
The Viral ORF3 Protein Is Required for Hepatitis E Virus Apical
Release and Efficient Growth in Polarized Hepatocytes and
Humanized Mice

Gulce Sari,a Jingting Zhu,b Charuta Ambardekar,b Xin Yin,b* Andre Boonstra,a Zongdi Feng,b,c Thomas Vanwolleghema,d,e

aDepartment of Gastroenterology and Hepatology, Erasmus University Medical Center, Rotterdam, The Netherlands
bCenter for Vaccines and Immunity, The Research Institute at Nationwide Children’s Hospital, Columbus, Ohio, USA
cDepartment of Pediatrics, The Ohio State University College of Medicine, Columbus, Ohio, USA
dLaboratory of Experimental Medicine and Pediatrics, Faculty of Medicine and Health Sciences, University of Antwerp, Antwerp, Belgium
eDepartment of Gastroenterology and Hepatology, Antwerp University Hospital, Antwerp, Belgium

Gulce Sari and Jingting Zhu contributed equally to this work. The order of names was determined alphabetically.

ABSTRACT Hepatitis E virus (HEV), an enterically transmitted RNA virus, is a major
cause of acute hepatitis worldwide. Additionally, HEV genotype 3 (gt3) can fre-
quently persist in immunocompromised individuals with an increased risk for devel-
oping severe liver disease. Currently, no HEV-specific treatment is available. The viral
open reading frame 3 (ORF3) protein facilitates HEV egress in vitro and is essential
for establishing productive infection in macaques. Thus, ORF3, which is unique to
HEV, has the potential to be explored as a target for antiviral therapy. However, sig-
nificant gaps exist in our understanding of the critical functions of ORF3 in HEV
infection in vivo. Here, we utilized a polarized hepatocyte culture model and a
human liver chimeric mouse model to dissect the roles of ORF3 in gt3 HEV release
and persistent infection. We show that ORF3’s absence substantially decreased HEV
replication and virion release from the apical surface but not the basolateral surface
of polarized hepatocytes. While wild-type HEV established a persistent infection in
humanized mice, mutant HEV lacking ORF3 (ORF3null) failed to sustain the infection
despite transient replication in the liver and was ultimately cleared. Strikingly, mice
inoculated with the ORF3null virus displayed no fecal shedding throughout the 6-
week experiment. Overall, our results demonstrate that ORF3 is required for HEV
fecal shedding and persistent infection, providing a rationale for targeting ORF3 as a
treatment strategy for HEV infection.

IMPORTANCE HEV infections are associated with significant morbidity and mortality.
HEV gt3 additionally can cause persistent infection, which can rapidly progress to
liver cirrhosis. Currently, no HEV-specific treatments are available. The poorly under-
stood HEV life cycle hampers the development of antivirals for HEV. Here, we investi-
gated the role of the viral ORF3 protein in HEV infection in polarized hepatocyte cul-
tures and human liver chimeric mice. We found that two major aspects of the HEV
life cycle require ORF3: fecal virus shedding and persistent infection. These results
provide a rationale for targeting ORF3 to treat HEV infection.

KEYWORDS hepatitis E virus, ORF3, enteric viral hepatitis, interferon responses, human
liver chimeric mice, polarized hepatocytes, vectorial release

Hepatitis E virus (HEV) is a single-stranded RNA virus belonging to the Hepeviridae
family (1). HEV infects approximately 20 million people annually and is a major

cause of acute viral hepatitis globally (2). Chronic HEV infection, mostly due to zoonotic
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transmission of genotype 3 (gt3) HEV, is an emerging health problem in Western coun-
tries and can rapidly progress to liver cirrhosis within 2 to 3 years (3). Currently, no
HEV-specific treatments are available. While ribavirin, a nucleoside analog, has been
used successfully as an off-label drug to treat certain patients with chronic HEV infec-
tion, its associated side effects and viral resistance limit its use (4).

The poorly understood HEV infectious cycle is a major barrier to developing HEV-
specific antivirals. HEV has a unique infectious cycle. The virus is shed into feces as non-
enveloped particles but circulates in the bloodstream in a quasi-enveloped form
(eHEV) (5). The infectivity of eHEV particles in patient serum or produced from cell cul-
ture is reduced compared to that of stool-derived or cell lysate-derived naked HEV par-
ticles (6, 7). Therefore, while it has been proposed that eHEV particles mediate virus
spread in the liver (8), the precise mechanism of HEV spread in vivo remains unclear.

The viral open reading frame 3 (ORF3) protein has a significant role in eHEV biogen-
esis (8–12). Specifically, ORF3 interacts through a C-terminal PSAP late domain motif of
the cellular endosomal sorting complex required for transport (ESCRT) machinery and
promotes HEV envelopment and exit via the exosome pathway (9, 13). eHEV particles
in the culture supernatant and the patient’s serum both contain ORF3 (11, 14). ORF3 is
also a viroporin, and introducing mutations that disrupt its ion channel activity reduces
virion secretion (12). In addition to its role in HEV egress, ORF3 interacts with various
host proteins (15–21) and modulates cellular pathways, including the interferon (IFN)
pathway (22–25). Importantly, a mutant HEV lacking ORF3 failed to establish a produc-
tive infection in experimentally inoculated macaques (26).

Despite these advances, the exact functions of ORF3 in natural HEV infections remain
poorly defined. Hepatocytes are highly polarized in vivo, with their apical membranes
abutting the bile canaliculi and their basolateral membranes facing the sinusoid blood
(27). A recent study by Capelli et al. demonstrated that HEV virions released from both
the apical and basolateral surfaces of polarized F2 cells (a subclone of HepG2 cells) are
enveloped (28). However, whether ORF3 is required for HEV release from either one or
both sides remains uncertain. Of note, ORF3 primarily localizes to the apical membranes
in HEV-infected F2 cells, and the vast majority (.96%) of progeny virus is released api-
cally (28). These results imply that ORF3 facilitates HEV release primarily (if not exclu-
sively) at the apical surface and raise questions about the role of ORF3 in HEV’s basolat-
eral release and how eHEV particles circulating in a patient’s serum incorporate ORF3.

Although a previous study demonstrated the essential role of ORF3 in vivo (26), specific
defects associated with the ORF3-deficient mutant have not been identified. In that study,
in vitro transcripts of a wild-type (WT) or ORF3-deficient HEV genome (gt1; Sar-55 strain)
were injected intrahepatically into two macaques, and signs of infection (viremia, serum al-
anine aminotransferase [ALT] elevation, and seroconversion) were monitored weekly in se-
rum samples. Both macaques inoculated with ORF3-deficient transcripts exhibited no signs
of infection. Importantly, as no liver, bile, or fecal samples were analyzed in that study, little
is known with regard to the specific defect(s) in vivo in the absence of ORF3.

To address these critical gaps, we created an ORF3-deficient mutant (ORF3null)
using a gt3 HEV infectious clone (Kernow C1/p6) as a backbone and compared it with
WT HEV in their replication kinetics and release in both polarized F2 cell culture and
human liver chimeric mice. Our results indicate that ORF3 is essential for efficient repli-
cation and apical (but not basolateral) HEV release. Mice inoculated with the ORF3null
virus showed no fecal virus shedding despite evidence for intrahepatic replication.
Further analysis revealed that both WT and ORF3null HEV induced a transient inter-
feron response that may have contributed to the clearance of the ORF3null virus.
Overall, these results shed new light on ORF3’s functions in vivo and provide a rationale
for targeting ORF3 as a novel strategy for treating HEV infection.

RESULTS
ORF3 is required for efficient growth of HEV in polarized hepatocytes. To inves-

tigate the role of ORF3 in HEV replication, we replaced the start codon of ORF3 with
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GCA in the gt3 Kernow C1/p6 strain to create a mutant HEV lacking ORF3 expression
(ORF3null). In vitro-transcribed WT or ORF3null HEV RNA was transfected into HepG2/
C3A cells. Five days later, cells were lysed and examined for ORF2 (capsid) or ORF3 pro-
tein expression by Western blotting. WT HEV RNA-transfected cells and ORF3null RNA-
transfected cells had comparable levels of the ORF2 protein, which is translated from
the same subgenomic RNA as ORF3 is. However, ORF3 was detected only in cells trans-
fected with WT HEV RNA (Fig. 1A).

We then purified nonenveloped HEV virions from WT and ORF3null RNA-transfected
cells and compared their specific infectivities in F2 cells (a subclone of HepG2/C3A cells).
We used an immunofluorescence assay (IFA) with an antibody specific for ORF2 to quan-
tify the number of focus-forming units (FFU) at 5 days postinoculation (dpi). We found that
WT and ORF3null virions had similar specific infectivities (ratios of viral genome equivalents
[GE] to FFU) (Fig. 1B). These results are in agreement with a previous study demonstrating
that ORF3 is not essential for HEV replication and infectious particle production (29).

Next, we compared the growth of the WT and ORF3null HEV in polarized F2 cells (28).
Polarization was achieved by growing the cells on a semipermeable membrane in the
presence of 1% dimethyl sulfoxide (DMSO) for about 2 weeks. The intactness of the tight
junctions was confirmed by measuring the transepithelial electrical resistance (TEER) (Fig.
1C) and permeability to fluorescein isothiocyanate (FITC)-conjugated dextran (molecular
weight [MW] of 500 kDa) (Fig. 1D). We then inoculated polarized F2 cells with equal
amounts of purified WT and ORF3null virions via the basolateral surface. Cells were fixed
at 5 and 10 dpi and analyzed by an IFA with an anti-ORF2 antibody. These time points
were chosen based on the replication kinetics of the Kernow C1/p6 strain in the HepG2/
C3A cells, with a slow and gradual increase in the first 5 to 7 days followed by a steady
level of persistent replication (30). No apparent cytotoxicity was detected during the
course of the experiment as evidenced by minimal changes in the levels of lactate dehy-
drogenase (LDH) in the culture medium (Fig. 1E). Similar numbers of infected cells were
detected for both viruses at 5 dpi, confirming that ORF3 is not required for infectivity.
However, at 10 dpi, the number of infected cells increased for the WT virus but decreased
for the ORF3null virus (Fig. 1F). Quantification of ORF2-positive areas from two independ-
ent experiments revealed a 2-fold increase during the period from 5 to 10 dpi in WT HEV-
infected cells but a 4-fold decrease for ORF3null HEV-infected cells (Fig. 1G).

ORF3 is required for counteracting the HEV-induced interferon response. We
have previously shown that HEV induces a type III IFN response that restricts virus repli-
cation (30). In addition, ORF3 has been shown to either enhance or block the IFN path-
way (22, 23, 31). To investigate if IFN responses played a role in reducing the replica-
tion of the ORF3null virus beyond 5 days, we measured the expression of a panel of 3
IFN-stimulated genes (ISGs) 5, 7, 10, 12, and 15 days after virus inoculation. Consistent
with the IFA results, intracellular HEV RNA levels were gradually increased in WT HEV-
infected cells but were decreased in ORF3null HEV-infected cells (Fig. 1H). In contrast,
the expression of all 3 ISGs (ISG56, CXCL10, and ISG15) was induced to higher levels in
ORF3null HEV-infected cells than in WT HEV-infected cells (Fig. 1I).

Since ORF3 inhibits STAT1 activation (22), we investigated if blocking STAT1 func-
tion could rescue the ORF3-null virus replication. Treatment of cells with a Janus kinase
inhibitor (JAKi) resulted in an increase in the replication of both WT and ORF3null
viruses, but the effect was more profound for the ORF3null virus (Fig. 1F and G).
Compared with the untreated group, there was a 3.8-fold increase in ORF2-positive
areas in WT HEV-infected cells. However, a 10-fold increase was detected in ORF3null
HEV-infected cells. Thus, the lower virus replication of the ORF3null virus likely resulted
from a higher IFN response, its increased susceptibility to IFNs, or both.

Ectopically expressed ORF3 rescues the growth of the ORF3null virus.We deter-
mined if ectopically expressed ORF3 can rescue ORF3null virus replication by creating a
cell line that stably expressed the ORF3 protein (F2-ORF3). The expression of ORF3 was
confirmed by an IFA using an antibody specific for ORF3 (Fig. 2A). Parental F2 cells and
cells transduced with an empty vector (F2-empty) served as controls. Cells were polarized
in the transwell and inoculated with either WT or ORF3null HEV. At 5 and 10 dpi, cells
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were fixed and stained with an anti-ORF2 antibody, and ORF2-positive areas were quanti-
fied by ImageJ software. As expected, WT HEV-infected parental F2 cells and F2-empty
cells showed an increase in ORF2-positive areas from 5 dpi to 10 dpi, while ORF3null virus-
infected cells showed a decrease (Fig. 2B). Overexpression of ORF3 did not further increase

FIG 1 ORF3 is required for efficient HEV growth in polarized human hepatocytes. (A) Western blots of HEV ORF2 and ORF3 proteins in HepG2/C3A cells
5 days after transfection with wild-type (WT) or ORF3null HEV RNA. b-Actin served as the loading control. (B) Specific infectivity of WT and ORF3null virions
recovered from HEV RNA-transfected cells. HEV genome equivalents (GE) were determined by qRT-PCR. ORF2-positive focus-forming units (FFU) were
determined in F2 cells (a subclone of HepG2/C3A cells) by immunofluorescence assays at 5 days postinoculation. n.s., not significant. (C and D)
Transepithelial electrical resistance (TEER) (C) and permeability (D) of F2 or 293T cells grown on a porous membrane (pore size, 3 mm) for 18 days. Data are
shown as means 6 standard errors of the means (SEM) from 2 independent experiments, each with duplicate wells. (E) Polarized F2 cells were inoculated
with WT or ORF3null HEV (103 GE per cell). Lactate dehydrogenase (LDH) levels in the basolateral culture medium were measured at 5 and 10 days
postinoculation (dpi). Data are shown as means 6 SEM from triplicate wells. (F) Immunofluorescence images showing HEV ORF2-positive cells (green) in
polarized F2 cell cultures 5 and 10 days after infection with WT or ORF3null HEV (103 GE per cell) in either the presence or absence of a JAK inhibitor (JAKi)
(0.5 mM). Nuclei were counterstained with DAPI. Bars, 100 mm. (G) HEV-positive areas at 5 and 10 dpi were quantified using ImageJ software (NIH). Data
are shown as means 6 SEM from at least 2 independent experiments, each with duplicate wells. (H and I) Polarized F2 cells were inoculated with WT or
ORF3null HEV (103 GE per cell), and the levels of HEV RNA (H) and interferon-stimulated genes (ISGs) (I) were quantified by qRT-PCR at the indicated times.
Data are shown as means 6 SEM from 2 independent experiments, each with duplicate wells. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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WT HEV replication. However, it significantly enhanced the growth of the ORF3null virus;
ORF2-positive areas in F2-ORF3 cells at 10 dpi had an approximately 10-fold increase over
those in the parental F2 cells and the F2-empty cells (Fig. 2C). Thus, the ectopic expression
of ORF3 can effectively rescue the growth of the ORF3null virus.

ORF3 promotes the apical release of HEV from polarized hepatocytes. Previous
studies have shown that ORF3 promotes HEV release (8–12). However, the role of ORF3 in
HEV release from polarized hepatocytes is unknown. To address this question, we inocu-
lated polarized F2 cells with either WT or ORF3null HEV. After 7 days, HEV RNA in culture
supernatants collected from the top (apical) and bottom (basolateral) chambers of the
transwells as well as intracellular HEV RNA were extracted and quantified by real-time PCR.
This analysis revealed that while WT HEV was primarily released apically, ORF3null HEV
was released almost equally to the apical and basolateral compartments (Fig. 3A). After
adjusting to the intracellular HEV RNA levels, ORF3null HEV showed an;70% reduction in
apical release compared to WT HEV (Fig. 3B). However, basolateral HEV release was not
affected in the absence of ORF3 (Fig. 3C). Infectivity assays confirmed that infectious virus
was mainly released apically for WT HEV but was released in similar quantities to the apical
and basolateral compartments for ORF3null HEV (Fig. 3D and E). Corroborating these find-
ings, the ORF3 protein was detected almost exclusively in the apical compartment (Fig.
3F). The secreted ORF2 protein, which is released via the secretory pathway (32), was
detected in similar quantities in the apical and basolateral compartments.

Importantly, the ectopic expression of ORF3 rescued the apical release of the
ORF3null virus (Fig. 3G to I). The overexpression of ORF3 also slightly increased the
release of WT HEV, but the extents of the increase were similar in the apical and baso-
lateral compartments (Fig. 3H and I).

ORF3 is required for HEV fecal shedding and sustained replication in the liver
of humanized mice. We previously demonstrated that HEV can establish persistent
infections in human liver chimeric mice, independent from the mouse genetic back-
ground (6, 33). To extend our observations in F2 cells and further investigate the role
of ORF3 for HEV release in the biliary tract in vivo, we compared the kinetics of WT and
ORF3null viruses in different compartments of humanized mice with optimal human
hepatocyte engraftment (serum human albumin levels of .100 mg/ml) (33). In the first
experiment, we intravenously inoculated humanized mice with 106 GE of either WT
(n = 5) or ORF3null (n = 3) HEV and collected blood (biweekly) and feces (weekly) for
6 weeks, at which time animals were sacrificed to analyze HEV RNA and antigens in
liver and bile (Fig. 4A). Continuous fecal virus shedding was observed for the WT HEV-
inoculated group (Fig. 4B). In contrast, mice inoculated with the ORF3null virus had no
detectable fecal shedding at all time points.

FIG 2 Overexpressed ORF3 protein rescues the growth of ORF3null HEV in polarized human hepatocytes. (A) Immunofluorescence
images showing ORF3-positive cells (green) in F2 (a subclone of HepG2/C3A cells), F2-empty (F2 cells transduced with an empty
lentiviral vector), and F2-ORF3 (F2 cells transduced with an ORF3-expressing lentiviral vector) cells. Nuclei were stained with DAPI.
Bars, 100 mm. (B) Immunofluorescence images showing HEV ORF2-positive cells (green) in polarized F2, F2-empty, and F2-ORF3 cells
5 and 10 days after infection with WT or ORF3null HEV (103 GE per cell). Bars, 100 mm. (C) HEV-positive areas at 5 and 10 days
postinfection (dpi) were quantified using ImageJ software (NIH). Data are shown as means 6 SEM from triplicate wells. n.s., not
significant; ****, P , 0.0001.
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Low levels of HEV RNA were also detected in the serum samples from mice inocu-
lated with WT HEV but not in those inoculated with ORF3null HEV (Fig. 4B). High levels
of HEV RNA were detected in the liver and bile of WT-infected mice but not in
ORF3null-infected mice at week 6 (Fig. 4B). In addition, abundant HEV ORF2 proteins
were detected in liver sections from WT HEV-infected mice at week 6 (Fig. 4C).
Interestingly, despite the lack of detectable HEV RNA in ORF3null HEV-inoculated mice,
ORF2 proteins were also detected in liver sections but at a much lower level.

Since we did not detect fecal virus shedding in the ORF3null HEV-inoculated group
even as early as 1 week postinoculation, in the next experiment, we inoculated 3 human-
ized mice with 106 GE of the ORF3null virus and sacrificed them after 3 days. Again, the
fecal materials had no detectable HEV RNA. However, abundant HEV RNA and antigen
were detected in the liver (Fig. 4D and E). These results suggested that while the ORF3null
virus replicated in the liver (by day 3), it could not be shed into the feces.

To further investigate the replication kinetics of the ORF3null virus in this model,
we inoculated humanized mice with the ORF3null virus and sacrificed one animal at
each time point, as indicated in Fig. 4F, excepting day 7 (n = 2). For comparison, 3

FIG 3 ORF3 facilitates apical release of HEV particles from polarized human hepatocytes. (A to C) Polarized F2 cells were inoculated with WT or ORF3null
HEV (5 � 103 GE per cell). After 7 days, HEV RNA in the culture supernatants from the top (apical) and lower (basolateral) chambers and intracellular HEV
RNA were isolated and quantified by qRT-PCR. (A) Relative amounts of HEV RNA present in the supernatants from the apical versus basolateral chambers.
(B and C) Relative amounts of WT versus ORF3null HEV RNA present in the apical (B) and basolateral (C) chambers (extracellular HEV RNA levels were
normalized to intracellular HEV RNA levels to adjust the difference in virus replication between WT and ORF3null HEV, and the values from the WT HEV-
infected group were set as 100%). Data are shown as means 6 SEM from at least 2 independent experiments, each with duplicate wells. n.s., not
significant; **, P , 0.01. (D and E) Polarized F2 cells were inoculated with WT or ORF3null HEV (5 � 103 GE per cell), and culture supernatants in the apical
and basolateral chambers were collected at 5 dpi to inoculate naive F2 cells. (D) Cells were fixed 5 days later, and ORF2-positive focus-forming units (FFU)
were determined by immunofluorescence assays. (E) Relative amounts of infectious virus present in the apical versus basolateral compartments. Data are
shown as means 6 SEM from triplicate samples. (F) Western blots of ORF2 and ORF3 proteins in culture supernatants from the apical and basolateral
chambers of WT HEV (5 � 103 GE per cell)-infected polarized F2 cell cultures. Note that the secreted ORF2 protein existed in both monomeric and dimeric
forms. Values below each blot indicate the relative ORF2 or ORF3 protein levels. (G to I) Polarized F2, F2-empty, and F2-ORF3 cells were inoculated with WT
or ORF3null HEV (5 � 103 GE per cell). After 7 days, HEV RNAs in culture supernatants (in both the apical and basolateral chambers) and cells were isolated
and quantified by qRT-PCR. (G) Relative amounts of HEV RNA present in the supernatants from the apical versus the basolateral chambers. (H and I)
Relative amounts of WT versus ORF3null HEV RNA released in the apical (H) and basolateral (I) chambers (values from WT-infected F2 cells were set as
100%). Data are shown as means 6 SEM from 2 independent experiments, each with duplicate wells. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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FIG 4 ORF3 is essential for HEV fecal shedding and persistent infection in humanized mice. (A to C) Human liver chimeric mice were inoculated with equal
amounts (106 GE) of WT (n = 5) or ORF3null (n = 3) HEV. Serum samples were collected biweekly, and feces were collected weekly. Mice were sacrificed
6 weeks after virus inoculation. (B) HEV RNA levels in feces and serum at the indicated times and in liver and bile at week 6 were quantified by qRT-PCR.
The dotted horizontal line indicates the quantification limit (QL). (C) Immunofluorescence images showing HEV ORF2 (red) and human albumin (hAlb)
(green) in liver sections from HEV-infected humanized mice 6 weeks after inoculation. Bars, 450 mm. (D and E) Humanized mice were inoculated with the
ORF3null virus (n = 3) and sacrificed 3 days after virus inoculation. (D) qRT-PCR-quantified HEV RNA levels in serum, liver, and feces 3 days after HEV
inoculation. The dotted horizontal lines indicate the quantification limits. (E) Immunofluorescence images showing HEV ORF2 (red) and human albumin
(green) in liver sections from two different ORF3null-infected mice. Bars, 450 mm. (F to H) Humanized mice were inoculated with equal amounts (106 GE) of
WT (n = 3) or ORF3null (n = 9) HEV and sacrificed at the indicated times (black dots). (G and H) HEV RNA (G) and antigen (ORF2) (H) levels in the livers of
humanized mice. Note that 5 additional WT-inoculated animals and a total of 6 additional ORF3null-inoculated animals (panels B and D) were also included
for analyses in panels G and H. A downward trend in liver HEV RNA and antigen in the ORF3null-inoculated group is depicted with a linear regression fit
(slope with 95% confidence intervals). (I) Serum human albumin levels in WT- and ORF3null-inoculated animals (panels A to H) at the time of HEV

(Continued on next page)
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additional mice were inoculated with the WT virus to examine fecal shedding and liver
titers at days 3, 7, and 10 postinoculation. Again, only WT-inoculated animals had de-
tectable fecal virus shedding (data not shown). The liver HEV RNA titers were compara-
ble between the two groups at early time points (3, 7, and 10 days) but decreased
gradually in the ORF3null HEV-inoculated group and were undetectable at week 6
postinoculation (Fig. 4G). Immunofluorescence staining of liver sections with an anti-
ORF2 antibody confirmed the decreasing HEV antigen levels in ORF3null virus-inocu-
lated animals over 6 weeks (Fig. 4H). The lack of ORF3null virus replication was not due
to insufficient humanization in these animals since numerous human cell islands were
detected in the livers of ORF3null HEV-infected mice. Furthermore, the serum human
albumin levels in ORF3null HEV-inoculated mice remained above the established 100-
mg/ml cutoff for HEV permissiveness (33) (Fig. 4I). These results indicate that ORF3null
virus replication gradually declined, and the virus was ultimately cleared from the liver.

Since humanized mice lacked adaptive immune responses and the results obtained
from F2 cells suggested that IFN responses play a role in inhibiting ORF3null HEV repli-
cation, we examined the expression of a panel of human ISGs in longitudinally col-
lected liver samples from WT HEV- or ORF3null HEV-inoculated animals. Both WT and
ORF3null HEV induced transient ISG expression in the liver (Fig. 4J). There appeared to
be a delay in the kinetics and a slight increase in the ISG response in the ORF3null
HEV-inoculated group compared to the WT HEV-inoculated group. However, the num-
ber of animals was insufficient for statistical analysis.

DISCUSSION

This study aimed to better understand the function of ORF3 in the HEV infectious
cycle. We used both a polarized hepatocyte culture and a human liver chimeric mouse
model to examine the impact of ORF3 deletion on HEV growth and virion secretion.
Our study revealed two major findings. First, deleting ORF3 significantly impaired virus
release from the apical surface of human hepatocytes. This impairment was evidenced
by a 70% reduction in apical virus release from polarized F2 cells and a complete lack
of fecal virus shedding from humanized mice in the absence of ORF3. Second, deleting
ORF3 impaired HEV growth both in F2 cells and in humanized mice. The ORF3null virus
was ultimately cleared in the liver, in contrast to the WT virus, which persisted for the
entire 6-week experiment. The reduced growth in the absence of ORF3 was accompa-
nied by an enhanced IFN response in vitro, and inhibiting the IFN response by a JAK in-
hibitor rescued ORF3null virus replication. Taken together, our findings demonstrate
two essential functions of ORF3 in the HEV life cycle: (i) promoting the release of prog-
eny virus from the apical/canalicular membrane of HEV-infected hepatocytes and (ii)
facilitating HEV replication in part by counteracting intracellular IFN responses.

The complete lack of fecal virus shedding in the absence of ORF3 is a remarkable
finding. Notably, fecal virus shedding was not observed in ORF3null-inoculated animals
even at very early time points (days 3, 7, and 10) when abundant HEV RNA and antigen
were readily detectable in the liver, indicating that this defect was not due to insuffi-
cient virus replication. This finding concurs with ORF3 localizing primarily to the apical
membranes (34–36), the vast majority of ORF3 protein being secreted apically, and a
70% reduction in apical virus release from polarized F2 cells in the absence of ORF3.
The N terminus of ORF3 has a highly conserved palmitoylation signal, which, when dis-
rupted, resulted in a loss of ORF3 membrane association and impaired HEV release
(37). Thus, palmitoylation may play a role in targeting ORF3 to the apical membranes
in HEV-infected hepatocytes. It will be interesting to test if ORF3 palmitoylation is
required for HEV apical release and fecal shedding in future work.

FIG 4 Legend (Continued)
inoculation (Ino) and at sacrifice (Sac). The dotted horizontal line indicates the established cutoff value for WT HEV permissiveness in humanized mice. (J)
Heat map of intrahepatic ISG expression in HEV-inoculated humanized mice. Data are shown as mean fold changes relative to uninfected controls (n = 4).
The numbers of animals included for analyses are as follows: 1 mouse for days 3, 7, and 10 and 3 mice for day 45 for the WT group and 1 mouse for days
10, 14, 21, 28, and 35; 3 mice for day 3; 2 mice for day 7; and 4 mice for day 44 for the ORF3null group.
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Unexpectedly, we found that the basolateral release of HEV was unaffected. Almost
equal amounts of HEV were detected in the apical and basolateral sides of ORF3null-
infected polarized F2 cells. Also, the absence of ORF3 did not affect the ratio of basolater-
ally released HEV to intracellular HEV. Unfortunately, since only very low levels of HEV RNA
were detected in sera in our humanized mouse model, it was not possible to assess the
impact of ORF3 deletion on basolateral HEV secretion in this model. Nonetheless, these in
vitro results challenge the existing model that eHEV biogenesis requires ORF3 and contra-
dicts the fact that circulating eHEV particles contain ORF3 (14). ORF3 can interact with the
ESCRT protein Tsg101 and promote HEV budding into the multivesicular bodies (MVBs),
and fusion of the MVBs with the plasma membrane results in the release of single-mem-
brane-encased eHEV particles (10, 13). Furthermore, in HEV-infected nonpolarized cells,
both ORF2 and ORF3 colocalize with CD63, a marker of MVBs (13). However, in polarized
hepatocytes and humanized mice, ORF3 primarily localizes to the apical membranes rather
than the internal membranes (28, 34), which coincides with our results indicating that
ORF3 was released almost exclusively at the apical surface. In future work, it will be inter-
esting to test if blocking the ORF3-ESCRT interaction results in impairments in HEV release
at the apical or basolateral side, or both, in polarized hepatocyte cultures and in vivo.

Another striking finding is the requirement of ORF3 for efficient HEV growth in
polarized F2 cells. This result contradicts a previous report by Shukla et al. where HEV
spread in HepG2/C3A cells did not require ORF3 (38). As discussed above, HEV spread
and infection outcomes in nonpolarized cells cannot be compared to results obtained
in differentiated polarized hepatocytes. Furthermore, different methods were used. In
the study by Shukla et al., in vitro-transcribed HEV RNAs were electroporated into
HepG2/C3A cells, and infection was monitored by flow cytometry. Infection may be ad-
vantageous over electroporation due to minimal toxicity and a synchronized low multi-
plicity of infection, both of which are necessary for studying virus spread. Besides, in
our experience, HEV infection caused changes in the cell morphology over time, result-
ing in a shift in the cell population on the scatterplots. Thus, flow cytometry results
should be interpreted with caution and preferably confirmed by independent assays.

Finally, we observed a slight increase in the HEV-induced IFN response in the ab-
sence of ORF3. ORF3 can either enhance IFN production or inhibit IFN signaling (22,
23). Therefore, the interplay between ORF3 and the IFN pathway in HEV-infected polar-
ized hepatocytes merits further study.

In summary, our study demonstrates that ORF3 is required for HEV apical release
and efficient growth in polarized hepatocytes and for fecal virus shedding and persis-
tent infection in humanized mice. These results provide a rationale for targeting ORF3
as a strategy for treating HEV infection.

MATERIALS ANDMETHODS
Cells and viruses. S10-3 (a subclone of Huh-7 cells provided by Suzanne Emerson), HEK293T,

HepG2/C3A (ATCC CRL-10741), and F2 (a subclone of HepG2/C3A cells, provided by Jacques Izopet) cells
were maintained in growth medium containing Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (pen-strep) (Fisher Scientific).
Polarized F2 cells were obtained by culturing the cells on collagen-coated semipermeable transwell
inserts (Corning) for 14 days at 37°C in William’s medium E containing 10% FBS and 1% DMSO. Cell
polarization was confirmed before each experiment by assessing the permeability of FITC-conjugated
dextran (Invitrogen). A gt3a HEV strain (Kernow C1/p6; GenBank accession number JQ679013) was used
as a backbone to construct the ORF3null virus. Briefly, the AflII and PmlI fragments from the infectious
clone were excised and cloned into an intermediate vector. The start codon of ORF3 was mutated to
GCA using an Agilent site-directed mutagenesis kit. After verifying the sequence, the AflII and PmlI frag-
ments were excised and cloned back to the infectious clone. Plasmids containing the HEV genome were
linearized with MluI, and full-length capped HEV genomes were synthesized using an mMessage
mMachine T7 transcription kit (Thermo Fisher). Virus stocks were prepared by transfecting in vitro tran-
scripts into S10-3 cells followed by gradient ultracentrifugation to purify intracellular nonenveloped viri-
ons as described previously (7).

Construction of ORF3-overexpressing cells. The ORF3 coding sequence from the HEV Kernow C1/
p6 strain was cloned into the pHIV-dTomato vector (a gift from Bryan Welm; Addgene plasmid 21374) to
yield pHIV-dTomato-ORF3. 293T cells were transfected with pMD2.G, psPAX2, and pHIV-dTomato-ORF3
(or the empty pHIV-dTomato vector) at a 1:3:4 ratio using Lipofectamine 3000 (Thermo Fisher Scientific,
Inc.). Supernatants containing packaged lentivirus were harvested at 72 h posttransfection, centrifuged
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at 500 � g for 3 min, filtered through a 0.45-mm filter, and used to inoculate F2 cells in the presence of
8 mg/ml Polybrene (Sigma-Aldrich). The transduction efficiency was determined by dTomato expression
in the transduced cells.

Virus infection. HEV (1 � 103 or 5 � 103 genome equivalents [GE] per cell) was added to the baso-
lateral side of the polarized F2 cells, incubated at 34.5°C overnight, washed three times with phosphate-
buffered saline (PBS), refed with hepatocyte maintenance medium (HMM) (catalog number Y30051;
TaKaRa Bio), and cultured at 34.5°C for the duration of the experiments. On day 5 and day 10 postinfec-
tion, cells were fixed and stained with a rabbit polyclonal antibody against HEV ORF2 protein (a gift
from X. J. Meng at Virginia Tech). For JAK inhibitor treatment experiments, directly after HEV inoculation,
cells were maintained in a culture medium containing 0.5 mM JAK inhibitor II (Sigma-Aldrich) for the du-
ration of the experiments.

FITC-dextran permeability assay. The integrity of F2 cell monolayers grown in the transwell was
assessed by measuring the permeability of FITC-conjugated dextran (MW of 500 kDa; Invitrogen) (39).
Briefly, medium containing 100 mg/ml FITC-dextran was added to the apical side. After 1 h of incubation
at 37°C, fluorescence signals in the basolateral fluid were measured with a Synergy 2 multimode micro-
plate reader (Bio-Tek). The percentage of the input was obtained by dividing the amount of dextran
detected in the basolateral fluid with the input amount.

TEERmeasurement. A total of 1.65 � 104 F2 cells or HEK293T cells were seeded and cultured on col-
lagen-coated semipermeable transwell inserts (Corning) for 18 days. The transepithelial electrical resist-
ance (TEER) was measured by using an epithelial voltohmmeter (EVOM; World Precision Instruments).

LDH cytotoxicity assay. Cell viability was assessed with an LDH-Glo cytotoxicity assay kit (Promega),
which measures LDH activity released from the cytosol of damaged cells. Briefly, polarized F2 cells were
inoculated with WT or ORF3null HEV. LDH activity in the basolateral culture medium was measured at
5 days and 10 days postinfection according to the manufacturer’s protocol.

Western blot analysis. Cells were directly lysed in a lysis buffer (100 mM Tris-HCl [pH 7.5], 50 mM
NaCl, 5 mM EDTA, and 1% Triton X-100 in the presence of a protease inhibitor cocktail [Roche]). To
detect ORF2 and ORF3 proteins in the culture medium, supernatants collected from the apical and baso-
lateral sides of HEV-infected polarized F2 cells were concentrated using a Vivaspin column (100-kDa MW
cutoff [MWCO]; Sartorius). The concentrated medium was resuspended in a lysis buffer. Samples were
boiled for 5 min, and proteins were separated on a 4 to 20% SDS-PAGE gel and blotted onto a polyvinyli-
dene difluoride (PVDF) membrane for Western blot analysis using a murine monoclonal antibody against
HEV ORF2 (catalog number MAB8002; MilliporeSigma), a rabbit polyclonal antibody against HEV ORF3
(catalog number BS-0212R; Bioss USA), and a murine anti-b-actin antibody (catalog number A2228;
MilliporeSigma).

Quantitative reverse transcription-PCR. Intracellular RNA was extracted with a QIAmini RNA isola-
tion kit (Qiagen). HEV RNA in the culture supernatants was extracted with a QIAamp viral RNA isolation
kit (Qiagen). HEV RNA was quantified by quantitative reverse transcription-PCR (qRT-PCR) using an iTaq
universal probe one-step kit (Bio-Rad), using forward (F) primer HEV-F (59-GGTGGTTTCTGGGGTGAC-39),
reverse (R) primer HEV-R (59-AGGGGTTGGTTGGATGAA-39), and probe HEV-P (59-FAM [6-carboxyfluores-
cein]-TGATTCTCAGCCCTTCGC-TAMRA [6-carboxytetramethylrhodamine]-39). HEV RNA levels in Fig. 3G
to I were quantified by using forward primer HEV ORF1-F (59-AAGACCTTCTGCGCTTTGTT-39), reverse
primer HEV ORF1-R (59-TGACTCCTCATAAGCATCGC-39), and probe HEV ORF1-P (59-FAM-CCGTGGTTC
CGTGCCATTGA-TAMRA-39). Synthetic full-length HEV Kernow C1/p6 RNA served as the standard.
Interferon-stimulated genes were quantified using an iTaq universal SYBR green one-step kit (Bio-Rad)
with primers as described in our previous publication (30). The relative expression level was calculated
using 22DCT conversion. For intrahepatic ISG expression analysis, RNA was isolated using Qiazol (Qiagen,
Hilden, Germany) from liver tissues stored in RNAlater (Qiagen, Hilden, Germany). cDNA was generated
by using PrimeScript reverse transcriptase master mix (TaKaRa Bio, Inc., Kusatsu, Japan) according to the
manufacturer’s protocol. The ISG expression analysis used the following TaqMan probes: CXCL10 (cata-
log number Hs01124251_g1), DDX58 (Hs01061436_m1), IFIT1 (Hs01911452_s1), ISG15 (Hs01921425_s1),
MX1 (Hs00895608_m1), OAS1 (Hs00973637_m1), RSAD2 (Hs00369813_m1), STAT1 (Hs01013996_m1),
and Toll-like receptor 3 (TLR3) (Hs01551078_m1) (Life Technologies). Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (catalog number Hs00266705_g1) was used as a housekeeping gene control, and
the relative expression level was calculated using 22DCT conversion. The cross-reactivity of primers was
checked using samples from C57BL/6 mice and nontransplanted NOG mice.

Mouse origin and in vivo infection experiments. Urokinase-type plasminogen activator (uPA)
NOD/Shi-scid/IL-2Rgnull (NOG) and thymidine kinase (TK)-NOG mouse embryos were provided by H.
Suemizu (Central Institute for Experimental Animals, Kawasaki, Japan) (40, 41). Mice were bred at the
Central Animal Facility of the Erasmus Medical Center (DEC number 141-12-11), and offspring zygosity
was determined using a copy number duplex quantitative PCR (qPCR) or custom-designed primer-probe
mix (F primer CGATTCGCCGCGTTTACG, R primer CGCCGCCCTGCAGATA, and probe FAM-CCGCACCGTAT
TGGCAA-BHQ1 [black hole quencher 1]) targeting the TK gene. Assays were performed on phenol-chlo-
roform-isoamyl alcohol (Sigma-Aldrich, St. Louis, MO, USA)-extracted genomic mouse DNA from toe
snips. TaqMan genotyping master mix (Life Technologies, Carlsbad, CA, USA), a TaqMan uPA genotyping
assay (catalog number Mm00422051_cn; Life Technologies), and Tert gene reference mix (Life
Technologies) were used according to the manufacturer’s protocol. Homozygous uPA1/1 or TK1 mice
were anesthetized and transplanted with 0.5 � 106 to 2 � 106 viable commercially available cryopre-
served human hepatocytes (Lonza, Basel, Switzerland [lot number 345], and Corning, Corning, NY, USA)
via the intrasplenic injection route (42). At days 27 and 25 before transplantation, TK1 mice received
an intraperitoneal ganciclovir injection to initiate liver damage (1). Hepatocyte engraftment levels were
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determined in mouse sera using a human albumin enzyme-linked immunosorbent assay (ELISA) as pre-
viously described (Bethyl Laboratories, Montgomery, TX, USA) (6, 42). Successfully engrafted mice as
defined by a serum human albumin level above the established cutoff of 100 mg/ml for HEV permissive-
ness (33) were intravenously inoculated with either 106 GE WT or ORF3null viruses. As in vivo HEV per-
missiveness is independent of the mouse genetic background once a minimal human chimerism level is
reached, humanized uPA-NOG and TK-NOG mice with similar human albumin levels were included for
these HEV infectivity studies. HEV RNA levels were determined using an ISO15189:2012-validated, inter-
nally controlled qRT-PCR in weekly collected fecal samples, biweekly collected serum samples, and liver
and bile samples collected at sacrifice, as described previously (43).

Immunofluorescence assay and confocal microscopy. Liver tissues were fixed in 4% formaldehyde
(Merck Millipore). For microscopy imaging, 4- to 5-mm cuts were prepared from paraffin-embedded
blocks. Antigen was retrieved by heating the slides in a citrate buffer (Life Technology) at 98°C for
15 min. Liver sections were stained with a rabbit anti-ORF2 antibody at a 1:100 dilution (a gift from X. J.
Meng at Virginia Tech) and a goat anti-human albumin antibody at a 1:200 dilution (catalog number
A80-229A; Bethyl Laboratories) followed by Alexa Fluor 488- or 594-conjugated secondary antibodies at
a 1:500 dilution (Thermo Fisher). Nuclei were counterstained with 49,6-diamidino-2-phenylindole (DAPI)
(Thermo Fisher). Slides were viewed with an EVOS fluorescence microscope (Thermo Fisher). In the con-
focal microscopy experiment, on day 5 and day 10 postinfection, cells were fixed with 4% paraformalde-
hyde and permeabilized with 0.2% Triton X-100 in PBS, followed by staining with a rabbit polyclonal
anti-HEV ORF2 antibody (1:100 dilution) and an Alexa Fluor 488-conjugated secondary antibody (1:500
dilution). Cells were viewed with a Zeiss LSM 800 confocal laser scanning microscope. Images were
acquired using ZEN 2009 software. HEV ORF2-positive areas were quantified using ImageJ software
(NIH). Briefly, images were changed to 8-bit, and a threshold was selected and applied to all images in
the same experiment to identify positive areas.

Statistical analysis. Statistical significance was assessed by unpaired t tests and linear regression in
GraphPad Prism 8. Significance values are shown with asterisks in the figures (*, P , 0.05; **, P , 0.01;
***, P, 0.001; ****, P, 0.0001).
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