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ABSTRACT Hepatitis E virus (HEV) infection usually results in a self-limiting acute dis-
ease; however, in infected pregnant women, it is associated with increased mortality
and fulminant hepatic failure. Estrogen is known to be elevated during pregnancy,
and estrogen signaling via classical estrogen receptor-ERa is known to regulate hepa-
tocyte function and host innate immune response, including the STAT3 pathway. In
this study, we investigated whether the estrogen classical signaling pathway via
ERap66 has any effect on STAT3 activation during HEV replication and HEV-induced
IFN response. We first demonstrated that Huh7-S10-3 liver cells expressed the non-
functional estrogen receptor ERap36 isoform and lack the functional ERap66 isoform.
We further showed persistent phosphorylated-STAT3 levels in genotype 3 human HEV
(Kernow P6 strain) RNA-transfected cells at later time points. In Huh7-S10-3 cells, estro-
gen at first-to-third trimester concentration (7.3 to 73 nM) did not significantly affect
HEV replication; however, blocking of STAT3 activation led to a decrease in the HEV
ORF2 protein level. Our mechanistic study revealed that STAT3 differentially regulates
SOCS3 and type-III interferon (IFN) levels during HEV replication and the presence of
estrogen-ERap66 signaling stabilizes SOCS3 levels in vitro. We also demonstrate that
HEV infection in pregnant and nonpregnant rabbits led to a significant increase in IFN
response as measured by increased levels of IFN-stimulated-gene-15 (ISG15) mRNA
levels irrespective of pregnancy status. Collectively, the results indicate that estrogen
signaling and STAT3 regulate SOCS3 and IFN responses in vitro during HEV replication.
The results have important implications for understanding HEV replication and HEV-
induced innate immune response in pregnant women.

IMPORTANCE Hepatitis E is usually a self-resolving acute disease; however, in preg-
nant women, HEV infection is associated with high mortality and fulminant hepatic
failure. During pregnancy, estrogen levels are elevated, and in the liver, the estrogen
receptor ERa is predominant and estrogen signaling is known to regulate hepatocyte
metabolism and leptin-induced STAT3 levels. Viruses can module host innate immune
response via STAT3. Therefore, in this study, we investigated whether STAT3 and estro-
gen-classical signaling via the ERap66 pathway modulate HEV replication and HEV-
induced innate immune response. We demonstrated that estrogen signaling did not
affect HEV replication in human liver cells, but blocking of STAT3 activation reduced
HEV capsid protein levels in human liver cells. We also showed that inhibition of
STAT3 activation reduced SOCS3 levels, while the presence of the estrogen-ERap66
signaling pathway stabilized SOCS3 levels. The results from this study will aid our
understanding of the mechanism of HEV pathogenesis and immune response during
pregnancy.
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Hepatitis E virus (HEV) is a single-stranded, positive-sense, RNA virus, belonging to
the family Hepeviridae (1). Extensive genetic divergence has been reported among

known HEV strains (2), and at least 8 genotypes and 36 subtypes have been reported
within the species Orthohepevirus A of the family (3), of which genotypes 1 to 4 are of im-
portance to human health (4). HEV infection usually causes self-resolving acute hepatitis
with ,1% mortality (4, 5). However, during pregnancy, HEV infection can result in acute
liver failure and higher mortality of up to 20 to 30% (6). Adverse pregnancy outcomes,
including miscarriage and stillbirth, have been reported in genotype 1 HEV-infected
women (7) and in genotypes 3 and 4 HEV-infected female rabbits (8, 9). It has been
reported that HEV-infected pregnant women had higher levels of estradiol compared
with uninfected women and estradiol treatment led to an increase in genotype 4 HEV
replication in vitro (10). However, the underlying mechanism as to how estrogen affects
HEV replication in hepatocytes remains unclear.

Estrogen imparts cell regulatory effects via classical and nonclassical pathways (11).
Estrogen mediates the nonclassical signaling pathway by activating various host cellular ki-
nases, including phosphatidylinositol 3-kinase-AKT (PI3K-AKT), extracellular signal-regu-
lated kinase-mitogen-activated protein kinase (ERK-MAPK), p38-MAPK, and phospholipase
C-protein kinase C (PLC-PKC), to exert a rapid effect on the cell. It was reported that HEV
regulated estrogen signaling by inhibiting the PI3K and protein kinase A (PKA) pathways
(12). In addition to the nonclassical pathway, estrogen also mediates the classical signaling
pathway through the function the estrogen receptors ERa and ERb (13). ERa receptor
exists in three isoforms, ERap66, ERap46, and ERa36, of which the ERap66 is the func-
tional receptor involved in estrogen-mediated signaling (13). The ERb receptor has five
known isoforms, and the shorter isoforms of ERb lack the C-terminal ligand-binding do-
main compared to the full-length ERb isoform (11). ERa and ERb differ in their distribution
profile in various host tissues, and in the liver, ERa is predominant (14). Estrogen signaling
via ERa has been shown to regulate hepatic function, including gluconeogenesis and lipid
metabolism in mice (15). ERa signaling is also known to regulate leptin-induced STAT3 in
HepG2 hepatocarcinoma cells (16).

STAT3 is a transcription factor that has multifaceted roles from cell cycle regulation to
inflammatory response modulation (17). STAT3 can modulate virus-induced interferon (IFN)
response and thus host innate antiviral response (18, 19). Additionally, overexpression of HEV
ORF3 protein reportedly inhibited STAT3 translocation into the nucleus (20). However, the
exact role of STAT3 in HEV replication and HEV-induced IFN response is unknown. Therefore,
in this study, we investigated whether the estrogen classical signaling pathway via ERap66
has any effect on STAT3 activation during HEV replication and HEV-induced IFN response.
We demonstrated that STAT3 differentially regulates SOCS3 and type-III IFN levels during
HEV replication and the presence of estrogen-ERap66 signaling stabilizes SOCS3 levels.

RESULTS
Huh7-S10-3 hepatocellular carcinoma cells lack functional isoform of estrogen

receptor ERap66. We showed that Huh7-S10-3 cells, which support productive HEV
replication, are devoid of the functional isoform of the estrogen receptor ERap66 but
strongly express ERap36, a nonfunctional isoform of ERa (Fig. 1A and B). Therefore, in
this study, we decided to use the ERap66 overexpression model to study the role of
the estrogen-ERap66 signaling pathway during HEV replication. To standardize the
ERap66 overexpression, we first determined the stability of ERap66 protein, as high
levels of ERap36 have been reported to reduce ERap66 protein levels (11). We used
green fluorescent protein (GFP) as our control and monitored ERap66 and GFP protein
expressions in the presence or absence of a 7.3-nM concentration of estrogen, at 1 to
10 days posttransfection (dpt). Our results showed that the stability of ERap66 was
reduced at later time points and estrogen treatment also further reduced the ERap66
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expression (Fig. 2), while GFP protein remained unaffected in all the tested conditions.
Due to the ERap66 stability concern, we were unable to establish a stable cell line overex-
pressing ERap66; hence, in this study, we decided to use the thetransient-transfection
approach to study ERap66-mediated estrogen signaling during HEV replication. We meas-
ured phosphorylation of ERK using Western blot and estrogen-response-element (ERE)-
firefly luciferase reporter assay to determine the estrogen-mediated nonclassical pathway
and classical pathway, respectively, in Huh7-S10-3 cells (Fig. S1). Our results showed that
estrogen induced the nonclassical pathway in Huh7-S10-3 cells and ERap66 overexpres-
sion led to enhanced ERE-luciferase activity during estrogen treatment, while ERE-lucifer-
ase activity remained undetected in GFP-overexpressing cells even in the presence of
estrogen. This shows that estrogen induced the classical pathway only under ERap66 over-
expression and that ERap66 is functional.

STAT3 phosphorylation increases as HEV replication progresses independent
of estrogen receptor ERap66. We determined STAT3 activation levels at various time
points, from 30 min to 7 days post-HEV RNA transfection (dpt) in Huh7-S10-3 liver cells,

FIG 2 Overexpression of ERap66 in the presence or absence of first-trimester concentration of estrogen (7.3 nM estrogen). A representative Western blot for
ERap66, GFP, and b-actin protein levels in cells transfected with pCMV-ERap66 plasmid or with pcDNA-EGFP (vector control) in the presence or absence of 7.3 nM
estrogen at various time points (D1 to D10, i.e., 1 to 10 days posttransfection). Lanes containing samples obtained from cell control without estrogen treatment are
labeled as CC; lanes containing samples obtained from cells treated with 7.3 nM estrogen are labeled as 7.3 nM EST.

FIG 1 Huh7-S10-3 hepatocellular carcinoma cells lack functional isoform of estrogen receptor ERap66. (A) Western
blot analyses of classical estrogen receptor ERa in Huh7-S10-3 cells (lane 2), HepG2-C3A cells (lane 3), JEG3 cells
(lane 4; a known ERa-negative cell line), and IPECJ2 cells (lane 5). (B) Huh7-S10-3 cells (lane 2), Huh7-S10-3 cells
transfected with pCMV-ERap66 at 24 h posttransfection (lane 3), and 48 h posttransfection (lane 4). For panels A
and B, lane 1 is the marker (All-blue marker; Bio-Rad; cat. no. 1610373).
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by measuring phosphorylated-STAT3 (pSTAT3) using Western blot analysis. We did not
observe any pSTAT3 at early time points between 30 min and 12 h (Fig. S2). We began
to observe detectable levels of pSTAT3 from 3 dpt with HEV RNA, and these persisted
until 7 dpt. We also found that the pSTAT3 levels correlated with an increased accumu-
lation of HEV ORF2 capsid protein levels (Fig. 3).

We subsequently determined the levels of pSTAT3 expression in HEV RNA-trans-
fected Huh7-S10-3 cells overexpressing functional estrogen receptor ERap66 or GFP-
overexpressing cells at various time points from 12 h to 7 dpt (i.e., 168 h). We found
that overexpression of ERap66 did not alter the pSTAT3 levels during HEV replication
(Fig. 4). As expected, ERap66 levels decreased at later time points. This result sug-
gested that ERap66 overexpression by itself did not have a significant effect on STAT3
activation during HEV replication. Thus, we proceeded to determine the potential
effect of the estrogen nonclassical and classical signaling pathways in STAT3 activation
and HEV replication.

The pSTAT3 and HEV ORF2 expression levels are not affected by first-trimester
concentration of estrogen-mediated classical and nonclassical signaling pathways.
To determine whether the estrogen nonclassical and classical signaling pathways have

FIG 3 Time kinetics of increased STAT3 phosphorylation during HEV replication in HEV P6 RNA-
transfected Huh7-S10-3 liver cells. A representative Western blot of pSTAT3, STAT3, HEV ORF2, and
GAPDH protein levels in HEV P6 RNA-transfected Huh7-S10-3 cells at various time points. The sample
obtained from cell control without HEV P6 transfection is labeled as CC; samples obtained from HEV
P6 RNA-transfected cells are labeled as HEV.

FIG 4 STAT3 phosphorylation increases as HEV replication progresses independent of estrogen
receptor ERap66. A representative Western blot of pSTAT3, STAT3, ERap66, GFP, HEV ORF2, and
GAPDH protein levels at various time points; n = 2 independent experiments. The sample obtained
from mock control, i.e., cells without HEV P6 RNA transfection, is labeled as Mock; samples obtained
from HEV P6 RNA-transfected cells are labeled as HEV. Time point is represented in hour (hr) post-
HEV RNA transfection; 24 to 168 h is 1 to 7 days post-HEV RNA transfection. GFP overexpression, cells
overexpressing GFP; ERa overexpression, cells overexpressing ERap66.
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any effect on pSTAT3 and HEV ORF2 expression levels, the Huh7-S10-3 human liver
cells overexpressing GFP (vector control) or ERap66 (functional estrogen receptor)
were transfected with full-length HEV genomic RNAs transcribed from the genotype 3
(Gt3) HEV P6 infectious clone in the presence or absence of 7.3 nM estrogen. We chose
to use a 7.3-nM concentration of estrogen because it is the average level of estrogen
present during the first trimester of pregnancy (Table 1). The pSTAT3 and HEV ORF2
levels were determined using Western blot analyses at various time points from 1 to 7 dpt
with HEV RNA.

Our results showed persistent levels of pSTAT3 expression in tested conditions. HEV
ORF2 protein levels remained similar between all the test conditions irrespective of
estrogen treatment (Fig. 5A). To further confirm our results of HEV ORF2 protein
expression levels, we used HEV-specific reverse transcription-quantitative PCR (RT-
qPCR) to determine HEV RNA levels at 5 dpt. In concordance with Western blot analy-
ses, HEV RNA levels were also similar between all the conditions tested irrespective of
estrogen treatment (Fig. 5B).

Since our experimental model in the study is HEV RNA transfection, we then further
tested if the HEV RNA pathogen-associated molecular pattern has any effect on STAT3
signaling rather than HEV replication using HEV-P6 infectious virus infection and HEV-P6
GAD RNA (a replication-deficient HEV-P6 clone) along with HEV-P6 RNA transfection. Our
results showed a higher pSTAT3 level at D5 postinfection or post-HEV RNA-transfection
compared to D1 (Fig. S3). In concordance with our previous experiment (Fig. 5A), we
observed a persistent pSTAT3 expression in all the conditions tested irrespective of HEV
replication and estrogen signaling (Fig. 5C). Therefore, this result shows that estrogen at
the first-trimester concentration did not affect HEV ORF2 protein levels and that there is
a persistent pSTAT3 expression irrespective of HEV replication.

Inhibition of STAT3 activation decreases HEV ORF2 protein expression levels
and stabilized ERap66 levels during the estrogen signaling pathway. Since we con-
sistently observed a persistent activation of STAT3 irrespective of HEV replication in our
experiments, and we had a detectable level of HEV ORF2 protein expression in the HEV RNA
transfection model, we then sought to determine the role of STAT3 activation in HEV ORF2
expression levels during the estrogen nonclassical and classical signaling pathway. We deter-
mined the HEV ORF2 expression levels in 7.3 nM estrogen-treated Huh7-S10-3 cells overex-
pressing GFP or ERap66 in the presence or absence of a STAT3 activation inhibitor (S3I-201).

First, we tested various concentrations of STAT3 activation inhibitor (17.5 mM,
35 mM, and 70 mM) to determine (i) cell viability at 48 h treatment using a WST assay
(Fig. S4A) and (ii) the optimal concentration to inhibit STAT3 activation during HEV
RNA transfection (Fig. S4B) in both GFP- and ERap66-overexpressing cells without
estrogen treatment. Our results showed that treatment with STAT3 activation inhibitor
at various concentrations by itself did not induce loss of cell viability at 48 h (Fig. S4A)
and at a 70-mM concentration resulted in a consistent inhibition of pSTAT3 levels in all
the conditions tested during HEV RNA transfection (Fig. S4B). Hence, all further experi-
ments were done by using a 70-mM STAT3 inhibitor concentration.

We demonstrated that blocking of STAT3 activation resulted in decreased HEV ORF2
protein levels and an increase in ERap66 protein levels at 5 dpt with HEV RNA (Fig. 6A).
Additionally, we also tested SOCS3 and cyclin-D1 protein expression levels under these
conditions, as both STAT3 signaling (21) and ERa signaling (22) are known to affect
SOCS3 protein expression to regulate immunomodulation; both the STAT3 pathway (23)

TABLE 1 Physiological levels of estrogen (17b-estradiol) in serum during uncomplicated
human pregnancy

Stage Range (ng/mla) Concn used in this study
First trimester 1.16–3.59 ng/ml 2 ng/ml (7.3 nM estrogen [EST])
Second trimester 5.33–15.1 ng/ml 10 ng/ml (37 nM EST)
Third trimester 12.8–32.9 ng/ml 20 ng/ml (73 nM EST)
aFrom Schock et al. (26).
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and estrogen (24) are also known to regulate cell cycle through cyclin-D1 levels. At 5 dpt
with HEV RNA, we found that the presence of 70 mM STAT3 inhibitor resulted in
decreased SOCS3 and cyclin-D1 protein levels during HEV replication (Fig. 6A). We also
measured the HEV RNA levels using RT-qPCR and showed that STAT3 inhibitor treatment
decreased HEV RNA levels in 7.3 nM estrogen-treated conditions (Fig. 6B).

Both estrogen-mediated ERap66 signaling and STAT3 regulate SOCS3 expres-
sion levels during HEV replication in vitro. To understand how various levels of estro-
gen affect HEV replication and HEV-induced IFN response, we determined the effect of

FIG 5 pSTAT3 levels and HEV ORF2 levels remained unaffected by first-trimester concentration of the estrogen-mediated classical and nonclassical
signaling pathways. (A) A representative Western blot of pSTAT3, STAT3, ERap66, GFP, HEV ORF2, and GAPDH protein levels at various indicated time
points. D1 to D7 is 1 to 7 days post-HEV RNA transfection; 7.3 nM EST is 7.3 nM estrogen treatment; n = 2 independent experiments. Mock, control cells
without any treatment; GFP-Mock, mock control of GFP-overexpressing cells; ERap66-Mock, mock control of ERap66-overexpressing cells at D1; GFP 1 HEV,
GFP-overexpressing cells transfected with HEV P6 RNA; ERap66 1 HEV, ERap66-overexpressing cells transfected with HEV P6 RNA; Nonclassical pathway,
estrogen treatment under GFP overexpression is considered to represent estrogen nonclassical pathway signaling; Classical pathway, estrogen treatment
under ERap66-overexpressing cells is considered to represent estrogen classical signaling pathway. (B) HEV RNA levels at day 5 post-HEV RNA transfection
as determined by negative-strand HEV RNA RT-qPCR. Each dot represents one independent experiment, and mean is represented as thick black line; n = 7
independent experiments. (C) Representative Western blot of pSTAT3, STAT3, ERap66, GFP, HEV ORF2, and GAPDH protein levels at 5 days post-HEV-P6
infectious virus infection, HEV-P6 RNA transfection, or HEV-P6-GAD (replication deficient) RNA transfection under various test conditions. GFP, GFP-
overexpressing cells; ERap66, ERap66-overexpressing cells; HEV, HEV-P6 RNA-transfected cells; HEV 1 7.3 nM EST, 7.3 nM estrogen-treated HEV-P6 RNA-
transfected cells.
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different concentrations of estrogen that are typically seen during the first (7.3 nM),
second (37 nM), and third (73 nM) trimester of pregnancy, respectively, on HEV replication
and IFN responses in the presence or absence of 70mM STAT3 inhibitor. We measured the
HEV RNA, IFN-l1, ISG15, SOCS3, and IL-6 mRNA levels using RT-qPCR to determine the
effect of the estrogen-mediated ERa signaling-STAT3-SOCS3 axis on HEV replication and
HEV-induced IFN response. RPS18 was used as a housekeeping gene.

Our results showed that HEV RNA levels (Fig. 7A) decreased during the presence of
STAT3 inhibitor at first- and second-trimester concentration of estrogen-treated GFP-
overexpressing cells. However, we observed a decrease in HEV RNA levels in first-trimes-
ter concentration of estrogen-treated ERap66-overexpressing cells. Treatment with the
third-trimester concentration of estrogen modulated the ability of the STAT3 inhibitor to
decrease HEV RNA levels. In GFP-overexpressing cells, the third-trimester concentration
of estrogen treatment led to a complete loss of STAT3 inhibitor-mediated decrease in
HEV RNA levels, while in ERap66-overexpressing cells the STAT3 inhibitor led to an
increase in HEV RNA levels.

Consistent with our Western blot data, SOCS3 mRNA levels decreased in the pres-
ence of the STAT3 inhibitor under the condition tested during HEV replication (Fig. 7B).
Interestingly, upon the STAT3 inhibitor treatment, the SOCS3 mRNA levels in ERap66-
overexpressing cells were significantly higher than that in GFP-overexpressing cells
during HEV replication (Fig. 7B, inset). To further confirm the observation that estrogen-
ERap66 signaling mediates regulation of SOCS3 during HEV replication, we determined
SOCS3 and cyclin-D1 protein expression levels in ERap66- or GFP-overexpressing cells in
the presence of estrogen and with various concentration of STAT3 inhibitor at 5 dpt of
HEV RNA. Our results showed that a lower concentration of STAT3 inhibitor (35 mM)
decreased SOCS3 protein levels during HEV replication under the estrogen-GFP condi-
tion, while SOCS3 levels remained high when estrogen-ERap66 signaling was present
(Fig. 7C). A lower concentration of the STAT3 inhibitor did not reduce cyclin-D1 levels;
cyclin-D1 reduction was only seen during the 70-mM STAT3 inhibitor treatment.
Interestingly, even a lower concentration of the STAT3 inhibitor decreased HEV ORF2

FIG 6 Inhibition of STAT3 activation reduces HEV ORF2 protein levels and stabilizes ERap66 levels during the estrogen signaling pathway. (A) A representative
Western blot of pSTAT3, STAT3, SOCS3, cyclin-D1, ERap66, GFP, HEV ORF2, and GAPDH protein levels at day 5 post-HEV RNA transfection under various
conditions tested in the presence or absence of 70 mM STAT3 inhibitor (S3I-201); n = 2 to 3 independent experiments. Estrogen Nonclassical pathway,
estrogen treatment under GFP overexpression is considered to represent estrogen nonclassical pathway signaling; Estrogen Classical pathway, estrogen
treatment under ERap66-overexpressing cells is considered to represent estrogen classical signaling pathway. (B) HEV RNA levels at day 5 post-HEV P6 RNA
transfection as determined by negative-strand HEV RNA RT-qPCR under various conditions tested with 70 mM STAT3-inhibitor (w Inh) or without 70 mM
STAT3-inhibitor (w/o Inh) treatment, EST (7.3 nM estrogen) treatment; HEV 1 GFP, GFP-overexpressing cells transfected with HEV P6 RNA; HEV 1 ERa,
ERap66-overexpressing cells transfected with HEV P6 RNA. Each dot represents one independent experiment, and mean is represented as a thick black line;
n = 5 independent experiments, *, P # 0.05, ANOVA with post hoc Student’s t test.
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FIG 7 Both estrogen-mediated ERa signaling and STAT3 regulate SOCS3 mRNA levels during HEV replication in vitro. (A and B) Negative-strand HEV RNA
(HEV-ve ssRNA) (A) and SOCS3 mRNA (B) levels as determined by gene-specific RT-qPCR. Open bars represent samples obtained from without 70 mM STAT3-
inhibitor treatment (w/o Inh), and filled bars represent samples obtained from with 70 mM STAT3-inhibitor (w Inh) treatment. EST (estrogen) treatment
concentration as indicated in the figure. GFP 1 HEV, GFP-overexpressing cells transfected with HEV P6 RNA; ERa 1 HEV, ERap66-overexpressing cells transfected
with HEV P6 RNA; n = 3 independent biological replicates tested twice. *, P # 0.05; **, P # 0.01 ANOVA with post hoc Student’s t test (to compare STAT3
inhibitor treatment within a group) or Tukey test (to compare multiple groups among the STAT3 inhibitor-treated samples). Fold change was calculated using 2^-
ddCT method as follows: RPS18 was used as housekeeping gene, for GFP set 2^-[(dCt GFP 1 HEV) 2 (dCt GFP 2 Mock)], for ERap66 set 2^-[(dCt ERap66 1
HEV) 2 (dCt ERap66 2 Mock)]. Dashed line represents baseline gene expression in mock controls. (C) Representative Western blot of pSTAT3, STAT3, SOCS3,
cyclin-D1, ERap66, GFP, HEV ORF2, and GAPDH protein levels at day 5 post-HEV RNA transfection under various STAT3-inhibitor (S3I-201) concentrations tested as
indicated; n = 2 independent experiments. Mock, control cells without any treatment; GFP-Mock, mock control of GFP-overexpressing cells; ERap66-Mock, mock
control of ERap66-overexpressing cells at D1; GFP 1 HEV, GFP-overexpressing cells transfected with HEV P6 RNA; GFP 1 HEV 1 7.3 nM EST, GFP-overexpressing
cells transfected with HEV P6 RNA plus 7.3 nM estrogen treatment; ERap66 1 HEV 1 7.3 nM EST, ERap66-overexpressing cells transfected with HEV P6 RNA plus
7.3 nM estrogen treatment.
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protein levels. The result suggested that estrogen-ERap66 signaling regulates SOCS3 lev-
els during HEV replication, in addition to the STAT3 pathway.

We also found that STAT3 inhibition had an inverse effect between IFN-l1 (Fig. 8A)
and SOCS3 (Fig. 7B) levels. Inhibition of STAT3 activation resulted in increased IFN-l1
(Fig. 8A) and a subsequent increased IFN-stimulated gene-15 (ISG15; Fig. 8B) mRNA lev-
els, while SOCS3 (Fig. 7B) mRNA levels decreased under the tested conditions. We also
measured IL-6 mRNA levels (Fig. 8C), as STAT3 can also be activated via IL-6 and SOCS3
is known to block IL-6-mediated STAT3 activation. However, we did not find any
inverse effect between SOCS3 mRNA levels and IL-6 mRNA levels upon STAT3 inhibi-
tion during HEV replication. Taken together, these results suggest that both STAT3 and

FIG 8 STAT3 inhibition enhances interferon response during HEV replication. (A to C) IFN-l1 (A), ISG15 (B), and IL-6 mRNA (C) levels at day 5 post-HEV P6
RNA-transfected cells under various test conditions as determined by gene-specific RT-qPCR. Open bars represent samples obtained from without 70 mM
STAT3-inhibitor treatment (w/o Inh), and filled bars represent samples obtained from with 70 mM STAT3-inhibitor (w Inh) treatment. EST (estrogen) treatment
concentration as shown. GFP 1 HEV, GFP-overexpressing cells transfected with HEV P6 RNA; ERa 1 HEV, ERap66-overexpressing cells transfected with HEV P6
RNA. Fold change was calculated using 2^-ddCT method as follows: RPS18 was used as housekeeping gene, for GFP set 2^-[(dCt GFP 1 HEV) 2 (dCt GFP 2
Mock)] and for ERap66 set 2^-[(dCt ERap66 1 HEV) 2 (dCt ERap66 2 Mock)]. Dashed line represents baseline gene expression in mock controls; n = 3
independent biological replicates tested twice. *, P # 0.05; **, P # 0.01 ANOVA with post hoc Student’s t test (to compare STAT3 inhibitor treatment within a
group) or Tukey test (to compare multiple groups among the STAT3 inhibitor-treated samples).
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estrogen-ERap66 signaling regulate SOCS3 levels and thus plausibly modulate HEV-
induced interferon response during pregnancy.

Increased levels of ISG15 in liver tissues of HEV-infected rabbits irrespective of
pregnancy status. To test if our in vitro observation happens in vivo, we compared
SOCS3 and IFN levels in convenient liver tissue samples from uninfected control and
HEV-infected pregnant and nonpregnant rabbits (25) to determine if pregnancy modu-
lates SOCS3 and interferon response levels during HEV infection. First, we determined
ERa expression levels in uninfected and HEV-infected pregnant and nonpregnant rab-
bit liver samples (n = 3 from each set) using Western blot to determine the ERa isoform
profile in female rabbit liver tissue. We did not observe the ERap66 isoform; however,
we detected ERa protein bands between 50 and 37 kDa (Fig. 9A), and the size of the
ERa isoform slightly varied among donors.

We then quantified the SOCS3 and ISG15 mRNA levels in liver samples obtained
from uninfected and HEV-infected nonpregnant rabbits and pregnant rabbits (n = 7 to
8 in each set), respectively. Unfortunately, we could not determine the IFN-l mRNA
levels in these samples as the rabbit IFN-l gene is not annotated. IFN-b mRNA levels
remained at undetectable levels; hence, we used ISG15 as a marker to measure IFN
response in these liver tissue samples. Our results showed that SOCS3 (Fig. 9B) mRNA
levels remained similar in uninfected and HEV-infected groups. However, we showed
that HEV infection led to a significant increase in ISG15 (Fig. 9C) mRNA levels in liver tis-
sues, irrespective of the pregnancy status of the rabbits.

DISCUSSION

HEV infection in pregnant women is associated with higher mortality and fulminant
hepatic failure. Estrogen levels are elevated during pregnancy, and the estrogen receptor

FIG 9 Increased ISG15 mRNA levels in the convenient liver tissues of HEV-infected rabbits irrespective of pregnancy status. (A)
Representative western blot of ERap66 and GAPDH in control and HEV-infected non-pregnant and pregnant rabbits (N = 3 from
each group). (B) SOCS3, and (C) ISG15 mRNA levels as determined by gene-specific RT-qPCR in control and HEV-infected
nonpregnant and pregnant rabbits at 4 weeks postinfection; n = 7 control nonpregnant rabbits, 7 HEV-infected nonpregnant
rabbits, 8 control pregnant rabbits, and 8 HEV-infected pregnant rabbits. Each dot represents one individual animal, and thick
black line represents mean. *, P # 0.05 as determined by F test.
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ERa is predominant in liver, and estrogen signaling can regulate hepatocyte metabolism
and leptin-induced STAT3 levels. In this study, we investigated whether the estrogen-
ERap66 signaling pathway and STAT3 modulate HEV replication by influencing HEV-
induced innate immune response in Huh7-S10-3 hepatocellular carcinoma cells. We
demonstrated that Huh7-S10-3 cells expressed a nonfunctional isoform of the classical
estrogen receptor ERa (i.e., ERap36) and lack the functional isoform of the classical estro-
gen receptor ERap66. In Huh7-S10-3 cells, increased STAT3 activation levels were
observed as HEV replication progressed. Pretreatment with estrogen (17b-estradiol) at
the physiological concentration (2 to 20 ng/ml) typically seen during the first to third tri-
mester of pregnancy did not affect HEV replication, while inhibition of STAT3 activation
led to decreased HEV ORF2 protein levels. We also show that both STAT3 activation and
overexpression of the estrogen-ERap66 signaling pathway differentially modulate
SOCS3, IFN-l1, and ISG15 mRNA levels during HEV replication in Huh7-S10-3 cells.

17b-estradiol is the major estrogen in females. During uncomplicated pregnancy,
serum 17b-estradiol levels vary from 2 to 31 ng/ml (26). Studies have shown increased
levels of HEV RNA and seropositivity in pregnant women with fulminant hepatic failure
compared to nonpregnant women with fulminant hepatic failure (27). It has also been
reported that HEV regulates the estrogen-signaling pathway in vitro (12) and increased
estrogen treatment enhanced HEV replication (10). In this present study, however, we
showed that neither the presence of the estrogen nonclassical signaling pathway nor
the presence of the estrogen classical signaling pathway had any significant effect on
HEV replication levels. The difference between our present study and the previous in
vitro study is that the previous study used the A549 human lung epithelial cell line and
Gt-4 HEV strain, while in our present study we used the Huh7-S10-3 human liver cell
line and Gt-3 HEV (P6 strain). Huh7-S10-3 cells are hepatocarcinoma cells and support
productive HEV P6 replication (28). In hepatocarcinoma cells, it is known that ERap36,
the nonfunctional form of ERa, is expressed at higher levels (29, 30). Mechanistic studies
have shown that ERap36 can affect the stability of other functional estrogen receptors,
including ERap66 and ERb (11, 31). Concurrently, in our present study, we demonstrated
that overexpression of ERap66 in Huh7-S10-3 cells did not result in a consistent stable
expression of the full-length protein; instead, the ERap66 protein expression level
decreased over time. In cancer cells, ERa and ERb levels have differential regulation of
the cell cycle, and the ERa pathway is associated with cell proliferation, while ERb path-
way is associated with antiproliferation (32). Additionally, the ex vivo model has shown
that the pathogenicity of HEV is genotype specific and that Gt-1 HEV induced severe tis-
sue alterations and dysregulation of host soluble factors more efficiently compared to
the less-pathogenic Gt-3 HEV (33). Therefore, the observed difference between our pres-
ent study and the previous in vitro study could be due to a variation in the estrogen re-
ceptor profile in the cell line used and could also be possibly due to the different viral
strain used.

It has been reported that HEV blocked the STAT3 pathway, as overexpression of
HEV ORF3 is shown to block epidermal growth factor (EGF)-induced STAT3 transloca-
tion into the nucleus (20). However, in our present study, we observed increased levels
of STAT3-phosphorylation during the late time points of HEV replication. We also
observed that blocking of STAT3 activation by the S3I-201 inhibitor led to a decrease
in HEV ORF2 protein levels. Viruses are known to use the STAT3 pathway to modulate
innate immune response and host cell cycle (34). Studies have shown that STAT3 regu-
lates both DNA and RNA viral replications. Hepatitis B virus activates STAT3 signaling
to support viral replication and prevents infected cell apoptosis (35). Similarly, the vari-
cella-zoster virus induced STAT3 phosphorylation, and treatment with S3I-201 impaired
viral replication (36). In the present study, we showed that inhibition of STAT3 activa-
tion led to a decrease in HEV ORF2 protein. STAT3 and estrogen are known to impart
immunosuppression via activating SOCS3 protein (37). It has been reported that enter-
ovirus induces STAT3 activation to regulate type-I IFN-mediated antiviral response (38).
HEV is known to induce a robust type-III IFN response both in vitro (39–41) and in vivo
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(42). In this study, we demonstrated that inhibition of STAT3 activation led to
decreased SOCS3 and increased HEV-induced IFN-l1 and ISG15 mRNA levels. We also
observed that the presence of estrogen-ERap66 signaling enhanced SOCS3 expression
levels. Therefore, taken together, we can possibly conclude that both STAT3 and estro-
gen-ERap66 signaling pathways differentially influence HEV-induced innate immune
response in vitro.

Impairment of TLR-mediated innate immune response has been reported in HEV-
infected pregnant women (43) and in HEV-infected pregnant women with acute liver
failure (44) compared to HEV-infected nonpregnant women. Moreover, it was reported
that HEV has a genotype-specific sensitivity to IFN-mediated antiviral response in
human placental cells (45). Therefore, in this study, we tested convenient liver tissues
of HEV-infected pregnant and nonpregnant rabbits to determine if pregnancy influen-
ces HEV-induced IFN response and also to further validate our in vitro observations.
Interestingly, our results showed that HEV induced higher levels of IFN response, as
determined by ISG15 levels, irrespective of pregnancy status in rabbits. Estrogen regu-
lates innate immune response both in a dose- and context-dependent manner (46).
Reports have shown that IFN-l protects the female reproductive tract against RNA viral
infection and estrogen treatment protected against intravaginal infection (47), and
long-term exposures to estrogen have positive regulatory effects on type-I IFN in
females (48). Increased type-I IFN response was observed upon TLR7 ligand activation
in women compared to men (49). In the mice model, administration of a higher dose
of estrogen protected female mice against excessive inflammatory damage in the
lungs (50). Ex vivo stimulation of peripheral blood mononuclear cells (PBMCs) with
poly(I�C) (TLR3 ligand), LPS (TLR4 ligand), and R848 (TLR7/8 ligand) from HEV-infected
pregnant women induced higher levels of IFN-a compared to PBMCs from HEV-
infected nonpregnant women (43). Therefore, it should be taken into account that
additional pathways may influence the HEV-induced innate immune response in vivo
and that the in vitro Huh7-S10-3 liver cell model has its limitations in fully replicating
the hormone flux environment seen in females. Another limitation of our in vitro study
is the use of the HEV P6 strain, which has an insertion of host ribosomal protein S17
sequence in its genome and thus enables cell culture adaptation (28), while wild-type
HEV strains lack this insertion. Unfortunately, other HEV strains, especially genotype 1
HEV, cannot be efficiently propagated in cell culture to allow us to perform the
experiments.

In conclusion, our in vitro model based on 17b-estradiol treatment of Huh7-S10-3
human liver cells overexpressing the functional estrogen receptor ERap66 did not lead
to a significant increase in HEV replication. However, we demonstrate that STAT3 inhi-
bition significantly reduced HEV ORF2 protein level and the immunomodulatory
SOCS3 protein. We found that the estrogen classical signaling pathway via ERap66 led
to stabilization of SOCS3, a negative regulator of interferon and proinflammatory host
response, even during the presence of STAT3 activation inhibitor. Therefore, it is possible
that the estrogen classical signaling pathway via ERap66 might contribute to dampen-
ing the host innate immune response during HEV infection in vitro, although other fac-
tors might also influence the overall innate immune response during HEV infection in
pregnant women.

MATERIALS ANDMETHODS
Cells, HEV infectious clone, antibodies, plasmids, and estrogen. The Huh7-S10-3 human liver cells

(51), kindly provided by Suzanne U. Emerson (NIH, Bethesda, MD), were maintained in Dulbecco’s mini-
mal essential medium (DMEM; Gibco-Thermo Fisher, MA, USA), with 5% fetal bovine serum (FBS; Atlanta
Biologicals-RnD Systems, MN, USA), 1� antibacterial-antimycotic (Gibco-Thermo Fisher, MA, USA), and
1� Minimal essential amino acids (Gibco-Thermo Fisher, MA, USA). The genotype 3 human HEV (Kernow
P6 strain) infectious cDNA clone used in this study was described previously (28). The HEV P6 infectious
genomic RNA was transcribed using mMESSAGE mMACHINE T7 in vitro transcription kit (Invitrogen-
Thermo Fisher, MA, USA). The rabbit anti-human ERa, rabbit anti-human pSTAT3, and mouse anti-
human STAT3 antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA), and the
mouse anti-human SOCS3 and rabbit anti-GFP antibodies were procured from Santa Cruz Biotechnology
(Dallas, TX, USA). The mouse anti-human GAPDH antibody was procured from Invitrogen-Thermo Fisher
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(Waltham, MA, USA). The plasmid pCMV-hERalpha (cat. no. 101141) was procured from Addgene (52).
Cell culture grade estrogen 17b-estradiol was procured from Sigma (St. Louis, MO, USA), a stock of a 3.7-mM
concentration was made in 100% ethanol, and aliquots were stored in 280°C until use. The In-solution
STAT3 inhibitor (S3I-201) was procured from Sigma (cat. no. 573130-5MG; St. Louis, MO, USA), and aliquots
were stored at280°C until use.

Convenient liver tissues from HEV-infected and control pregnant and nonpregnant rabbits. A
group of age-matched nonpregnant rabbits and pregnant rabbits at 7 days gestation were infected with
a genotype 3 strain of rabbit HEV (isolate GDC9; NCBI accession no. FJ906895) from an unrelated study.
At 4 weeks postinfection (wpi), samples of liver tissues from HEV-infected and control nonpregnant and
pregnant rabbits were collected during necropsy and stored at 280°C. The convenient samples of liver
tissues collected from HEV-infected nonpregnant (n = 7 uninfected and n = 7 HEV-infected) and preg-
nant (n = 8 uninfected and n = 8 HEV-infected) rabbits at 4 wpi were used in the present study to deter-
mine the differential SOCS3 and ISG15 responses in the liver of HEV-infected animals.

Transient overexpression of ERap66 in Huh7-S10-3 cells. The Huh7-S10-3 cells were cultured in
phenol-red free DMEM with 25 mM HEPES, 5% charcoal-stripped FBS, 1� antibacterial-anitmycotic, and
1� minimal-essential media (Gibco-Thermo Fisher, MA, USA) for 48 h. The cells were then trypsinized,
seeded on a 6-well plate, and incubated at 37°C, 5% CO2, for 18 h to obtain 60 to 70% confluence. The
next day, the cells were transfected with 1 mg of pCMV-hERalpha or pcDNA-GFP (vector control) plasmid
per well. After 24 h posttransfection, the pcDNA-GFP/pCMV-hERalpha-transfected cells were trypsinized
using a mild cell-dissociating agent (0.05% trypsin, 0.005 M EDTA, prepared in cell culture grade DPBS, to
avoid phenol-red contamination) and seeded on to 24-well plate (;70,000 cells/well, in final culture vol-
ume of 700ml). The cells were treated with a specific concentration of estrogen as described below.

Estrogen treatment of Huh7-S10-3 cells. 17b-estradiol is the major estrogen in females. Physiological
concentration of 17b-estradiol in human serum during uncomplicated pregnancy varies between 2 and
31 ng/ml (26). To test the effect of pregnancy-related 17b-estradiol levels on HEV replication, in this study we
considered the following 17b-estradiol concentrations as a representation of different trimesters of pregnancy:
2 ng/ml (7.3 nM) for first trimester, 10 ng/ml (37 nM) for second trimester, and 20 ng/ml (73 nM) for third tri-
mester. To avoid cross interference of other steroid hormones, care was taken to use phenol red-free media
and charcoal-stripped FBS to culture the Huh7-S10-3 cells. Accordingly, the plain Huh7-S10-3 cells or pCMV-
hERap66- or pcDNA-GFP-transfected Huh7-S10-3 cells were plated in a 24-well plate at a concentration of
70,000 cells per well in a 700-ml volume of phenol-red free DMEM with supplements as mentioned above. Cell
culture grade 17b-estradiol stock was serially diluted to a working stock of 730 nM, 370 nM, and 73 nM in en-
dotoxin-free, phenol-red free DMEM with supplements, and 70 ml of diluted 17b-estradiol working stock was
added to each well in a plate to achieve a final estrogen concentration of 73 nM, 37 nM, and 7.3 nM, respec-
tively, in the cell culture media.

To determine if estrogen signaling is intact and pCMV-hER ap66 expression is functional, samples
were collected at various time points postestrogen treatment to determine the estrogen-mediated non-
classical and classical pathways in Huh7-S10-3 cells.

Transfection of HEV RNA and estrogen treatment. Plain Huh7-S10-3 cells or pCMV-hERap66- or
pcDNA-GFP-transfected Huh7-S10-3 cells plated on a 24-well plate were treated with or without estrogen
for 24 h as mentioned above. The next day, i.e., 24 h postestrogen treatment, the cells were transfected
with HEV RNA (300 to 400 ng/well) using Lipofectamine 2000. Estrogen (concentration is indicated in fig-
ure legends) was then added to the medium. The samples were collected at various time points post-HEV
RNA transfection to measure host response (both at protein, and RNA levels) and HEV ORF2 RNA and pro-
tein levels.

Western blot analysis. Huh7-S10-3 cells treated at various conditions in the presence or absence of
17b-estradiol and/or STAT3 inhibitor were collected at different time points using 1� RIPA buffer con-
taining protease-phosphatase inhibitors. The cell lysate was clarified by centrifugation at 14,000 � g for
5 min at 4°C. Approximately 30 mg of clarified lysate was loaded per well and resolved using 4 to 20%
SDS-PAGE gel. The separated proteins were then transferred onto a 0.45-mm PVDF membrane and
blocked using 5% BSA in PBST (0.1% Tween20 in PBS). The membrane was then probed using anti-ERa
(1:1,000 dilution), anti-GFP (1:2,000 dilution), anti-STAT3 (1:2,000 dilution), anti-pSTAT3 (1:1,000 dilution),
anti-SOCS3 (1:1,000 dilution), anti-HEV ORF2 (1:1,000 dilution), and anti-GAPDH (1:5,000 dilution) anti-
bodies. Bovine anti-rabbit-IgG-HRP (1:7,000 dilution) and goat anti-mouse-IgG-HRP (1:4,000 dilution)
were used as secondary antibodies. The membrane was then developed using Luminol reagent (SCBT,
CA, USA) and imaged using a Bio-Rad imaging system (Bio-Rad, CA, USA).

RT-qPCR for quantification of SOCS3, cytokine, and ISG15 mRNA expressions. Total cellular
RNAs were extracted from Huh7-S10-3 cells using Tri-Reagent (MRC, OH, USA) as per the manufacturer’s
protocol. The extracted RNAs were then treated with Turbo-DNase (Invitrogen-Thermo Fisher, MA, USA)
and precipitated using Lithium Chloride (Invitrogen-Thermo Fisher, MA, USA) to obtain the purified RNA.
The cDNA was synthesized from the purified RNA (500 ng/20-ml reaction volume) using a random hex-
amer and an ABI high-capacity cDNA kit from ABI-Thermo Fisher (Waltham, MA, USA). The mRNA levels
of SOCS3, IFN-l1, IL-6, and ISG15 were quantified from the cDNAs using ABI Power Sybr green qPCR mix
(ABI-Thermo Fisher, MA, USA) and cytokine gene-specific primers (Table 2). The qPCR condition was
95°C for 2 min, followed by 40 cycles of 95°C for 5 s, 60°C for 10 s, and 72°C for 20 s.

RT-qPCR for quantification of negative-strand HEV RNA. To detect the amount of intracellular
negative-strand HEV RNA that is indicative of HEV replication, cDNA was synthesized from the purified
total cellular RNAs using ABI high-capacity cDNA kit with Tag 1 HEV-FP primer (Table 2). The HEV nega-
tive-strand qPCR was then carried out using the cDNA with a Sensifast No-ROX probe kit (Bioline-
Thomas Scientific, NJ, USA) with primer pairs Tag and HEV-RP, and a HEV probe (Table 2). The qPCR
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condition included 95°C for 2 min, followed by 40 cycles of 95°C for 5 s, and 60°C for 30 s. No RT control
and no template controls were included during each qPCR run.

Statistical analysis. Statistical comparison was performed using JMP Pro 16 (Cary, NC, USA).
Analysis of variance (ANOVA) with a post hoc Student’s t test or Tukey test was used. An F test was used
to compare the convenient rabbit liver samples. P# 0.05 was considered significant.
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