the pres-
ence of 49 drug combination doses: 0, 0.05, 0.1, 0.5, 1, 5, and 35 µM for ritonavir and 0,
1, 5, 10, 20, 40, and 80 µM for ribavirin. Each dose of ritonavir and ribavirin applied in
this experiment was determined according to the doses used in our previous report [31].
The cells were then incubated at 37 ◦C for 4 h. Growth medium containing the indicated
drug dose in DMSO (final concentration, 1%) was then added to each well, and followed
by incubation at 35.5 ◦C for 96 h. The cell lysates were then collected, and the intracellular
luciferase activity was measured according to the previously described method [31].

2.9. Cell Viability Assay

Cell viability was measured using a Cell Counting kit-8 (Dojindo Laboratories, Ku-
mamoto, Japan) according to the manufacturer’s protocol. In brief, PLC/PRF/5 cells were
seeded in a 96-well plate and incubated at 37 ◦C for 48 h. The indicated doses of drugs in
DMSO (final concentration, 1%) were then added to each well, followed by the incubation
of the cells at 37 ◦C for 96 h. Subsequently, highly water-soluble tetrazolium salt (WST-8)
solution was added to each well, and the cells were incubated at 37 ◦C for 2 h. Absorbance
was measured at 450 nm using an iMark microplate reader (Bio-Rad Laboratories, Hercules,
CA, USA). Measured values were normalized to the value of the DMSO (vehicle) control.

2.10. Evaluation of the Efficacy of Ritonavir and Ribavirin Combination Therapy in a Cell
Culture System

Monolayers of PLC/PRF/5 cells in a 24-well plate (Thermo Fisher Scientific) were
inoculated with 5 × 104 copies of eHEV-3 or eHEV-4 in growth medium without FBS,
containing the indicated drug dose in DMSO (final concentration, 1%), and then subse-
quently incubated at 37 ◦C for 2 h. After incubation, the cells were washed five times with
PBS(-), and 0.5 mL of growth medium containing the indicated drug dose in DMSO (final
concentration, 1%) was added to each well, followed by incubation at 35.5 ◦C. Every other
day, half of the culture medium was replaced with fresh growth medium containing the
indicated drug dose in DMSO (final concentration, 1%). The collected culture supernatants
were centrifuged at 1300× g at room temperature for 2 min, and the supernatants were
stored at −80 ◦C until use. The cell lysates from the final observation day (48 dpi) were
collected and subjected to real-time RT-PCR to quantitate the intracellular HEV RNA. The
dose of ritonavir and ribavirin applied in this experiment was determined according to our
previous report [31] and the results of the validation of the anti-HEV activity of the drug
combination in the current study. The dose of ribavirin was 40 µM, while those of ritonavir
were 5, 10, 20, and 35 µM.
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2.11. Evaluation of the Efficacy of Ritonavir and Ribavirin Combination Therapy Using
PLC/PRF/5 Cells That Robustly Produce HEV

The eHEV-3 or eHEV-4 was inoculated into monolayers of PLC/PRF/5 cells. After
the HEV RNA titer in culture supernatants of the infected cells reached the plateau stage,
they were collected. A mixture of naïve PLC/PRF/5 cells at 1 × 105 cells/well and 1 × 102

HEV-infected cells/well was prepared and seeded into a 24-well plate and then incubated
at 35.5 ◦C. After 48 h, the culture supernatants were removed, the cells were washed with
PBS(-) five times, and 0.5 mL of growth medium containing the indicated drug dose in
DMSO (final concentration, 1%) was added to each well. The cells were incubated at
35.5 ◦C. Every other day, half of the culture medium was replaced with fresh growth
medium containing the indicated drug dose in DMSO (final concentration, 1%). The
collected culture supernatants were centrifuged at 1300× g at room temperature for 2 min,
and the supernatants were then stored at −80 ◦C until use. The cell lysates from final
observation day (60 days after the start of drug treatment) were collected and subjected
to real-time RT-PCR to quantify the intracellular HEV RNA. The dose of ritonavir and
ribavirin applied in this experiment was determined according to our previous report [31],
and the validation results regarding the anti-HEV activity of the drug combination in the
current study. The dose of ribavirin was 40 µM, while those of ritonavir were 5, 10, 20, and
35 µM.

2.12. LDH Cytotoxicity Assay

The cytotoxicity of the drug treatment was quantified by measuring lactate dehydroge-
nase (LDH) activity released into the culture medium using an LDH cytotoxicity assay kit
(Nacalai Tesque, Kyoto, Japan) according to the manufacturer’s protocol. In brief, 100 µL
culture supernatants in a 96-well plate were added with 100 µL substrate solution. The
plate was protected from light and incubated for 20 min at room temperature. Following
the addition of 50 µL stop solution, absorbance was measured at 490 nm using an iMark
microplate reader. Measured values were normalized to the value of vehicle control.

2.13. Calculation of the Degree of Synergism with Ritonavir and Ribavirin Combination Therapy

The synergy of ritonavir and ribavirin combination therapy was quantified by compar-
ing the observed drug combination responses (dose–response matrix) against the expected
combination responses, calculated using a reference model that assumes no interaction
between the two drugs. The degree of synergism was quantified by synergy scoring mod-
els (reference model). The reference model used in this study is the highest single agent
(HSA), which states that the expected combination effect is the maximum of the single
drug responses at corresponding concentrations (SynergyFinder ver. 2) [38]. The degree
of inhibition of intracellular luciferase activity by each combination was determined to
calculate and visualize the synergy score, as was that of the dose–response curve and
matrix. A total of 49 drug combinations were used. The doses for ritonavir were 0, 0.05, 0.1,
0.5, 1, 5, and 35 µM, while those for ribavirin were 0, 1, 5, 10, 20, 40, and 80 µM. The doses
used in this study were based on our previous report [31]. The interaction between the two
drugs was classified as antagonistic when the synergy score was <−10, additive when it
was between −10 and 10, and synergistic when the score was >10.

2.14. Statistical Analyses

The results were presented as the mean ± standard deviation (SD). Statistical sig-
nificance was assessed by Student’s t-test. p values of <0.05 were considered statistically
significant.

3. Results
3.1. Ritonavir Blocks HEV Internalization

In our previous report, ritonavir was hypothesized to inhibit early steps of the HEV
life cycle, such as attachment and internalization [31]. To determine which early stage
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in the HEV life cycle was blocked by ritonavir, a time-of-addition assay using eHEV-
nanoKAZ (Figure 1A) was performed, consisting of viral inactivation, viral attachment, and
viral internalization assays (Figure 1B). As references, we utilized sucrose to represent an
inhibitor of clathrin-mediated endocytosis [39], as both viral particle forms of HEV (eHEV
and neHEV) are known to depend on clathrin-mediated endocytosis [12]; and ribavirin, an
inhibitor of HEV RNA replication [27].
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Figure 1. Determination of the steps in the HEV life cycle blocked by ritonavir by a time-of-addition
assay. (A) A schematic diagram of the infectious HEV harboring the nanoKAZ gene in the hyper-
variable region of ORF1 (JE03-1760/P10-nanoKAZ: HEV-nanoKAZ). MeT, methyl transferase; Y,
Y domain; PCP, papain-like cysteine protease; HVR, hypervariable region; X, macro domain; Hel,
helicase; RdRp, RNA-dependent RNA polymerase. (B) A schematic representation of the time-of-
addition assay that includes an inactivation assay, attachment assay, and internalization assay, using
the cell-culture-generated, membrane-associated HEV-nanoKAZ (eHEV-nanoKAZ). (C) PLC/PRF/5
cells were inoculated with eHEV-nanoKAZ, with ritonavir (20 µM) introduced at different time points
and conditions to represent the viral inactivation, attachment, or internalization. The intracellular
luciferase activity was determined four days post-inoculation and was compared to that of the
untreated control cells. Sucrose (250 mM) and ribavirin (40 µM) served as reference drugs. The data
represent the mean ± standard deviation (SD) of two independent experiments. * p < 0.005.
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The viral inactivation assay was performed to examine whether or not ritonavir
inactivates eHEV in a cell-free state and prevents subsequent infection. Treatment with
ritonavir, which was pre-incubated with eHEV-nanoKAZ [31] before being inoculated into
PLC/PRF/5 cells, did not decrease the intracellular luciferase activity (94.3%) (Figure 1C).
Similarly, in the viral attachment assay, ritonavir also did not decrease the intracellular
luciferase activity (100.4%) (Figure 1C). In contrast, ritonavir significantly decreased the
intracellular luciferase activity to 9.6% (p = 0.0036) in the internalization assay, similar
to the result shown by treatment with sucrose (14.9%, p = 0.0033) (Figure 1C). However,
ribavirin did not decrease intracellular luciferase activity in the viral inactivation assay,
viral attachment assay, or the viral internalization assay (Figure 1C).

To confirm these findings, an immunofluorescence assay (IFA) was performed to
examine the expression of ORF2 protein in PLC/PRF/5 cells inoculated with eHEV-3 in
the presence of ritonavir, sucrose, or ribavirin (Figure 2A). The ORF2 protein expression
was detectable in a control well with no drug treatment and that treated with ribavirin
(Figure 2B). The expression of ORF2 protein was undetectable in the cells inoculated with
eHEV-3 in the presence of ritonavir, similar to the result shown by treatment with sucrose
(Figure 2B). Taken together, these results indicated that ritonavir blocks HEV internalization.
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Figure 2. Confirmation of the inhibition of HEV internalization by ritonavir using an immunofluo-
rescence assay. (A) A schematic representation of the immunofluorescence assay. (B) Immunoflu-
orescence staining of the PLC/PRF/5 cells at day 4 post-inoculation with cell-culture-generated,
membrane-associated genotype 3 HEV (JE03-1760F: eHEV-3) to examine the HEV ORF2 protein ex-
pression after treatment with ritonavir (20 µM), sucrose (250 mM), or ribavirin (40 µM), and compared
to that of the untreated control cells. Results representative of one of two experiments are shown.

3.2. Validation of the Anti-HEV Activity of Ritonavir and Ribavirin Combination Therapy against
HEV Using the eHEV-nanoKAZ System

To validate the anti-HEV activity of ritonavir and ribavirin combination therapy, the
eHEV-nanoKAZ system was utilized. eHEV-nanoKAZ was inoculated into PLC/PRF/
5 cells in the presence of 49 drug combination doses, ranging from 0 to 35 µM for ritonavir
and 0 to 80 µM for ribavirin. The drug combination decreased the intracellular luciferase
activity in a dose-dependent manner (Figure 3A) without exerting any significant effects
on the cellular proliferation or survival, as confirmed by a cell viability assay (Figure 3B).
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Figure 3. Validation of the anti-HEV activity of the ritonavir and ribavirin combination. (A) The
intracellular luciferase activity of the eHEV-nanoKAZ-inoculated PLC/PRF/5 cells after treatment
with ritonavir and ribavirin combination at various concentrations, in comparison to that of untreated
control cells. The cells were lysed four days after the drug treatment. Data represent the mean ±
SD of two independent experiments. (B) A cell viability assay to examine the effect of the ritonavir
and ribavirin combination on cellular proliferation and survival, performed four days after the drug
treatment. Data represent the mean ± SD of duplicate wells.

3.3. Evaluation of the Efficacy of Ritonavir and Ribavirin Combination Therapy for Inhibiting
Virus Growth in PLC/PRF/5 Cells Inoculated with eHEV-3 or eHEV-4

To evaluate the efficacy of the ritonavir and ribavirin combination in cultured cells,
eHEV-3 or eHEV-4 was inoculated into PLC/PRF/5 cells in the presence of the indicated
drug doses in DMSO (final concentration, 1%). The dose of ritonavir and ribavirin was
determined according to our previous report [31], and the results from the validation
of the anti-HEV activity of the drug combination in the current study. The efficacy of
the combination treatment of ribavirin (40 µM) and various doses of ritonavir (5, 10, 20,
and 35 µM) was compared to that of ribavirin monotherapy (40 µM), considering that
ribavirin is administered as a single treatment in chronic hepatitis E infection. The eHEV-
infected PLC/PRF/5 cells with no drug treatment served as controls. The HEV RNA
levels in the culture supernatants were quantified, and the virus growth was observed
for 48 days. The HEV RNA titers of the wells with no drug treatment increased and
reached 1.5 × 108 copies/mL and 2.2 × 108 copies/mL on day 48 post-inoculation in
the eHEV-3- and eHEV-4-inoculated PLC/PRF/5 cells (Figure 4A,B). In both eHEV-3-
and eHEV-4-inoculated PLC/PRF/5 cells, treatment with ribavirin monotherapy initially
inhibited HEV growth; however, the HEV RNA titers gradually increased and reached
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2.0 × 107 copies/mL (Figure 4A) and 4.3 × 107 copies/mL (Figure 4B), respectively, by the
final observation day (48 dpi).
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Figure 4. Efficacy of the ritonavir and ribavirin combination against HEV in cultured cells. The HEV
growth kinetics were observed for 48 days in PLC/PRF/5 cells inoculated with either cell-culture-
generated, membrane-associated genotype 3 HEV (JE03-1760F: eHEV-3) (A) or genotype 4 HEV
(HE-JF5/15F: eHEV-4) (B) in the presence of ribavirin (40 µM) combined with various concentrations
of ritonavir, and compared to those of ribavirin monotherapy (40 µM). The data are presented as the
mean ± SD of triplicate wells. The dotted horizontal line represents the limit of detection by real-time
RT-PCR used in this study, at 2 × 101 RNA copies/mL.

All of the combination treatments exhibited strong inhibition of virus growth in both
eHEV-3- and eHEV-4-inoculated PLC/PRF/5 cells, with the HEV RNA titers in culture
supernatants becoming undetectable in all wells by the end of the observation period
(48 dpi) (Figure 4A,B). The negativity of HEV RNA in the culture supernatants at 48 dpi
was consistent with the undetectable intracellular HEV RNA in the corresponding wells
(Table 1). The concentration of released LDH into the culture supernatants by the end of
the observation period suggested that the drug combination did not cause any significant
cytotoxicity (Table 2).

These results indicate that the combination of ritonavir and ribavirin inhibited HEV
growth more efficiently than the inhibition exhibited by ribavirin monotherapy in both
eHEV-3- and eHEV-4-inoculated PLC/PRF/5 cells.
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Table 1. Intracellular HEV RNA at the final observation day (48 dpi) in eHEV-3- and eHEV-4-
inoculated PLC/PRF/5 cells.

Treatment
Intracellular HEV RNA *

eHEV-3 eHEV-4

No drug treatment 5.9 × 108 copies/well (mean) 1.1 × 108 copies/well (mean)
Ribavirin (40 µM) 1.2 × 108 copies/well (mean) 4.4 × 107 copies/well (mean)

Ribavirin (40 µM) + Ritonavir (5 µM) Undetectable in all wells Undetectable in all wells
Ribavirin (40 µM) + Ritonavir (10 µM) Undetectable in all wells Undetectable in all wells
Ribavirin (40 µM) + Ritonavir (20 µM) Undetectable in all wells Undetectable in all wells
Ribavirin (40 µM) + Ritonavir (35 µM) Undetectable in all wells Undetectable in all wells

* Data represent the result from triplicate wells.

Table 2. Lactate dehydrogenase (LDH) released into the culture supernatants of eHEV-3- and eHEV-
4-inoculated PLC/PRF/5 cells at the final observation day (48 dpi).

Treatment
LDH Release (Mean ± SD) *

eHEV-3 eHEV-4

No drug treatment 23.1% ± 7.1% 2.7% ± 1.0%
Ribavirin (40 µM) 19.5% ± 5.4% 2.7% ± 1.0%

Ribavirin (40 µM) + Ritonavir (5 µM) 4.6% ± 1.9% 3.4% ± 1.8%
Ribavirin (40 µM) + Ritonavir (10 µM) 1.9% ± 0.3% 1.9% ± 0.3%
Ribavirin (40 µM) + Ritonavir (20 µM) 3.9% ± 0.2% 2.7% ± 1.2%
Ribavirin (40 µM) + Ritonavir (35 µM) 13.0% ± 2.2% 12.8% ± 0.8%

* LDH release was determined in the culture supernatants from the final day of cultivation (48 dpi) to examine the
cytotoxicity caused by the drug treatment. Data represent the mean ± SD of triplicate wells.

3.4. Evaluation of the Efficacy of Ritonavir and Ribavirin Combination Therapy for Inhibiting
Virus Growth in PLC/PRF/5 Cells Robustly Producing eHEV-3 or eHEV-4

To model the condition of HEV-infected patients, cells robustly producing eHEV-
3 or eHEV-4 (PLC/PRF/5 cells infected with eHEV-3 or eHEV-4 for a long period of
time, continuously producing viruses in a high titer) were used to further evaluate the
efficacy of ritonavir and ribavirin combination therapy. Various concentrations of the drug
combination were applied to the eHEV-3- or eHEV-4-producing PLC/PRF/5 cells. The
drug concentration was determined according to our previous report [31], as well as the
results from the validation of the anti-HEV activity of the drug combination in the current
study. Considering that ribavirin is administered as monotherapy in chronic HEV infection,
we included single ribavirin treatment in this evaluation, in order to compare the efficacy
of ribavirin and ritonavir combination with that of ribavirin monotherapy. The HEV RNA
levels in the culture supernatants on the seeding day was approximately 104 copies/mL
in all wells (Figure 5A,B). Observation was performed for 60 days after the start of drug
treatment. The HEV RNA titer in the wells with no drug treatment continued to increase
and reached 6.3 × 107 copies/mL and 4.0 × 108 copies/mL in the eHEV-3- (Figure 5A) and
eHEV-4- (Figure 5B) producing cells by the end of the observation period (60 days after the
start of the drug treatment).
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Figure 5. Efficacy of the ritonavir and ribavirin combination against HEV in the culture system consist-
ing of either eHEV-3 (cell-culture-generated, membrane-associated genotype 3 HEV [JE03-1760F])—
(A) or eHEV-4 (cell-culture-generated, membrane-associated genotype 4 HEV [HE-JF5/15F])—(B) pro-
ducing PLC/PRF/5 cells, in the presence of ribavirin (40 µM) combined with various concentrations
of ritonavir, in comparison to that of ribavirin monotherapy (40 µM). HEV growth was observed for
60 days in the presence of various concentrations of the drug combination. The data are presented
as the mean ± SD of triplicate wells. The dotted horizontal line represents the limit of detection by
real-time RT-PCR used in this study, at 2 × 101 RNA copies/mL.

Inhibition of virus growth was exhibited in the first week of observation of the cells
treated with ribavirin alone (40 µM), in both eHEV-3- and eHEV-4-producing cells. How-
ever, it gradually increased and reached 2.7 × 106 copies/mL and 2.9 × 107 copies/mL
on day 60 after the start of drug treatment for both eHEV-3- and eHEV-4-producing cells
(Figure 5A,B). The combination of ribavirin (40 µM) and ritonavir (5 µM) exhibited more
efficient inhibition of HEV growth than ribavirin monotherapy (40 µM), although the HEV
RNA titer gradually increased during the observation period (Figure 5A,B). In contrast, the
combination of ribavirin (40 µM) and ritonavir (10, 20, and 35 µM) significantly inhibited
HEV growth in both eHEV-3- and eHEV-4-producing cells, resulting in undetectable levels
of HEV RNA in culture supernatants by the final day of observation (60 days after the start
of drug treatment) (Figure 5A,B). The undetectable HEV RNA in the culture supernatants
was further supported by the undetectable intracellular HEV RNA by the end of the obser-
vation period in all corresponding wells (Table 3). There was no significant cytotoxicity
caused by the drug treatment as suggested by the concentration of LDH in the culture
supernatants from the final day of cultivation (Table 4).

Taken together, these results indicated that ritonavir and ribavirin combination therapy
effectively inhibited HEV growth, even in a culture system consisting of cells that robustly
produce HEV, and the combination exerted similar inhibition for both eHEV-3- and eHEV-
4-producing cells.
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Table 3. Intracellular HEV RNA at the final observation day (60 days after the start of drug treatment)
in the culture system consisting of eHEV-3- and eHEV-4-producing PLC/PRF/5 cells.

Treatment
Intracellular HEV RNA *

eHEV-3 eHEV-4

No drug treatment 1.4 × 108 copies/well (mean) 2.5 × 108 copies/well (mean)
Ribavirin (40 µM) 1.6 × 107 copies/well (mean) 2.3 × 107 copies/well (mean)

Ribavirin (40 µM) + Ritonavir (5 µM) 2.0 × 107 copies/well (mean) 1.5 × 107 copies/well (mean)
Ribavirin (40 µM) + Ritonavir (10 µM) Undetectable in all wells Undetectable in all wells
Ribavirin (40 µM) + Ritonavir (20 µM) Undetectable in all wells Undetectable in all wells
Ribavirin (40 µM) + Ritonavir (35 µM) Undetectable in all wells Undetectable in all wells

* Data represent the result from triplicate wells.

Table 4. Lactate dehydrogenase (LDH) released into the culture supernatants of eHEV-3- and eHEV-
4-producing PLC/PRF/5 cells at the final observation day (60 days after the start of drug treatment).

Treatment
LDH Release (Mean ± SD) *

eHEV-3 eHEV-4

No drug treatment 15.9% ± 1.5% 8.1% ± 2.4%
Ribavirin (40 µM) 10.9% ± 0.9% 3.2% ± 1.0%

Ribavirin (40 µM) + Ritonavir (5 µM) 4.0% ± 1.4% 3.0% ± 1.8%
Ribavirin (40 µM) + Ritonavir (10 µM) 3.4% ± 4.0% 2.2% ± 0.4%
Ribavirin (40 µM) + Ritonavir (20 µM) 1.9% ± 0.4% 3.6% ± 0.1%
Ribavirin (40 µM) + Ritonavir (35 µM) 4.6% ± 2.0% 9.8% ± 2.1%

* LDH release was determined in the culture supernatants from the final day of cultivation (60 days after the start
of drug treatment) in order to examine the cytotoxicity caused by the drug treatment. Data represent the mean ±
SD of triplicate wells.

3.5. The Degree of Synergism of Ritonavir and Ribavirin Combination Therapy

To determine the synergy of ritonavir and ribavirin combination, the browser-indepen-
dent web application SynergyFinder version 2.0 was utilized in this study. The inhibition
responses from a total of 49 combination doses used in Figure 3A were applied for the
calculation. Dose–response plots of phenotypic responses for the single drug (i.e., response
measurements, when the other drug doses were 0), fitted by four-parameter logistic curve,
are presented for ritonavir (Figure 6A, upper left panel) and ribavirin (Figure 6A, lower
left panel). The observed drug combination responses (Figure 6A, right panel) were
compared with the expected combination responses calculated by the HSA reference model
to determine the degree of synergism of ritonavir and ribavirin combination therapy,
yielding a synergy score of 8.067 (the interaction between the two drugs classified as
additive), visualized in two- (Figure 6B, left panel) and three-dimensional (Figure 6B, right
panel) synergy maps.
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Figure 6. Calculation and visualization of synergy score of the ritonavir and ribavirin combination by
SynergyFinder 2.0. (A) Dose–response curve for ritonavir (upper left panel), dose–response curve for
ribavirin (lower left panel), and dose–response matrix for ritonavir and ribavirin combination (right
panel), calculated based on the inhibition level of the intracellular luciferase activity of the eHEV-
nanoKAZ (cell-culture-generated, membrane-associated HEV-nanoKAZ)-inoculated PLC/PRF/5
cells treated with indicated drug concentration. The cells were lysed four days after the drug
treatment. (B) Synergy maps of the drug combination generated by using the highest single agent
(HSA) model, visualized in two-dimensional (left panel) and three-dimensional (right panel) figures.
Synergy scores indicate the interactions between the two drugs, where a score of < −10 indicates that
the interaction between the two drugs was antagonistic, a score of −10 to 10 indicates that it was
additive, and a score of > 10 indicates that it was synergistic.

4. Discussion

Chronic HEV infection predominantly occurs in immunocompromised patients, with
a majority of cases reported in organ transplant recipients, while fewer reports involve
human immunodeficiency virus (HIV)-infected patients, patients receiving anti-cancer
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therapy, and patients receiving immunosuppressants [26]. In this setting, ribavirin has been
used as an anti-HEV drug [27]. According to various reports on chronic HEV infections,
an SVR—an undetectable serum HEV RNA level for at least six months after cessation
of ribavirin therapy—was achieved in approximately 80% of patients receiving ribavirin
monotherapy [28–30]. As chronic HEV infections mainly occur in immunocompromised pa-
tients with multiple underlying diseases and morbidities, achieving an SVR and preventing
relapse should be the relevant treatment goals, since these will greatly help improve their
quality of life in addition to allowing medical professionals to focus on the treatment of
their underlying diseases. In view of this, drug combinations might be a viable alternative
strategy to increase the SVR achieved by ribavirin monotherapy.

Studies on drug combination for chronic hepatitis E treatment have been reported
concerning several drugs, such as sofosbuvir—a nucleotide analog inhibitor of hepatitis
C virus (HCV) NS5B polymerase—with some conflicting results [26], or with pegylated
interferon-alpha, which can increase the risk of acute rejection in transplant recipients and
subsequent graft loss [40].

In our previous report involving screening using the eHEV-nanoKAZ system with
an FDA-approved drug library to search for potential novel anti-HEV drug candidates,
ritonavir was identified. It potently inhibited HEV growth in cultured cells, not only
naïve PLC/PRF/5 cells inoculated with eHEV-3 but also in cells with robust production of
eHEV-3 [31]. Ritonavir is a protease inhibitor routinely prescribed to HIV-infected patients
(lopinavir/ritonavir) [41]. It is exclusively used as a pharmacokinetic enhancer of other pro-
tease inhibitors owing to its potent inhibition on the cytochrome P4503A4 (CYP3A4), a major
human drug-metabolizing enzyme [42]. The use of ritonavir in other viral diseases has also
been reported for the treatment of chronic hepatitis C (ombitasvir/paritaprevir/ritonavir
[43–45]) and, recently, in the treatment of coronavirus disease 2019 (COVID-19) (nirma-
trelvir/ ritonavir [46]). Regarding the safety of ritonavir treatment, the Antiretroviral Preg-
nancy Registry (APR) reports no evidence of an increased risk of human teratogenicity [47].

In our recent report, ritonavir was hypothesized to inhibit early steps in the HEV life
cycle, such as attachment and internalization [31]. To examine in detail which steps in
the HEV life cycle were inhibited by ritonavir, eHEV-nanoKAZ (Figure 1A) was used to
perform a time-of-addition assay (Figure 1B). The results suggested that ritonavir blocks
HEV internalization (Figure 1C), which was further supported by IFA images where the
ORF2 expression was undetectable in the HEV-inoculated cells treated with ritonavir
(Figure 2B), thus confirming our hypothesis. Although ritonavir is widely recognized as
a protease inhibitor that acts as a booster for other protease inhibitors [42], we showed
that even as monotherapy it exerted significant inhibition of HEV growth, particularly in
cultured cells [31], which in the current study was demonstrated to be due to its inhibition
of HEV internalization.

We attempted to combine ribavirin with ritonavir in the present study. Target-wise,
this is a potential novel strategy for the treatment of chronic HEV infection where ribavirin,
an HEV RNA replication inhibitor, was combined with ritonavir, which was found to be
blocking HEV internalization in the current study (Figures 1C and 2B). We first examined
the inhibition effect of the ritonavir and ribavirin combination on the luciferase activity
in the eHEV-nanoKAZ-inoculated PLC/PRF/5 cells in the presence of various doses of
the combination. The drug combination decreased the intracellular luciferase activity in
a dose-dependent manner (Figure 3A) without causing any significant effect on the cell
viability (Figure 3B), indicating that the decreased intracellular luciferase activity was not
due to cytotoxicity.

To examine the efficacy of this combination for long-term treatment, we performed
an evaluation in cultured cells. Considering that chronic HEV infection can be caused by
HEV-3 and HEV-4, we used both genotypes for the evaluation. In this evaluation, the drug
concentration was determined according to our previous report [31] on the evaluation of
the efficacy of single ritonavir to inhibit HEV growth in cultured cells, as well as from the
results of the validation of the anti-HEV activity of the drug combination in the current
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study. Since ribavirin monotherapy is currently used as the treatment for chronic HEV
infection, we included single ribavirin treatment in this evaluation to compare the efficacy
of ritonavir and ribavirin combination against that of ribavirin monotherapy.

In naïve PLC/PRF/5 cells inoculated with either eHEV-3 or eHEV-4, combination
of ritonavir and ribavirin exerted more potent inhibition of virus growth than ribavirin
monotherapy (Figure 4A,B). The strong inhibition by this drug combination could be seen
from the early days of treatment and was maintained throughout the observation period.
By the final day of observation (48 dpi), this combination cleared the virus in both culture
supernatants (Figure 4A,B) and intracellularly (Table 1) with similar potency in the eHEV-3-
and eHEV-4-inoculated cells.

Furthermore, this efficacy was shown in the PLC/PRF/5 cells with robust production
of eHEV-3 or eHEV-4, where the drug combination also demonstrated more efficient in-
hibition of virus growth than ribavirin monotherapy (Figure 5A,B). The combination of
ribavirin (40 µM) and higher concentrations of ritonavir (10, 20, and 35 µM) was able to
suppress the production of HEV RNA to undetectable levels in the culture supernatants of
both eHEV-3- and eHEV-4-producing PLC/PRF/5 cells (Figure 5A,B) as well as intracellu-
larly (Table 3), further supporting the potential use of this combination as an alternative
strategy for the treatment of chronic HEV infection.

Collectively, this combination significantly increased the efficiency of inhibiting HEV
growth, compared to that shown by ribavirin monotherapy, achieving an undetectable HEV
RNA level in both naïve PLC/PRF/5 cells inoculated with HEV and in PLC/PRF/5 cells
with robust HEV production (Figures 4 and 5), without causing any significant cytotoxicity
(Tables 2 and 4). In addition, combining an HEV RNA replication inhibitor with an HEV
internalization inhibitor might help prevent viral rebound after the cessation of ribavirin
treatment, thus reducing the relapse rate, as has been reported in a study on chronic HCV
infection models where the entry inhibitors were demonstrated to limit viral rebound
following discontinuation of the direct-acting antiviral (DAA) treatment [48].

Chronic HEV infection requires at least a three-month treatment course, and this can
be extended to six months depending on the patient’s clinical condition [27]; therefore,
the use of a ritonavir and ribavirin combination, which has been recognized as a part of
long-term treatment combinations in HIV infection and chronic HCV infection, is rational.
Although ritonavir inhibits CYP3A4 [49], the results of in vitro studies using both human
and rat liver microsome preparations indicated little or no cytochrome P-450 enzyme-
mediated metabolism of ribavirin, with minimal potential for P-450 enzyme-based drug
interactions [50], and therefore, ritonavir does not act as a booster to ribavirin, and the use
of this combination is reasonable. However, as ritonavir potently inactivates the major
drug-metabolizing enzyme CYP3A4 [49], and patients requiring treatment for chronic HEV
infection are mainly immune-suppressed and receiving multiple drugs for their underlying
conditions, caution must be taken if this drug combination is to be used in the clinical
setting. The degree of synergy with this combination was assessed using the HSA reference
model (SynergyFinder ver.2), where the score was 8.067 (Figure 6B), indicating that the
interaction between the two drugs was additive. Therefore, the dose of ribavirin may be
able to be reduced and thereby mitigate the side effects, particularly anemia [28–30], caused
by its administration at a high dose as a single treatment in chronic HEV infection.

Although chronic HEV infection in immunocompromised patients has been widely
reported, it was rarely detected in HIV-infected patients [26]. Following the first report on an
HIV-infected patient suffering from chronic HEV infection [51], where ritonavir was a part
of his antiretroviral therapy (ART) regimen [52], additional cases have been rare, compared
to the frequent detection of chronic HEV infection in solid organ transplant recipients—
1–2% in European countries [26]. A recent report from a cohort in Namibia demonstrated
that HIV-infected women, particularly those who received the ART regimen, appeared to be
at lower risk to develop fulminant course of HEV infection [53]. There were four different
ART regimens including ritonavir in the study, and therefore it may be possible that the
inhibition effect by ritonavir might have caused milder disease presentation in chronic
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HEV infection in the HIV-infected patients receiving the ritonavir-boosted ART regimen.
However, we cannot rule out the role of immune mechanism in these circumstances, where
the antiretroviral agents may possibly attenuate immune response to mitigate the level of
hepatitis [53,54]. These subjects would be interesting to investigate in the future.

In conclusion, we demonstrated that ritonavir blocks HEV internalization in vitro.
Compared to ribavirin monotherapy, the combination of ritonavir and ribavirin exhibited
more efficient inhibition in both eHEV-3 and eHEV-4 growth in cultured cells. The combi-
nation of drugs targeting two distinct steps in the HEV life cycle (ritonavir as an inhibitor
of HEV internalization, and ribavirin as an inhibitor of HEV RNA replication) might be
a viable novel strategy for hepatitis E treatment in the future, warranting further study
in vivo. It would also be interesting to elucidate the role of ritonavir in the less frequent
occurrence of chronic HEV infection in HIV-infected patients. In addition, the inclusion
of HEV-1 in the evaluation of the efficacy of the ritonavir and ribavirin combination may
be considered, as certain acute hepatitis E cases also require antiviral treatment, such as
those developing fulminant course, or those at risk of developing such a course (the elderly,
patients with underlying liver disease, or those in immunocompromised state).

Author Contributions: Conceptualization, P.P.P., S.N. and H.O.; methodology, P.P.P., S.N. and M.T.;
validation, P.P.P., S.N. and H.O.; formal analysis, P.P.P. and S.N.; data curation, P.P.P. and S.N.;
writing—original draft preparation, P.P.P.; writing—review and editing, P.P.P. and H.O.; supervision,
K.M. and H.O.; funding acquisition, P.P.P. and H.O. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported in part by a Grant-in-Aid for Research Activity Start-up from
the Japan Society for the Promotion of Science, JSPS (to P.P.P.: 20K22771), and by the Research
Program on Hepatitis from the Japan Agency for Medical Research and Development, AMED (to
H.O.: JP22fk0210075).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are presented in the manuscript.

Acknowledgments: We would like to thank the native English-speaking scientists of Japan Medical
Communication for the expert linguistic services provided.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Purdy, M.A.; Drexler, J.F.; Meng, X.J.; Norder, H.; Okamoto, H.; Van der Poel, W.H.M.; Reuter, G.; de Souza, W.M.; Ulrich, R.G.;

Smith, D.B. ICTV Virus Taxonomy Profile: Hepeviridae 2022. J. Gen. Virol. 2022, 103, 001778. [CrossRef] [PubMed]
2. Tam, A.W.; Smith, M.M.; Guerra, M.E.; Huang, C.C.; Bradley, D.W.; Fry, K.E.; Reyes, G.R. Hepatitis E virus (HEV): Molecular

cloning and sequencing of the full-length viral genome. Virology 1991, 185, 120–131. [CrossRef]
3. Kabrane-Lazizi, Y.; Meng, X.J.; Purcell, R.H.; Emerson, S.U. Evidence that the genomic RNA of hepatitis E virus is capped. J. Virol.

1999, 73, 8848–8850. [CrossRef] [PubMed]
4. Koonin, E.V.; Gorbalenya, A.E.; Purdy, M.A.; Rozanov, M.N.; Reyes, G.R.; Bradley, D.W. Computer-assisted assignment of

functional domains in the nonstructural polyprotein of hepatitis E virus: Delineation of an additional group of positive-strand
RNA plant and animal viruses. Proc. Natl. Acad. Sci. USA 1992, 89, 8259–8263. [CrossRef] [PubMed]

5. Panda, S.K.; Varma, S.P. Hepatitis E: Molecular virology and pathogenesis. J. Clin. Exp. Hepatol. 2013, 3, 114–124. [CrossRef]
6. Yamada, K.; Takahashi, M.; Hoshino, Y.; Takahashi, H.; Ichiyama, K.; Nagashima, S.; Tanaka, T.; Okamoto, H. ORF3 protein of

hepatitis E virus is essential for virion release from infected cells. J. Gen. Virol. 2009, 90 Pt 8, 1880–1891. [CrossRef]
7. Emerson, S.U.; Nguyen, H.T.; Torian, U.; Burke, D.; Engle, R.; Purcell, R.H. Release of genotype 1 hepatitis E virus from cultured

hepatoma and polarized intestinal cells depends on open reading frame 3 protein and requires an intact PXXP motif. J. Virol.
2010, 84, 9059–9069. [CrossRef]

8. Nagashima, S.; Takahashi, M.; Jirintai; Tanaka, T.; Yamada, K.; Nishizawa, T.; Okamoto, H. A PSAP motif in the ORF3 protein of
hepatitis E virus is necessary for virion release from infected cells. J. Gen. Virol. 2011, 92, 269–278. [CrossRef]

9. Ding, Q.; Heller, B.; Capuccino, J.M.; Song, B.; Nimgaonkar, I.; Hrebikova, G.; Contreras, J.E.; Ploss, A. Hepatitis E virus ORF3 is a
functional ion channel required for release of infectious particles. Proc. Natl. Acad. Sci. USA 2017, 114, 1147–1152. [CrossRef]

http://doi.org/10.1099/jgv.0.001778
http://www.ncbi.nlm.nih.gov/pubmed/36170152
http://doi.org/10.1016/0042-6822(91)90760-9
http://doi.org/10.1128/JVI.73.10.8848-8850.1999
http://www.ncbi.nlm.nih.gov/pubmed/10482642
http://doi.org/10.1073/pnas.89.17.8259
http://www.ncbi.nlm.nih.gov/pubmed/1518855
http://doi.org/10.1016/j.jceh.2013.05.001
http://doi.org/10.1099/vir.0.010561-0
http://doi.org/10.1128/JVI.00593-10
http://doi.org/10.1099/vir.0.025791-0
http://doi.org/10.1073/pnas.1614955114


Viruses 2022, 14, 2440 17 of 18

10. Takahashi, M.; Yamada, K.; Hoshino, Y.; Takahashi, H.; Ichiyama, K.; Tanaka, T.; Okamoto, H. Monoclonal antibodies raised
against the ORF3 protein of hepatitis E virus (HEV) can capture HEV particles in culture supernatant and serum but not those in
feces. Arch. Virol. 2008, 153, 1703–1713. [CrossRef]

11. Takahashi, M.; Tanaka, T.; Takahashi, H.; Hoshino, Y.; Nagashima, S.; Jirintai; Mizuo, H.; Yazaki, Y.; Takagi, T.; Azuma, M.;
et al. Hepatitis E Virus (HEV) strains in serum samples can replicate efficiently in cultured cells despite the coexistence of HEV
antibodies: Characterization of HEV virions in blood circulation. J. Clin. Microbiol. 2010, 48, 1112–1125. [CrossRef] [PubMed]

12. Yin, X.; Ambardekar, C.; Lu, Y.; Feng, Z. Distinct entry mechanisms for nonenveloped and quasi-enveloped Hepatitis E viruses. J.
Virol. 2016, 90, 4232–4242. [CrossRef] [PubMed]

13. Nagashima, S.; Takahashi, M.; Kobayashi, T.; Tanggis; Nishizawa, T.; Nishiyama, T.; Primadharsini, P.P.; Okamoto, H. Char-
acterization of the quasi-enveloped hepatitis E virus particles released by the cellular exosomal pathway. J. Virol. 2017, 91, 22.
[CrossRef]

14. Nimgaonkar, I.; Ding, Q.; Schwartz, R.E.; Ploss, A. Hepatitis E virus: Advances and challenges. Nat. Rev. Gastroenterol. Hepatol.
2018, 15, 96–110. [CrossRef] [PubMed]

15. Kamar, N.; Selves, J.; Mansuy, J.M.; Ouezzani, L.; Peron, J.M.; Guitard, J.; Cointault, O.; Esposito, L.; Abravanel, F.; Danjoux,
M.; et al. Hepatitis E virus and chronic hepatitis in organ-transplant recipients. N. Engl. J. Med. 2008, 358, 811–817. [CrossRef]
[PubMed]

16. Matsubayashi, K.; Nagaoka, Y.; Sakata, H.; Sato, S.; Fukai, K.; Kato, T.; Takahashi, K.; Mishiro, S.; Imai, M.; Takeda, N.; et al.
Transfusion-transmitted hepatitis E caused by apparently indigenous hepatitis E virus strain in Hokkaido, Japan. Transfusion
2004, 44, 934–940. [CrossRef] [PubMed]

17. Mitsui, T.; Tsukamoto, Y.; Yamazaki, C.; Masuko, K.; Tsuda, F.; Takahashi, M.; Nishizawa, T.; Okamoto, H. Prevalence of hepatitis
E virus infection among hemodialysis patients in Japan: Evidence for infection with a genotype 3 HEV by blood transfusion. J.
Med. Virol. 2004, 74, 563–572. [CrossRef]

18. Boxall, E.; Herborn, A.; Kochethu, G.; Pratt, G.; Adams, D.; Ijaz, S.; Teo, C.G. Transfusion-transmitted hepatitis E in a ‘nonhyper-
endemic’ country. Transfus. Med. 2006, 16, 79–83. [CrossRef]

19. Satake, M.; Matsubayashi, K.; Hoshi, Y.; Taira, R.; Furui, Y.; Kokudo, N.; Akamatsu, N.; Yoshizumi, T.; Ohkohchi, N.; Okamoto,
H.; et al. Unique clinical courses of transfusion-transmitted hepatitis E in patients with immunosuppression. Transfusion 2017, 57,
280–288. [CrossRef]

20. Perez-Gracia, M.T.; Suay-Garcia, B.; Mateos-Lindemann, M.L. Hepatitis E and pregnancy: Current state. Rev. Med. Virol. 2017, 27,
e1929. [CrossRef]

21. Jilani, N.; Das, B.C.; Husain, S.A.; Baweja, U.K.; Chattopadhya, D.; Gupta, R.K.; Sardana, S.; Kar, P. Hepatitis E virus infection and
fulminant hepatic failure during pregnancy. J. Gastroenterol. Hepatol. 2007, 22, 676–682. [CrossRef] [PubMed]

22. World Health Organization. Hepatitis E. Available online: https://www.who.int/news-room/fact-sheets/detail/hepatitis-e
(accessed on 12 September 2022).

23. Khuroo, M.S.; Khuroo, M.S.; Khuroo, N.S. Hepatitis E: Discovery, global impact, control and cure. World J. Gastroenterol. 2016, 22,
7030–7045. [CrossRef] [PubMed]

24. Dalton, H.R.; Izopet, J. Transmission and epidemiology of hepatitis E virus genotype 3 and 4 infections. Cold Spring Harb. Perspect.
Med. 2018, 8, 11. [CrossRef] [PubMed]

25. Gallian, P.; Pouchol, E.; Djoudi, R.; Lhomme, S.; Mouna, L.; Gross, S.; Bierling, P.; Assal, A.; Kamar, N.; Mallet, V.; et al.
Transfusion-transmitted hepatitis E virus infection in France. Transfus. Med. Rev. 2019, 33, 146–153. [CrossRef]

26. Ma, Z.; de Man, R.A.; Kamar, N.; Pan, Q. Chronic hepatitis E: Advancing research and patient care. J. Hepatol. 2022, 77, 1109–1123.
[CrossRef] [PubMed]

27. European Association for the Study of the Liver. EASL clinical practice guidelines on hepatitis E virus infection. J. Hepatol. 2018,
68, 1256–1271. [CrossRef]

28. Kamar, N.; Izopet, J.; Tripon, S.; Bismuth, M.; Hillaire, S.; Dumortier, J.; Radenne, S.; Coilly, A.; Garrigue, V.; D’Alteroche, L.; et al.
Ribavirin for chronic hepatitis E virus infection in transplant recipients. N. Engl. J. Med. 2014, 370, 1111–1120. [CrossRef]

29. Kamar, N.; Abravanel, F.; Behrendt, P.; Hofmann, J.; Pageaux, G.P.; Barbet, C.; Moal, V.; Couzi, L.; Horvatits, T.; De Man, R.A.;
et al. Ribavirin for hepatitis E virus infection after organ transplantation: A large European retrospective multicenter study. Clin.
Infect. Dis. 2020, 71, 1204–1211. [CrossRef]

30. Gorris, M.; van der Lecq, B.M.; van Erpecum, K.J.; de Bruijne, J. Treatment for chronic hepatitis E virus infection: A systematic
review and meta-analysis. J. Viral Hepat. 2021, 28, 454–463. [CrossRef]

31. Primadharsini, P.P.; Nagashima, S.; Nishiyama, T.; Takahashi, M.; Murata, K.; Okamoto, H. Development of recombinant
infectious hepatitis E virus harboring the nanoKAZ gene and its application in drug screening. J. Virol. 2022, 96, e0190621.
[CrossRef]

32. Tanaka, T.; Takahashi, M.; Kusano, E.; Okamoto, H. Development and evaluation of an efficient cell-culture system for hepatitis E
virus. J. Gen. Virol. 2007, 88 Pt 3, 903–911. [CrossRef] [PubMed]

33. Lorenzo, F.R.; Tanaka, T.; Takahashi, H.; Ichiyama, K.; Hoshino, Y.; Yamada, K.; Inoue, J.; Takahashi, M.; Okamoto, H. Mutational
events during the primary propagation and consecutive passages of hepatitis E virus strain JE03-1760F in cell culture. Virus Res.
2008, 137, 86–96. [CrossRef] [PubMed]

http://doi.org/10.1007/s00705-008-0179-6
http://doi.org/10.1128/JCM.02002-09
http://www.ncbi.nlm.nih.gov/pubmed/20107086
http://doi.org/10.1128/JVI.02804-15
http://www.ncbi.nlm.nih.gov/pubmed/26865708
http://doi.org/10.1128/JVI.00822-17
http://doi.org/10.1038/nrgastro.2017.150
http://www.ncbi.nlm.nih.gov/pubmed/29162935
http://doi.org/10.1056/NEJMoa0706992
http://www.ncbi.nlm.nih.gov/pubmed/18287603
http://doi.org/10.1111/j.1537-2995.2004.03300.x
http://www.ncbi.nlm.nih.gov/pubmed/15157263
http://doi.org/10.1002/jmv.20215
http://doi.org/10.1111/j.1365-3148.2006.00652.x
http://doi.org/10.1111/trf.13994
http://doi.org/10.1002/rmv.1929
http://doi.org/10.1111/j.1440-1746.2007.04913.x
http://www.ncbi.nlm.nih.gov/pubmed/17444855
https://www.who.int/news-room/fact-sheets/detail/hepatitis-e
http://doi.org/10.3748/wjg.v22.i31.7030
http://www.ncbi.nlm.nih.gov/pubmed/27610014
http://doi.org/10.1101/cshperspect.a032144
http://www.ncbi.nlm.nih.gov/pubmed/29530946
http://doi.org/10.1016/j.tmrv.2019.06.001
http://doi.org/10.1016/j.jhep.2022.05.006
http://www.ncbi.nlm.nih.gov/pubmed/35605741
http://doi.org/10.1016/j.jhep.2018.03.005
http://doi.org/10.1056/NEJMoa1215246
http://doi.org/10.1093/cid/ciz953
http://doi.org/10.1111/jvh.13456
http://doi.org/10.1128/jvi.01906-21
http://doi.org/10.1099/vir.0.82535-0
http://www.ncbi.nlm.nih.gov/pubmed/17325363
http://doi.org/10.1016/j.virusres.2008.06.005
http://www.ncbi.nlm.nih.gov/pubmed/18620009


Viruses 2022, 14, 2440 18 of 18

34. Tanaka, T.; Takahashi, M.; Takahashi, H.; Ichiyama, K.; Hoshino, Y.; Nagashima, S.; Mizuo, H.; Okamoto, H. Development and
characterization of a genotype 4 hepatitis E virus cell culture system using a HE-JF5/15F strain recovered from a fulminant
hepatitis patient. J. Clin. Microbiol. 2009, 47, 1906–1910. [CrossRef]

35. Okamoto, H. Hepatitis E virus cell culture models. Virus Res. 2011, 161, 65–77. [CrossRef]
36. Takahashi, M.; Hoshino, Y.; Tanaka, T.; Takahashi, H.; Nishizawa, T.; Okamoto, H. Production of monoclonal antibodies against

hepatitis E virus capsid protein and evaluation of their neutralizing activity in a cell culture system. Arch. Virol. 2008, 153, 657–666.
[CrossRef] [PubMed]

37. Yamada, K.; Takahashi, M.; Hoshino, Y.; Takahashi, H.; Ichiyama, K.; Tanaka, T.; Okamoto, H. Construction of an infectious
cDNA clone of hepatitis E virus strain JE03-1760F that can propagate efficiently in cultured cells. J. Gen. Virol. 2009, 90, 457–462.
[CrossRef] [PubMed]

38. Ianevski, A.; Giri, A.K.; Aittokallio, T. SynergyFinder 2.0: Visual analytics of multi-drug combination synergies. Nucleic Acids Res.
2020, 48, W488–W493. [CrossRef]

39. Martinez, M.G.; Cordo, S.M.; Candurra, N.A. Characterization of Junin arenavirus cell entry. J. Gen. Virol. 2007, 88 Pt 6, 1776–1784.
[CrossRef]

40. Saab, S.; Kalmaz, D.; Gajjar, N.A.; Hiatt, J.; Durazo, F.; Han, S.; Farmer, D.G.; Ghobrial, R.M.; Yersiz, H.; Goldstein, L.I.; et al.
Outcomes of acute rejection after interferon therapy in liver transplant recipients. Liver Transplant. 2004, 10, 859–867. [CrossRef]

41. Chandwani, A.; Shuter, J. Lopinavir/ritonavir in the treatment of HIV-1 infection: A review. Ther. Clin. Risk Manag. 2008, 4,
1023–1033.

42. Hull, M.W.; Montaner, J.S. Ritonavir-boosted protease inhibitors in HIV therapy. Ann. Med. 2011, 43, 375–388. [CrossRef]
43. Hezode, C.; Asselah, T.; Reddy, K.R.; Hassanein, T.; Berenguer, M.; Fleischer-Stepniewska, K.; Marcellin, P.; Hall, C.; Schnell, G.;

Pilot-Matias, T.; et al. Ombitasvir plus paritaprevir plus ritonavir with or without ribavirin in treatment-naive and treatment-
experienced patients with genotype 4 chronic hepatitis C virus infection (PEARL-I): A randomised, open-label trial. Lancet 2015,
385, 2502–2509. [CrossRef]

44. Lawitz, E.; Makara, M.; Akarca, U.S.; Thuluvath, P.J.; Preotescu, L.L.; Varunok, P.; Morillas, R.M.; Hall, C.; Mobashery, N.; Redman,
R.; et al. Efficacy and safety of ombitasvir, paritaprevir, and ritonavir in an open-label study of patients with genotype 1b chronic
hepatitis C virus infection with and without cirrhosis. Gastroenterology 2015, 149, 971–980.e971. [CrossRef] [PubMed]

45. Keating, G.M. Ombitasvir/paritaprevir/ritonavir: A review in chronic HCV genotype 4 infection. Drugs 2016, 76, 1203–1211.
[CrossRef] [PubMed]

46. Wong, C.K.H.; Au, I.C.H.; Lau, K.T.K.; Lau, E.H.Y.; Cowling, B.J.; Leung, G.M. Real-world effectiveness of early molnupiravir or
nirmatrelvir-ritonavir in hospitalised patients with COVID-19 without supplemental oxygen requirement on admission during
Hong Kong’s omicron BA.2 wave: A retrospective cohort study. Lancet Infect. Dis. 2022; Online ahead of print. [CrossRef]

47. Panel on Treatment of HIV Drug Pregnancy and Prevention of Perinatal Transmission. Recommendations for Use of Antiretroviral
Drugs in Transmission in the United States. Available online: https://clinicalinfo.hiv.gov/sites/default/files/guidelines/
documents/Perinatal_GL.pdf (accessed on 1 September 2022).

48. Xiao, F.; Fofana, I.; Thumann, C.; Mailly, L.; Alles, R.; Robinet, E.; Meyer, N.; Schaeffer, M.; Habersetzer, F.; Doffoel, M.; et al.
Synergy of entry inhibitors with direct-acting antivirals uncovers novel combinations for prevention and treatment of hepatitis C.
Gut 2015, 64, 483–494. [CrossRef] [PubMed]

49. Sevrioukova, I.F.; Poulos, T.L. Structure and mechanism of the complex between cytochrome P4503A4 and ritonavir. Proc. Natl.
Acad. Sci. USA 2010, 107, 18422–18427. [CrossRef]

50. Food and Drug Administration. Rebetol: Highlights of Prescribing Information. Available online: https://www.accessdata.fda.
gov/drugsatfda_docs/label/2013/020903s052,021546s008lbl.pdf (accessed on 1 September 2022).

51. Dalton, H.R.; Bendall, R.P.; Keane, F.E.; Tedder, R.S.; Ijaz, S. Persistent carriage of hepatitis E virus in patients with HIV infection.
N. Engl. J. Med. 2009, 361, 1025–1027. [CrossRef]

52. Dalton, H.R.; Keane, F.E.; Bendall, R.; Mathew, J.; Ijaz, S. Treatment of chronic hepatitis E in a patient with HIV infection. Ann.
Intern. Med. 2011, 155, 479–480. [CrossRef]

53. Heemelaar, S.; Hangula, A.L.; Chipeio, M.L.; Josef, M.; Stekelenburg, J.; van den Akker, T.H.; Pischke, S.; Mackenzie, S.B.P.
Maternal and fetal outcomes of pregnancies complicated by acute hepatitis E and the impact of HIV status: A cross-sectional
study in Namibia. Liver Int. 2022, 42, 50–58. [CrossRef]

54. Li, Y.; Li, P.; de Man, R.A.; Peppelenbosch, M.P.; Pan, Q. Probing the direct effects of antiretroviral drugs on hepatitis E virus
replication in cell culture models. Liver Int. 2022, 42, 716–717. [CrossRef]

http://doi.org/10.1128/JCM.00629-09
http://doi.org/10.1016/j.virusres.2011.01.015
http://doi.org/10.1007/s00705-008-0045-6
http://www.ncbi.nlm.nih.gov/pubmed/18266052
http://doi.org/10.1099/vir.0.007559-0
http://www.ncbi.nlm.nih.gov/pubmed/19141456
http://doi.org/10.1093/nar/gkaa216
http://doi.org/10.1099/vir.0.82808-0
http://doi.org/10.1002/lt.20157
http://doi.org/10.3109/07853890.2011.572905
http://doi.org/10.1016/S0140-6736(15)60159-3
http://doi.org/10.1053/j.gastro.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26170136
http://doi.org/10.1007/s40265-016-0612-1
http://www.ncbi.nlm.nih.gov/pubmed/27401997
http://doi.org/10.1016/S1473-3099(22)00507-2
https://clinicalinfo.hiv.gov/sites/default/files/guidelines/documents/Perinatal_GL.pdf
https://clinicalinfo.hiv.gov/sites/default/files/guidelines/documents/Perinatal_GL.pdf
http://doi.org/10.1136/gutjnl-2013-306155
http://www.ncbi.nlm.nih.gov/pubmed/24848265
http://doi.org/10.1073/pnas.1010693107
https://www.accessdata.fda.gov/drugsatfda_docs/label/2013/020903s052,021546s008lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2013/020903s052,021546s008lbl.pdf
http://doi.org/10.1056/NEJMc0903778
http://doi.org/10.7326/0003-4819-155-7-201110040-00017
http://doi.org/10.1111/liv.15076
http://doi.org/10.1111/liv.15168

	Introduction 
	Materials and Methods 
	Cell Culture 
	Viruses 
	Drugs 
	Quantification of HEV RNA 
	Luciferase Assay 
	Time-of-Addition Assay 
	Immunofluorescence Assay 
	Validation of the Anti-HEV Activity of the Ritonavir and Ribavirin Combination Therapy 
	Cell Viability Assay 
	Evaluation of the Efficacy of Ritonavir and Ribavirin Combination Therapy in a Cell Culture System 
	Evaluation of the Efficacy of Ritonavir and Ribavirin Combination Therapy Using PLC/PRF/5 Cells That Robustly Produce HEV 
	LDH Cytotoxicity Assay 
	Calculation of the Degree of Synergism with Ritonavir and Ribavirin Combination Therapy 
	Statistical Analyses 

	Results 
	Ritonavir Blocks HEV Internalization 
	Validation of the Anti-HEV Activity of Ritonavir and Ribavirin Combination Therapy against HEV Using the eHEV-nanoKAZ System 
	Evaluation of the Efficacy of Ritonavir and Ribavirin Combination Therapy for Inhibiting Virus Growth in PLC/PRF/5 Cells Inoculated with eHEV-3 or eHEV-4 
	Evaluation of the Efficacy of Ritonavir and Ribavirin Combination Therapy for Inhibiting Virus Growth in PLC/PRF/5 Cells Robustly Producing eHEV-3 or eHEV-4 
	The Degree of Synergism of Ritonavir and Ribavirin Combination Therapy 

	Discussion 
	References

