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The hepatitis E virus (HEV) was initially thought to exclusively cause acute hepatitis. However, the first
diagnosis of chronic hepatitis E in transplant recipients in 2008 profoundly changed our understanding
of this pathogen. We have now begun to understand that specific HEV genotypes can cause chronic
infection in certain immunocompromised populations. Over the past decade, dedicated clinical and
experimental research has substantiated knowledge on the epidemiology, transmission routes, patho-
physiological mechanisms, diagnosis, clinical features and treatment of chronic HEV infection. Never-
theless, many gaps and major challenges remain, particularly regarding the translation of knowledge into
disease prevention and improvement of clinical outcomes. This article aims to highlight the latest de-
velopments in the understanding and management of chronic hepatitis E. More importantly, we attempt
to identify major knowledge gaps and discuss strategies for further advancing both research and pa-
tient care.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The hepatitis E virus (HEV) was discovered as the
causative agent of a hepatitis epidemic in the
1980s,1 and the genome was subsequently cloned
and sequenced (Fig. 1).2 It is classified into the
genus Orthohepevirus of the Hepeviridae family,
consisting of 4 species, namely Orthohepevirus A, B,
C and D. Orthohepevirus A is commonly associated
with human infections. Within this species, there
are 8 classified genotypes and 36 subtypes, of
which genotypes 1, 2, 3 and 4 are the most
frequently reported to infect humans.3 The species
Orthohepevirus C, roughly classified into HEV-C1
and HEV-C2 clades, is widely circulated among
rodents, but emerging evidence indicates possible
transmission to humans.4

HEV contains a positive single-stranded RNA
genome of about 7.2 kb. The virion is icosahedral in
shape and 27-32 nm in diameter. It is a “quasi-
enveloped” virus, existing in both non-enveloped
and enveloped (“eHEV”) forms. The virus primar-
ily infects hepatocytes in the liver. HEV is shed in
faeces as a highly infectious, non-enveloped virus,
whereas particles secreted in blood or produced in
cell culture contain a lipid envelope with attenu-
ated infectivity.5 Both naked and quasi-enveloped
HEV particles are highly resistant to alcohol-
based disinfectants.6

HEV was initially thought to exclusively cause
acute infection, until chronic hepatitis (persistent
viraemia beyond 3-6 months) was unexpectedly
found in organ transplant recipients (Fig. 1).7 This
has sparked new efforts to study the pathogenesis
of chronic HEV infection and identify new thera-
peutics. Over the past decade, it has become
Journa
evident that chronic infection predominantly oc-
curs in immunocompromised patients resulting in
substantial morbidity and even mortality. Howev-
er, many challenges remain in clarifying the
epidemiology, understanding the pathophysiolog-
ical mechanisms, developing effective treatments
and implementing preventive measures (Box 1).
This article seeks to highlight the state-of-the-art
in understanding and combating chronic hepatitis
E, but more importantly, to identify major knowl-
edge gaps and discuss strategies for advancing both
research and patient care in chronic HEV infection.

Epidemiology in
immunocompromised populations
Chronic HEV infection was first reported in 2008 in
a series of organ transplant recipients infected with
genotype 3 HEV.7 A subsequent case report docu-
mented persistent HEV infection in a patient with
HIV.8 Patients with cancer receiving chemotherapy
and/or immunotherapy,9 and patients with auto-
immune diseases (e.g. rheumatic diseases)
receiving immunosuppressive or immunomodula-
tory therapies10 are also at risk of developing
chronic hepatitis E.

Overall, chronic hepatitis E is mostly reported in
immunocompromised patients with genotype 3
HEV infection in European countries (Fig. 2). In
solid organ transplantation settings, active HEV
infection can be detected in 1-2% of patients
showing viral RNA positivity. Although the exact
rate of developing chronicity varies among
different studies, overall, HEV infections become
chronic in about two-thirds of solid organ
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Genotype 3, 4 and 7 HEV of
Orthohepevirus A and rat
HEV of Orthohepevirus C
are associated with chronic
infection.
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transplant recipients based on large cohort studies
and meta-analyses.11–14 Chronic cases reported in
patients with cancer and autoimmune disease are
scattered, and the exact epidemiological features
have yet to be fully understood. Surprisingly, apart
from initial cases reported in the United Kingdom8

and the United States,15 hardly any additional
chronic HEV cases have been documented in HIV
populations, despite large series of epidemiological
studies conducted in this setting across the
globe.15–20 It is also puzzling to note, that, despite
genotype 3 HEV widely circulating in North
America where many high-volume transplant
centres are located, chronic hepatitis E has rarely
been reported in this region.21 For example, in a
cohort of 145 liver transplant recipients from the
United States, patients were found to be at risk of
acquiring HEV, but no chronic cases were
observed.22 One particular concern is the fact that a
widely accessible commercial assay is not available
for HEV diagnosis in North America, and thus the
true burden of HEV infection may be under-
estimated in this region.21 Very recently, data on 2
patients with COVID-19 who were infected with
genotype 3 HEV were reported in the United
Kingdom. One case further progressed to chronic
infection, which is likely to have been associated
with prolonged lymphopenia and treatment with
immunosuppressive medications including tocili-
zumab and steroids.23

Chronic infection with genotype 4 HEV was first
reported in a Chinese boy with acute lymphoblastic
leukaemia during chemotherapy (Fig. 1).24 Chronic
infection with this genotype in organ transplant
patients was subsequently reported in mainland
China4 and Hong Kong.25 Although genotype 4 is
predominantly present in Asian countries such as
China and Japan, it has also been identified in
r developments in the field of chronic hepatitis E. The event
sted in the lower panel are essentially relevant to chronic hepat
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Europe.26 Within species Orthohepevirus A, a single
case of chronic infection with genotype 7, a camel
HEV strain, was reported in a liver transplant pa-
tient from the United Arab Emirates (Fig. 1).27 This
genotype is widely circulating among drome-
daries,28 especially in camel calves during the first
year of life,29 whereas the prevalence in the human
population remains largely unknown.

Although the potential of zoonotic transmission
of Orthohepevirus C has yet to be defined, infection
with rat HEV (HEV-C1) was first reported in a liver
transplant recipient who lived in a rat-infested
housing estate in Hong Kong. This was, in fact,
defined as a case of chronic infection (Fig. 1).30

A second case with severe acute infection was
recorded in Canada.31 In total, rat HEV has caused 9
out of 21 hepatitis E cases recorded in immuno-
compromised patients in Hong Kong. Of those 9
patients, 7 progressed to chronic infection, result-
ing in a chronicity rate that is similar to that for
Orthohepevirus A in this patient population.32 A
very recent study has reported 3 cases of acute
hepatitis E caused by Orthohepevirus C infection in
Spain,33 urging follow-up studies to investigate
whether rat HEV also causes chronic infection in
immunocompromised patients in Europe.

Modes of HEV transmission relevant to
chronic infection and implications for
prevention
Zoonotic transmission
Chronic HEV infection is predominately attributed
to the zoonotic strains, in particular genotypes 3
and 4, which circulate among various mammals
including humans, swine, wild boar, deer, rabbits,
camels, goats and cattle (Fig. 2). Many other do-
mestic, zoo and wild animals can also be infected
through spillover infections, for instance.34 Direct
s listed in the upper panel are exclusively related to chronic
itis E but are also important for the HEV field in general. HEV,
rld Health Organization; IS, International Standard.
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Box 1. Major knowledge gaps and challenges, and outstanding questions.

Basic
•  Why do only specific HEV genotypes cause chronic infection?
•  Cell lines and organoid-based in vitro models are capable of sustaining persistent HEV 

infection, but not of recapitulating many other clinical features of chronic hepatitis E.
•  HEV virions have been detected in the ejaculate of chronically infected patients, but cac 

HEV be a sexually transmitted pathogen? 

Clinical/epidemiological 
• There are many types of immunocompromised patients, but why does chronic HEV 

infection predominantly occur in organ transplant recipients?
•  Can chronic HEV infection cause cancer?
•  Should chronic HEV patients be treated with anti-inflammatory drugs to prevent disease 

progression if they do not respond to antiviral therapy?
•  Should transplant recipients living in endemic areas be screened for HEV infection?
•  In Europe, transfusion-related chronic HEV infection has been reported. EASL has 

recommended HEV RNA screening of blood donations. But the optimal screening 
strategy remains undetermined and implementation remains highly challenging.

• The molecular tests available are designed to detect Orthohepevirus A, and could 
therefore miss the detection of Orthohepevirus C infections.

•  Genotype 3 and 4 HEV have been detected in various types of water, vegetables and    
fruits in Europe. Do these sources contribute to transmission of the virus?

Translational/general
• Although there is an unmet need to develop additional therapies, there seems to be a    

lack of interest from the pharmaceutical industry in developing new anti-HEV drugs.
•  Highly effective vaccines are essential for better prevention of HEV infection. The only    

approved vaccine (Hecolin) was licensed in China, but is not available elsewhere.
• Tackling HEV requires joint efforts from researchers, clinicians and health authorities,     

which are lacking at the moment.

HEV, hepatitis E virus.

Key point

Chronic HEV infection uni-
versally occurs in immu-
nocompromised patients
but predominantly affects
organ transplant recipients.
This is most likely due to
the use of immunosup-
pressants and the level of
immunosuppression in
these patients.
and indirect contact with infected animals or con-
sumption of contaminated food products are rec-
ognised as the main transmission routes.35 Since
the cross-species transmission and zoonotic nature
of these genotypes have been extensively charac-
terised,36 we will only highlight a few salient
points here. Within genotype 3, rabbit HEV was
first discovered in Northwest China,37 and subse-
quently in the United States38 and Europe.39 In a
cohort of 919 HEV-infected patients in France, 5
were infected with the rabbit strain. One immu-
nocompetent individual spontaneously cleared the
virus, but 3 out of the 4 immunocompromised
patients developed chronic infection.40 In a cohort
of 114 patients with confirmed hepatitis E in
Switzerland, 3 immunocompromised patients
were infected with rabbit HEV and 2 of them
developed chronic infection. Strikingly, none of
these patients had direct contact with rabbits or
had consumed rabbit meat,40,41 which suggests
that they likely acquired the infection through
other indirect routes yet to be identified.

Since the first case of chronic infection with
genotype 7 HEV was probably acquired through
consumption of camel meat or milk (Fig. 1),27 the
prevalence of this genotype has been investigated
in camels from different geographical regions. The
seroprevalence rate ranges from 20-45%,28,42

whereas HEV RNA can be detected in about 2% of
faecal samples.28 Longitudinal characterisation of
HEV RNA and antibody response in dromedary
calves and corresponding dams indicates that the
virus primarily infects calves in the first year of life
but not adult animals.29 This active enzootic
infection pattern is likely maintained by calf-to-calf
transmission. Although humans are rarely in con-
tact with camel calves, the potential risk of zoo-
notic transmission should continue to be assessed.

A series of cases with HEV-C1 infection reported
from Hong Kong,30 Canada31 and Spain33 have
challenged the initial assumption that rat HEV was
non-zoonotic, which was based on the failure to
establish infection in rhesus monkeys upon
experimental inoculation.43 So far, several cases of
chronic infection in immunocompromised patients
have been recorded in Hong Kong (Fig. 2), and 3
distinct strains are capable of infecting humans,
strongly indicating the zoonotic potential of rat
HEV. Epidemiological probes in Hong Kong suggest
transmission to humans through either direct
infection or common exposure such as environ-
mental surfaces contaminated by rat droppings.44

Since food-borne transmission of zoonotic HEV
strains appears to be a major route in Europe,
immunocompromised patients are advised to
avoid undercooked meat and pork-related food
products.14 Intuitively, testing the foods consumed
by immunocompromised patients may effectively
prevent chronic hepatitis E. However, the current
food production and supply chains are complex,
and it is neither practical nor feasible to
Journa
continuously collect food samples for HEV testing
in specific patient populations. Furthermore, the
exact transmission routes of some chronic cases,
for example those infected with rabbit or rat HEV,
remain largely elusive. Continuous sampling and
testing of these host animals and environmental
surfaces contaminated by their droppings could be
helpful in clarifying the exact sources of zoonotic
transmission, thereby facilitating the development
of specific preventive measures.44

Blood transfusion
The prevalence of HEV in blood donors has been
investigated across the globe. The incidence of
viraemic donors is surprisingly high, ranging from
0.006% to 0.19% in various European countries.45

Among 23 HEV-positive plasma samples identi-
fied in Spain, the highly infectious non-enveloped
HEV was detected in 8 samples, whereas the
enveloped form was found in all the samples;46

thus highlighting the risk of transmission via this
route. Transfusion-transmitted acute HEV infection
was first indicated in Japanese studies in 2004,47

and chronic HEV infection acquired via blood
transfusion was reported later in Japanese liver
transplant recipients.48 Subsequently, a series of
cases were reported in Europe, particularly in
immunocompromised patients, several of whom
developed chronic infection.49,50 These cases have
l of Hepatology 2022 vol. - j 1–15 3



Orthohepevirus A

Orthohepevirus C

Genotype      Host                Country/region          Reverse genetics      In vitro model       Animal model         

Mainly Europe                       Yes                    Cell lines               Humanized mice          
                                                                        Organoids
                                                                         Stem cell 
                                                                      derived-HLCs 

Monkeys + INS
Pigs + INS
Rabbits + INS

Mainly China                          Yes                   Not robust                               
                                                                        

Rabbits + INS

The Middle East                     Yes                  Not widely used                             
                                                                        

Not available 

Hong Kong, China                  Yes                 Not widely used     Athymic nude rats    

Fig. 2. The HEV genotypes attributed to chronic infection. Orthohepevirus A (genotype 3, 4, 7) and Orthohepevirus C (HEV-C1; rat HEV) have been associated
with the development of chronic hepatitis E in immunocompromised patients based on reports from different countries and regions. Although reverse genetics
systems have been constructed for all of them, only the genotype 3 system is widely used to model HEV infection in various in vitro models, as it is capable of
sustaining persistent infection, one key aspect of chronic HEV infection. The genotype 4 system is not sufficiently robust in cell culture104,112 and thus requires
further optimisation. Genotype 7105 and rat HEV106 have been tested in cell culture but are not commonly used. Human liver chimeric mouse models can support
persistent infection of genotype 3 HEV. Monkeys and pigs have been inoculated with genotype 3 HEV and treated with immunosuppressants in attempts to better
recapitulate chronic HEV infection. Rabbits can be used to model genotype 3 and 4 HEV when treated with immunosuppressants. Persistent rat HEV infection has
been shown in athymic nude rats lacking a normal thymus and functionally mature T cells. Chronic infection with genotype 7 HEV has not yet been demonstrated
in animal models. HEV, hepatitis E virus; GT, genotype; INS, immunosuppressant; HLCs, hepatocyte-like cells.
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been associated with the transfusion of various
blood components including fresh frozen plasma,
red blood cell samples, platelet preparations and
pooled granulocytes.51

Because HEV viraemic blood donors are
asymptomatic, screening for HEV RNA positivity
constitutes the only viable option to control
transmission. Several (European) countries
including Ireland, the United Kingdom, France, the
Netherlands, Germany, Spain, Austria and
Luxembourg have implemented mandatory
screening of blood donors for HEV RNA.52 Strate-
gically, HEV screening can be broadly classified into
universal screening of all blood donors or selective
screening. As demonstrated in Catalonia, Spain, no
transfusion-transmitted HEV cases have been re-
ported since the implementation of universal HEV
RNA screening.53 However, universal screening is
probably not cost-effective in many countries. In
such cases, we recommend a selective screening
for blood products used in immunocompromised
patients, especially organ transplant recipients.
There is ongoing debate regarding the choice of
either individual donation- or mini-pool-based
protocols.45 Mini-pool-based techniques are
capable of large-scale blood screening, but may not
be sufficient to eliminate the risk of HEV trans-
mission.45 Individual donation-based protocols
have higher sensitivity, but are not suitable for
large-scale implementation due to high costs. In
our opinion, individual donation-based testing
could be the preferred option when applying a
Journal of Hepatology 2022 vol. - j
selective screening strategy specifically for pre-
venting HEV infection in immunocompro-
mised patients.

Other possible routes
In general, the non-zoonotic genotype 1 and 2 HEV
is primarily waterborne. However, genotypes 3 and
4 have also been detected in various types of
environmental water and in waste and drinking
water treatment plants in Europe.54,55 The pres-
ence of HEV has been reported in shellfish,56 fresh
vegetables and fruits,57 which could be attributed
to contaminated water sources and irrigation. A
chronic case from China infected with genotype 4
HEV reported no consumption of pork products,
but the individual in question drank water and ate
seafood from a river running near a livestock farm.4

In line with these observations, consumption of
shellfish (e.g. oysters) has been linked to higher
HEV seroprevalence, whereas drinking bottled
water was associated with lower seroprevalence in
France.58 Nevertheless, the infectivity of HEV from
these sources and the potential for transmission to
humans have yet to be investigated.

Vaccination for preventing chronic
HEV infection
The hope for better prevention of HEV infection lies
in the availability of safe and effective vaccines. The
only approved vaccine (Hecolin) was licensed in
China in 2011 (Fig. 1). It is well-tolerated and
effective in the prevention of genotype 1 and 4 HEV
1–15



Key point

Nosocomial transmission
of HEV and development of
chronic infection have been
reported in patients
affected by COVID-19.
in the general population with long-lasting pro-
tective immunity.59,60 In order for Hecolin to pre-
vent chronic HEV infection at a population level, it
will also be important to assess the protection it
offers against genotypes 3 and 7, as well as HEV-C1.
Immunisation with Hecolin in a rabbit model has
been shown to confer full protection against ge-
notype 3,61 whereas it is only partially protective
against HEV-C1 infection in rats.62 Universal
implementation of the HEV vaccine is clearly un-
necessary, but the cost-effectiveness of selectively
vaccinating vulnerable populations such as immu-
nocompromised patients and pregnant women
should be carefully assessed. The World Health
Organization (WHO) calls for further studies to
evaluate the safety and immunogenicity of Hecolin
in special populations, and an ongoing phase IV
trial is testing protection in pregnant women in
Bangladesh.63 Interestingly, mathematical model-
ling has provided proof-of-concept that targeted
vaccination of a subpopulation with a high fre-
quency of pork-related food consumption in Ger-
many would dramatically reduce cases of
HEV infection.64

Emerging evidence from COVID-19 vaccination
has shown reduced effectiveness in transplant pa-
tients attributed to the use of immunosuppressive
medications.65,66 Similarly, vaccination with Hecolin
in rabbits prior to administration of immunosup-
pressive medication fully protected them against
genotype 3 and 4 HEV infection, whereas only par-
tial protection was achieved when the animals were
already receiving immunosuppressants.67 From a
clinical practice perspective, one could argue in
favour of preferentially vaccinating patients on the
waiting list for organ transplantation.

Although a HEV vaccine for animals is not
available, vaccinating animal reservoirs, particu-
larly farm pigs, represents an alternative approach.
However, HEV infection does not cause diseases in
pigs or affect the economic performance of swine
herds, thereby challenging the rationale for devel-
oping such a vaccine. Therefore, future studies
should evaluate the cost-benefit of vaccinating
animals by also considering the public health
consequences on human populations.64 First and
foremost, healthcare workers, researchers and
regulatory authorities must expeditiously review
the evidence to determine if the currently available
HEV vaccine (Hecolin) can effectively prevent
chronic hepatitis E in immunocompro-
mised populations.

Diagnosis and clinical features of chronic
HEV infection
Diagnosis
Anti-HEV antibodies are often undetectable in
immunosuppressed patients chronically infected
with the virus. For these patients, nucleic acid
amplification technique-based detection of viral
RNA in blood and/or stool samples is the only
Journa
reliable method for diagnosis. Chronic HEV infec-
tion is defined by detection of viral RNA for more
than 3 months. The viral load calculated from
quantification of HEV RNA is also used to evaluate
the treatment response.14 However, the widely
available molecular tests are designed primarily to
detect Orthohepevirus A, meaning that Orthohepe-
virus C infections could be missed; thus, these tests
will require further optimisation.33 Diagnosis is
usually only considered when infection is clinically
suspected, but this is clearly insufficient to fully
recognise the burden of HEV infection in immu-
nocompromised patients. Questions have been
raised as to whether structured systematic
screening of HEV infection for transplant recipients
living in endemic areas should be considered,68 but
future research – especially cost-effectiveness
analysis – is required to address this issue.

Intrahepatic manifestations
Persistent HEV infection causes chronic liver
inflammation, and rapid progression to fibrosis and
cirrhosis. Although the exact rate of disease pro-
gression remains unclear, in a large retrospective
multicentre study, 8 out of 56 organ recipients with
chronic hepatitis E developed cirrhosis. Among
them, 2 liver transplant recipients required a sec-
ond liver transplantation and 2 died of decom-
pensated cirrhosis.11 Systematic analysis of the
liver histology of patients with hepatitis E classified
3 clusters with distinct histopathologies. Liver bi-
opsies from patients with chronic hepatitis E
mainly belonged to the cluster displaying smoul-
dering hepatitis; despite mild to moderate in-
flammatory activity, a subset of these patients had
already developed fibrosis and cirrhosis.69 Within
the liver, destructive cholangitis has been observed
in a subset of patients with chronic HEV. Immu-
nohistochemical staining detected the virus in both
hepatocytes and bile duct epithelia within the
same liver biopsy, suggesting that direct infection
in cholangiocytes could be a potential cause
of cholangitis.70

Since chronic hepatitis B or C virus infections are
major causes of hepatocellular carcinoma (HCC), it is
prudent to question whether chronic hepatitis E can
also cause HCC.71 There is one documented case of
an immunocompromised patient who developed
HCC after 8 years of chronic HEV infection without
other major aetiologies for cirrhosis or HCC.72 Given
the limited number of reported cases, whether HEV
joins hepatitis B and C viruses as a potential caus-
ative agent of HCC in chronically infected patients
must be closely monitored.

Extrahepatic manifestations
A number of extrahepatic manifestations related to
HEV infection have been reported, as extensively
reviewed elsewhere.73,74 Although most of these
cases occur in acute infection, neurological and renal
manifestations have also been observed in
l of Hepatology 2022 vol. - j 1–15 5



Key point

The key transmission
routes contributing to
chronic HEV infection have
been recognised, thereby
facilitating the develop-
ment of preventive
strategies.
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chronically infected patients.75,76 Guillain-Barré
syndrome, neuralgic amyotrophy, myelitis and en-
cephalitis are the most common neurological disor-
ders associated with HEV. Viral RNA has been
detected in the cerebrospinal fluid of patients with
chronic HEV presenting neurological symptomswith
evidence of HEV quasi-species compartmentalisa-
tion.75 The susceptibility of neuronal cells to HEV
infection has been widely demonstrated in cell cul-
ture models.77,78 Furthermore, HEV infection in ner-
vous tissues has been shown in different animal
models.77,79 However, the neurological pathology
may be attributed to both direct infection and other
indirect mediators, and this could also apply in HEV-
induced kidney injury. HEV-infected monkeys and
patients have been shown to excrete quasi-
enveloped virions in the urine, but whether this is
associated with renal injury re-
mains inconclusive.80,81

In a chronic case, HEV infection in the dermal
endothelium induced a cutaneous T-cell lympho-
proliferative disorder.82 HEV virions have been
detected in the ejaculate originating from the male
reproductive system of chronically infected pa-
tients. It has been suggested that the testis and
prostate are the sites for persistent HEV replication,
but the pathophysiological impact on the male
reproductive system requires further clarification.
Furthermore, the infectivity of ejaculate-derived
HEV, in the form of enveloped virions similar to
those in serum but different from the non-
enveloped particles in faeces, has not been deter-
mined. Thus, it is not yet known whether HEV can
be considered a sexually transmitted pathogen.83

Pathophysiological mechanisms
Immune response to HEV infection
Host innate immunity acts as the first line of
defence against viral infections. The innate antiviral
immune response involves the conventional types
of innate immune cells, including natural killer cells,
dendritic cells, granulocytes, monocytes and mac-
rophages, but HEV can also elicit an innate immune
response in host cells. HEV viral RNA has been
shown to trigger a robust interferon response in the
hepatocytes of HEV-infected patients, in cell line
and organoid models.84 The innate immune system
detects viral invasion and triggers the production of
antiviral cytokines such as interferon.

It has become clear that innate immunity alone
does not provide adequate defence against HEV as
chronic infection has been frequently reported in
immunocompromised patients in whom the
adaptive immune system is usually impaired.
Activation of HEV-specific CD4 and CD8 T-cell re-
sponses has been widely detected in patients with
acute HEV, and the functionalities of these T cells
have been proven ex vivo.85,86 However, dysfunc-
tion of HEV-specific T-cell responses occurs in pa-
tients with chronic HEV. HEV-specific CD4 and CD8
T-cell responses were undetectable in the majority
Journal of Hepatology 2022 vol. - j
of chronically infected patients, but appeared
shortly after viral clearance.87 This corroborates
reports of an inverse correlation between HEV-
specific T-cell responses and HEV-antigen levels.88

In rhesus macaques, depletion of CD8 T cells de-
lays viral clearance but is not sufficient to establish
chronic infection.89 HEV clearance in these ma-
caques is accompanied by a neutralising antibody
response and liver infiltration of functional HEV-
specific CD4 and CD8 T cells.89

Clinical and experimental evidence collectively
suggests that the development of chronic HEV
infection is probably attributed to the dysfunction
of multiple immune compartments including
innate immunity, T-cell functionality and antibody
response. In addition, HEV persistence further fa-
cilitates immune evasion especially through in-
teractions with viral proteins.90

The multifaceted role of immunosuppressive
medications
The majority of reported chronic HEV cases are
organ transplant recipients and the link between
chronicity and universal use of immunosuppres-
sants has been well-documented.91 In order to
prevent organ rejection, the primary aim of using
immunosuppressants is to inhibit T-cell prolifera-
tion. However, the role of immunosuppressive
medications in the development of chronic HEV
infection probably extends beyond T-cell inhibition
to the suppression of multiple compartments of
the immune system. This may explain why chronic
HEV infection is rare in patients with HIV, who
typically experience a progressive loss of CD4 T
cells in isolation. Patients with inflammatory bowel
disease are often immunocompromised due to the
disease or treatment with immunomodulatory
agents, but chronic HEV infection has hardly been
reported.92 This may be attributed to the lower
level of immunosuppression in these patients.

Different immunosuppressive regimens can
differentially affect the immune system and regu-
late HEV infection based on their distinct mecha-
nism of action.93 For example, the use of tacrolimus
but not cyclosporine A (both calcineurin inhibitors)
in organ transplant recipients is significantly
associated with the onset of chronic hepatitis E.11

In a cohort of heart transplant recipients, HEV
clearance was found to be significantly associated
with the use of mycophenolate mofetil (MMF).94 In
cell culture models, the mTOR inhibitors, rapamy-
cin and everolimus, have been shown to facilitate
HEV replication,95 whereas MMF96 inhibits it. One
peculiar study documented persistent HEV infec-
tion in a patient with tuberous sclerosis complex
treated with everolimus, but the virus was cleared
within 3 months following the withdrawal of
everolimus.97 In a clinical trial testing sofosbuvir in
patients with chronic HEV (to be discussed further
in a following section), the potential effects on HEV
viral load appear to be affected by the specific
1–15



Key point

Various experimental
models have been estab-
lished to (partially) reca-
pitulate chronic HEV
infection, providing essen-
tial tools for studying
pathophysiological mecha-
nisms and testing antiviral
treatments.

Key point

Innate immunity is essen-
tial but not sufficient in
defending against HEV, and
chronic infection is largely
associated with impair-
ment of the adaptive im-
mune system.
immunosuppressive medication. The use of MMF
compared to mTOR inhibitors is related to a
stronger reduction in HEV RNA.98 Although the
patient number for this subgroup analysis is too
small to draw firm conclusions, these results are in
line with aforementioned experimental observa-
tions.95,96 In general, the number of patients with
chronic HEV is often too small to be stratified by
the use of different immunosuppressants. There-
fore, it is essential to integrate both clinical and
experimental approaches to better clarify the dif-
ferential effects of different immunosuppressants
on chronic hepatitis E. A greater understanding of
the impact of immunosuppressive medications on
different immune compartments including innate
and adaptive immune systems as well as on the
virus per se will help us to elucidate the patho-
physiological mechanisms behind chronicity and to
devise new strategies for the improved manage-
ment of patients with chronic HEV.

Inflammatory response in disease progression
A substantial proportion of chronic HEV cases
experience rapid disease progression and can
develop cirrhosis within 2 years.13 The underlying
fibrogenic mechanisms specific to HEV infection
remain poorly investigated, but this pathogenic
process is known to involve different cell types in
viral hepatitis more generally. Macrophages are the
key cell types in sensing pathogen and tissue
damage. They exert robust pro-inflammatory and
pro-fibrogenic functions and orchestrate other cell
types in the pathogenesis of liver fibrosis.99

Inflammasome activation is a prominent mecha-
nism that drives pathogenic inflammation.
Currently, 5 receptor proteins have been identified
to assemble inflammasomes. The NOD-like recep-
tor family pyrin domain-containing 3 (NLRP3)
inflammasome is the best characterised form,
which is most relevant to viral infections. A recent
study showed that macrophages effectively initiate
NLRP3 inflammasome activation in response to
active HEV infection but also inactivated viral par-
ticles.100 This study provided further in vivo evi-
dence of inflammasome activation in rabbits and
patients acutely infected with HEV.100 Future
investigation in chronically infected animals and
patients is highly relevant. Interestingly, pharma-
cological targeting of NLRP3 by steroids can inhibit
HEV-triggered inflammasome activation.100

Considering the emerging evidence that steroid
treatment can improve COVID-19-related out-
comes,101 whether anti-inflammatory treatment
can alleviate disease severity and the progression
of chronic hepatitis E warrants investigation.

Experimental models
In vitro
Hepatotropic viruses intrinsically have narrow
tropism and poor replication efficiency in vitro,
thereby challenging the development of robust cell
Journa
culture models. Identifying HEV strains that can
efficiently replicate in vitro is a prerequisite. The dis-
covery of the genotype 3 Kernow-C1 strain in a pa-
tient with chronic HEV is a landmark development.
After 6 passages in cell culture, insertion of the hu-
man genome-derived S17 sequencewas identified in
the hypervariable region of the HEV genome, termed
Kernow-C1 p6, which further enhanced replication
in vitro.102 By constructing reverse genetics systems,
p6-based genotype 3 HEV models have been widely
used in the field, and are capable of sustaining
persistent replication or infection in various human
cell lines.77,103 Although reverse genetics systems are
also available for genotype 4,104 7105 and rat HEV,106

these models are either not sufficiently robust or
have not beenwidely validated.

Interestingly, a subclone derived from the human
hepatocarcinoma cell lineHepG2/C3A is able to grow
as a polarised monolayer in culture, and most of the
infectious HEV particles are released from the apical
side in this model.107 However, these immortalised
(cancer) cell lines harbour numerous genetic, epige-
netic and functional alterations that compromise the
authenticity with which they recapitulate HEV-host
interactions. Primary human hepatocytes108 and
pluripotent stemcell-derivedhepatocyte-likecells109

have been explored as alternatives. In these polarised
hepatocyte-like cells, quasi-enveloped HEV particles
are secreted basolaterally, whereas naked virions are
released apically, resembling the natural life cycle of
HEV release.109 Primaryhumanenterocytespolarised
in culture have been shown to support HEV replica-
tion and release quasi-enveloped HEV particles
mainly into the apical compartment.110 However,
primary human hepatocytes or enterocytes are not
easy to obtain, and are technically difficult to be
maintained in culture. Hepatocyte-like cells can be
routinely generated from pluripotent stem cells but
are also not capable of sustaining long-term culture,
thus limiting their utility for the modelling of
persistent HEV infection.

The advent of organoid technology represents a
unique opportunity to move the field forward.
These 3D cultured “mini-organs” are better at
recapitulating the architecture, functionality and
genetic signature of the original tissues. Human
livers harbour bipotent progenitors that can be
readily cultured into organoids, which resemble a
cholangiocyte phenotype, but can be differentiated
towards a hepatocyte-like phenotype by specific
culture conditions.111 Recently, both cholangiocyte-
lineage organoids and hepatocyte-differentiated
organoids have been shown to be highly suscepti-
ble to HEV infection, which is consistent with
clinical observations that both cholangiocytes and
hepatocytes can be infected by HEV in the livers of
patients.70,84 The establishment and advantages of
liver organoid-based HEV models have been
demonstrated in mapping virus-host interactions
and discovering anti-HEV agents.112 Nevertheless,
HEV replication in liver organoids gradually
l of Hepatology 2022 vol. - j 1–15 7



Key point

Ribavirin monotherapy is
effective in treating chronic
hepatitis E in organ trans-
plant recipients. However,
some patients cannot
tolerate or do not
adequately respond to
ribavirin, thus highlighting
the need to develop novel
therapies.
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diminishes upon passaging in culture, which may
be attributed to the robust innate immune defence.
Overall, in vitro models are capable of mimicking
persistent infection, but this is only one feature of
chronic hepatitis E. Disease progression in patients
with chronic HEV inevitably involve many cell
types, in particular immune cells. Co-culture sys-
tems, for example augmenting liver organoids with
macrophages and hepatic stellate cells, would
further advance these in vitro models and better
recapitulate chronic HEV infection.

In vivo
Human liver chimeric mouse models based on
immunodeficient mice repopulated with human
hepatocytes have been shown to support persis-
tent infection of genotype 1 and 3 HEV and are
suitable for antiviral drug testing. Because of the
severely immunodeficient background, this model
does not replicate immunopathogenesis, a critical
feature seen in patients with chronic HEV.113,114

This limitation may be partially overcome by
adoptive transfer of human immune cells, which is
technically difficult but feasible.115 In athymic nude
rats lacking a normal thymus and functionally
mature T cells, inoculation with rat HEV can result
in persistent infection, but with limited evidence of
an inflammatory response in the liver.106

Cynomolgus monkeys were treated with
tacrolimus to better mimic immunosuppression in
transplant patients, and were then inoculated
with genotype 3 HEV. Chronic infection was
confirmed by persistent viraemia and faecal viral
shedding, a slight increase in serum liver enzymes
and typical liver histopathology with focal
inflammation.116 A similar approach has been
applied in pigs to establish chronic infection of
genotype 3 HEV, in which active suppression of
cell-mediated immune responses has been
mechanistically attributed to chronicity.117

Nevertheless, the ethical constraints of using
monkeys and the large size of farm pigs have
hampered their application in the research field.
Very recently, chronic infection in rabbits was
successfully established by immunosuppressant
treatment and inoculation with genotype 3 or 4
HEV. This model recapitulates key features of viral
kinetics, chronic disease progression and extra-
hepatic manifestations.67 It is suitable for testing
both antiviral drugs and HEV vaccines,67 thus
expanding the potential for wide-ranging appli-
cations in the HEV field in the near future.

Therapeutic development
First-line treatment
The current management of patients with chronic
HEV has been extensively described in the EASL
guidelines.14 Briefly, dose reduction of immunosup-
pressive medications is the first-line option, which
can achieve sustained viral clearance in about one-
third of chronically infected transplant recipients.
Journal of Hepatology 2022 vol. - j
However, reducing immunosuppression is not
feasible in all transplant patients because it can lead
to an increased risk of acute rejection, especially in
heart, lung or pancreas transplant patients. Reducing
immunosuppressive therapy has been reported to be
associated with mortality in HEV-infected haemato-
poietic stem cell transplant recipients.9

Although no approved treatment is available,
ribavirin monotherapy can be administered when
immunosuppressant dose reduction is not possible
and/or if it does not result in HEV clearance
(Table 1).9,32,118–128 Large series in solid organ
transplant patients have shown that treatment
with ribavirin monotherapy leads to sustained
virological response (SVR) in up to 90% of pa-
tients.119,127,129 The majority (�80%) of patients
receive 600 mg per day for 3 months, but this
treatment duration was empirically determined.
For patients who relapse after 3 months of therapy,
prolonged treatment (6 months or even longer) can
lead to SVR.119,127 Patients with negative serum
HEV RNA and persisting HEV RNA in stools after 3
months of therapy are known to be at high risk of
relapse after ceasing therapy.130 Prolonging treat-
ment duration has been shown to improve the SVR
rate in this context.131

Lymphopenia reflecting deep-seated immuno-
suppression, as evidenced in some transplant pa-
tients, such as heart and lung transplant recipients,
has been linked to a reduction in the SVR rate.
Ribavirin dose reduction and the need for blood
transfusions were also associated with a decreased
virological response. Ribavirin is eliminated by the
kidney. It can cause haemolytic anaemia in patients
with impaired kidney function.132 Unfortunately,
most transplant patients have a decreased
glomerular filtration rate requiring ribavirin dose
reduction. Consequently, a full ribavirin dose is
rarely used in this population.

The mode of action of ribavirin remains largely
elusive. It has been shown that, similarly to
mycophenolic acid, ribavirin inhibits HEV replica-
tion through depletion of guanosine triphosphate
pools.129 In vitro, the combination of mycophenolic
acid and ribavirin have an augmented anti-HEV
effect,96 but this was not observed in treated pa-
tients.133 Furthermore, ribavirin may increase HEV
mutagenesis which appears to be reversible.134 A
G1634R mutation in viral polymerase has been
associated with ribavirin treatment failure in organ
transplant recipients.134,135 Reconstructing this
mutation by reverse genetics showed increased
viral replication, but did not provide HEV with
resistance to ribavirin in cell culture.135 Overall,
there is a lack of robust data to explain the precise
mechanisms by which ribavirin inhibits HEV or
drug resistance develops, which warrant further
investigation. Finally, in ribavirin non-responders,
there is currently no alternative expect for pegy-
lated interferon-alpha that can be only used in liver
transplant patients and non-transplant patients
1–15



Table 1. Summary of the key findings from major/representative clinical studies assessing ribavirin monotherapy for treating chronic hepatitis E.

Study Publication
year

Origin HEV
genotype

Patient
characteristics

Number of
treated
patients

Outcome
(patient
number)

Remark

Sridhar et al.32 2021 Hong Kong,
China

HEV-C1 Immunocompromised 5 4 (SVR) One patient only responded
after >6 months of ribavirin and was
pending SVR at the time of this study

Affeldt et al.118 2021 Germany N/A SOT 6 4 (HEV
clearance)

Renal transplant recipients

Kamar et al.119 2020 Europe
(multi-centre)

GT3 SOT 255 207 (SVR;
a first
course)

18 out of 36 re-treated patients also
achieved SVR

Milder et al.120 2020 Europe
(multi-centre)

SOT; HSCT 96 71 (SVR) Determined the therapeutic range
for ribavirin between 1.8 and 2.3 mg/L

Ankcorn et al.121 2020 United
Kingdom

N/A Immunocompromised 65 48 (HEV
clearance)

A study across England and
Wales 2009-2017

Owada et al.122 2020 Japan GT3 SOT 3 3 (SVR) A nationwide survey of HEV infection in
heart and kidney transplant recipients

Friebus-Kardash
et al.123

2019 Germany GT3 SOT 16 15 (SVR) One developed ribavirin resistance and
revealed multiple mutations of HEV
polymerase, K1383N, G1364R/K, and
D1384N

Low et al.124 2019 Singapore GT3; GT7 SOT 9 4 (SVR) The GT7 infected patient came
from United Arab Emirates27

von Felden et al.9 2019 Europe
(multi-centre)

GT3 Haematological
malignancy

10 7 (HEV
clearance)

Treated patients include 4 alloHSCT
and 3 of them cleared HEV

Choi et al.125 2018 Germany GT3 SOT 16 13 (SVR) Renal transplant recipients; one
developed ribavirin resistance

Cordts et al.126 2018 Germany GT3 SOT 4 4 (SVR) Paediatric renal allograft recipients
Kamar et al.127 2014 France GT3 SOT 59 46 (SVR) 6 of the 10 patients who had a recurrence

were re-treated and cleared the virus
Pischke et al.128 2013 Germany N/A SOT 11 9 (HEV

clearance)
Kidney, heart and lung transplant
recipients

The treatment measures/outcomes are described as defined/reported by these original studies. Only information related to treatment of chronic HEV infection is presented in
the table.
alloHSCT, allogeneic haematopoietic stem cell transplantation; GT, genotype; HEV, hepatitis E virus; HSCT, haematopoietic stem cell transplantation; N/A, not available; SOT,
solid organ transplant; SVR, sustained virological response.

Key point

Joint efforts from re-
searchers, clinicians and
health authorities are ur-
gently required to further
advance research and clin-
ical management of
chronic HEV infection.
with chronic hepatitis E.136 In other transplant
patients, pegylated interferon-alpha increases the
risk of acute rejection.137 Thus, it is essential that
the WHO continues to include ribavirin in the List
of Essential Medicines, while the development of
additional therapies is crucial.

Future development
Given that only a small proportion of patients with
HEV require antiviral treatment, there is little
economic incentive for the pharmaceutical in-
dustry to develop new antiviral drugs. Repurposing
existing medications represents a realistic and
attractive approach. Sofosbuvir, a potent nucleotide
polymerase inhibitor of hepatitis C virus, was
initially shown to effectively inhibit HEV in cell
culture models.138 However, a follow-up experi-
mental study139 and subsequent off-label treat-
ment in individual chronic HEV cases140,141 yielded
conflicting results. In rabbits acutely infected with
genotype 3 or 4 HEV, high dose sofosbuvir appears
to exert some degree of antiviral activity.142 Finally,
a prospective, multicentre, phase II pilot trial has
demonstrated that sofosbuvir exerts very mild in-
hibition on viral load in patients with chronic HEV,
and none of the 9 treated patients was able to clear
the infection,98 precluding future clinical applica-
tions of sofosbuvir as monotherapy for the
Journa
treatment of chronic hepatitis E. An important
lesson learned is that understanding the underly-
ing mechanisms of the candidate drugs and thor-
ough investigations in preclinical models are
essential for increasing the success rate of drug
repurposing. So far, several FDA-approved medi-
cations (e.g. azithromycin,143 ivermectin,103 niclo-
samide,144 and gemcitabine145) and an essential
micronutrient (Zinc146) have been shown to inhibit
HEV in vitro (Table 2). We recommend that clinical
testing of these agents should be preceded by
extensive preclinical studies especially in relevant
animal models that are already available.

Various strategies147–154 including screening of
drug libraries,155 exploration of preclinical104 or
natural156,157 compounds as well as in silico dock-
ing158 have been dedicated to the quest to find novel
HEV inhibitors (Table 2). When transferred into T
cells obtained from patients with chronic HEV,
engineered T-cell receptors have been shown to
recognise virus-specific epitopes and mediate killing
of the target cells in cell culture,159 indicating that T
cell-based immunotherapy could be used to treat
chronic HEV infection. Important lessons have been
learned from the COVID-19 pandemic, which has
highlighted the promise of monoclonal antibodies
for the treatment of viral infections. Several mono-
clonal antibodies targeting the HEV capsid and
l of Hepatology 2022 vol. - j 1–15 9



Table 2. A list of candidate or experimental therapies that have been explored for the treatment of HEV infection in experimental models and/or patients.

Regimen (ref.)
Potential anti-
HEV mechanism

Tested

RemarkIn vitro Animal model Patient

Ribavirin67,106,112,127,129,138 Targeting nucleotide
synthesis

Cell lines; Organoids;
Primary hepatocytes;
Primary intestinal cells;
Stem cell-derived HLCs

Human liver
chimeric mice;
Athymic nude
rats; Rabbits

Chronic HEV
patients

First-line treatment for SOT recipients
with chronic hepatitis E

Interferon-alpha112,148,149 Activating innate
antiviral response

Cell lines; Organoids Human liver
chimeric mice

Chronic HEV
patients

Only used for a few cases of
chronic HEV; risk of causing
transplant rejection

Sofosbuvir98,138,139,142 Viral RdRp inhibitor Cell lines; Stem
cell-derived HLCs

Rabbits Chronic HEV
patients

A phase II trial demonstrated failure to clear
HEV in
patients with chronic infection

Interferon-lambda151 Activating innate
antiviral response

Cell lines Human liver
chimeric mice

Interferon-lambda compared to interferon-
alpha has the
potential to spare patients from systemic side
effects

Mycophenolic acid96,112 Targeting nucleotide
synthesis

Cell lines; Organoids Chronic HEV
patients

Used as immunosuppressant in transplant
recipients
with chronic hepatitis E, but the anti-HEV
activity in patients remains unclear

Gemcitabine145 Targeting nucleotide
synthesis;
activating innate
antiviral response

Cell lines; Organoids A widely used anti-cancer drug

Brequinar112,150 Targeting nucleotide
synthesis

Cell lines; Organoids DHODH inhibitor of pyrimidine nucleotide
biosynthesis pathway

Leflunomide150 Targeting nucleotide
synthesis

Cell lines DHODH inhibitor of pyrimidine nucleotide
biosynthesis pathway

6-azauracil150 Targeting nucleotide
synthesis

Cell lines ODCase inhibitor of pyrimidine nucleotide
biosynthesis pathway

Homoharringtonine112 Cell lines; Organoids FDA-approved medication for treating
chronic myeloid leukaemia

Silvestrol156,157 Affecting the translation
of HEV RNA;
involving the host factor
Major Vault Protein

Cell lines Human liver
chimeric mice

A natural compound extracted from the plant
species Aglaia
foveolata; a potent and selective inhibitor of
the eukaryotic initiation factor 4A

Zinc146 May inhibit HEV RdRp Cell lines An essential micronutrient
Deptropine155 involving the NF-jB-

RIPK1-caspase axis
Cell lines A classical histamine H1 receptor antagonist

for treating
asthmatic symptoms; but nowadays rarely
used in the clinic

Ivermectin103 Involving the host
nuclear transport
protein importin a1

Cell lines A widely used anti-parasitic drug

Azithromycin143 Cell lines Treating a number of bacterial infections; an
FDA pregnancy category B drug

Ciprofloxacin152 Cell lines A fluoroquinolone antibiotic used to treat a
number of bacterial infections

GPC-N114153 Viral RdRp inhibitor Cell lines
NITD008153 Viral RdRp inhibitor Cell lines
2’-C-methylcytidine154 Nucleoside analogue Cell lines The effect could be reverted by cytidine

triphosphate, but not guanosine
triphosphate

Amodiaquine158 Potential binding
to RdRp indicated
by molecular docking

Cell lines An antimalarial drug; cation for interpreting
the specificity as accompanied by clear
cytotoxicity

Isocotoin104 Through interference
with HSP90

Cell lines Identified through compound screening

TCR-based adoptive
T cell therapy159

Killing HEV infected
target cells

Patient derived T cells
(TCR-engineered)

FDA approved T-cell immunotherapies for
treating cancer; may be an alternative
approach for treating chronic HEV infection

Monoclonal
antibody160

Neutralising HEV Cell lines Monkeys Exerting cross-genotype neutralising activ-
ity; blocking HEV infection in cell culture and
preventing hepatitis E disease in animals

RNAi161 Targeting HEV genome Cell lines; Stem
cell-derived HLCs

Combination of multiple siRNA targets to
counteract viral escape through mutations

DHODH, dihydroorotate dehydrogenase; HEV, hepatitis E virus; HLCs, hepatocyte-like cells; Hsp90, heat shock protein 90; ODCase, orotidine-5’-monophosphate decarbox-
ylase; RdRp, RNA-dependent RNA polymerase; RIPK1, receptor-interacting serine/threonine-protein kinase 1; RNAi, RNA interference; siRNA, small-interfering RNA; SOT, solid
organ transplant; TCR, T-cell receptor.
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exerting cross-genotype neutralising activity have
been developed. These antibodies are capable of
blocking HEV infection in cell culture and prevent-
ing hepatitis E disease in animals.160 RNA
interference-based gene therapy targeting the HEV
genome has been shown to persistently inhibit viral
replication in vitro.161 A common challenge for these
experimental therapies is the lack of sustainable
strategies that promote development towards clin-
ical translation. We recommend that researchers
located in Europe look for opportunities from the
European Innovation Council to further develop
their experimental anti-HEV therapies.

Conclusion
HEV was initially thought to cause acute infection
only, but the discovery of chronic hepatitis E has
profoundly changed our understanding of the vi-
rus and the disease. Over the past decade, we
have gained substantial insight into the epide-
miology, pathophysiological mechanisms and
clinical features of chronic HEV infection.
Reducing immunosuppression or initiating riba-
virin monotherapy has been recommended as
first-line treatment for chronically infected organ
transplant recipients.14 As emphasized above,
many knowledge gaps remain and major chal-
lenges in translating knowledge into disease
prevention and improving clinical outcomes for
patients with chronic HEV have yet to be over-
come (Box 1). Closing these gaps in turn requires
joint efforts from fundamental, translational and
clinical researchers as well as health authorities
to further advance HEV research and patient care.
Finally, the WHO has launched an initiative to
eliminate viral hepatitis by 2030, but the burden
of hepatitis E has not yet been recognised.
Journa
Without tackling HEV, achieving the goal of
eliminating viral hepatitis is impossible.
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