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Abstract

Purpose of Review Hepatitis E (HEV) is a continuing public health problem in developing countries, causing high mortality in
pregnant women. This article reviews the latest knowledge on HEV in pregnancy, the vaccine candidates that have reached
clinical trials, and their potential use during pregnancy.

Recent Findings New evidence suggests that a genotype-specific tropism to uteroplacental cells contributes to the multifactorial
pathology leading to the increased severity of HEV during pregnancy. Data from pregnant women inadvertently vaccinated are
limited but show similar rates of adverse events as non-pregnant women, and no evident harm to newborns. Protective anti-HEV
IgG antibodies are estimated to last longer after vaccination than natural infection. Accelerated vaccination appears safe and
provides protective antibodies similar to a normal dosing regimen.

Summary HEV239 is the most extensively studied vaccine and has been shown to be safe and effective, but more data are needed
to recommend use of this vaccine on a global basis. Further studies should focus on safety and efficacy in pregnant women, and
evaluate a shorter two-dose regime, which is highly warranted in outbreak situations.
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Introduction

Hepatitis E virus (HEV), the causative agent of hepatitis E
infection, circulates globally and at especially high rates in
developing countries, such as areas in Africa and Asia where
drinking water may frequently be contaminated.
Approximately 2 billion persons live in areas that are endemic
for HEV, and the World Health Organization (WHO)
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estimates that more than 20 million infections occur world-
wide annually, leading to 44,000 deaths [1]. The highest mor-
tality rate among persons infected with HEV has been record-
ed in pregnant women, with approximately 25% of acute
cases occurring in the third trimester having a fatal outcome.

The virus, discovered in 1983 by Balayan and co-workers,
is non-enveloped and has a single-stranded RNA genome of
approximately 7200 bases [2]. The HEV genome contains
three open reading frames (ORFs) coding for the nonstructural
proteins (ORF1), the capsid protein (ORF2), and a phospho-
protein (ORF3) functioning to facilitate viral release from the
host cell.

HEV is a member of the genus Orthohepevirus belonging
to the Hepeviridae family, and so far eight genotypes have
been characterized [3]. Among these, genotypes 1 and 2 are
restricted to human disease, and commonly cause large out-
breaks in developing countries, although some cases in indus-
trialized countries are related to recent travel to endemic areas.
Huge epidemics of hepatitis E genotype 1 have occurred in
South Asia for decades, mainly affecting individuals between
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the ages of 15 and 40 years [4]. Poor sanitation and lack of
safe water supply pose special challenges in conflict situations
and refugee camps. Genotypes 3 and 4 infect both humans and
a wide range of animals and have mainly caused sporadic
cases in industrialized areas in recent years. The remaining
genotypes 5—8 are more rarely detected and have mainly been
isolated from animals, although a few sporadic cases of geno-
type 7 have been reported in humans [5]. This review focuses
on genotypes 1 and 2, which are the most common etiologic
agents of severe acute hepatitis in pregnant women.

Among non-pregnant persons, hepatitis E disease is usually
mild and self-limiting. Seroepidemiological studies show that
antibodies to HEV can be found in all age groups worldwide,
as well as in individuals with no history of hepatitis, indicating
frequent asymptomatic infection [4]. However, hepatitis E in-
fection occurring in pregnancy carries a high risk of acute liver
failure (ALF), with the highest risk of fatality if it occurs in
mothers during the second or third trimester [4]. The risk of
HEYV infection for the fetus is also substantial, with high fetal
and neonatal mortality and morbidity rates [6°].

Hepatitis E Virus Pathology

HEV is primarily a hepatotropic virus, and most of the classi-
cal symptoms are associated with liver damage. The fact that
the virus is not cytotoxic, and that the clinical symptoms as
well as the increases in hepatic transaminase enzymes co-
occur with the rise of IgM rather than the virus load, suggests
an immune-mediated liver damage. The exact mechanism of
this injury is still unclear but seems to be a complex interplay
involving both Thl and Th2 immune responses, with natural
killer cells, type 1 IFN signaling pathways, and cytotoxic T
cells as important components [7, 8]. In order to successfully
multiply in humans, HEV has developed several methods of
immune eversion such as blocking different pathways of
NF-kB stimulation, leading to downregulated cellular immu-
nity and lymphocyte apoptosis [9, 10].

After an incubation period ranging from 2 to 10 weeks
following ingestion of the virus, liver disease develops due
to the hepatotropic HEV passing through the intestinal muco-
sa into the blood stream and reaching the portal circulation
where the virus infects hepatocytes [4]. Anti-HEV IgM is
normally present 1-2 weeks after HEV can be detected, and
anti-HEV IgG antibodies appear shortly thereafter [11]. IgG
increases in titer [12] and avidity [13] during the following
months. Anti-HEV antibodies are directed against antigens
produced by ORF2 in the viral genome. The T cell response
to HEV infection is poorly understood, but both CD4+ and
CD8+ cells targeting all ORFs are produced during an infec-
tion. Both cellular and humoral immunity are likely important
in both eliminating an HEV infection and protecting against
subsequent infections [8].
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The immune system changes during pregnancy in order to
protect the fetus. This may happen because pregnancy resem-
bles the state of transplantation with a modified immune sys-
tem to tolerate a fetus that is genetically different from the
pregnant host. Some of the important alternations that occur,
are the Th2 bias that results in a decreased cellular immunity
during pregnancy [14], and the pregnancy-related increases in
progesterone, estrogen, and human gonadotropin hormone
that suppresses NF-«kB [15]. Cytokines such as TGF-{3, inter-
leukin 4, and interleukin 10 secreted from the placenta and
trophoblast cells further inhibit cell-mediated immunity [5].
The combined alteration of the immune response by both
virus and pregnancy is likely an important factor in the in-
creased severity of HEV during pregnancy and is summarized
in Fig. 1.

High levels of pregnancy-related hormones might also con-
tribute to a more severe infection through a direct stimulating
effect on HEV proliferation [16]. The levels of both estrogen
and its receptor ESR23 are correlated with maternal mortality
in HEV infection during pregnancy [17].

Once inside the body, the virus can exist in a partially
enveloped stage without visible antigens, thereby hiding its
presence from opsonizing antibodies. Infected cells also shed
a large number of modulated ORF?2 particles to further hamper
antibody-induced neutralization of the virus [18]. This might be
especially problematic in pregnant women who have a reduced
cellular defense and thereby fewer alternatives to stop the virus.

HEV-1 was recently found to replicate more easily and to
elicit a stronger response than HEV-3 in decidual and placen-
tal tissues [19e, 20]. This can result in tissue alterations and
injuries that could cause dysfunction in the fetal-maternal in-
terface, resulting in vertical HEV transmission in utero and
increased systemic inflammation [19+]. Moreover, HEV-1
contains an extra open reading frame (ORF4) compared with
HEV-3, that is translated upon endoplasmic reticulum stress
[21] and could play a role in the genotype variation.

Several environmental factors might render pregnant wom-
en in low-income countries more susceptible to serious HEV
infections. Nutritional deficiencies such as lack of folic acid
and vitamin D, together with a high infectious disease burden,
can cause an immune dysregulation that increases the risk of
clinically significant HEV disease [5, 22]. A deficiency of
vitamins might also make it difficult for the mother’s system
to handle oxidative stress associated with both pregnancy and
HEV infection [23].

Clinical Manifestations of Hepatitis E

Globally, hepatitis E virus is one of the most frequent causes
of acute hepatitis [1]. Acute hepatitis E is generally self-limit-
ing, but can lead to fulminant hepatitis, ALF, and death. The
symptoms may be absent, non-specific, or follow a clinical
course similar to other causes of acute hepatitis [5]. A large
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Fig. 1 Proposed mechanisms of
HEV pathology in pregnant
women infected with genotype 1.
The figure shows how both the
virus and pregnancy modulate the
immune response, resulting in an
increased risk of liver failure and
maternal complications
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proportion of those infected with HEV develop only a mild
liver injury with anicteric hepatitis and with few or no symp-
toms [4]. Typically, in a symptomatic course of infection, the
symptoms last from 1 to 6 weeks. The initial phase is charac-
terized with mild fever, reduced appetite, nausea, and
vomiting. Other typical signs are jaundice with pale stool
and dark urine and a tender, slightly enlarged liver [24].

Signs of ALF may include reduced synthesis of proteins
from the liver and coagulation disorders, hepatic encephalop-
athy, cerebral edema, and other neurological complications
[4]. Acute hepatitis E infection caused by genotype 1 or 2
rarely (< 1%) progress to ALF [4]. ALF is also rare among
patients infected with genotypes 3 and 4 and occurs mostly in
persons with pre-existing liver disease [25]. Chronic infection
is known with genotypes 3 and 4, but close to non-existing
with genotypes 1 and 2 [4]. The mortality rate of HEV in the
general population is low (0.2 to 1%), but much higher in the
pregnant population [5].

The initial phase of HEV infection does not differ in
pregnant and non-pregnant women [5]. However, in preg-
nant women, the infection often progresses rapidly into a
more severe hepatitis and ALF, particularly in women in-
fected during the second or third trimester [6¢]. Pregnant
women with ALF may develop complications such as dis-
seminated intravascular coagulation, encephalopathy, post-
partum hemorrhage, and hepatic coma [5, 26], which can
lead to maternal death and fetal loss. The newborn can also
be affected, resulting in low birth weight, premature deliv-
ery, and, in between 25 and 56% of cases, stillbirth [5]. A
review by Berglov et al. from 2019 estimated the case
fatality rate (CFR) to be 26% among pregnant women with
confirmed HEV infection, with 33% fetal and 8% neonatal
mortality [6°]. The maternal mortality in this review may
however be an overestimate due to inclusion of only
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symptomatic women; better estimates could be gained
from a case-control study [6°].

The higher morbidity and mortality in pregnant women
suffering from HEV infection have mostly been reported
from countries dominated by genotype 1 [4, 5]. However,
in Egypt, a country with high seroprevalence of genotype
1, severe hepatitis E in pregnant women is rarely reported
and a recent study from China reported higher incidence
of adverse pregnancy outcome from genotype 4 infection
[27]. Further research is needed to understand this
discrepancy.

Transmission Routes

The main transmission route of HEV is fecal-oral, most com-
monly through fecal contamination of drinking water caused
by poor sanitation [1]. The virus can also be transmitted by
direct contact, vertically from mother to fetus, and through
blood transfusion. The vertical transmission route is of special
interest because of the possible link to premature births and
prenatal/neonatal mortality. The rate of vertical transmission
varies between 23.3 and 50% [28]. Further investigations are
needed to fully understand the contribution of vertically trans-
mitted HEV infection to fetal and neonatal morbidity and
mortality [29].

Treatment and Prevention

In non-pregnant persons, acute HEV is mainly a self-limiting
disease not requiring treatment. Ribavirin with or without in-
terferon can be used to assist viral clearance if necessary, but is
contraindicated during pregnancy [5]. In the case of HEV-
induced ALF, transplantation is a possible treatment [30];
however, this treatment is not available in most high endemic
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areas. Prevention of the disease is therefore considered the
most effective approach to control HEV [1].

Since many outbreaks occur in areas with poor sanitation,
providing safe drinking water and improving sanitation are
good strategies to limit transmission of the disease.
However, these interventions are resource demanding and
take time in low- and middle-income countries (LMIC), and
may not be sufficient to halt outbreaks. Other more specific
and effective measures are therefore needed.

A safe and effective vaccine could be used as a pre-emptive
approach. Vaccination against HEV could significantly reduce
morbidity, especially for vulnerable groups where the infec-
tion can be life-threatening, including pregnant women, im-
munosuppressed patients, or individuals with chronic liver
disease in both high- and low-income countries. Vaccination
could also serve to control outbreaks, since HEV outbreaks
may occur over longer periods as seen in refugee camps [31].

Hepatitis E Vaccine Development

Development of a vaccine against HEV began in 1998. Due to
a lack of an efficient HEV cell culture system [32], molecular
approaches have been employed to develop recombinant vac-
cines based on the ORF2 viral capsid protein [33]. Xing et al.
first demonstrated how the ORF2 peptide (pORF) could self-
assemble into a virus-like particle (VLP) presenting multiple
epitopes on the surface, displaying its potential as a vaccine
candidate [34]. Several vaccine candidates based on pORF2
have since gone through preclinical studies, as discussed in
the review by Cao et al. [33] and therefore not included in this
review. However, the few candidates in clinical trials are de-
scribed in more detail below.

Clinical Trials of HEV Vaccines

Only three HEV vaccine candidates have gone through clini-
cal trials so far (Fig. 1). The first vaccine was tHEV
(GlaxoSmithKline, Brentford, UK), which was a
baculovirus-expressed 56-kDa protein based on the 112—-607
part of ORF2 of a genotype 1 strain. After showing that this
vaccine candidate could protect non-human primates against
acute hepatitis after challenge with homologous and heterolo-
gous HEV genotypes [35], it proceeded to a phase I trial [36].
The trial results indicated that the vaccine was safe and immu-
nogenic in humans, and a phase II trial was further conducted
in Nepal, including 2000 healthy adults randomly assigned to
three doses of rHEV or placebo [37]. Despite the promising
results from this trial, which showed 95% efficacy and an
acceptable safety profile, it did not progress through further
clinical development partly due to limited commercial poten-
tial [38].

The second vaccine to advance through clinical trials
was the HEV239 (Hecolin®; Xiamen Innovax Biotech),
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which is an E. coli—expressed recombinant protein based
on the 368—-606 part of ORF2 of a genotype 1 strain of
HEV [39]. Animal studies showed that HEV239 was
highly immunogenic in rhesus macaques, with a similar
efficacy as the control vaccine rHEV [39]. A phase II
trial further demonstrated HEV239 to be safe and im-
munogenic for humans, with 100% seroconversion after
three doses of the vaccine [40]. In a large phase III
trial, including more than 100,000 healthy adults in
China, the vaccine was shown to be safe and highly
efficacious against HEV disease (100% after three doses
of vaccine, 95% CI 72.1-100). It was subsequently li-
censed in China in 2011 by the China’s State Food and
Drug Administration with the trade name Hecolin®, and
finally launched in 2012 [38]. Additionally, to demon-
strate the ability of commercial scale manufacturing of
HEV239, Zhang et al. showed that the antigen produc-
tion is robust and scalable [41], and that the prefilled
syringes are stable at 2-8 °C for 24 months [42].

In 2016, the WHO published their initial position paper on
hepatitis E vaccination, making recommendations on the use
of hepatitis E vaccine in a global context. This paper focused
primarily on the available evidence concerning the most
promising and only hepatitis E vaccine that was licensed
(HEV 239, Hecolin®) [43¢]. The WHO concluded that further
studies were needed for worldwide licensing, especially on
immunogenicity and protection in pregnant women, and safe-
ty data regarding maternal and fetal outcomes.

Since then, several studies have been initiated to evaluate
safety and efficacy in various risk groups, such as in HBsAg-
positive individuals showing positive results [44], in elderly
persons (> 65 years of age) (NCT02417597), and when co-
administered with a hepatitis B vaccine (NCT02584543).
Currently, two clinical trials evaluating HEV239 are ongoing:
a phase 1 safety study involving 25 males and non-pregnant
females aged 18-45 years situated within the USA
(NCT03827395), and a large phase IV study in Bangladesh
including ~ 20,000 females aged 16-39 years, evaluating the
protection of pregnant women (NCT02759991), the latter be-
ing discussed in more detail below. All these recent and on-
going studies will provide additional data on several of the
issues raised by the WHO and should aid this vaccine to even-
tually obtain a global licensure.

The most recent HEV vaccine candidate to enter clinical
trials is p179 (Changchun Institute of Biological Products Co.,
Ltd., Changchun, China), based on 439—617 part of ORF2 of a
genotype 4 strain expressed in E. coli [45]. In a phase I trial in
2017, Cao et al. demonstrated the p179 vaccine to be safe and
effective in healthy adults aged 1665 years, with a similar
seroconversion and geometric mean concentration as the con-
trol vaccine HEV239 [46]. Cao et al. reported in 2017 that a
phase II study was ongoing [46], but no results have been
published so far.
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Immunity

A universal HEV vaccine could protect against the four
HEV genotypes that cause infection in humans, as they
all derive from a single serotype [47]. This has been the
basis for the approach to obtain a vaccine suitable for
use in all of the affected areas worldwide so far.
However, some studies indicate that genotype-specific
vaccines respond differently to different genotypes [48,
49]. Therefore, vaccines should document their effect on
the different HEV genotypes.

Natural infection with one HEV genotype elicits cross-
protection against all genotypes of HEV, but the immunity
seems to be incomplete and of varying duration [11, 50].
The duration of anti-HEV IgG seems to vary widely depend-
ing on age, population, and genotype [11]. The number of
anti-HEV T cells starts to decline rapidly approximately 1 year
following infection, but HEV-specific memory T cells have
been detected many years after infection [51].

The persistence of protective anti-HEV IgG antibod-
ies is estimated to last longer following vaccination than
it does after natural infection, based on antibody titers
from the phase III clinical trial of HEV239. After 3
doses of HEV239, efficacy reached 93%, and it was
predicted that 99% of the vaccine recipients would re-
main seropositive for over 30 years, as opposed to nat-
ural infection, where a 50% seronegative conversion
rate would occur after 14.5 years [52¢].

Data from a smaller subset of participants who were part of
the rtHEV phase II vaccine trial showed that the vaccine had an
efficacy of 95% after three doses (at 0, 1, and 6 months).
However, after 720 days, only 56% of the participants had
detectable anti-rHEV IgG antibodies (defined as 20 WR
U/ml) [37]. The increased seroreversion rate could partially
be due to use of a detection method with lower sensitivity
[53]. However, HEV239 seemingly induces longer-lasting
immunity than the rtHEV vaccine and natural infection.

The development of cross-protective anti-HEV IgG anti-
bodies after vaccination with vaccines developed from specif-
ic genotypes (HEV239 and p179 derived from genotypes 1
and 4, respectively) has also been examined. Utilizing data
from a small clinical trial where 60 participants were vacci-
nated at 0, 1, and 6 months with either HEV239 or p179,
antibody responses to specific neutralizing epitopes were mea-
sured 1 month after the last vaccination to determine whether
genotype-specific epitopes exist. HEV239 induced slightly
stronger responses against genotype 1 and 2 antigens than
genotype 3 and 4, while p179 induced slightly stronger re-
sponses against genotype 3 and 4 antigens than genotype 1
and 2 [49]. These differences may not, however, have clinical
significance as HEV239 has already been shown to induce
cross-protective responses against genotype 4 in the large-
scale trial of HEV239 [52e, 54].

Vaccination to Protect Pregnant Women

Pregnant women are one of the groups expected to ben-
efit considerably from HEV vaccination due to their
high morbidity and mortality from the disease. As a
principle, no vaccine or other drug should be given to
a pregnant woman unless the benefit is clearly greater
than the potential risk of using drugs off-label. Since
some infectious diseases are significant causes of mater-
nal and neonatal morbidity and mortality, immunization
of pregnant women is recommended in certain circum-
stances when shown safe, in order to protect the mother
and her fetus or infant. For those newer vaccines, the-
oretical safety concerns may result in vaccination being
withheld from pregnant women in particular [55]. HEV
vaccine is, however, not yet evaluated for use in preg-
nant women. Currently there is one phase IV trial un-
derway in Bangladesh to evaluate the protection of
pregnant women who were immunized before pregnancy
with the HEV239 vaccine (NCT02759991). In this
study, the vaccine is administered to non-pregnant wom-
en of childbearing age who are followed up for a 2-year
period to monitor for symptoms and outcome of HEV
infection during pregnancy. The study aims to provide
important data on effectiveness during pregnancy, but it
will not address the question regarding safety of the
vaccine when given to pregnant women. At present,
no clinical trials are ongoing that specifically evaluate
hepatitis E vaccination in pregnant women. Nonetheless,
during the phase III trial of HEV239 in China [54], a
few women were inadvertently vaccinated during preg-
nancy (37 women in the HEV 239 vaccine group and
31 women in the control group) [56¢¢], and similar rates
of adverse events were observed in the pregnant women
as the matched non-pregnant women. Data from the
newborns (weights, body lengths, and gestational ages)
were also comparable, which suggests that the HEV 239
vaccine is well-tolerated in pregnant women. Such safe-
ty data may also arise from the ongoing phase IV study
in Bangladesh.

Conclusions

Hepatitis E virus poses a substantial risk for morbidity and
mortality for pregnant women and their infants in many low-
income countries. The reason for this increased risk is uncer-
tain, but alteration of the immune response from both virus
and pregnancy is likely an important factor [9]. A vaccine
against HEV which could be administered during pregnancy
is therefore highly warranted, particularly in endemic regions
or during large disease outbreak settings. The HEV239 vac-
cine is closest to global licensing, but there are limited data on
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maternal and fetal outcomes following the use of the vaccine
during pregnancy, and it is therefore not yet recommended for
pregnant women. However, the limited existing data are
promising with regard to safety during pregnancy, and more
data are likely to come when pregnant women are inadvertent-
ly vaccinated at early stages of pregnancy in ongoing or future
trials, or even during regular use of HEV239 in China.
Effectiveness data of HEV239-induced immunity in pregnant
women are also lacking and should become available through
the ongoing phase IV trial in Bangladesh.

Many argue that the benefits of HEV vaccination out-
weigh the risk of HEV disease among pregnant women
and their fetus/infants, due to the high rates of death in
this population. Outbreak reports call for vaccination of
pregnant women in certain high-risk settings, stating that
this could dramatically reduce number of deaths [57, 58].
This is supported by the recent modeling study by
Cooper et al. [59e¢] that demonstrates the considerable
benefit that may be achieved when including pregnant
women in preventive vaccination regimes in outbreak
settings. Furthermore, immunization of the mother is ex-
pected to result in passive protection of the infant by
transplacental transmission of specific HEV IgG antibod-
ies. The WHO recognizes that it might be necessary to
use the vaccine in outbreak settings in high-risk groups
such as pregnant women, even though they do not yet
recommend it for routine programs [1]. In such settings,
there is a need for an accelerated vaccination schedule in
order to control HEV, and three doses at 0, 7, and
21 days have been tested with promising results [60¢].
However, a two-dose regime should also be investigated
with regard to controlling outbreaks.

Although the vaccine is not yet recommended for routine
use during pregnancy, in outbreak settings it should be offered
to protect pregnant women and their fetuses against the poten-
tial detrimental effects of HEV infection. This should be done
in the context of a clinical trial to secure good quality data. As
soon as sufficient efficacy and safety data are available, a
prequalification by WHO should encourage implementation
of the vaccine in endemic areas as a preventative measure for
use in the general population or in high-risk groups.
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