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viremia and a downregulation of innate immune responses
in the liver
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François Darrouzain4 | Alain Moreau1 | Thibault Guinoiseau5 |

Philippe Gatault6,7 | Isabelle Fleurot2 | Mickaël Riou3 | Anne Pinard3 |

Jérémy Pezant3 | Christelle Rossignol2 | Catherine Gaudy-Graffin1,5 |

Denys Brand1,5 | Julien Marlet1,5

Abstract

Background: Hepatitis E virus (HEV) is a zoonotic virus transmitted by pig

meat and responsible for chronic hepatitis E in immunocompromised

patients. It has proved challenging to reproduce this disease in its natural

reservoir. We therefore aimed to develop a pig model of chronic hepatitis E

to improve the characterization of this disease.

Methods: Ten pigs were treated with a tacrolimus-based regimen and intra-

venously inoculated with HEV. Tacrolimus trough concentration, HEV viremia,

viral diversity, innate immune responses, liver histology, clinical disease and

biochemical markers were monitored for 11 weeks post-infection (p.i.).

Results: HEV viremia persisted for 11 weeks p.i. HEV RNA was detected in

the liver, small intestine, and colon at necropsy. Histological analysis revealed

liver inflammation and fibrosis. Several mutations selected in the HEV genome

were associated with compartmentalization in the feces and intestinal tissues,

consistent with the hypothesis of extrahepatic replication in the digestive tract.

Antiviral responses were characterized by a downregulation of IFN pathways

in the liver, despite an upregulation of RIG-I and ISGs in the blood and liver.

Conclusions: Wedeveloped a pig model of chronic hepatitis E that reproduced

themajor hallmarks of this disease. This model revealed a compartmentalization

of HEV genomes in the digestive tract and a downregulation of innate immune
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responses in the liver. These original features highlight the relevance of our

model for studies of the pathogenesis of chronic hepatitis E and for validating

future treatments.

INTRODUCTION

HEV is a leading cause of viral hepatitis worldwide.[1] HEV
is a quasi-enveloped virus with a positive-sense single-
stranded RNA genome (7.2 kb) composed of 3 open
reading frames (ORFs). ORF1 encodes a nonstructural
protein, ORF2 encodes the HEV capsid, and ORF3
encodes a small protein important for virion egress.[1] HEV
genotype 1 and 2 infections are unique to humans and
cause endemic acute hepatitis in developing countries. By
contrast, HEV genotypes 3 and 4 cause zoonotic and
sporadic hepatitis in developed countries. Domestic pigs
and wild boar are the main reservoir and source of
infection, through the ingestion of undercooked meat.[2]

These HEV infections are usually self-limiting but can
progress to chronic hepatitis E in immunosuppressed
patients, especially solid-organ transplant recipients, with
a risk of cirrhosis and graft rejection.[2,3] Chronic HEV
infection is defined as HEV viremia persisting for more
than 3 months.[4] HEV is thought to replicate mostly in the
liver, causing histopathological lesions characterized by
inflammatory infiltrates and fibrosis, with a risk of
cirrhosis.[2,5] HEV infection has also been associated with
extrahepatic complications, mostly neurological
disorders.[6,7] Extrahepatic HEV replication has been
demonstrated in the central nervous system of patients
with chronic hepatitis E[8,9] and in the digestive tract of pigs
with acute hepatitis E.[10,11] It may also occur in the
digestive tract of human patients with chronic hepatitis E.

Several studies have investigated the immune
response to HEV in various compartments of the body.
In vitro studies have shown that HEV RNA is sensed by
Toll-like receptors and retinoic acid–inducible gene I
(RIG-I), triggering the production of interferon (IFN) and
the induction of IFN-stimulated genes (ISGs).[12,13] HEV
has developed multiple means of countering these
responses through immune evasion mechanisms target-
ing type I IFNs, Toll-like receptors, RIG-I, and ISGs.[14–18]

Studies in rabbits and mouse models of chronic hepatitis
E have confirmed the role of innate immune responses in
the pathogenesis of chronic hepatitis E.[19,20]

Other animal models of chronic hepatitis E have been
developed for studies of the pathogenesis of chronic
hepatitis E,[20–24] the impact of vaccination,[20] and antiviral
treatments.[21,22] Unfortunately, they do not all reproduce
the principal hallmarks of this disease. Persistent HEV
viremia was observed in the monkey and rat models[21,23]

but not reliably in other models.[20,24] Liver inflammation
was observed in the rabbit, monkey, and rat models,

whereas fibrosis was observed only in rabbit models.[19–21]

It would be relevant to combine these features in a pig
model of chronic hepatitis E. Indeed, pigs are the natural
reservoir of HEV3, are genetically closer to humans than
rats and rabbits, and display spontaneous clearance of
HEV within 7 weeks, as in humans.[25–27] A previously
developed model of chronic hepatitis E in pigs reproduced
persistent HEV shedding in feces and was suitable for use
in explorations of T-cell responses in blood.[24] This basic
model demonstrated the feasibility and relevance of pig
models, paving the way for further models reproducing
more of the features of chronic hepatitis E, to improve the
characterization of the pathogenesis of this disease.

In this context, we developed a new pig model of
chronic hepatitis E reproducing persistent HEV viremia,
together with liver inflammation and fibrosis. Optimal
immunosuppression was ensured by treating the pigs with
a tacrolimus-based regimen and monitoring trough con-
centrations. We also explored viral evolution and compart-
mentalization in the digestive tract during chronic HEV
infection. Finally, we characterized the innate immune
responses in the liver during chronic HEV infection, an
aspect previously explored only in small mammals.

METHODS

Immunosuppressive drugs and viral
inoculum

An HEV-3f inoculum titrated at 9.2 × 107 log IU/mL was
prepared by filtering (filter with 220 nm pores) clarified feces
from a kidney transplant patient (NCBI Bioproject
PRJNA861125), and was stored at −80°C. Tacrolimus
tablets (Prograf, 5 mg) were obtained from Astellas.
Mycophenolate mofetil capsules (500 mg) and predniso-
lone capsules (20mg) were obtained fromSanofiWinthrop.

Immunosuppressive treatment and HEV
infection in pigs

Animal experiments were performed by the Platform for
Experimentation on Infectious Diseases,[28] in accordance
with directive 2010/63/EU, with the approval of the
Loire Valley ethical review board (APAFIS#23191-
201912061012471-v2, CEEA VdL, committee number
19). We allowed 20 four-week-old Large White pigs (UE
PAO, INRAe Val de Loire)—half of which were female, the
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other half being castrated males—to acclimate to the
experimental conditions for 2 weeks. All pigs tested
negative for HEV RNA on reverse-transcription quantita-
tive PCR (RT-qPCR) for ORF3 (see below) and for IgG
against HEV (ID Screen Hepatitis E Indirect Multi-species,
Innovative Diagnostics) at the start of the study. The
animals were housed in 17.5 m2 cells (1.75 m2/pig) at a
temperature of 25±2°C. Pigs were randomly allocated to
the control group (n=5), an immunocompromised group
(n=5), or an immunocompromised HEV-infected group
(n=10). After 2 weeks, the pigs assigned to the two
immunocompromised groups were treated with tacrolimus
(calcineurin inhibitor), mycophenolate mofetil, and cortico-
steroids. These are the first-line immunosuppressive
drugs used in solid-organ transplant recipients.[29–31] The
cornerstone of this approach is tacrolimus, a highly potent
immunosuppressive drug for which trough concentration
monitoring is required to prevent gastrointestinal side
effects and neurotoxicity.[29,32] Drugs were administered
orally, as a single daily dose, in low-fat milk.[29] Trough
concentrations were determined on one day per week,
with no treatment administration before sampling. The
doses of tacrolimus (0.5–2.1 mg/kg/d) andmycophenolate
mofetil (25–35 mg/kg/d) were adapted according to their
trough concentrations and clinical symptoms, to achieve
target trough concentrations between 5 and 10 ng/mL for
tacrolimus and <4.5 ng/mL for mycophenolate mofetil.
Prednisolone was administered at a dose of 4 mg/kg/d for
5 days, followed by 2 mg/kg/d for 5 days, and then at
0.5 mg/kg/d as a maintenance treatment. After 2 weeks of
treatment, the pigs of the immunocompromised HEV-
infected groupwere intravenously infected with 1mL of the
viral inoculum. Daily clinical monitoring was performed,
focusing on fever or hypothermia, asthenia, injuries, and
digestive or respiratory symptoms. The animals were
weighed, and blood and feces were sampled weekly.
Animals were humanely killed at 11 weeks post-infection
(p.i.), with an i.v. injection of barbiturates (190 mg/kg;
Doléthal), after i.m. premedication with a mixture of
tiletamine and zolazepam (Zolétil 5 mg/kg). Liver, spleen,
common bile duct, small intestine, and colon tissue
samples were collected at necropsy and stored in
RNAlater (Thermo Fisher Scientific) at −20°C or in 4%
paraformaldehyde at room temperature. Detailed proce-
dures are provided in the Extended Methods section of
Supplemental Materials, http://links.lww.com/HC9/A634.

Biological monitoring and histological
analysis

Therapeutic drug monitoring was performed for tacro-
limus by measuring trough concentrations in whole
blood by High-performance liquid chromatography
coupled with tandem mass spectrometry (Waters
Xevo-TQS) weekly, between 1 and 6 wk p.i., and at 8,
10, and 11 wk p.i.). Plasma mycophenolic acid

concentrations were determined on whole-blood sam-
ples at 0, 4, and 10 weeks p.i., with a kinetic enzymatic
method based on the inhibition of NADH,H+ production
by inosine-5′-monophosphate dehydrogenase (Cobas
Integra 400+, Roche Diagnostics). Liver and kidney
functions were monitored biochemically based on
determinations of the levels of alanine amino-
transferase, alkaline phosphatase, aspartate amino-
transferase, gamma-glutamyl transferase, bilirubin, and
creatinine in pig serum at −1, 0, 4, 8, and 10 weeks p.i.,
as determined with an M-ScanII biochemical analyzer
(Melet Schloesing Laboratories, MSL), as described.[33]

Complete blood cell counts, including differential leuko-
cyte counts, were obtained at the same time point with
an MS8-5 Hematology Counter (MSL), as described.[34]

Tissue samples were prepared and cut into thick
sections before hematoxylin and eosin staining for the
scoring of steatosis and inflammation, and Masson’s
trichrome staining for the assessment of fibrosis and
observation under an Eclipse 80i microscope (Nikon).
Detailed procedures are provided in the Extended
Methods section of Supplemental Materials, http://
links.lww.com/HC9/A634.

HEV RNA quantification by RT-qPCR

Serum and clarified feces (a 10 µL loop in 5 mL minimum
essential medium) were processed, immediately after
collection, for viral nucleic acid extraction with the
EZ1 Mini Virus Kit 2.0 on an EZ1 system (Qiagen) with
a sample volume of 200 µL. Tissue samples were
washed twice with 10 mL 1 × PBS each, to remove
extracellular viruses, and were sonicated (frequency of
50% for 2 min on ice) in thioglycerol homogenization
solution. RNA was extracted from the tissue lysates with
the Maxwell RSC simplyRNA Tissue Kit and a Maxwell
RSC instrument (Promega). HEV RNA was quantified by
ORF3 RT-qPCR (limit of detection: 2 log IU/mL), as
described.[35] Results are expressed in IU/g of tissue,
based on a mean weight of 10.6 mg (±3.3 mg) for all
tissue samples.

HEV intrahost and interhost diversity

HEV intrahost diversity was explored in the initial inoculum
and at 11 weeks p.i. in serum and feces from HEV-infected
animals. ORF1 (nuc 1689–3013, ORF1 amino acid (AA)
562–1003) and ORF2 (nuc 6067–7121, ORF2 AA
305–656) were amplified from these samples and
sequenced with next-generation sequencing (NGS) tech-
niques (MiSeq, Illumina, details in the Extended Methods
section of Supplemental Materials, http://links.lww.com/
HC9/A634). We sequenced HEV ORF1 from the liver
(lateral right), common bile duct, and intestinal (duodenum,
jejunum, ileum, and colon) tissues of immunocompromised
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pigs at 11 weeks p.i. We calculated nucleotide entropy (%)
and AA diversity (%), corresponding to the mean diversity
at each position in the consensus nucleic acid and protein
sequences, respectively. Synonymous or nonsynonymous
mutations at each position accounting for more than 2% of
the HEV population were considered for analysis.
The consensus AA sequences obtained by NGS for
each infected pig were aligned, in the CLC Main Work-
bench, with European and North American HEV
sequences obtained from the NCBI Virus Database. The
sequence of HEV-3f (AB369687) was used as a reference
for AA numbering,[36] with 5 domains considered for the
ORF1 polyprotein.[37,38] Major mutations (≥50% of the viral
population) selected in the chronic phase were identified by
comparison with sequences from the NCBI Virus Database
and the consensus sequence of the inoculum used for the
initial infection. Clonal analysis of ORF1 was performed
with the TOPO TA Cloning Kit for Sequencing (Thermo
Fisher Scientific) and by the Sanger sequencing of PCR
products.

RT-qPCR quantification of innate immune
response gene expression

Gene expression was analyzed at 0, 4, 8, and 10 weeks
p.i. in blood and at 11 weeks p.i. in the liver, with a 48 ×
48 Dynamic Array Integrated Fluidic Circuit (Fluidigm).
The quantitative RT-PCR data were analyzed by the
2ΔΔCt method, with normalization against 3 endoge-
nous reference genes (B2M, RPL19, and GAPDH). The
results are expressed as a relative fold-change in
expression, with the mean for the control group on day 0
used as a reference. Detailed procedures are provided
in the Extended Methods section of Supplemental
Materials, http://links.lww.com/HC9/A634.

Statistical analysis

Statistical analyses for pig weight, virological parameters,
biochemistry, and blood-cell counts were conducted in
GraphPad Prism software v9. Mann-Whitney (unpaired
values) and Wilcoxon (paired values) tests were used for
comparisons of quantitative variables. Statistical analy-
ses of innate immune response gene expression in the
blood and liver were performed with R version 4.1.3 and
the packages ggplot2, drc, ggpubr, ComplexHeatmap,
and FactoMineR, with the multiple-comparisons Mann-
Whitney Wilcoxon test corrected for false discovery rate.
p values < 0.05 were considered statistically significant.

Data availability

All sequences have been deposited in the NCBI
database (Bioproject PRJNA861125).

RESULTS

Establishment of persistent HEV viremia
with liver inflammation and fibrosis

We aimed to reproduce persistent HEV viremia, liver
inflammation, and fibrosis in pigs, as these are the main
determinants of chronic hepatitis E in immuno-
compromised patients.[4,5,27] For clarity, we used the
same definition of persistent HEV viremia in pigs (>8 wk)
as in the previous pig model.[24] Ten pigs were subjected
to immunosuppression with a combination of tacrolimus,
mycophenolate mofetil, and corticosteroids, the first-line
immunosuppressive drugs used in solid-organ transplant
recipients.[29–31] These pigs were infected by the i.v.
injection of a human clinical isolate of HEV-3f. Clinical
disease, biochemical markers, and HEV RNA levels in
blood and feces were compared between this group and
an immunosuppressed noninfected group (n=5) to study
the impact of HEV infection in immunocompromised
hosts. A nonimmunosuppressed noninfected control
group (n=5) was also included, for the identification of
potential biases due to the immunosuppressive drugs.
Clinical follow-up data, erythrocyte, and platelet param-
eters showed that animals in the three groups were in a
good general state of health. At 10 weeks p.i., body
weight was lower in the immunosuppressed group (68
vs. 82 kg, p=0.008) and in the immunosuppressed HEV-
infected group (62 vs. 82 kg, p=0.005, Supplemental
Figure S1, http://links.lww.com/HC9/A634) than in the
control group. Several other relevant events were
observed, including a severe leg injury at 10 weeks p.i.
in pig 12, and dyspnea in immunosuppressed
HEV-infected pigs 11 and 13, at 3 and 6 weeks p.i.,
respectively. Microbiological investigations ruled out the
most common veterinary diseases. No significant differ-
ences were observed among the three groups in terms of
other signs of clinical disease or changes in blood-cell
counts, liver enzyme, or creatinine levels.

Nine of the 10 HEV-infected pigs developed persistent
HEV viremia until 11 weeks p.i. (end of the study). HEV
RNAwas detectable in the serum of these 9 pigs from the
first week p.i. (4 log IU/mL) onward, reaching a plateau
extending from 3 to 10 weeks p.i. (5 log IU/mL) before
decreasing slightly at 11 weeks p.i. (4 log IU/mL)
(Figure 1A). HEV RNA shedding was detectable in the
feces of these 9 pigs from the first week p.i. (5 log IU/mL),
and reached a plateau extending from 4 to 11 weeks p.i.
(5–6 log IU/mL) (Figure 1B). HEV infection resolved
spontaneously before 8 weeks p.i. in pig 15 (Figure 1A,
B), which was not, therefore, included in the analysis of
genetic changes in HEV or innate immune responses
during chronic HEV infection. Interestingly, this pig had
the lowest mean trough concentrations of tacrolimus
(Supplemental Figure S2, http://links.lww.com/HC9/
A634). Tests for HEV RNA were negative throughout
the study, for all pigs in the two noninfected groups.
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Liver inflammation and fibrosis were explored by
hematoxylin-eosin staining and Masson’s trichrome
staining, respectively, in 5 liver tissue samples per pig
(Supplemental Table S2, http://links.lww.com/HC9/
A634). Discreet (Figure 2D) to moderate inflammation
(Figure 2E) was observed in most liver samples from
immunocompromised HEV-infected pigs (42/50),
including pig 15, in which HEV infection resolved
spontaneously. By contrast, inflammation was rare or
absent in samples from the control (3/10) and
immunosuppressed groups (0/10). Inflammatory
infiltrates consisted of lymphocytes with or without
mast cells and fibroblasts. We observed portal and
periportal fibrosis (Figures 2G, H) in most (45/50) tissue
samples from immunocompromised HEV-infected pigs.
By contrast, most liver samples from the control group
(8/10) and the immunosuppressed group (8/10)
displayed no fibrosis (Figure 2F). Jejunum tissue
samples were also explored by hematoxylin-eosin
staining, which did not differ between the HEV-
infected and noninfected groups (Supplemental Figure
S3, http://links.lww.com/HC9/A634). Overall, 9 of the 10
pigs developed HEV viremia persisting until 11 weeks p.
i., together with liver disease characterized by inflam-
mation and fibrosis.

Persistence of extrahepatic HEV RNA and
compartmentalization in the digestive tract
of immunosuppressed pigs

We investigated the persistence of extrahepatic HEV
RNA and compartmentalization in the digestive tract
during chronic hepatitis E in pigs by HEV RNA
quantification and the evaluation of genetic changes to
the HEV present in tissue samples collected during
necropsy. Mean HEV RNA levels were high in the liver
(mean: 9 log IU/g) and moderate in the small intestine
and colon (mean: 8 log IU/g) (Figure 3A). AA changes

were observed at 6 positions in the ORF1 and ORF2
proteins during chronic HEV infection (Supplemental
Figure S4A, http://links.lww.com/HC9/A634). Four of
these positions were associated with compartmentaliza-
tion between serum and feces (Supplemental Figure
S4A, http://links.lww.com/HC9/A634). One of these
positions, ORF1 position Y590 (fatty acid binding
domain), was associated with the selection of the
Y590C mutation in the feces of 6 of 9 pigs (intrahost
frequency >20%). This mutation remained undetectable
or was detected at a frequency <20% in paired serum
samples (Supplemental Figure S4A, http://links.lww.
com/HC9/A634). Clonal analysis revealed that variants
harboring this mutation clustered into two different
groups, one corresponding to serum, and the other to
feces (Supplemental Figure S4B, http://links.lww.com/
HC9/A634). We explored the compartmentalization of
HEV genomes further, by sequencing the ORF1 region
from the liver and intestinal tissue samples of 5 pigs
(Supplemental Figure S5, http://links.lww.com/HC9/
A634 and Figure 3B). We observed 4 distinct
distribution patterns for HEV mutations. First, one
mutation (Y590H) was specific to the intestinal tissue
and feces samples from 3 of the 5 pigs and was not
detected in paired liver and serum samples (Figure 3B).
Second, ORF1 Y590C had a widespread distribution in
the liver, intestines, and feces of 4 of the 5 pigs, and was
rarely detected in paired serum samples (Figure 3B).
Third, major ORF1 mutations S755L and T794A (>50%
in the common bile duct of pig 20) and 12 other minor
mutations (<50%, each specific to a single pig) were
specific to intestinal tissue samples and were never
detected in paired feces, liver, and serum samples
(Supplemental Figure S5, http://links.lww.com/HC9/
A634). Finally, ORF1 mutations H662L and V871A
(≥50%) were specific to the serum of pig 12 and were
not detected in paired feces or tissue samples (Supple-
mental Figure S5, http://links.lww.com/HC9/A634). Align-
ment with HEV reference sequences[36,43] and published

F IGURE 1 Monitoring of HEV RNA levels in 10 immunosuppressed HEV-infected pigs. HEV RNA levels in the serum (A) and feces during
follow-up (B) in immunocompromised HEV-infected pigs. Individual values (gray) and means with the SD (black). *Pig 15 experienced sponta-
neously resolving HEV infection. †Pig 12 was euthanized 10 weeks after infection due to a severe leg injury.
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sequences from clinical isolates revealed that species-
specific HEV genotypes were characterized by a specific
polymorphism at this position: 590H (most HEV-1, in
humans) and 590L (HEV-2, in humans) and 590F (HEV-
7, in camelids). In contrast, zoonotic HEV-3 and HEV-4
isolates from human pigs and cervids harbored either the

590Y, C, and H polymorphisms, whatever the host. The
ORF1 662L polymorphism (serum, pig 12) was associ-
ated in most published sequences with the 590H
polymorphism and only observed in HEV-1 isolates.
We did not observe the insertions in the HVR previously
associated with an increase in viral replication

F IGURE 2 Discreet to moderate inflammation and fibrosis in the liver of immunosuppressed HEV-infected pigs 11 weeks p.i. Steatosis and
inflammatory activity were scored by hematoxylin-eosin staining (A–E). Most liver samples (7/10) from the control group revealed no steatosis or
inflammation (A). Half the liver samples (5/10) from the immunosuppressed group displayed discreet steatosis (B). Most liver samples (42/50) from the
HEV-infected immunosuppressed pigs displayed discreet (D, n=8/50), moderate (E, n=33/50), or severe (F, n=1/50) inflammatory activity. Fibrosis was
scored with Masson’s trichrome stain (G–I). Most liver samples from the control group (8/10) and the immunosuppressed group (8/10) displayed no
fibrosis (G). By contrast, most liver samples from the HEV-infected immunosuppressed group displayed portal and periportal fibrosis (45/50), without (37/
50, H) or with (4/50, I) centrilobular perisinusoidal fibrosis. Abbreviations: p.i., post-infection. This figure was formatted with ImageJ, using the Scientifig
plug-in.[39]
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F IGURE 3 Quantification of HEV RNA and characterization of HEV diversity in tissues. (A) HEV RNA levels in tissue samples from
immunocompromised HEV-infected pigs on necropsy. Individual follow-up data are indicated with gray lines for each pig. The black line and error
bars indicate the mean and SD. Pig 15 experienced spontaneously resolving HEV infection and all tissue samples from this pig tested negative for
HEV RNA (not shown). Weeks p.i., weeks after infection. (B) Prevalence of HEV genetic changes at position Y590 in ORF1, 11 weeks p.i. in HEV-
infected pigs 14, 17, 19, and 20. Y590C (orange), Y590H (gray), and wild-type Y590 (blue) are shown. Data are missing for the liver of pig 14 due
to insufficient sequencing depth. Arrows represent a proposed model of HEV transit between the liver and intestines in immunocompromised
hosts, based on our observations and published in vitro data.[40–42] Abbreviations: LL, lateral left; LR, lateral right; MR, medial right; ORF, open
reading frame; p.i., post-infection.
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capacity.[44] Mean intrahost AA diversity was similar in
serum and feces samples (Supplemental Figure S6,
http://links.lww.com/HC9/A634).

Innate immune responses to HEV in
immunocompromised hosts

Induction of IFNγ and ISGs in blood during
HEV infection in immunocompromised hosts

Innate immune responses were characterized by RT-
qPCR quantification of the expression of 40 genes on
blood samples collected at 0, 4, 8, and 10 weeks p.i.
(Supplemental Figure S7A, http://links.lww.com/HC9/
A634). Principal component analysis on blood showed
a clear separation between individuals from the
immunocompromised HEV-infected and immuno-
compromised groups at 4, 8, and 10 weeks p.i.
(Supplemental Figure S8A, http://links.lww.com/HC9/
A634). We identified 16 of the 40 genes as associated
with significant differences between the immuno-
compromised HEV-infected and immunocompromised
groups for at least one time point (Figure 4A and
Supplemental Figure S8A, http://links.lww.com/HC9/
A634). HEV infection was associated with an increase
in IFNγ RNA levels at 4 and 8 weeks p.i. (15-fold,
p=0.009, Figure 4A and Supplemental Figure S9,
http://links.lww.com/HC9/A634). IFN pathways were
also activated, as shown by the increase in the levels
of expression of STAT2 and the ISGs EIF2AK2 and Mx1
from 4 weeks p.i. (p< 0.05, Figure 4A). By contrast, no
type I IFN (IFNA1 and IFNAR1) or type III IFN (IFNL1)
response was observed. A delayed downregulation of
the inflammatory cytokines CXCL2 and CXCL8, and the
nuclear factor-kappa B (NF-kB) pathway inhibitors
NFKBIA and TNFAIP3 was also observed from 8
weeks p.i. (Figure 4A). The most important finding
was an induction of IFNγ and ISG expression in blood
from 4 weeks p.i.

Induction of IFIT and RIG-I gene expressions
in the liver during chronic hepatitis E despite
downregulation of the NF-kB and IFN
pathways

Innate immune responses were characterized by the
same approach in liver samples collected at necropsy
(11 weeks p.i.). A strong downregulation of almost all
innate immune pathways was observed (Figure 4B,
Supplemental Figure S7B, http://links.lww.com/HC9/
A634, and Supplemental Figure S8B, http://links.lww.
com/HC9/A634). For the pattern recognition receptor
pathway, we observed an overexpression of RIG-I, but
mitochondrial antiviral-signaling protein and interferon
regulatory factor 3 mRNA levels were lower than in the

absence of infection. The type I (IFNA1), type II
(IFNGR1), and type III (IFNL1) IFN pathways, mito-
gen-activated protein kinases, TGFβ, C3, and the
proapoptotic factor caspase 3 were also downregulated.
Despite this major downregulation of innate immune
pathways, an upregulation of ISGs was observed,
particularly for interferon-induced protein with tetratrico-
peptide repeats (IFIT), (25-fold, p < 0.001) and RIG-I (p
= 0.007). The changes in host innate immune
responses observed in blood and liver during HEV
infection are summarized in Figures 4C, D.

DISCUSSION

In this study, we developed an original pig model of
chronic hepatitis E with persistent HEV viremia. This
model revealed a compartmentalization of HEV
genomes in the intestines and feces and a down-
regulation of IFN responses in the liver during persistent
HEV infection.

Animal models of chronic hepatitis E have been
developed in humanized mice and immunosuppressed
rabbits, pigs, and monkeys.[21–24,45,46] Large White pigs
are particularly relevant as models, as they are the
natural zoonotic host of HEV-3 and HEV-4 and have an
immune system similar to that of humans.[47] Cao and
colleagues previously developed a pig model in which
they demonstrated that immunosuppressed pigs could
be infected with HEV, with the establishment of
persistent HEV shedding into feces. However, this
model contrasted with chronic hepatitis E in humans in
that the viremia was transient and liver lesions were
absent.[4,5,24] We hypothesized that optimization of the
immunosuppressive treatment might result in a better
model of the disease. We therefore treated pigs with a
combination of tacrolimus, mycophenolate, and pred-
nisolone, with trough concentration monitoring and
individualized dose adaptation, as in solid-organ trans-
plant recipients.[29] This approach resulted in the first
animal model displaying a combination of persistent
HEV viremia until 11 weeks p.i., together with liver
inflammation and fibrosis. These features will make it
possible to use this model to investigate virological and
clinical responses to new antiviral agents. Persistent
HEV viremia and liver inflammation have also been
observed in recent cynomolgus monkey and rat models,
but these models were limited by the absence of
fibrosis.[21,23] The monkey model is also subject to
ethical and economic limitations on the use of primates,
whereas the rat model is limited to the HEV-C1 strain,
which circulates in street rats and is of limited relevance
due to its low zoonotic potential in humans.[13–15]

We considered the choice of control groups very
carefully in this study. We focused on the pathogenesis
of HEV infection in immunosuppressed individuals, as
this is the population most at risk of developing severe
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F IGURE 4 Modulation of host innate immune responses in immunocompromised HEV-infected pigs. (A, B) Gene expression, assessed by
high-throughput RT-qPCR (BioMark HD, Fluidigm), in (A) blood at 0, 4, 8, and 10 weeks p.i. and (B) the liver, at necropsy (11 wk p.i.). Gene
expression levels are shown relative to the control group at 0 week p.i. for the blood samples and the control group at 11 weeks p.i. for the liver.
The significance of differences between groups was analyzed with Mann-Whitney Wilcoxon tests corrected for multiple testing by the false
discovery rate method. Adjusted p values were calculated with the Benjamini and Hochberg method. Data are shown for 5 animals for the control
and immunocompromised groups and 9 of the 10 animals in the immunocompromised HEV-infected group (pig 15 was excluded due to
nonchronic infection). (C, D) Host innate immune responses are represented for which significant (p<0.05) modulations of gene expression were
observed in the blood (C) and liver (D) of immunocompromised HEV-infected pigs relative to immunocompromised pigs. Increase (up arrow) or
decrease (down arrow) in expression levels at 4 (in blue) and 10 weeks p.i. (in red). Abbreviations: ER, endosplasmic reticulum; HSPG, heparan
sulfate proteoglycan; IFIT, interferon-induced protein with tetratricopeptide repeats; MAVS, mitochondrial antiviral-signaling; NF-kB, nuclear factor-
kappa B; p.i., post-infection; PRR, pattern recognition receptor; RIG-I, retinoic acid–inducible gene I. Created with BioRender.com.
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disease.[4] We therefore considered immunosup-
pressed but uninfected pigs to be the most relevant
control group. However, we also included a second
control group of nonimmunosuppressed, noninfected
pigs, to ensure that innate immune response gene
expression levels and histological findings were inter-
preted correctly. In accordance with the 3Rs guidelines,
we endeavored to minimize the number of animals used
in our study. We did not, therefore, include an additional
experimental group of nonimmunosuppressed HEV-
infected pigs, as this was deemed unnecessary with
respect to the objectives of the study. Furthermore, the
virological features of HEV infection in immuno-
competent pigs have already been described in detail,
including, in particular, the spontaneous clearance of
HEV within 7 weeks.[10,25,48,49]

Necropsy was performed 1 week before the 12-week
cutoff used to define chronic hepatitis E in patients.[27] This
decision was based on zootechnical constraints, with an
assumption that virological and immune data would
probably be similar between 11 and 12 weeks p.i. Finally,
unlike monkeys, neither pig nor rat models of chronic
hepatitis E reproduce the slight increase in liver enzyme
levels (1.5–3×) usually observed in patients.[2,23,24,50]

Studies in animal models have shown that HEV can
replicate in the digestive tract during acute[10,11] and
chronic HEV infection.[45] However, it remained unclear
whether viral replication in extrahepatic tissues was
relevant to viral diversity and shedding. The unique
exploration of HEV diversity described here adds to our
understanding of the respective roles of the liver and
intestines in HEV shedding into serum and feces. We
observed a compartmentalization between the serum,
feces, liver, and intestine tissue samples on necropsy
for several ORF1 positions. In particular, ORF1 position
Y590, which lies in the fatty acid binding domain,[37] was
associated with the emergence of mutation Y590C
(> 20%) in most samples except serum samples, while
the Y590H mutation was specific to intestinal tissues
and feces. These mutations selected in pigs had
already been described as polymorphisms in published
HEV-1 isolates (mainly the 590H polymorphism) and
HEV-3 isolates (broad distribution of 590Y/C/H poly-
morphisms). In this context, the selection of mutation
590C in our pig model could reflect an adaptation to its
animal reservoir. The emergence and compartmental-
ization of mutation 590H could reflect an adaptation to
extrahepatic viral replication in the intestinal tissue,
contributing to fecal shedding and orofecal transmis-
sion, relevant for HEV-3 infection in pigs and HEV-1
infection in humans. High HEV RNA levels (9 log IU/g)
in the intestine and colon of pigs further support this
hypothesis of extra-hepatic replication. In our study,
other ORF1 positions were associated with the emer-
gence of major mutations in intestine tissue samples,
particularly in the common bile duct. These mutations
were not found in feces, possibly due to impaired viral

secretion or a low level of representation among the
secreted HEV particles (below the sensitivity cutoff for
NGS). Replicative, negative-strand RNA and in situ
hybridization on pig tissue samples could be used to
confirm the occurrence of extrahepatic replication in our
model.[40] Should such replication be confirmed, then
the limited efficacy of ribavirin in this compartment might
contribute to the constitution of a reservoir of HEV
during treatment, accounting for relapses after
treatment.[40,51,52] Overall, our results provide evidence
for a multicompartment model of HEV replication,
involving both the liver and various parts of the digestive
tract, from the common bile duct to the colon.

We hypothesized that the persistence of HEV
replication in these tissues might involve a balance
between the activation of host antiviral immune
responses and the modulation of these responses by
HEV. We observed an increase in the levels of RIG-I
gene expression in the blood from 4 weeks p.i. and in
the liver on necropsy at 11 weeks p.i. RIG-I may have
an ambivalent role in the control of HEV infection. Its
expression is induced in primary human hepatocytes
following HEV infection.[53] It has antiviral effects on
HEV mediated by both IFN-dependent (IFN-λ and
IFN-β)[54,55] and IFN-independent mechanisms.[54] It is
also required to restrict HEV replication in vitro.[56]

However, the crucial role of RIG-I has yet to be
confirmed in animal models.[19,22] A recent study
demonstrated that RIG-I was not required for the
production of IFN-λ and IFN-β or for the antiviral
response to HEV RNA.[13] RIG-I signaling is boosted
by the HEV ORF3 protein, suggesting a possible role for
RIG-I in the viral invasion.[57] Our findings suggest that
RIG-I plays a major role in persistent HEV infection in
immunocompromised hosts. An activation of RIG-I
sensing was associated with ISG induction in the blood
and liver. These results are consistent with the findings
obtained in rabbit and humanized mouse models of
chronic hepatitis E.[19,20] However, in our pig model, ISG
induction was observed despite a downregulation of the
types I, II, and III IFN pathways in the liver, suggesting
the occurrence of noncanonical ISG induction by RIG-I.

The downregulation of IFN responses in pig liver
revealed the ability of HEV to counteract IFN responses
in the context of chronic HEV infection. The modulation of
host IFN responses byHEVwas broader than predicted by
in vitro models.[14–18] Indeed, HEV replication in vitro has
been associated with a type III IFN response inducing a
partial control of HEV replication.[55,58] The type III IFN
response has also been associated with HEV clearance
from the liver in immunocompetent patients.[13] By contrast,
we observed a downregulation of all IFN pathways,
including the type III IFN pathway, in pig liver. Our findings
contrast with those obtained in immunocompromised
rabbit and humanized mouse models of chronic hepatitis
E.[19,20] We hypothesize that different host genetic back-
grounds (small mammals), HEV strains (HEV-3ra in
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rabbits), immunosuppressive treatments, and control
groups account for these discrepancies. Our observations
in this pig model are the first to highlight a possible role for
HEV immune evasion in the pathogenesis of chronic
hepatitis E in immunocompromised patients. Further
characterization of host immune responses by analysis
of the proteins expressed in the liver could be performed to
confirm the immune evasion mechanisms used by HEV. If
so, the modulation of host innate immune responses could
be developed as a potential new therapeutic approach for
chronic hepatitis E. We provide here the first description of
the antiviral innate immune responses to HEV in the liver
and blood of immunocompromised pigs.

In conclusion, we have developed a robust pig model of
chronic HEV infection. Unlike most previous animal
models of chronic hepatitis E, it reproduces persistent
HEV viremia with liver inflammation and fibrosis, major
hallmarks of chronic hepatitis E. We observed down-
regulation of innate immune responses in the liver of
immunocompromised HEV-infected pigs, suggesting that
HEV makes use of immune evasion mechanisms, which
could be blocked by new therapeutic strategies. Finally,
this study revealed a compartmentalization of HEV
genomes in the digestive tract, highlighting the major role
of this compartment in the pathogenesis of chronic
hepatitis E. Persistent HEV replication in the digestive
tract may contribute to the risk of relapse after ribavirin
treatment.[59] It may, therefore, be possible to improve the
efficiency of antiviral strategies by targeting HEV replica-
tion in this compartment.
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