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Abstract

Sections

Hepatitis E virus (HEV) infections are a major cause of acute viral
hepatitis in humans worldwide. Inimmunocompetentindividuals,

the majority of HEV infections remain asymptomatic andlead to
spontaneous clearance of the virus, and only a minority of individuals
with infection (5-16%) experience symptoms of acute viral hepatitis.
However, HEV infections can cause up to 30% mortality in pregnant
women, become chronicinimmunocompromised patients and cause
extrahepatic manifestations. A growing body of evidence suggests that
the hostimmune response to infection with different HEV genotypes
isacritical determinant of distinct HEV infection outcomes. In this
Review, we summarize key components of the innate and adaptive
immune responses to HEV, including the underlying immunological
mechanisms of HEV associated with acute and chronic liver failure
andinteractions between T cell and B cell responses. In addition, we
discuss the current status of vaccines against HEV and raise outstanding
questions regarding the immune responses induced by HEV and
treatment of the disease, highlighting areas for future investigation.
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Key points

o The severity of hepatitis E virus (HEV) infection varies: for example, it
is self-limiting in most immunocompetent individuals but can be fatal
in pregnant women and lead to chronicity in immunocompromised
individuals.

o A growing body of evidence suggests that the host immune response
to infection with different HEV genotypes is a critical determinant of the
distinct outcomes of HEV infection.

e HEV has developed strategies to evade and disrupt innate immune
signalling by antagonizing interferon induction and signalling.

o T cellimmunity is of paramount importance in the resolution of HEV
infections.

o B cellimmunity and antibody responses can provide sterilizing
immunity and long-lasting protection against HEV re-infection.

e Active and passive immunization seem to effectively prevent severe
acute hepatitis E in most cases.

Introduction
Hepatitis E virus (HEV) is an understudied RNA virus and is currently the
major causative agent of acute viral hepatitis in humans worldwide. At
least 20 million HEV infections occur annually, accounting for approxi-
mately 3.3 million cases of acute illness and 44,000-70,000 deaths' .
Thevirus was initially described during awaterborne epidemic of acute
non-A, non-B hepatitis in the 1980s*. Although tremendous advance-
ments have been made over the past few decades (Fig. 1), many aspects
of HEV infection biology and pathogenesis remain poorly understood.
HEV is a single-stranded positive-sense RNA virus belonging to
the Hepeviridae family®. The genome of HEV encompasses three open
reading frames (ORFs) that encode non-structural proteins (ORF1),
comprising a methyltransferase, a putative papain-like cysteine pro-
tease (PCP), helicase and RNA-dependent RNA polymerase; a capsid
protein (ORF2); and asmall membrane-associated protein required for
infectious particle secretion (ORF3)®”. The majority of HEV infections
inhumans are caused by four different genotypes: HEV1-HEV4 (ref. 5).
HEV1and HEV2are obligate human pathogens that are endemic to low-
income countries and are mainly transmitted by the faecal-oral route
by contaminated drinking water. Clinically evident hepatitis arises from
approximately 16% of acute HEV1or HEV2 infections®, which canlead to
severe hepatitis and mortality during pregnancy’. In contrast, HEV3 and
HEV4 are zoonotic pathogens withbroad host ranges, including swine,
deer and rabbits, which serve as reservoirs for HEV in high-income
countries, causing sporadic cases of enterically transmitted, zoonotic
hepatitis E*'°. Acute HEV3 or HEV4 infection remains clinically asymp-
tomaticinthe vast majority of patients, with only aminority of patients
(HEV3<5%; HEV4 <3%) developing symptoms of acute hepatitis E, with
elevated liver enzymes, jaundice and non-specific symptoms such as
fatigue, itching and nausea lasting days to several weeks" ™ (Fig. 2a).
Incubation periods for HEV typically range between 4 and 6 weeks
from infection to the onset of symptoms'*" (Fig. 2a). Given that HEV
replicationand infection are non-cytopathic’®, and the onset of icteric
symptoms typically occursin conjunction withanincreaseinantibodies

andadecreaseinviralload (Fig. 2a), theimmune response seems to be
animportant determinant driving hepatitis E pathogenesis”.

Distinguishing acute hepatitis E from other types of viral hepatitis
is challenging as there are no distinctive clinical symptoms specific for
HEV®, Before chronic hepatitis E cases were reported among immuno-
compromised individuals'®'’, HEV was thought to resemble hepatitis A
virus (HAV) infections — acute, self-limiting infections that are usually
transmitted by the faecal-oral route?**. Similar to HAV, HEV is released
non-lytically from hepatocytes as ‘quasi-enveloped’ virions cloaked
in host membranes®. While possessing infectious properties, these
membrane-encased virions differ fromtypical enveloped viruses, such
as coronaviruses or hepatitis B virus (HBV), as they lack virally encoded
proteins on their surface and are thereby resistant to neutralizing
anti-capsid antibodies induced by infection’’. While enveloped viruses
circulateinthe blood and spread within the liver, their membranes are
lost during transit through the digestive system and shed as naked
viruses. Unlike HAV, chronic HEV3 or HEV4 infections, which poten-
tially resultin cirrhosis, have beenreported inimmunocompromised
patients, including organ transplant recipients’®, patients receiving
cancer chemotherapy” and people living with HIV** (Fig. 2a). Moreover,
incontrast to HAV and all other major hepatitis viruses (HBV, HCV and
HDV), HEV caninfect various animal species, and zoonotic transmission
to humans is not uncommon®*,

In addition to hepatitis, HEV infection has been linked to several
extrahepatic manifestations, including neurological diseases (reviewed
previously®), renal disease and acute pancreatitis (reviewed previ-
ously®®). Current therapeutic options against HEV are limited to the
off-label use of the broad-spectrumantiviral agent ribavirinand, insome
instances, pegylated IFNa'>”. However, interferon canincrease the risk
ofacuterejectionintransplantrecipients, whileribavirintherapyis con-
traindicated in pregnancy owing toits teratogenicity™. Inaddition, sub-
optimal efficacy, poor tolerability and adverse effects further limit the
useofbothtreatmentoptions.Furthermore, HEV variantsinresponseto
antiviral treatment have beenidentified”°. Although the emergence
of viral variants could potentially have a role in ribavirin resistance,
acausal link to treatment failure has yet to be firmly established.

The exact reasons for the varying degrees of disease severity and
the pathogenesis of HEV infections remain unclear. During infection, a
range of cellular receptors and/or sensors candetect the presence of HEV,
initiating an interferon and inflammatory response to counteract
HEV. However, dysregulation of immune responses (that is, abnormal
secretion of pro-inflammatory cytokines and chemokines) during infec-
tionmight contributeto pathogeniceffectssuchastissue damage andliver
inflammation. Inagreement with this,agrowing body of evidence implies
thatthe hostimmuneresponsetoinfection with different HEV genotypes
is a critical determinant of the distinct outcomes of HEV infection*.,
Hence, understanding how HEV and its different genotypes regulate
innate and adaptiveimmune responses is essential to guiding improve-
ments in HEV therapy, developing effective vaccine applications, and
designing new therapeutic strategies to controlinfection and suppress
liver disease. Inthis Review, we summarize key features of theinnate and
adaptive immune responses to HEV infection. We further discuss how
these virus-hostinteractions could affect the outcome of infectionand
immunity as well as the current status of vaccines against HEV.

Innate immunity to HEV

Detection of HEV by pattern recognition receptors
Asthefirstline of host defence, theinnate immune system responds rap-
idly but non-specifically to viralinfections®. Following infection, HEV is
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sensed as non-self by patternrecognition receptors (PRRs) inthe host
cell, which bind to pathogen-associated molecular patterns (PAMPs)
associated with viral replication, leading to activation of the innate
immune response'®** and promoting priming of adaptive immune
responses’*. Hepatocytes, the primary cell typeinfected by HEV, express
bothcytosolicretinoic acid-inducible gene I (RIG-I)-like receptors and
membrane-bound Toll-like receptors (TLRs), which reside on the cell
surface as well asin endosomes®. TLR signalling upon HEV recognition
isinitiated through the recruitment of specific adaptor molecules, such
asmyeloid differentiation primary response 88 (MYD88)*>*, and results
in activation of nuclear factor kB (NF-kB)¥, activator protein 1 (AP1)
and interferonregulatory factors (IRFs)**, whichinduce inflammatory
cytokine expression®®. The engagement of TLRs has been supported
by in vitro data, indicating arole for TLR2, TLR4 and TLR3 in sensing
HEV replication intermediates and capsids to elicit an inflammatory
response®®*, Accordingly, peripheral blood mononuclear cells (PBMCs)
in patients withacute HEV infection expressed higher levels of TLR3 and
pro-inflammatory and anti-inflammatory cytokines (IFNy, TNF, IL-10

Fig.1| Timeline of milestones in basic and clinical HEV research. Hepatitis

E virus (HEV) came to light during an epidemic of non-A, non-B hepatitis in
Kashmir, India, in 1978 (ref. 4), and in 1983 the viral agent responsible was
discovered™. Molecular cloning of the HEV genome followed a few years
later’>**, eventually leading to the development of the first infectious
molecular clones of HEV?**%, These findings were followed by the recognition
of zoonotic transmission’” and the first observations of chronic infectionsin
immunocompromised transplant recipients'. Clinical advances in HEV research
include the successful development of a recombinant hepatitis E vaccine?,
implementation of the WHO International Standard (IS) to harmonize assays
for the detection of HEVRNA*, the first successful treatment of chronic HEV
infections with ribavirin (RBV) monotherapy**, and demonstration of cross-
genotype-specific T cell responses'*’, culminating in the clinical practice
guidelines for the treatment and management of hepatitis E”2. However, the
identification of treatment-associated”*>°and T cellimmune escape variants
highlights the need to develop novel HEV therapies and the need to understand
the underlying components of the immune system required for virus clearance.
EASL, European Association for the Study of the Liver.
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and TGFB) compared with patients with acute liver failure*®, imply-
ing a delicate cytokine balance to counter viral infection while also
restricting excessive inflammation. Additionally, monocytes and mac-
rophages in pregnant women with acute liver failure showed reduced
TLR3and TLR7 expression, suggesting a crucial role for TLRs in curbing
viral infection*. Susceptibility to HEV infection in a cohort of Indian
patients has been linked to a TLR4 polymorphism (T399I) associated
with receptor hypo-responsiveness*. Collectively, these data support
animportant role for TLRs in recognizing HEV-associated molecular
patternsand initiating aninnate immune response. Inadditionto TLR
sensing, invitro studies have implicated the RIG-I-like receptor signal-
ling mediators RIG-I, melanoma differentiation-associated protein 5
(MDAS5) and mitochondrial antiviral-signalling protein (MAVS) in sens-
ing HEV RNA and triggering an antiviral interferon response’®**,
Knockdown of RIG-I, MDAS and MAVS in hepaticliver cell lines revealed
areduction of HEV-induced type Il interferons*®, while overexpres-
sion of either MDAS or RIG-I resulted in reduced HEV replication***,
Moreover,increased RIG-1expression has been observedin liver tissues
of rhesus macaques infected with either HEV1 or HEV3 (ref. 37). RIG-I
primarily detects short double-stranded RNA with 5" triphosphate
groups, whereas MDAS primarily recognizes long double-stranded
RNA*. Upon RNA binding, both RIG-1and MDAS undergo conforma-
tional changes and recruit MAVS to assemble a signalling complex,
which activates IRF3 and IRF7 as well as NF-kB, leading to interferon
expression and release. Treatment of HuH-7 S10-3 liver cells with vari-
ous HEV RNA PAMPs suggests that the U-rich region in the 3’ UTR of
the HEV genome functions as a potent RIG-1 PAMP*%. As the length of
poly(A) tails can vary among HEV genotypes, and longer poly(A) tails
might enhanceinterferoninduction, as observed for HCV***°, variability
in interferon induction might depend on the viral RNA sequence*.
On the other hand, single-stranded HEV RNA has been observed to
trigger an antiviral response independently of viral replication®.
However, the exact receptors or sensors that recognize HEV PAMPs,
and whether the generation of replicative intermediates is required
toinduce aninnate immune response, remain unclear. PRR sensing
of HEV convergesin the activation of downstream signalling cascades,
including the IkB kinase (IKK) complex and TANK-binding kinase 1
(TBK1) aswell as transcription factors suchasIRF3 or IRF7 (ref. 45) and
NF-kB***", resulting in cytokine release and inflammasome activation
invitro (Fig. 2b).
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Interferon response to HEV infection

HEV-induced activation of host innate immunity has been widely
observed in various in vivo and in vitro models'**>%, Accordingly,
phosphorylation of signal transducer and activator of transcription 1
(STAT1), ahallmark of activation of the antiviral interferon response, has
beendetected inliver tissues of patients with HEV infection®, as has ele-
vatedinterferon-stimulated gene (ISG) expressioninthe sera of patients
with chronic HEV infection®*. Within hepatocytes and enterocytes,
HEV predominantly induces a type lll interferon response***>*, and,
accordingly, high serum IFNA3 levels have been observed in patients
withacute HEV infection®. Similarly, liver tissues of pigs infected with
HEV3 showed a type lll interferon response, while a type l interferon
response was noted in HEV-infected pig enterocytes*®. Interestingly,
gene expression profiles of livers from experimentally infected rhesus
macaques showed substantial differences in the timing and magnitude
of expression of hostimmune response-related genes uponinfection
with patient-derived HEV1 and HEV3 isolates, including downregula-
tionofimmune response-related genes for HEV1 (ref. 37). HEV1 showed
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Fig.2|HEV disease course and innate immune response in hepatocytes.

a, Virological and serological markers in acute (top) and chronic (bottom) hepatitis E.
Acute hepatitis E virus (HEV) infection involves an incubation phase of 4-6 weeks,
whichinrare cases is followed by an icteric period (4-5 weeks)”. The anti-HEV
antibody response involves an early increase in IgA and IgM, which transits into a
durable IgG response following clearance and convalescence. HEV-specific CD8*
T cell activity has been observed in patients with acute infection****, Chronic
HEV infections have been observed in individuals with compromised immunity'®.
Areduction ofimmunosuppressive medication resultsin HEV clearance in
approximately one-third of patients®. Humoral and cellular responses during
chronicinfection are highly variable®, and different timings and magnitudes

of seroconversion (if any) have been observed. b, Interplay between innate
immunity and HEV. HEV RNA and replication intermediates are sensed within

the cytoplasm by RIG-1and MDAS, as are endosomes by Toll-like receptor 3
(TLR3). Subsequent activation of kinases, such as the IKK complex and TBK1,

higher levels of replication and release of several pro-inflammatory
cytokines in primary human placental tissue explants compared
with HEV3, while HEV1 viral load was negatively correlated with the
expression of type lll interferons™, Likewise, HEV1 displayed greater
infectivity and virulence in non-human primates™ and replicated more
efficiently in mice with chimaeric human livers compared with HEV3
(refs.52,60,61). Elevated levels of viral replication and cytokine release
(IL-6, CCL3 and CCL4), particularly in placental tissue explants*®, could
potentially offer an explanation for the differing outcomes observed
between HEV1and HEV3 infections during pregnancy. Whether the
lower replication efficiency of HEV3 stems from a more robust host
innate response or aninherent characteristic of the virus, and how this
relates to the capacity of HEV3 to cause chronicinfectionsinimmuno-
compromised individuals, remain unknown. Given that interferon
production duringinfection seems to be dependent on genotype and
tissue*s**%? itwillbe important to further study how genotype-specific
replication capacities and dysregulation of the local secretome relate
to distinct clinical outcomes in the future.
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promotes the activation of transcription factors, such as nuclear factor-kB
(NF-kB) and IRF3, resulting in type I and type Ill interferon production. Uponrelease,
interferons promote the activation and recruitment of innate immune cells
andinduce the expression of proviral and antiviral interferon-stimulated genes
(ISGs) viaJAK-signal transducer and activator of transcription (STAT) signalling
in both an autocrine and paracrine manner®, HEV interferes with various steps

of the cellular innate immune response (red stop signs), including with pattern
recognition receptor activation and signalling, IRF3 and NF-kB transcriptional
activity, as well as interferon-induced STAT phosphorylation and subsequent

ISG expression®1°21%7_ ALT, alanine aminotransferase; DC, dendritic cell; GBP1,
guanylate-binding protein1; IFNAR, type l interferon receptor; IKK, IkB kinase;
IRF, interferon regulatory factor; MAVS, mitochondrial antiviral-signalling
protein; MDAS, melanoma differentiation-associated protein 5; NK, natural killer;
OAS], oligoadenylate synthetase-related domain 1; PKR, protein kinase R; RIG-1,
retinoic acid-inducible gene I; TBK1, TANK-binding kinase 1.
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ISG expression during HEV infection

Upon release, interferons trigger the transcription of ISGs, which
initiate antiviral effector functions in infected and uninfected neigh-
bouring cells as well as mobilizing adaptive immune responses. Tran-
scriptional profiles fromkidney transplant recipients with chronic HEV
infection showed expression of 25 genes annotated as ISGs, including
those encoding interferon-induced proteins with tetratricopeptide
repeats (IFITL, IFIT2, IFIT3and IFIT5), 2’-5"-oligoadenylate synthetase-
related domains (OAS2, OAS3 and OASL) as well as the ubiquitin-like
modifier ISG15 and Mx1 (ref. 63). Many viruses have a unique anti-
viral ‘ISG profile’, and selected ISGs can also facilitate replication of
agiven virus®*®, Although the HEV-induced expression of ISGs has
been described in various in vitro'®******¢ and in vivo models*>>%’,
specific anti-HEV properties have only been confirmed for a small
number of these ISGs (Fig. 2b). The PRR RIG-I was found to exert a
strong antiviral activity against HEV in human and mouse cell lines
by triggering the transcription of a wide range of genes, including
ISGs, and interferon production®. Likewise, overexpression of IRF1
in different human cell lines (HuH-7, HepaRG, A549, MRC) was found
to induce the expression and phosphorylation of STAT1, resulting
in the induction of downstream ISGs and lowered HEV replication®.
The interferon-induced guanylate-binding protein 1 (GBP1) has
been shown to potently restrict HEV infection by potentially alter-
ing the subcellular localization of the HEV capsid protein towards
lysosomes®’. On the other hand, ISG15 has been suggested to have an
immunomodulatory role during HEV infection as loss of ISG15 had no
major effect on HEV replication but enhanced the type I interferon-
mediated antiviral response by upregulating Mx1, OAS1 and protein
kinase R (PKR) expression in hepatic liver cell lines®”’°. Interestingly,
ISG15 deficiency in humans has been linked to persistent interferon
expression and increased antiviral response to different viruses”.
Nonetheless, despite these notions, detailed molecular mechanisms
for the different ISGs remain sparse. Thus, identifying the specific
ISGs that modulate HEV replication, evaluating their mechanisms of
action, and exploring their potential role as tissue-specific restriction
factorswillbe animportant next step towards adeeper understanding
of HEV-host interactions and potentially novel avenues for antiviral
drug development’.

Inflammatory response upon HEV infection

Inflammatory responses coordinated by the secretion of cytokines
and chemokines prevent the spread of pathogens but can cause tissue
damage and/or pathogenesis upon dysregulation’”*. Histological
evidence of liver inflammation has been observed in HEV3-infected
or HEV4-infected rabbits and hospitalized patients with HEV infec-
tion”. Similarly, increased levels of inflammatory cytokines, includ-
ing IFNy, TNF, IL-10 and IL-18, have been associated with acute HEV3
infection’, HEV3-associated liver failure’”” and adverse pregnancy
outcomes in patients’®. Pharmacological inhibition of TNF in a patient
with psoriaticarthritis orJAK inhibitionin a patient with autoimmune
inflammatory rheumatic disease have been linked to increased HEV
susceptibility and/or exacerbation of infection and facilitation of
HEV infection in vitro””*°. Polymorphisms in the promotor regions
of TNF have been associated with higher susceptibility (TNF-308-AA)
or clinically more apparent HEV infections (TNF-1031-CC)* as well as
adverse pregnancy outcomes®’, Overall, these observations highlight
the intricate balance between innate immune signalling events that
control HEV infection and dysregulated cytokine release, resultingin
HEV-induced pathogenesis.

HEV evasion from innate immune signalling

The absence of arobust type linterferon response in HEV-infected
human cells***>*¢, combined with relatively low levels of ISG induction in
HEV-infected chimpanzees when compared to HCV-infected animals®,
indicate the ability of HEV to modulate the interferon response. Unlike
other hepatotropic RNA viruses (suchas HAV and HCV), HEV does not
cleave MAVS or degrade other host proteins engaged in signalling down-
stream of PRR, thereby enabling a sustained typelllinterferon response
in persistently infected cells*®*. The induction of a persistent type l1I
interferon response can hamper cellular responses to type linterferons,
particularly IFNa®*%*, In comparative studies based on subgenomic
replicon RNAs (self-amplifying, subgenomic viral RNAs that cannot
forminfectious particles), HEV replication in vitro was further found
tobe moreresistant to exogenous treatment with either IFNa or IFNA
than HCV**®>%¢_In agreement with this observation, IFNa treatment
hasbeen found to exert moderate but delayed antiviral activity against
HEV in patients® %, whereas patients with chronic HCV who respond
to IFNa therapy often experience a rapid and sharp reduction in viral
loads®. In addition, other interferons, such as IFNj3, IFNy, and A1, A2
and A3, displayed negligible effects on HEV replication®.

Owing to its virological efficacy, safety and tolerability, inter-
feron-free direct-acting antiviral therapy has now emerged as the
standard treatment for HCV, surpassing the therapeutic utilization of
interferon®. Although comparisons of HCV genomes have revealed
genomicregions that determine resistance to interferon treatment”,
molecular determinants that modulate HEV interferon sensitivity have
notyetbeenidentified. Onthe other hand, pharmacological inhibition
of JAK1, a key kinase mediating activation of the interferon signalling
network, strongly facilitated HEV but not HCV infectionin cell culture
models®*®, This disparity between basal and therapeutic interferon
sensitivity in vitro might also reflect the distinct incidence of chronic
disease upon exposure to HEV or HCV. Chronic hepatitis E is mainly
reported inimmunocompromised patients, whereas between 55% and
85% of individuals infected with HCV®?, including immunocompetent
individuals, develop chronic hepatitis C. Hence, immunosuppres-
sants are considered to be a key factor in the development of chronic
hepatitis E. The fact that approximately one-third of patients with
chronicHEV achieve viral clearance after reduction ofimmune suppres-
sion highlights the importance of endogenous immune signalling to
the control of HEV infectivity® (Fig. 2a). Variations in genes related
totypelllinterferons have been linked to both natural and treatment-
induced clearance of HCV®*"*., Currently, it remains unknown whether
similar type lllinterferon polymorphisms are associated with clearance
versus persistence of HEV upon withdrawal of immunosuppression.

Immunosuppressive therapy based on tacrolimus (rather than
cyclosporin (CsA)) has been described as a strong predictive factor
for the development of chronic hepatitis E, potentially due to agreater
immunosuppressive effect of tacrolimus compared with CsA°*”. Tac-
rolimus and CsA are calcineurin antagonists that are used widely as
T cellimmunosuppressants and exert theirimmunosuppressive effects
by reducing the transcriptional activity of nuclear factor of activated
T cells, resulting in reduced IL-2 production and IL-2 receptor expres-
sion, leading to a reduction in T cell activation®. CsA has also been
observed to boost HEV replication by targeting cyclophilins A and B
in human HuH-7 liver cells®’. Hence, different immunosuppressants
could further differentially affect the course of an HEV infection inde-
pendently of their effects on the immune system'°°. In this context, the
ability of HEVtoreplicatein the presence of interferons might facilitate
its persistence if T cell function isimpaired.
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Variousin vitro studies using overexpression systems and recom-
binant strains suggest that HEV dampens PRR activation and interferon
signalling and reduces the effects of selected ISGs (reviewed previ-
ously™) (Fig. 2b). Similar to other hepatitis viruses, HEV also impedes
PRR sensing viaMDAS and RIG-1, indicating acrucial rolein the disrup-
tion of interferon production to facilitate hepatotropic infection®.
Particularly, HEV ORF1 products, including the X and putative PCP
domain, were observed to inhibit the type I interferon response by
blocking RIG-I and TBK1 ubiquitination and IRF3 phosphorylation
in vitro'"'%2, Overexpression of either methyltransferase or putative
PCP domaininhibitedinterferoninduction by interfering with aspects
of MDAS5 signalling, including NF-kB phosphorylation'®*"°¢, The ORF3
protein was found to inhibit IFNa-induced phosphorylation of STAT1
andimpair IFNa-stimulated gene expression'””. Moreover, ORF3 expres-
sioninhibited inflammatory NF-kB signalling'®® and activation of JAK-
STAT and JNK-MAPK pathways, potentially by suppressing expression
of TLR3 and TLR7 (ref.109). Further, overexpression of ORF3in THP-1
macrophages has been observed to inhibit the secretion of inflamma-
tory cytokines by suppressingactivation of the NF-kB pathway™°. Given
that HEV is capable of replication within macrophages™, ORF3 might
contribute to reduced immune clearance inimmunocompromised
patients. Likewise, the capsid protein ORF2 antagonized NF-kB signal-
ling">"* and interferon induction by either blocking TBK1-mediated
phosphorylation and dissociation of IRF3 from MAVS™ or by inhibiting
RIG-1and TLR adapters™. Collectively, these mechanisms might shape
acellular environment that favours HEV infection. Unfortunately, HEV
is notoriously difficult to culture in vitro and only a few cell culture
systems have been established'*"°. Furthermore, processing of the
ORF1 polyprotein remains a subject of debate'”. However, numerous
studies rely on data derived fromthe overexpression of individual ORF1
fragments, possibly in settings divergent from their real-life contexts.
Hence, the clinical relevance of these observations as well as whether
they reflect wild-type HEV characteristics remains to be determined.

Innate immune cells during HEV infection
Theinnate antiviralimmune response also involves natural killer cells,
dendritic cells, granulocytes, monocytes, macrophages and innate
lymphoid cells. Hepatic macrophages have a central role in maintaining
homeostasis within theliver and ininitiating inflammatory responses
to pathogens"®. Macrophages can sense pathogens via different PRRs,
including RIG-1, TLRs and NOD-like receptors (NLRs). NLRs can form
large cytoplasmic complexes called inflammasomes that link sensing
of PAMPs to proteolytic activation of pro-inflammatory cytokines, in
particular IL-13"°. HEV infection has been observed to robustly trigger
NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflam-
masome activationin primary human macrophages and macrophage
celllines, inhibiting an interferon response, suggesting a potential
mechanism of HEV-induced hyperinflammation and liver damage”.
Inaddition, patients with HEV1infection displayed increased levels of
macrophages and dendritic cells, especially in patients with acute liver
failure (ALF)*. Interestingly, the same study also reported functional
impairments of macrophagesin pregnantwomen with HEV1infection
with ALF, including reduced phagocytic activity and defective TLR sig-
nalling®. Inaddition to antiviral treatment, pharmacological strategies
that modulate the functionality of monocytes and macrophages might
provide an avenue for targeting HEV and simultaneously reducing
pathological inflammation”.

Naturalkiller cells constitute the main population of ymphocytes
residing in the liver and are characterized by the expression of CD56

and CD16 aswellas by the lack of CD3 (refs.120,121). Naturalkiller cells
areimportantin early innateimmune responses and have a substantial
roleinboth the pathogenesis of and defence against viral hepatitis via
direct cytotoxicity and release of antiviral cytokines, respectively'®.
Upon activation, naturalkiller cells can mediate innate cytotoxicactiv-
ity against HEV-infected hepatocytes but might also contribute to an
inflammatory environment that leads to hepatocellular injury. Analysis
of PBMCs from patients with acute hepatitis E demonstrated lower
frequencies of natural killer cells compared with healthy individuals as
controls, implying mobilization towards liver tissues'*'**. In line with
this, CD56 (anaturalkiller cell marker) and granzyme B (a natural killer
cellactivation marker) were substantially increased inliver tissues from
patients with HEV-related ALF compared with ALF induced by other hep-
atitis viruses (A, B, C) and liver biopsy samples from control patients'”.
However, the levels of CD56" natural killer cells were low across all
groups, and the individualsincluded in this study were in the terminal
stage of the disease. Increased amounts of CD69, an early marker of
lymphocyte activation, have also been detected in immunocompro-
mised transplant recipients with acute hepatitis E”. These alterations in
naturalkiller cellnumber and activation status (CD56°'CD69") reverted
in patients with acute hepatitis E during convalescence to comparable
values observed for healthy controls'?, implying a role during HEV
pathogenesis. Increased CD69 expression has alsobeen detectediny
T cells in solid organ transplant recipients with acute HEV infection"
and linked to IL-10 expression in patients with acute hepatitis E”*°. y§ T
cellsareclassified by the expression of yand 6 TCR chains, and they both
participate in liver protection while also contributing to lymphocyte-
mediated organ damage'”’. However, other than these observations, the
preciserole of natural killer cellsand other innate lymphoid cells during
HEV infection and pathogenesis remains poorly defined. Neither the
phenotype nor the function of these cell populations have been studied
inrelation to disease activity or outcomes of infection. Interestingly,
phenotypic and functional alterations in natural killer cells, including
decreased production of antiviral cytokines, have been observed in
patients with HBV, HCV and HDV infections'?>'?%, This raises interest-
ing questions regarding whether there are similar phenotypic and
functional differences within naturalkiller cell populationsin patients
with acute versus chronic HEV, and how viralinfectionisinfluenced by
host genetics™’ and viral evolution™.

Features of adaptive immunity to HEV

T cell-mediated adaptive immunity to HEV

Tcellshaveacentral rolein the specific, targeted elimination of hepa-
totropic virus infections™""*2. Upon recognizing viral antigens, T cells
undergo activation, rapidly proliferate and differentiate into effector
T cells, including cytotoxic T cells (CD8") that specialize in destroying
infected cellsand helper T cells (CD4") that support the activationand
coordination of otherimmune cells necessary for viral clearance. The
subsequent formation of long-lasting memory T cells ensures a rapid
and robust response upon re-exposure to the same virus and s essential
for establishing immunological ‘memory”®,

Evidence of T cell involvement in HEV clearance’®"* "¢ and liver
pathogenesis>"*"* ! during HEV infection has been reported, with
initial studies in the early to late 2000s focusing on acute HEV1 infec-
tion?*1¥7 139142143 Interest in T cell-mediated immune responses was
later reignited when HEV chronicity was discovered inimmunocompro-
mised solid organ transplant recipients'®, prompting further investiga-
tion into T cell responses to HEV3 in both acute'*>"*%** and chronic
infectiOnsl35,136,l44,l4§-
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CDS8' T cell responses'’ (Fig. 3a). These responses are predominantly
directed against the viral capsid ORF2 protein'®»>136 38 140142145146 rather
than the ORF3 protein'*>12¢13814014¢ However, T cell responses also
target overlapping peptides within HEV ORF1 as long as T cell targets
are mapped predominantly to well-conserved genomic regions™>'*.,
Notably, T cell epitope mapping efforts haveidentified severalimmuno-
dominantregions within HEV ORF2 thatare associated with substantial
proliferation (spanning amino acids 73-156, 289-372, 361-444 and
505-588)"¢ and IFNy-producing T cell responses (spanning amino
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immune responses to different regions of the ORF2 protein showed
no association with specific HLA alleles, except for the HLA-DRB1
allele 010X, which was associated with a peptide pool corresponding
to amino acids 289-372 of the HEV ORF2 protein'*.

Moreover, a high frequency of polyfunctional CD4" and CD8"
T cells™*'* are present in the peripheral blood and are capable of spe-
cifically cross-reacting with HEV genotypes 1and 3 in humans'°. As a
result of lymphocyte activation, the number of naive CD3"CD45RA"
T cells declines'’, and effector T cells expressing and secreting
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Fig. 3| HEV-specific T cell and cytokine response to acute and chronic
infection. a, In patients with acute hepatitis E, hepatitis E virus (HEV)-specific
CD3'CD4"and CD3'CD8' T cells are expanded, exhibiting different characteristics
ofactivated and polyfunctional T cellimmune responses. Consistent with the
identification of HEV-specific IFNy-producing cells"***’, high levels of IFNy
(ahallmark cytokine for effector T cell responses) are detected in the supernatant
of antigen-stimulated peripheral blood mononuclear cells, accompanied by the
upregulation of IFNy mRNA transcripts in HEV antigen-stimulated peripheral
blood mononuclear cells™*. Furthermore, following HEV antigen stimulation,
thereis an elevated release of other cytokines implicated in liver pathogenesis
(IL-1a, soluble IL-2 receptor-a (sIL-2Ra))"*’, coupled with an upregulation (compared
with patients in the resolving phase) of cytokine mRNA transcripts associated
with T helper type1(T,1) or T,;2 differentiation (IFNy, IL-2, TNF (T,,1); IL-4, IL-10
(T,;2)). Inliver biopsy samples from patients with acute hepatitis but notin healthy
individuals, granzyme B, an effector molecule produced by activated CD8*

T cells, is also detected'”. Moreover, patients with hepatitis E exhibit heightened
levels of serum IL-1 and, during the viraemic phase, additional pro-inflammatory
and anti-inflammatory cytokines (IL-2, IL-4, IL-6, IL-7, IL-8, IL-9, IL-10, IL-13, IL-15,
IL-17,IL-1Ra, MCP1, TNF and IFNy) are detectable in plasma. Among these, IL-13
and IL-9 notably decrease following viral clearance'*. Cell-mediated immune
responses are associated with elevated frequencies of CD3" T cells expressing
markers indicative of antigen recognition (CD38") and early T cell activation
(CD69%) inthe blood of patients with acute hepatitis Ecompared with healthy
controlsand patients in the resolving phase'*’. Concurrently, there is anotable
reductionin the population of naive CD3*CD45RA" T cells among patients with
acute HEV. Furthermore, both CD4" and CD8" naive T cells exhibit a significantly
higher proportion of the CD11a integrin (a marker for T cell recruitment to

target tissue) in the resolved phase as opposed to the acute phase'”. Transcript

analysis of tissue-specific homing receptors also revealed increased expression
of suchreceptorsin patients with acute infection (CCR9 and CCRS5) or those in
the resolving phase (CCR9, CCRS, CXCR3 and CXCR4)'¥". A potent polyfunctional
effector CD8" T cell response (high expression of the activation marker CD38,
the proliferation marker Ki67, granzyme B and the transcription factor Tbet) is
formed. Upon resolution, expression of CD38 and Ki67 is lost, giving rise to a
memory response, evident through the expression of CD127 and T cell factor 1
(TCF1), as well as lower expression of granzyme B and PD1 on HEV-specific CD8*
T cells'*. The memory cell pool is then largely composed of the CD45RA"CCR7
subset, featuring few CCR7* central memory CD8" T cells, suggestive of arobust
memory response after resolution'*. b, Less is known about the cellularimmune
response to chronic HEV. Current data suggest that HEV-specific T cell responses
are primarily monofunctional and attenuated in comparison to acute infection.
These T cell responses are characterized by heightened expression of CD38

and PD1, along with predominantly elevated levels of Ki67, while exhibiting
diminished levels of CD127 and TCF1— a characteristic profile associated with
terminally exhausted CD8* T cells**. After resolution of chronicinfection,
asufficient reservoir of memory-like CD8" T cells emerges, characterized by
moderate PD1 expression, the presence of CD127 and TCF1, and areductionin
CD38 expression'*, HEV-specific cytokine responses in patients with chronic
HEV are notably characterized by elevated levels of IL-10 (T2 response) and a lack
of IFNy production (T, 1 response), as discerned from cell culture supernatants
following peptide pool stimulation. Conversely, an absence of IL-10 and a strong
IFNy response is observed in patients with resolved HEV infection. Noteworthy
production of IL-17 (T, 17 response), macrophage inflammatory protein (MIP1f3)

and TNF can be detected in both chronic and resolved patient groups™.

IFNy"?*1?5710145 emerge in PBMCs of patients with acute infection. The
CD45RACD11a"e" T cell subset also expands during acute infection
and expresses and displays several homing receptors (such as CCR9),
indicating functional recruitment from the periphery to the liver and
the site of inflammation'”. In agreement, lymphocyte infiltration of
predominantly activated CD8" T cells containing granzymes can be
observed in liver biopsy samples from patients with HEV-induced
ALF>_After viral clearance, HEV-specific CD8' T cells further differ-
entiate into an effector memory-like phenotype (CD45RA"CCR7") and
become more monofunctional (monoproducers of MIP1B) in humans™.
Inpatients withresolved HEV infection, T cell levels initially decline but
thenreacha plateau that remainsstable for up to4-12 years">*** sug-
gesting astrong and sufficient memory response with the potential to
protect against re-infection. Inimmunocompetent older population
cohorts, adverse clinical outcomes upon HEV3 infection, ranging from
asymptomatictoacuteicteric hepatitis and severe liver damage in one-
third of patients'**°°, have been associated with host T cell-mediated
immune responses'*. Insymptomatic patients, this response s charac-
terized by arobust expansion of highly activated effector memory CD8*
T cells, which is often linked to early T cell exhaustion'. In addition,
thereisanincrease ininflammatory chemokines (CXCL9 and CXCL10),
which are involved in recruiting highly cytotoxic effector memory
cells'. Loss of polyfunctional T helper1(T,1) cell cytokine production
(suchaslIL-2, TNF and IFNy) and commitmentto T2 cells (IL-4, IL-5and
IL-10) is also a feature of T cell-mediated immune responses in older
symptomatic patients. Interestingly, this bias towards a T2 profile
canalsobe observedin pregnant women with acute HEV*', and during
HEV-related acute liver failure™? and chronic HEV”¢, suggesting a close
correlation between the T,;1 and T,;2 response, disease aggravation,
and clinical outcome. This effector memory-biased immune response

reverts to homeostasis after viral clearance and disease resolution'.

In contrast to patients with acute hepatitis E, patients with
chronic hepatitis E lack a robust and multi-specific CD4"and CD8"
T cell response specific to HEV and fail to secrete antiviral cytokines
such as IFNy'®'3513¢ (Fig, 3b). In these patients, epitope-specific
T cells show signs of activation, asindicated by CD38 and Ki67 expres-
sion, but predominantly exhibit a CD127'°*PD1' phenotype, which is
characteristic of terminally exhausted CD8" T cells'**. Similar to obser-
vations in chronic hepatitis B or C, T cell exhaustion during chronic
HEV infection might be attributable to persistent exposure to viral
antigens such as secreted ORF2 proteins'****, Following resolution of
chronichepatitis E (that s, through a reductioninimmunosuppression
and/or ribavirin treatment), robust HEV-specific T cell responses'*®
and highlevels of IFNy expression'** become rapidly detectable, typi-
cally within4-8 weeks after viral clearance™®. During this phase, CDS"
T cells acquire a memory-like phenotype characterized by moderate
PD1expression, CD127 positivity and TCF1 expression. The majority of
these cells no longer express the activation marker CD38, indicating
the persistence of a substantial reservoir of memory-like CD8" T cells
after viral elimination'.

Reinvigoration of functional CD4" and CD8" proliferative
responses is partially possible in vitro by blocking the co-inhibitory
receptors PD1 or CTLA4 but might depend on interindividual vari-
ability and intraindividual differences between CD4" and CD8" T cell
responses to PD1 or CTLA4 antibody treatment™®. In addition, it is
important to note that checkpoint inhibition, such as blocking the
PD1 pathway, might not be a suitable treatment strategy in transplant
recipients following ribavirin treatment failure as it might induce
transplant rejection.

AsT cellsgradually progress towards a terminally exhausted state
through different stages™*, several other potential approaches and tar-
gets to reinvigorate terminally exhausted T cells are conceivable.
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These approaches could include drugs that target other intrinsic
T cell pathways. For example, targeting transcription factors, such
as TOX™ 7 or NR4A"™8, as well as molecules such as TGFB"’ or the
E3 ubiquitin-protein ligase CBL-B'*° might have the potential to pro-
mote T cell function. Furthermore, strategies for targeting termi-
nally exhausted T cells might also involve drugs that target hypoxia
or co-stimulation pathways'®. Gaining a deeper understanding of the
mechanisms of exhaustion during viralinfection remains akey aspect
of identifying novel targets to counter T cell exhaustion.

Owing to these observations, reinvigorating or inducing HEV-
specific T cellresponses by redirected T cells could be aviable strategy
to effectively treat chronic hepatitis Einimmunosuppressed patients
upon failure of ribavirin therapy. Intriguingly, a screening of HEV-
specificCD8" T cellimmune responses in HLA-A2" patients with acute
hepatitis E identified two HEV-specific CD8" T cell epitopes located at
the RNA helicase (HEV-1116.B3) and RNA-dependent RNA polymerase
(HEV-1527.A2)'*, Subsequently, next-generation sequencing of TCR
repertoires identified HEV-specific TCRs that were redirected into
lymphocytes isolated from patients with chronic hepatitis E. TCR-
redirected T cells induced polyfunctional HEV-specific immunity,
recognition of virus-specific epitopes and mediation of target cell
killing in vitro'®*. A follow-up investigation that explored the concern
that these antigen-specific T cells might cross-recognize self-peptides
(apotential cause of autoimmunity) found that one of the identified
TCRs couldindeed cross-recognize the apoptosis-related epitope non-
muscle myosin heavy chain 9 (ref. 163). However, when T cells were
stimulated in the presence of both HEV-1527 and MYH9-478 peptides,
T cells were selectively activated by the HEV-1527 peptide and
remained non-responsive to the MYH9-478 peptide. This observa-
tion of cross-recognition but lack of functional cross-activation
is further associated with higher avidity of TCR towards HEV-1527
than MYH9-478. Regardless, the researchers note that they included
only a limited scope of self-antigens in their in vitro screening and
that, before advancing to immunotherapy, careful assessment of
auto-reactivity to other self-peptides is indispensable to minimize
off-target toxicity'®. In addition, these initial landmark studies on
redirected T cell therapy are based onin vitro observations and have
sofarbeenrestricted toindividuals carrying the HLA-A*O2 allele. Thus,
in vivo efficacy and broader clinical trials are needed to fully evalu-
ate the potential of the approach for a wider population of patients
with diverse HLA backgrounds. Individual T cell clones exhibit a high
degree of specificity in their recognition of epitopes, which suggests
that viral mutations might lead to the selection of escape variants
to evade immune pressure. The occurrence of T cell escape muta-
tions has generally been observed in patients with HBV, HIV and
HCV™** Interestingly, evidence for amutational viral escape epitope
(Ax01/ORF2,4,_3, (leucine to valine substitution at position 395))
that contributed to HEV-specific CD8" T cell failure emerged in
one patient with chronic infection'. This variant was no longer
able to stimulate the expansion of PBMCs and was associated with
a PD1°"CD38" phenotype (indicating loss of antigen recognition).
T cell activation, asindicated by the downregulation and internaliza-
tion of the TCR as well asincreased granzyme B expression, was exclu-
sively observed upon re-stimulation of consensus peptide-expanded
CD8'T cells with the consensus peptide but not with the variant pep-
tide, indicating loss of activation by the escape variant'*. As aresult,
personalized approaches, suchasthegenerationandapplication of TCR-
redirected CD8" T cells, might be required for viral clearance in non-
responsive patients. However, before opting for this labour-intensive

and cost-intensive procedure, it is crucial to carefully evaluate the
potential of mutational viral escape.

Quantitative and qualitative analysis of complex T cell repertoires
and T cell specificity and functionality to viruses are essential for under-
standing HEV pathogenesis and disease outcome. For HEV, functional
assays that measure cytokine secretion (such as HEV-specific IFNy
enzyme-linked immunosorbent spot, enzyme-linked immunosorb-
ent assay or intracellular cytokine staining) have been widely emp
loyed"?*136139142 14451 1mportantly, most of the data presented here
combined several of these techniques to study HEV-specific T cell
responses”**>*8 The latest studies in particular notably integrated
both functional assays and those assessing T cell specificity (such as
MHC tetramer staining) to achieve amore comprehensive analysis'*.
Furthermore, these studies utilize direct ex vivo stimulation, avoiding
previousinvitro amplification of T cells, and thereby providing amore
precise representation of the in vivo immune response>>'*,

Inthe future, whole-blood peptide-stimulation assays might help
to avoid the need for immediate processing and loss of functional
antigen-presenting cells due to processing and cryopreservation.
Machinelearning-based T cell receptor repertoire analysis (reviewed
previously'®) might enable prediction of TCR-binding specificity'*®
and identification of HEV-specific TCR sequences'®’.

B cell and antibody responses

Bcellsare specialized in producing and secreting HEV-specific antibod-
ies, which serve as thefirst line of defence against re-infection'”°. In the
peripheral blood of individuals experiencing fulminant and uncom-
plicated hepatitis E, CD19" B cells targeting ORF2 and ORF3 antigens
undergo expansion and generate IgG"”" (Box 1). Notably, the propor-
tion of HEV-specific IgG-secreting B cells is elevated in patients with
fulminant hepatitis E compared with those with uncomplicated HEV
infection'”’. Furthermore, higher frequencies of functional immature or
transitional CD19*CD24"'CD38" B cells (also known as Bregulatory cells)
havebeenobserved inindividuals with acute hepatitis E”~ These B cells
exhibit the potential for modulating IFNy-mediated T cell responsesin
hepatitis E through IL-10-induced regulatory activities'”>.

The humoralimmune response to acute HEVinfections is charac-
terized by an early and transient appearance of IgM against the ORF2
capsid protein (Box1and Supplementary Figure 1a,b), which coincides
withthe detection of IgA antibodies'* and viraemia'™ (Fig. 2a). Both the
detection of IgM and IgA have therefore been utilized for the diagnosis
of acute primary HEV infections. IgM immune responses remain at
high levels for 8 weeks after the time of clinical presentation'” (Fig. 2a).
Subsequently, IgM antibodies rapidly wane during the convalescence
period”*"” and become undetectable in most patients between
3and 8 months after disease onset'>"’%, During the late acute phase of
iliness, the IgM response transitions to a high-titre, high-avidity IgG
response'’*"”?, Peak ORF2-specific IgG levels are observed approxi-
mately 4 weeks after the onset of symptoms in patients with acute
hepatitis E and are maintained at high levels for more than 1 year'”.
IgG antibody titres decline over time but persist in low to moderate
levels for at least 20 months and up to 14 years*7¢89181_Although
most of the aforementioned observations pertain to HEV1 and HEV4
humoral immune responses, studies in asymptomatic, transfused or
zoonotically transmitted patients have established that IgM and IgG
antibody durability and kinetics are similar in acute resolving HEV3
infections”*'®*%*, Among patients with chronic hepatitis E, high indi-
vidual variability in the duration and dynamics of humoral immune
responses is observed. In solid organ transplant recipients with
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Box 1| Immunological characteristics of the ORF2 capsid protein

Hepatitis E virus (HEV) virions are T=3 icosahedral spherical particles
with a diameter of 270-300A (refs. 14,232) (Supplementary Figure 1a).
These particles form through the assembly of 180 copies of the ORF2
capsid protein?*?. ORF2 proteins are major antigens and determinants
of long-lived antibody-mediated responses and protective immunity
against HEV?**, Notably, both a capsid protein variant (ORF2°) and a
secreted glycosylated variant (ORF2%) are expressed in patient sera and
supernatants of HEV-infected cell cultures™*?***. Unlike ORF2¢, ORF2°
is not associated with virus particles or receptor-mediated uptake

by cells; however, it is implicated in inhibiting antibody-mediated
neutralization and is suggested to have a role in immune evasion'***,
Notably, ORF2 single-nucleotide variants with immune decoy functions
were found to circulate in patients with HEV treated with ribavirin®*°.
Structurally, monomeric ORF2 proteins are composed of three
domains: a shell domain (S domain and amino acids (aa) 118-317),

a middle domain (M domain and aa 318-451), and a protrusion domain
(E2s or P domain and aa 452-606)*°**° (Supplementary Figure 1b).
The P domain is composed of homodimeric subunits (domain E2

aa 394-606; domain E2s aa 455-602)*%**° that form protrusions

that participate in cell binding and harbours epitopes for antibody
neutralization?***°?2, When N-truncated and C-terminally cleaved
versions of the ORF2 capsid protein, spanning at least aa 112-608,

63,185-188 186,189
1% t

chronic HEV3 infection, both persisten and absen anti-
HEV IgM and IgG responses have been reported. In patients with per-
sistent anti-HEV IgM and IgG responses, seroconversion s frequently
delayed®*'®”1°° which, along with the absence of seroconversion, is
suggested to correlate with intense immunosuppression through
regimens of calcineurin inhibitors, steroids and anti-proliferative
drugs (drugs that decrease the synthesis of antibodies'"** and inhibit
the cell-cycle progression and differentiation of human B cells'®) in
patients with chronicinfection™%17%1%#,

Understanding the duration and protective potential of the HEV-
specificantibody responseis crucialin determining whether individu-
alswhohaverecovered from HEV or received vaccination canmountan
effective immune response upon HEV re-exposure. The current body
ofevidence suggests that while active and passive immunization effec-
tively prevents severe acute hepatitis, it might not universally confer
sterilizing immunity or lifelong protection against subsequent HEV
re-infections'"'”>, Notably, declining anti-HEV antibodies were observed
inlarge proportions (-95%) of individuals with previous infection's%*¢,
Over follow-up periods ranging from1to 22 years'**'*"'° seroreversion
rates of around 21.7% (5/23 blood donors)™’, 22.6%'*® and up to 50%
(9/18 individuals)"” were detected within 22,12 and 7 years after initial
anti-HEV antibody detection, respectively, suggesting the possibility
of re-infection. In cases in which previously seroconverted rhesus
macaques were re-inoculated with homologous HEV, most animals
remained protected fromre-infection, while others experienced sub-
clinical HEV viraemia marked by reduced virus shedding, lowered HEV
RNA levels, absence of IgM anti-HEV antibody responses and elevation
of alanine aminotransferase levels**°. Similar observations have been
made in primates challenged with a heterologous HEV isolate — derived
either from the same or different host species — following primary
inoculation®” 2%, This highlights the notion that previous HEV infection
might offer cross-genotype and cross-host-species protection, albeit

are expressed in a recombinant baculovirus system in insect cells,
empty virus-like particles self-assemble from 60 units of 50kDa ORF2
capsid proteins. These capsomers configurate into T=1surface lattices
with protruding dimers located at each of the icosahedral twofold
axes®™?*®, Although these particles are smaller in diameter than the
native HEV particles, they retain systemic antigenicity in vivo** and
demonstrate antibody reactivity to the native HEV antigen®*®. HEV-like
particles have thus been used for the development of safe and cost-
effective virus-like particle-based vaccines and diagnostic tests*?. HEV-
like particles have also been proposed as vaccine carriers for foreign
epitopes®®. Specifically, the C-terminal P domain and connecting
region between the S and P domains have been shown to be broadly
reactive with patient sera and have a crucial role in anti-HEV antibody
binding®'?-**°, Several immunodominant conformational and linear
epitopes have been identified??02%424225-254 \hich are commonly
targeted for cross-neutralization of different HEV genotypes?2°4-%,
The only approved HEV vaccine, HEV 239, is a 239 amino acid-long
recombinant HEV peptide spanning aa 368-606 of the HEV1 viral
capsid protein (Supplementary Figure 1c); upon purification, HEV 239
peptides form homodimers with a size of 23nm (highlighted in red/grey
dashed structure)®’. Other vaccine candidates (rHEV and p179) are
currently being developed in various clinical phases”?%,

without achievingsterilizingimmunity. Furthermore, the susceptibility
and effective protection to HEV re-infection is tied to anti-HEV IgG
titre and avidity?°°?°. Notably, pre-existing IgG antibody avidity
exceeding 50%, in conjunction with elevated IgG titres, seems to pro-
vide protection against homologous re-infection**?”!, whereas low
anti-HEVIgGlevels have been associated with progression to chronicity
in solid organ transplant recipients re-infected with HEV>%*,

Thusfar, dataconcerning the duration and progression of humoral
immuneresponses have predominantly originated fromearly studies
during epidemic and sporadic outbreak settings, often conducted
beforeinternational anti-HEV antibody reference standards were estab-
lished””. Therefore, itisimportant to acknowledge the need for caution
when interpreting and comparing serological data given that these
conclusions stem from studies that employed arange of antigens and
testing kits with differing sensitivities and specificities and originating
from various manufacturers and suppliers.

Prophylactic vaccination

Vaccination strategies against HEV are particularly relevant for high-
risk groups, including pregnant women, immunocompromised
patients and those with pre-existing liver disease’®°. Attempts to
develop active immunization strategies have predominantly centred
on protein-based vaccines, which aim to induce protective, neutral-
izing antibody responses. Notably, the only approved HEV vaccine is
HEV 239 (Xiamen Innovax Biotech Co., Ltd., China). HEV 293 is com-
mercially marketed as Hecolin since obtaining authorization in 2011
in Chinaforindividuals aged 16 and above who are at risk of HEV infec-
tion (NCT02189603)?"2%°, This highly efficacious vaccine is based on
atruncated HEV1 recombinant ORF2 peptide (amino acids 368-606)
consisting 0f 239 amino acids”® (Box 1and Supplementary Figure 1b,c).
Alarge double-blind, randomized, placebo-controlled trial involving
112,604 participants from China aged 16-65 years provided compelling
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evidence of cross-genotype protection induced by HEV-specific
antibodies®*®. The vaccine exhibited notable efficacy in preventing
symptomatic infections, particularly in regions with a predominant
prevalence of HEV4. Over a 4.5-year follow-up assessment of efficacy,
immunogenicity and safety, seven HEV infections were confirmed
in participants who had received the HEV 239 vaccine, resultingin a
vaccine efficacy of 86.8% (95% C171-94)*”". A first-ever hepatitis E reac-
tive mass vaccination campaign targeting 27,000 individuals aged
16-40 years (including pregnant women) in the internally displaced
persons camp in Bentiu, South Sudan, was initiated in March 2022 in
response toaHEV1 outbreakinthe region. A vaccination coverage sur-
vey from 2024 demonstrated high self-reported coverage of at least one
dose of Hecolinin the Bentiu camp community?". Passive surveillance
found no severe adverse events following immunization®? however,
data on vaccine effectiveness are currently not available.

Between 2001 and 2017, two other vaccines were investigated
in clinical trials: rHEV and p179 (Box 1 and Supplementary Figure 1c).
rHEV is produced in insect cells by recombinant baculoviruses and
showed cross-genotype protective immunogenicity in a preclinical
macaque study””. The protein-based vaccine, which expresses amino
acids 112-607 of the capsid protein of HEVI (Sar-55 strain), was also
found to be well tolerated (apart from local pain at the injection site)
and immunogenic in healthy volunteers from the USA** and Nepal*®.
Asubsequent randomized, double-blind, placebo-controlled phasell
study (NCT00287469) in 1,794 individuals from the Nepalese Army
(mostly men) demonstrated efficacy of 95.5% for preventing HEV
infection during a median follow-up of 804 days®°. However, despite
these positive results, this trial raised ethical concerns, and no further
clinical testing of the vaccine has been conducted since?* ", Similar to
HEV 239, p179, representing amino acids 439-617 of the HEV4 capsid
protein, is expressed in Escherichia coli*****. A randomized, open-
label, parallel-controlled phase I clinical trial (120 study participants)
showed safety and good toleranceinindividuals aged between16 and

Box 2 | HEV-specific immune responses:
outstanding questions and challenges

e Which interferon-stimulated genes can restrict hepatitis E virus
(HEV) infectivity within hepatocytes, and are there interferon-
stimulated genes that potentially act as tissue-specific and/or
species-specific restriction factors determining HEV tissue
and/or host range?

e How does HEV persist despite a continuous interferon response?

e Which adaptive immune responses (humoral/cellular) are
required to prevent HEV persistence?

¢ What is the major immune mechanism underlying HEV-induced
liver damage?

e How long does protective immunity last following HEV infection?

e Screening and identification of T cell epitope viral escape:
identification of viral escape by T cells is essential for developing
strategies to overcome immune evasion and enhance the
effectiveness of T cell-based therapies.

e To what extent does the HEV host-derived envelope protect the
virus from neutralizing antibodies in vivo?

¢ |dentification of antibodies that neutralize HEV pan-genotypically
could serve as a potential future strategy for passive immunization.

65years fromtheJiangsu province of China**%. Data on immunogenicity

inhumans are not yet available. A phase Il study of the p179 vaccine is
currently ongoing??.

To date, routine use of an effective HEV vaccine has encountered
several difficult challenges®, including limited awareness about HEV
and its vaccine among regulators and policymakers, uncertainties
aboutvaccine supply, and alack ofinformation regarding permissible
flexibility indosing schedules and long-term effectiveness. Inaddition,
there is a pressing need to further evaluate the efficacy and safety of
existing HEV vaccines and vaccine candidates under development,
particularly in vulnerable groups at risk (such as pregnant women,
individuals under 16 years, and individuals immunocompromised
dueto HIV or medically induced immune suppression) and to achieve
WHO prequalification and licensing outside China and Pakistan. If a
commercially licensed vaccine for HEV becomes available worldwide,
understanding the precise HEV burdenin endemic areas, the potential
cross-protection of the vaccine against allgenotypes, and the possibil-
ity of its concomitant use with other vaccines would further assist in
developing avaccination policy®>**,

Conclusions

Collective evidence fromboth human and animal studies has outlined
anintricate balance ofimmune signalling events that control HEV infec-
tion.Immune dysfunction and inflammation seemto contribute to the
different clinical manifestations of hepatitis E, including self-limiting
acuteviral hepatitis and ALF. Elucidating the pathological mechanisms
thatresult fromadysregulatedimmune response, and how these relate
tothevirological characteristics (genotype, subtype, quasi-species) of
patients, willbeimportant to understand the different clinical manifes-
tations of HEV. For example, although the immune response in healthy
individuals usually clears HEV, virus exposure can eventually result in
acutehepatitisand cancarryforwardintoachronicinfectioninimmuno-
compromised patients. Withdrawal of immunosuppressive therapy
only results in viral clearance in approximately 30% of patients with
chronic hepatitis E. Thus far, the key factors of theimmune responses
required for successful HEV clearance and asymptomatic infection
remain only partially understood (Box 2). However, it has become
clear that cellular innate immunity alone does not provide adequate
defence against HEV as chronicinfection has frequently been reported
in patients in whom the adaptive immune system is impaired.

In contrast, T cell immunity is considered to be of paramount
importance in the resolution of enteric hepatitis virus infections but
has also been linked to liver injury in hepatitis virus infection®. This role
isalso clearly supported in the context of HEV, as patients with acute,
resolved HEV infection display robust and multi-specific CD4* and
CD8' T cellresponses, whereas narrow CD8* T cell responses have been
observed in patients with chronicinfection'*. Hence, the breadth of the
HEV-specific CD8" T cell response seems to be a crucial factor deter-
mining infection outcome. Similar to chronic HBV and HCV infections,
prolonged exposure to HEV antigens seems to result in the functional
exhaustion of CD8" T cells, rather than preventing the priming of HEV-
specific CD8' T cells® . The resulting moderate but sustained selec-
tion pressure seems to further favour the emergence of viral escape
mutations™, which so far have only been observed upontreatment with
ribavirin or the nucleotide analogue sofosbuvir®*=°. Hence, reduced
immunosuppression in combination with antiviral treatment should
bestarted earlyin cases of persistent HEV infection as currently recom-
mended by guidelines of the European Association for the Study of the
Liver™. Likewise, it remains to be determined whether there are similar
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phenotypic and functional differences within the innate immune cell
populations of patients with acute versus chronic HEV.

Concerning the humoral immune response, it is widely acknowl-
edged that neutralizing antibodies produced through either natural
infection or vaccination have a significant ability to confer apparent
protection against acute hepatitis. However, the extent to which anti-
bodies contribute to the resolution of an acute infection as well as the
frequency and circumstances under which antibody-mediated protec-
tion falters areyet to be conclusively ascertained. Efficient protective
and/or therapeutic vaccines would be particularly desirable for indi-
viduals atrisk such as pregnant women, immunosuppressed individu-
alsand patients with pre-existing chronicliver disease. Understanding
the mechanisms of divergent outcomes following HEV infection will
further elucidate how viralimmune modulation affects infection out-
come and the mechanisms by which HEV resists interferon-mediated
antiviral responses. Research to advance and build on these exciting
discoveries and developments will no doubt reveal the key factors of
immune responses required for successful HEV clearance. A deeper
understanding of the detailed components of an effective immune
response to HEV, both at the innate and adaptive levels, will be useful
to guide the development of effective and cross-genotype protective
vaccines and could further guide the development of individually
tailored HEV therapies. For example, therapeutic targeting ofimmune
mechanisms that contribute to HEV pathogenesis combined with
antiviral therapy might provide aviable optionfor treating severe HEV
infections. Finally, to advance our knowledge regarding the interplay
between HEV and theimmune system, more clinical dataand authentic
model systems are needed to adequately recapitulate and study the
molecular and medical features of clinical HEV isolates.

Published online: 22 July 2024
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