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Abstract

Hepatitis E virus (HEV) is an important emerging pathogen producing significant morbidity in immunosuppressed
patients. HEV has been detrimental to solid organ transplant (SOT) patients, cancer patients, and HIV-positive
patients, where chronic HEV infections occur. Blood-borne transfusions and multiple cases of chronic HEV infection
in transplant patients have been reported in the past few decades, necessitating research on HEV pathogenesis
using immunosuppressed animal models. Numerous animal species with unique naturally occurring HEV strains
have been found, several of which have the potential to spread to humans and to serve as pathogenesis models.
Host immunosuppression leads to viral persistence and chronic HEV infection allows for genetic adaptation to the
human host creating new strains with worse disease outcomes. Procedures necessary for SOT often entail blood
transfusions placing immunosuppressive patients into a "high risk group” for HEV infection. This scenario requires an
appropriate immunosuppressive animal model to understand disease patterns in these patients. Hence, this article
reviews the recent advances in the immunosuppressed animal models for chronic HEV infection with emphasis on

pathogenesis, immune correlates, and the liver pathology associated with the chronic HEV infections.
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Background

Hepatitis E virus (HEV) is an interesting topic in the
field of emerging infectious diseases. HEV ranks 6th on
a list of spillover viruses with significant health risks to
humans [1]. HEV causes both acute and chronic infection
in humans and is the leading cause of acute viral gastro-
enteritis worldwide [2]. Chronic HEV infection has been
reported in patients receiving a solid organ transplant
(SOT) [3], with blood disorders [4], and in human immu-
nodeficiency virus (HIV)-positive patients [5]. A sus-
tained rise in liver enzyme levels and viral RNA detection
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in the blood and feces for at least six months following
the acute phase of infection are considered indicators of
a chronic HEV infection [3]. Chronic HEV infection is
becoming more common, especially in patients receiving
SOTs who require long term immunosuppression to pre-
vent organ rejection [6, 7].

HEV is a non-enveloped, positive-sense RNA virus
approximately 27-34 nm in diameter and contains a
6.4—7.2 kb viral genome encoding three primary open
reading frames (ORFs). HEV is a member of the family
Hepeviridae comprised of two subfamilies, five genera,
and at least ten species [8]. Within the Hepeviridae, the
Orthohepevirinae subfamily has several genera known
to infect mammalian species. To date only Paslahepevi-
rus genus members (previously known as Orthohepevirus
A) and some members of the Rocahepevirus (previously
known as Orthohepevirus C) genus have been found to
infect immunosuppressed humans. More specifically,
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Paslahepevirus balayani genotype (gt)3, gt4, gt7, and
Rocahepevirus ratti gtl have been reported to infect
immunosuppressed patients [3-5, 9-13].

A dearth of robust and tractable animal and cell cul-
ture models that accurately and fully mimic hepati-
tis E disease as observed in humans has made studying
the pathogenesis of HEV a difficult undertaking. For
instance, although the fecal-oral pathway is the main
means of HEV transmission, the exact mechanism by
which the virus particles move from the gastrointestinal
system to the liver remained mostly unknown. Recently,
clinical samples from a patient with a chronic HEV infec-
tion were shown to have intestinal crypts containing
HEV RNA and ORF2 antigens leading to crypt cells being
tested and confirmed as supporting HEV replication in
vitro [14]. Animal models in which the immune response
can be modified are necessary to uncover nuances of the
HEV lifecycle that are otherwise suppressed and unob-
servable during natural infection. Furthermore, most
HEV infections in immunocompromised individuals tend
to become chronic infections [15] resulting in differential
and prolonged pathogenesis compared to immunocom-
petent hosts. These persistent HEV infections can result
in nodules, fibrotic remodeling, and eventually cirrhosis
in the liver [16]. Consequently, it is imperative to com-
prehend the consequences of hepatitis E in individuals
with impaired immune systems, necessitating the use of
reliable and physiologically applicable animal models.

Here we have delineated HEV pathological features
in humans resulting from chronic HEV infections dur-
ing generalized immunosuppression. This information
is intended to help readers understand the need for an
appropriate immunosuppressive animal model for HEV.
We discuss the pathogenesis of HEV in immunosup-
pressed cynomolgus monkeys, pigs, rabbits, mice, rats,
and Mongolian gerbils while comparing the pathology,
immune correlates, and drug screening between animal
models that produce chronic HEV infection.

Chronic HEV infection pathology in humans

Persistent HEV replication for at least six months,
moderate increase of liver enzymes, and an infrequent
correlation with clinical indications commonly seen
in immunosuppressed patients are characteristics of
chronic human HEV infections [17]. Generally, gt1 and
gt2 Paslahepevirus balyani strains are not attributed to
chronic HEV infections whereas gt3 and gt4 are much
more frequently associated with chronic infections mak-
ing these strains a priority for animal infection models.
The majority of otherwise healthy patients with P balay-
ani gt3 or gtd infection have no symptoms, but these
viruses can have catastrophic consequences for immu-
nocompromised or immunodeficient individuals [15].
Developed nations are seeing an increase in P balayani
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gt3 or gt4 infections, and immunocompromised persons
are particularly vulnerable to persistent HEV-related liver
fibrosis. Recently, chronic HEV infection of immunosup-
pressed patients has been reported to be caused by Roca-
hepevirus ratti gtl, despite the fact that this HEV strain
significantly differs genetically from P balayani HEV
strains [9].

In real-world clinical situations, chronic HEV infection
develops in approximately 60% of transplant patients who
have preexisting HEV infections or are exposed during
transplantation via transfusion with 10% of these chronic
patients developing cirrhosis [18, 19]. When hepatitis E is
diagnosed in SOT patients undergoing tacrolimus medi-
cation, the risk is elevated [18]. Following SOT, reports
have been made regarding the incidence of a de novo
HEV infection as well as the risk of reinfection in the
patients suggesting this may occur in 1 to 1.5% of patients
[20, 21]. Interestingly, a case of chronic HEV gt3 has been
reported in a pregnant woman who was under immuno-
suppressive agents for ulcerative colitis [22]. Even though
the chronicity was observed, no adverse event during
pregnancy was reported and resolution after delivery was
without complications [22]. Another case of chronic HEV
in pregnancy was reported in a kidney transplant patient.
HEV gt3 infection was diagnosed during the first trimes-
ter of pregnancy [23]. Interestingly, HEV RNA increased
by more than 1.5 log factor at the beginning of the third
trimester but after the Cesarean section at the 38th week
of gestation, the newborn and the placenta tested nega-
tive for HEV RNA. HEV was not detectable in the mother
either in serum or stool even after six months [23] sug-
gesting the role of pregnancy in HEV sustainability. A
recent report of a pregnant woman who had undergone
liver transplantation demonstrated the presence of HEV
gt3 infection at the 34th week of gestation [24]. Placenta
and breast milk tested positive for HEV RNA [24]. How-
ever, the newborn did not demonstrate HEV RNA either
in serum or stool (tested at 1-5, 15th days and 1 month)
and was negative for anti-HEV IgM but was positive for
anti-HEV IgG [24]. In contrast to the previous case, HEV
did not clear even after 3 months of delivery and thus, the
mother was treated with the ribavirin for 16 months until
the HEV RNA was undetectable in the serum and stool
[24].

Clinical research has shown that for treatment plan
guidance fecal HEV shedding is a more accurate indica-
tor for relapse prediction in chronic HEV infection than
viremia [25-27]. Nonetheless, it has been shown that
immunosuppressed individuals’ blood and urine con-
tain substantial concentrations of HEV antigens [28, 29].
Liver fibrosis and cirrhosis can develop quickly in SOT
patients who have a persistent HEV infection [18, 30].
As expected, overexpression of host genes implicated in
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fibrogenesis was also discovered by RNA sequencing of
host transcripts in fibrotic liver tissues [31].

According to histopathological findings, lymphocytic
portal infiltrates with piecemeal necrosis (interface hepa-
titis) have been observed in HEV-infected heart and liver
transplant recipients [3, 20, 32, 33]. Patients with SOT
who progressed to chronic infection have low peak lev-
els of ALT (Alanine aminotransferases) and AST (Aspar-
tate aminotransferases) [18]. In addition to SOT patients,
rheumatological patients, hematological patients, HIV-
infected patients, and hematopoietic stem cell transplant
(HSCT) patients are in the high-risk group to develop
severe chronic HEV infection [34, 35]. Furthermore,
tacrolimus usage during HEV infection has been linked
to immune-mediated and drug-induced severe throm-
bocytopenia [36, 37]. Moreover, neurological conditions,
renal damage, severe pancreatitis, and hematological
abnormalities are extrahepatic symptoms of chronic
HEV infection [33]. To help the reader comprehend the
pathogenicity of chronic HEV infection and the need for
a suitable immunosuppressed animal model, immuno-
suppressed chronic HEV infection has been summarized
(Table 1).

Ideal immunosuppressive animal model attributes
Replicating the exact clinical disease and pathology of
chronic human HEV infection in an animal model is
extremely difficult. For in-depth HEV research, the ideal
immunosuppressive animal model would include all the
following traits.

Table 1 Summary of chronic HEV infections reported in humans
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a) Develops liver specific pathology such as fibrosis and
cirrhosis with alteration in liver enzymes (ALT, AST,
and gamma glutamyl transferases (GGT)).

b) Immunosuppressive drugs used in humans should
be effective in lowering the immune response in the
animal model.

¢) Animals should be susceptible to human derived
HEV strains.

d) Immunological responses to HEV should mimic
humans.

e) Chronic HEV infection in the immunosuppressed
animal should mimic the prolonged viremia and fecal
viral shedding seen in humans.

f) Animal organ anatomical structure and physiological
function should be close to humans.

g) Experimental tool kits and reagents should be readily
available for the animal model.

h) Animal models should be genetically manipulatable
such that knock-in or knock-out studies can be
conducted.

Immunosuppressed animal models for studying
chronic HEV infection

To obtain precise and accurate results, it is imperative
to consistently replicate the human disease state in an
animal model. An important factor to consider when
selecting an appropriate HEV model is the animal’s sus-
ceptibility to a natural HEV infection. Moreover, using a
particular animal species as a model for HEV infectious
disease requires careful evaluation of the species’ ana-
tomical, physiological, genetic, and biochemical parallels
to humans.

Immunosuppressive drug HEV / genotype SOT patients  Chronicliver  Extrahepatic Ref.
lesions lesions in
organs
SOT Patients Tacrolimus, Paslahepevirus balayani (gt3,  Kidney, Fibrosis, Brain, kidney,  [38]
Cyclosporine, gt4 and gt7) Liver, Cirrhosis pancreas
Prednisolone, Heart,

Azathioprine

Pregnant woman Infliximab, Azathioprine

Rocahepevirus ratti (gt1)

Paslahepevirus balayani (gt3) No

Lung, Stem cell

Not reported Not reported  [22]

Tacrolimus, azathioprine Paslahepevirus balayani (gt3)  Liver Not reported;  Not reported  [24]
transplantation acute HEV
infection

Rheumatological Methotrexate Rituximab, Cyclophos-  Paslahepevirus balayani (gt3, Notreported  Cirrhosis Not reported  [39]
patients phamide, Prednisolone, Infliximab gt4d and gt1)
Hematological Rituximab Paslahepevirus balayani (gt3)  Not reported Fibrosis, Not reported  [40]
patients Cirrhosis
HIV-infected No; virus induced immunosuppression  Paslahepevirus balayani (gt3) Not reported  Cirrhosis Not reported  [41]
patients

Hematopoietic
stem cell transplant
(HSCT) patients

Tacrolimus, Cyclosporine, Mycophe-
nolate mofetil, Infliximab, Rituximalb,
Tocilizumab, Pentostatin, Prednisone

Paslahepevirus balayani (gt3)

Not reported  Not reported;
Only acute liver

failure

Very rare, one  [42—
report of mul-  45]
tiple organ

failure
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Uncertainty surrounds the dynamics of HEV adapta-
tion and propagation within genotypes that permit host
range expansion. Numerous animal species have been
found to have unique circulating HEV strains since the
first animal HEV was discovered in pigs in 1997, fol-
lowed by the first bird strain in 1998, the first rabbit
strain in 2009, and the first rat strain in 2010. Several of
these strains have the potential to spread to humans and
cause chronic HEV infection. In order to study the out-
comes of persistent hepatitis E in immunocompromised
people, current immunocompromised animal models
that replicate chronic HEV have been summarized below
(Table 2).

Cynomolgus monkeys

When assessing the zoonotic potential of HEV, non-
human primates (NHPs) are frequently the most appro-
priate model. The principal models used to research the
clinical course of HEV infection are nonhuman primates
(NHP), such as Macaca fascicularis (cynomolgus mon-
keys) and Macaca mulatta (rhesus monkeys). Despite
not being HEV’s natural host, NHPs are vulnerable to
experimental infection with P balayani gtl, gt2, gt3, and
gt4 [56-59]. Cynomolgus monkeys were the first NHPs
employed in experimental HEV infection research [60].
Additionally, a wide range of immunosuppressive drugs,
including tacrolimus, have been developed in preclinical
trials using cynomolgus monkeys, which are thought to
be an excellent model for human organ transplantation
[61, 62].

Page 4 of 13

Experimental infection of cynomolgus monkeys under
tacrolimus treatment and concurrent infection with P
balayani gt3 Brazilian strain mimicked chronic HEV
infection in humans. Chronic HEV signs such as per-
sistent viremia, fecal viral shedding, and elevated liver
enzymes, with gross and microscopic hepatitis observed
in the liver (Fig. 1) [46].

Briefly, out of 4 NHPs used in the study, 3 of them
became chronically infected. The clinical data pre-
sented during the acute phase of infection such as liver
enzymes and antibody titers failed to predict chronicity
in the monkeys. It’s interesting to note that three of the
monkeys that had chronic infections showed signs of a
very delayed seroconversion and a prolonged elevation
in liver enzymes like ALT and AST [46]. Abnormal fat
deposits in the liver parenchyma were directly correlated
with decreased cholesterol in the plasma of chronically
infected monkeys. There was no significant difference in
the white blood cell (WBC) and platelet count due to the
immunosuppressive drugs used in the monkeys before
and after the infection [46].

Active replication in the liver and associated tissues
such as gall bladder, spleen, and pancreas were demon-
strated by the presence of HEV negative-stranded RNA
[46]. Liver histopathology reported hepatocellular bal-
looning, scattered apoptosis, and lobular focal inflamma-
tion with microscopic necrotic features. After 4 months,
immunosuppressed and HEV infected monkeys pro-
gressed to chronic hepatitis but there were no signs of
liver fibrosis. Type 2 diabetes mellitus was reported in

Table 2 Comparison of chronic HEV infection in immunosuppressed animal models

Animal Immunosuppressive drug  HEV strain / genotype No. of Dura-  Chronic liver lesions Extra- Ref.
animals tion of hepatic
tested study lesions
(days)
Monkey Tacrolimus P.balayani gt3 4 160 Hepatitis without liver Yes [46]
Brazilian strain fibrosis
Pig Cyclosporine, Azathioprine, P, balayani gt3 (US-2 strain) 10 91 Hepatitis without liver Yes [47]
and Prednisolone fibrosis
Tacrolimus, Mycophenolate P, balayani 10 77 Hepatitis and fibrosis Not [48]
mofetil mentioned
Rabbit Cyclosporin A Rabbit-derived P, balayani gt3 15 91 Hepatitis with liver fibrosis = Yes [49]
and human derived P, balayani
HEV gt3 and gt4
Mouse Balb/C nude mice P balayani HEV gt4 4 21 Focal hepatocellular Yes [50]
necrosis
UPA/SCID/beige mice P balayani HEV gt1 and gt3 5 224 Hepatitis with liver fibrosis  Yes [51]
BALB/c nude mice P balayani HEV gt4 24 35 Hepatitis with liver fibrosis  Yes [52]
UPA**-SCID mice P balayani HEV gt4 9 140 Not reported Yes [53]
Rat Prednisolone, Tacrolimus, Rat HEV gt1 (CCY and SRN) strain 6 with high 84 Foci showing cell necrosis  Not [54]
and Mycophenolate mofetil dose and mentioned
6 with low
dose
Mongolian  Tacrolimus pellet Macaque-derived P. balayani 8 42 None Not [55]
Gerbils HEV gt3 mentioned
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Immunosuppressive

drug(s):

Tacrolimus

4

Immunosuppressive levels monitored throughout the experiment — Yes

Immunosuppression confirmed by - moderate weight loss, alopecia, and
herpesvirus opportunistic infection

3/4 immunosuppressed monkeys showed recurrent HEV RNA detection
in liver samples, evident hepatocellular ballooning degeneration, mild
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Infection
- HEV gt3

to severe macro and micro vesicular steatosis (zone 1), scattered
hepatocellular apoptosis, and lobular focal inflammation

ballooning degeneration (zone 3), discrete hepatocellular apoptosis,

I = At 69 dpi, liver biopsies of all infected monkeys revealed evident
and at most mild portal and intra-acinar focal inflammation

= At 160 dpi, three chronically HEV infected monkeys showed microscopic
features (piecemeal necrosis) corresponding to chronic hepatitis in
absence of fibrosis and cirrhosis in liver parenchyma

i Route: IV = 4 month follow up: HEV gt3 infected immunosuppressed cynomolgus
monkeys exhibited more severe hepatic lesions progressing to chronic
hepatitis without liver fibrosis

Fig. 1 Summary of immunosuppressed cynomolgus monkey model with intravenous (IV) HEV inoculation. HEV gt3 was used for the study. Interestingly,
chronic hepatitis was evident but with the absence of fibrosis and cirrhosis in liver

one of the monkeys under immunosuppression and HEV
infection resolved after the discontinuation of the immu-
nosuppressive drug [46].

Despite the fact that NHPs have been used in several
studies, their inability to function as a natural host of
HEV and the lack of liver fibrosis render them as a less
suitable model for researching chronic HEV infection in
humans. Furthermore, with chimpanzees and other great
apes now subject to stringent restrictions on research,
the use of these animals in future research is also con-
strained due to cost and ethical concerns with invasive
biomedical research in primates.

Pigs

Pigs are the most studied source for xenotransplantation
in humans [63]. Multiple immunosuppressive drugs used
in humans during SOT have been studied in pigs [64, 65].
Pigs are anatomically, physiologically, and immunologi-
cally similar to humans and thus are a potentially good
model for mimicking chronic hepatitis E in humans, par-
ticularly SOT patients [66, 67].

Zoonotic P balayani gt3 is responsible for many of the
cases in humans leading to the development of chronic
hepatitis [68, 69]. Pigs are a known reservoir for P balay-
ani gt3 and gt4, allowing pigs to be used as a natural host
model for pathogenesis and therapeutic studies [70].

Mycophenolate mofetil and tacrolimus are the most
commonly used drugs in SOT patients. Experimental
chronic HEV infection in pigs mimicked humans by uti-
lizing a combinatorial approach of drugs and the human
HEV P balayani gt3 (US2 strain) (Fig. 2) [67].

Chronic HEV infection was produced in pigs as fecal
viral shedding was seen for at least 5-14 weeks longer in
comparison to the immunocompetent pigs [67]. On the

other hand, viremia failed to be a predictor for chronic
HEV infection demonstrating equal viral titers to immu-
nocompetent pigs. Histopathology reports did not show
any significant differences in the liver of immunocompe-
tent infected pigs compared to chronically infected pigs
[67]. The immunosuppressive drug treated and infected
group showed reduction in Thl cytokines (IL-2 and
IL-12) and no significant changes in the IFN-y cytokine
levels in blood when compared to the immunocompe-
tent and infected group. However, the CD4*CD8* T cell
activation was decreased in the drug treated and infected
group. During the chronic phase of infection, CD4" T
cells producing IL-4 increased in the blood of the immu-
nosuppressed and infected pigs. A clear disease progres-
sion was evident by the shift of the immune response
from CD4*CD8™ T-cell population to CD4*CD8" T-cell
population in the immunosuppressed pigs [67].

Another study utilized tacrolimus-based regimen dem-
onstrating persistent viremia for 11 weeks post inocula-
tion [48]. Liver inflammation and fibrosis were reported
in the immunosuppressed pigs [48]. They revealed a
unique compartmentalization of HEV genomes in the
feces and intestinal tissues, supporting extrahepatic rep-
lication in the digestive tract [48].

Pigs only develop subclinical infection when infected
with HEV thus the immunological response in symp-
tomatic human HEV patients cannot be mimicked in
pigs. The absence of liver fibrosis and decreased frequen-
cies of HEV-specific T-cells in peripheral blood indicate
that pigs are not the most suitable model to fully repli-
cate the chronic HEV patient condition in humans. Long
term dosing of pigs with immunosuppressive drugs may
also be cost prohibitive due to their propensity for high
weight gain.
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Immunosuppression status maintained in HEV inoculated pigs by daily
administration of immunosuppressive drugs until end of study

At 8 wpi, 8/10 mock-treated HEV-infected pigs but only 3/10 of the
drug-treated HEV-infected pigs stopped fecal virus shedding

At 13 wpi, only 2 /10 mock-treated HEV-infected pigs still shed HEV in
feces when compared to 7 of the 10 drug-treated HEV-infected pigs
Immunocompromised pigs reduced the serum levels of Th1 cytokines
IL-2 and IL-12, and Th2 cytokines IL-4 and IL-10, particularly during the
acute phase of infection

IFN-y—specific CD4* T-cell responses were reduced in
immunocompromised pigs during the acute phase of infection, but

TNF-a—specific CD8* T-cell responses increased during the chronic
phase of infection.
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Infection
- HEV gt3

' Route: IV = Active suppression of cell-mediated immune responses under
oute: immunocompromised conditions may facilitate the establishment of
chronic HEV infection.

Fig. 2 Summary of immunosuppressed pig model with intravenous (IV) HEV inoculation. Th1, Th2 cytokines and CD4 +T cells were reduced during the
acute phase, however, CD8+T cells increased during the chronic phase of infection

t Route: IV

- HEV gt3

gradually increased over time

- = Antigenemia was detected early at 1 week post inoculation and

= CsA-HEV-3ra groups were positive for HEV RNA in bile and liver
tissues at 4 -, 8-, and 13-weeks post inoculation

= HEV RNA and/or antigens were detected in the liver, kidney,
I intestine, urine, and cerebrospinal fluid samples
= Chronically infected animals exhibited typical characteristics of liver
fibrosis development

= |ntrahepatic transcriptomic analysis indicated activation of both
innate and adaptive immunity

Infection = Establishment of HEV chronicity likely contributed to the inhibited
T-cell immune response

Fig. 3 Summary of immunosuppressed rabbit model with intravenous (IV) HEV inoculation. Chronic infection in rabbits with HEV gt3 leads to the devel-

opment of fibrotic liver lesions. Cyclosporine A (CsA), rabbit (ra)

Rabbits

Rabbits are a well-studied model for renal transplantation
[71], stem cell therapy [72], and drug based immunosup-
pression studies [73]. Phylogenetically, rabbits are more
closely related to primates than to rodents [74]. Zoonotic
P balayani gt4 strains and rabbit specific strains (gt3) are
capable of infecting rabbits [75, 76]. Extrahepatic rep-
lication of HEV in the brain, heart, lung, kidney, spleen,
and placenta has been demonstrated in SPF rabbits [77—
79]. Easy availability of rabbits and minimum handling
requirements while mimicking extrahepatic tissue lesions
seen in humans make them a good model. Furthermore,
rabbits and humans share similarities in airway anatomy
and inflammatory responses [80, 81]. The size of rabbits
enables non-lethal observation of physiological altera-
tions. Robust infection with P balayani-gt3ra was seen

in rabbits when compared to experimental infection with
P balayani gt3 and P balayani gt4. Consistent fecal viral
shedding was observed more often than viremia, suggest-
ing that fecal viral shedding could be the best predictor
of persistent infection while studying chronic HEV infec-
tion [25, 27].

Immunosuppression in rabbits was achieved by using
cyclosporine A (Fig. 3). Rabbit strain P balayani-gt3ra
demonstrated higher chronicity levels measured by the
fecal viral shedding titers when compared to the zoonotic
human derived P balayani gt3 and gt4. Liver fibrosis was
evident in chronically infected rabbits [49].

P balayani-gt3ra was found to replicate primarily in the
intestine of rabbits and further disseminates to extrahe-
patic tissues. Interestingly, P balayani-gt3ra antigen was
detected in the urine, kidney, cerebrospinal fluid but no
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such results were demonstrated in the rabbits infected
with non-rabbit specific strains of P balayani gt3 and gt4
[49]. Surprisingly, higher numbers of single nucleotide
variants (SN'Vs) were seen in the absence of immunosup-
pressants in rabbits infected with P balayani-gt3ra [49],
highlighting the importance of the immune system in the
development of quasispecies.

Recapitulation of human treatment using ribavirin for
3 months cleared HEV in cyclosporine treated rabbits.
The Hecolin vaccine only provided partial protection
when rabbits were already treated with immunosuppres-
sive drugs. However, full protection was seen in rabbits
against zoonotic P balayani gt3 and gt4 when vaccina-
tion was given before the start of the immunosuppressive
treatment [49]. In addition, 94 differentially expressed
genes (DEGs) and 10 hub genes (interacts with multiple
genes and play an essential role in gene regulation and
biological processes) have been found in rabbits with
chronic HEV infection. The interferon signaling path-
way and immune-related pathways were the primary
areas of enrichment for DEGs in samples with chronic
HEV infection. Most importantly, it was shown that Hub
genes, such as MX1, OAS2, and IFI44, were involved in
the pathophysiology of long-term HEV infection [82].

There are some disadvantages, even though immuno-
compromised rabbits challenged with P balayani-3ra are
a very good model for simulating chronic HEV infection
as seen in SOT patients. P balayani gt3 has been linked
to rabbits yet attempts to infect rabbits experimentally
with human strains of P balayani gt3 were not success-
ful in these studies [76, 83, 84]. In contrast, another
study demonstrated successful experimental infection in
rabbits with human strains P balayani gt3 and gt4 [85].
This finding suggests that P balayani-3ra and swine or
human P balayani-gt3 may differ in several biological
aspects depending upon the host and virus species uti-
lized for the studies. Furthermore, a larger animal is bet-
ter suited to simulate the pathophysiology of a human
disease than a smaller one because of the similarity in
complexity between their organ structures. Additionally,
there are few mechanistic rabbit investigations, especially
those involving genetics, because there are few knockout
or transgenic animals [80]. The rabbit is an excellent ani-
mal model, but despite its many benefits, it has not been
employed extensively in HEV research yet. Compared to
other smaller species like mice or guinea pigs, rabbits are
more expensive to use due to the expense of the animal
itself, larger and unique housing requirements (cage), and
more difficult to maintain as they can be more prone to
handling injuries than other species [80].

Mice
The murine model has become more popular in the last
decade for HEV pathogenesis studies due to the advances
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in murine genetics and the abundance of tools and
reagents available to study viral replication in mice. Lack
of thymus and T lymphocytes in nude mice results in the
absence of adaptive immune responses [86]. Further-
more, both functioning T and B cells are absent in severe
combined immunodeficiency disease (SCID) mice [87].
Nude and SCID mouse innovations have led to preclini-
cal and translational HEV research using these models in
the last few decades.

P balayani gt4 was used to experimentally infect
BALB/c nude mice, simulating human chronic HEV
infection [50]. Increased levels of liver enzymes and
HEV-specific antibodies in the blood suggested that the
inoculated mice were undergoing more severe disease
than contact mice. Liver histopathology revealed necrotic
lesions with inflammation, which are similar to chronic
HEV infection in human patients [50].

In 2016, experimental infection of zoonotic P balay-
ani gt3 infection in human liver chimeric mice (mouse
liver is partially populated with human cells) [88] dem-
onstrated virus replication within 2 weeks. Virus derived
from feces or liver were replication competent in com-
parison to plasma derived virus samples [51]. HEV RNA
was consistently present in 100% of chimeric mouse liv-
ers from week 2 to week 14, and mouse passaged HEV
was found to propagate for up to 100 days in vitro [51].

In 2020, BALB/c mice were used as a model for chronic
P balayani gt4 HEV infection [52]. The mice were
infected with a rhesus macaque-adapted gt4 chronically-
mutated HEV strain [52]. HEV replication was efficient,
and viral titers were persistently increased. HEV RNA
was detected in various extrahepatic tissues, and HEV
antigens were observed. The mice also showed enlarged
portal tracts and proliferative fibrosis, and muted
immune responses (reduced IFNa and IFNf expression
levels) [52].

In 2022, humanized uPA+/+-SCID mice were inocu-
lated with the BeSW67HEV4-2008 viral strain [53]. The
BeSW67HEV4-2008 strain, according to phylogenetic
studies, is of the P balayani-4b subtype, whereas other
strains that infect mice are of the P balayani-4 h subtype
[53]. Interestingly, onset of infection and higher titers
were observed in the mice inoculated with the mouse-
passaged virus than the pig derived virus [53]. The virus’s
adaptation to the human environment due to the close
interaction of mice and humans may have improved
infection of the mouse passaged virus.

Despite the promising results from the mouse mod-
els infected with HEV, there remain several drawbacks
to these models that require further refinement. Lack
of adaptive immune response in the humanized liver
mice, skew towards a Th2 immune response in BALB/c
mice and the predominant Thl immune response in the
C57BL/6 mice makes it difficult to understand the role
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= Hepatic inflammation, focal hepatocellular necrosis and liver
hemorrhages observed
= HEV antigens and HEV RNA were detected in liver, spleen,

kidney, jejunum, ileum, and colon

- Oral / IV

= HEV RNA was consistently present in 100% of chimeric mouse
livers from week 2 to week 14
» = Feces and bile of infected mice contained moderate to large
HEV gt3 W .amour!ts of HEV RNA, while HEV viremia was low and
inconsistently detected

= HEV efficiently replicated in the first 14 weeks, and viral titers in
stool samples persistently increased at 8-12 wpi, slowly
decreased at 22 wpi, but were still detectable at 32 wpi

- v = HEV RNA was detected in the liver (fibrosis seen), spleen,

kidneys, intestines, brain, and uterus of BALB/c mice at 32 wpi

IS/ 1P

= Only 3/9 animals became infected
= Viral RNA was detected in feces as soon as one week
(intrasplenic injection) or two weeks (intraperitoneal injection)

Fig.4 Summary of immunosuppressed mouse model with oral, intravenous (IV), intrasplenic (IS) and intraperitoneal (IP) HEV inoculation. HEV gt4 infec-
tion in Balb/c mice were more prominent to develop chronic HEV infection demonstrating necrotic and fibrotic liver lesions

=

Infection
- Rocahepevirus ratti gtl

= Fecal viral shedding and viremia was higher in the high dose than
the low dose immunosuppressed group.

= HEV RNA and/or antigens were detected in the liver.

‘ = Decreased immunosuppression after 28 days post infection did
resolve the chronic infection.

= Very weak or absent IgG responses was observed in low dose and
high dose immunosuppressed rats.

= |ncreased ALT was seen in the chronically infected rats.

t LY = |ntraperitoneal ribavirin treatment suppressed the viral load in the
immunosuppressed group.

Fig. 5 Summary of immunosuppressive rat model with intravenous (IV) HEV inoculation. Chronically infected rats demonstrated the enhanced ALT liver
enzyme level. Resolution of chronic infection was seen after the decrease in the immunosuppressive drugs which is the routine treatment regime in

humans

of the adaptive immune system during HEV infections
(Fig. 4) [92]. Intrasplenic and intraperitoneal inoculation
used in the mouse models do not recapitulate the natu-
ral fecal oral transmission seen in humans. Interestingly,
oral inoculum used in the human liver chimeric mice
failed to establish infection [93]. Furthermore, the innate
immunity in nude mice and the remnant natural killer
(NK) cells in SCID mice limits the options for studying
the host and viral interactions [94]. It has been further
reported that there is a direct correlation between the
age of nude mice with a drop in T cells [95]. Hence, even
though immunosuppressed mice produce fibrosis reca-
pitulating chronic HEV scenarios, multiple host related
factors cannot be studied in mice.

Rats
Rats are a natural host of Rocahepevirus ratti and have
the potential to be an ideal candidate for the study of
zoonotic rat HEV strains recently shown to spillover
into humans. Immunosuppression of rats has been dem-
onstrated with a combination of drugs that has been
commonly used in human transplant patients. Drug
combinations of prednisolone, tacrolimus, and mycophe-
nolate mofetil have been successfully used to develop the
immunosuppressed rat model demonstrating the pheno-
type seen in chronic hepatitis E patients via the inocula-
tion of a rat specific strains; CCY and SRN (Fig. 5) [54].
Pathological lesions in the liver with some alteration in
the liver enzymes such as ALT were observed in infected
high dose immunosuppressed rats when compared to the
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low dose immunosuppressed and overall immunocompe-
tent rats [54]. In addition, lack of viremia and restoration
of immune responses were clear after stoppage of immu-
nosuppressive drugs in rats mimicking the scenario seen
in chronic HEV human patients [54]. Intraperitoneal rib-
avirin treatment further reduced viral suppression dem-
onstrating the efficiency of the rat model to recapitulate
human patient HEV infection [54].

In general, rats have become a popular choice for
studying human disease because of their similarity with
human genes involved in immunity, metabolic detoxifica-
tion, chemosensation, and disease-linked human genes
[93]. Being larger in size than mice make handling, sam-
pling, and performing procedures easier. Recent develop-
ments in the availability of rat genomic tools have made
it easier to manipulate the rat genome producing specific
gene knockouts and knock-ins [94] allowing for more
in depth understanding of disease factors at the genetic
level. Although rat models have several advantages mim-
icking chronic disease, rats have a different coagulation
system than humans leading to delayed wound healing
[95]. In addition, immunosuppressed rats were shown to
be not susceptible to the human derived P. balayani gt4
strains [54] highlighting its disadvantage in mimicking
pathology using human circulating strains.

Mongolian gerbils

Mongolian gerbils are a newly reemerging animal model
to study HEV induced acute [96] and neurological infec-
tion [97] associated with P balayani genotypes. Of all
available animal models, gerbils are the second smallest
in body size after mice and thus easy to handle and study
in significant numbers. Immunosuppression in gerbils
was achieved by the surgical implantation of a tacrolimus
pellet in the neck [55]. Mongolian gerbils were inoculated
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with the P balayani gt3 strain (derived from macaques)
(Fig. 6).

Elevation of ALT in the blood, persistent viremia in
concomitance with fecal viral shedding was reported
in gerbils treated with tacrolimus [55]. Weak serologi-
cal responses were reported for the immunosuppressed
group when compared to immunocompetent gerbils.
Interestingly, the immunological response in the liver
was associated with the presence of CD68+ macrophages
at microscopic foci demonstrating some apoptosis in the
immunocompetent group. CD68+macrophages were
absent in the tacrolimus treated and infected group sug-
gesting immunological damage in the liver of immu-
nocompetent individuals during HEV infection [55].
Interestingly, the gerbil model has demonstrated experi-
mental infection with a gerbil adapted gtl strain. Preg-
nant gerbils infected with the gtl strains developed
robust, acute HEV infection and induced maternal mor-
tality [98]. In addition, transmission of the virus to the
offspring was noted [98]. These findings are very insight-
ful and demonstrates the importance of pregnant gerbil
models to understand the mechanism behind pregnancy
mortality associated with HEV infection and to provide
a mechanistic view of HEV crossing the blood placen-
tal barrier. In addition, tacrolimus prolonged HEV gtl
infection in gerbils [98], highlighting the scenario seen
in humans where immunosuppressive drugs are known
to lengthen the duration of infection leading to chronic-
ity. Thus, the HEV gt1 infection gerbil model could be an
interesting model to investigate the in-depth HEV immu-
nopathogenesis, genotype associated pregnancy mortal-
ity, testing vaccines and antivirals against HEV.

As for model drawbacks, the implantation of the immu-
nosuppressed drugs does not mimic the drug dosage rou-
tine in humans. The implantation of tacrolimus allows for
continuous effects of the drug in body homeostasis [55].

Route: IV

- HEV gt3

Immunosuppressive = Tacrolimus pellet was surgically implanted in the neck.
drug(s)
Tacrolimus (Implant) = Fecal viral shedding and viremia was higher in the tacrolimus

treated group from week 3.

= HEV RNA and/or antigens were detected in the liver, kidney,
intestine, urine, and cerebrospinal fluid samples

= Chronically infected animals did not exhibit foci and CD68+
group.

macrophage in the liver which was seen in the immunocompetent
= Very weak IgM with absolutely no IgG response was seen in
immunosuppressed gerbils.

Infection = Delayed elevation of ALT reported in the immunosuppressed gerbils
compared to immunocompetent gerbils

Fig. 6 Summary of immunosuppressed gerbil model with intravenous (IV) HEV inoculation. CD68+ macrophage was absent in the liver of chronically
infected gerbils. Extrahepatic distribution of HEV was seen in the chronically infected gerbils
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One can argue that the small size of the gerbil, its poten-
tial to mimic active and neurological infection makes it
a good animal model for acute infection. However, ana-
tomical differences in the organ size, structure and func-
tions when compared to humans and the availability
of reagents make it a less popular immunosuppressed
model for HEV.

Conclusions

The importance of chronically infected animal mod-
els in understanding HEV pathophysiology is of utmost
importance in biomedical research. Advancements in the
biomedical field have led to the development of immu-
nosuppressed animal models either by the utilization of
immunosuppressant drugs or by gene editing. To help
the reader to understand the importance of utilizing a
particular chronic HEV model, several potential ques-
tions that could be answered by the utilization of a model
are listed below:

Potential questions answered by a chronic animal model
recapitulating HEV infection

1. Does chronicity depend on HEV genotypes?

2. Are chronic liver lesions mediated by virus replication or
the result of the host immune reaction?

3. Can pregnancy trigger HEV chronicity?

4.What are the roles of immune privileged sites during
chronic HEV infection?

5. What is the role of HEV quasispecies in the maintenance
of chronicity?

6. Can human derived HEV be infectious in an animal model
recapitulating the chronic fecal viral shedding and viremia
seen in humans?

7.Can higher antibody response and elevated liver enzymes
be mimicked in an animal model?

8. Does reducing immunosuppression decrease HEV viral
titers in an animal model?

The above listed animal models such as cynomol-
gus monkeys, pigs, rabbits, mice, rats and gerbils have
answered very important aspects of HEV pathophysiol-
ogy during chronic HEV infection. Even though immu-
nosuppressed cynomolgus monkeys, pigs, and rats
recapitulate the chronic fecal viral shedding and vire-
mia, they do not develop liver fibrosis as can be seen in
chronic HEV model such as rabbits, mice, and gerbils.
This suggests that even in animals recapitulating higher
anatomical structure and physiological functions found
in larger vertebrates more closely resembling humans,
recapitulating all of the clinical manifestations of infec-
tious disease is rare often necessitating multiple animals
to answer some questions.

Existing literature suggests that the most chronic HEV
cases are affiliated with zoonotic Paslahepevirus balay-
ani gt3 and gt4 infections [3]. This suggests that the
chronicity is related to certain genotypes of HEV. Recent
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advancement in understanding HEV have demonstrated
the unique ability of HEV to cross the blood brain bar-
rier (BBB) [99] and blood testis barrier (BTB) which
are immune privileged sites in the body [100]. In addi-
tion, infectious HEV presence in the sperm head [101]
demands the need to understand the ability of HEV
to be transmitted sexually between partners. A recent
study reported infectious HEV particles in semen of nine
chronically infected men [102]. The viral load in semen
was 100-fold higher when compared to the serum in
five of the infected men [102]. Interestingly, few stud-
ies reported no evidence of the ability of HEV to trans-
mit sexually between humans [103, 104]. These studies
highlighted HEV infection based on seroconversion but
the demonstration of higher HEV titers in the ejaculate
of chronically infected men delineates the need to under-
stand the importance of HEV concentration, duration
of shedding in ejaculate and ability to transmit the virus
during active shedding of HEV in semen. Hence, the
interplay between HEV and the immunosuppressed host
needs to be further investigated by utilizing the immuno-
suppressed animal models.

With recent advancements in scientific technology,
future studies in HEV need to be directed in specific
areas: (a) the exact cellular receptor(s) that HEV recog-
nizes and allows cellular entry. (b) the mechanisms by
which HEV produces liver injury and cirrhosis in chronic
HEV patients. (c) quasispecies formation in the cen-
tral nervous system and its role in the devastating neu-
rological effects in chronic HEV patients. (d) the ability
of HEV to cross the BTB and the investigation of quasi-
species and their role in the reinfection in chronic HEV
patients. (e) the transmission route of HEV other than
the fecal-oral, blood transfusions, and mother-to-child
transmission. Chronic HEV infection in the immunosup-
pressed patient needs to be emphasized to understand
the underlying role of viral factors leading to worse dis-
ease outcomes.
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