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Following the introduction of robust serological and molecular tools, our understanding of the
epidemiology of zoonotic hepatitis E virus (HEV) has improved considerably in recent years.
Current thinking suggests that consumption of pork meat products is the key route of infection
in humans, but it is certainly not the only one. Other routes of infection include environmen-
tal spread, contaminated water, and via the human blood supply. The epidemiology of HEV
genotype (gt)3 and gt4 is complex, as there are several sources and routes of infection, and it is
likely that these vary between and within countries and over time.

lectron microscopic studies led to the discov-
Eery of hepatitis E virus (HEV) in 1983 (Ba-
layan et al. 1983) and the HEV genome was
characterized in the early 1990s (Reyes et al.
1990; Tam et al. 1991). From then until 2005,
HEV infections were considered to be endemic
only in developing countries in Asia, Africa, and
Central America, although HEV infections in
developed countries were believed to be ac-
quired while traveling in areas where epidemics
and sporadic cases occurred. This perception
was incorrect as was shown by the discovery of
a swine HEV strain (now classified in HEV ge-
notype [gt]3) that was closely related to human
HEV strains. The zoonotic potential of this virus
(Meng et al. 1997, 1998) was confirmed by re-

ports of sporadic cases of locally acquired HEV
in industrialized European countries and the
United States. These cases were linked to the
presence of large reservoirs of virus in animals
such as pigs (Mansuy et al. 2004; Amon et al.
2006; Dalton et al. 2008a; Lewis et al. 2008). The
availability of powerful serological and molecu-
lar tools within the last decade, plus large studies
on blood donors from several countries, has
greatly improved our understanding of the epi-
demiology and transmission of HEV in devel-
oped countries.

HEV is a small RNA virus with an icosahe-
dral capsid (see Kenney and Meng 2018). There
are two forms of infectious particles: the non-
enveloped and quasi-enveloped forms (Feng
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etal. 2014). The virions found in the feces (27 to
34 nm in diameter) have no envelope, although
the virions circulating in the blood are cloaked
in host cell membranes (50 to 110 nm in diam-
eter) (Takahashi et al. 2010; Yin et al. 2016;
Chapuy-Regaud et al. 2017). The HEV genome,
a single-stranded positive-sense RNA ~7.2 kb
long, consists of a short 5 noncoding region
that is capped with 7-methylguanosine, three
open reading frames (ORFs), ORF1, ORF2,
and ORF3, and a short 3’ noncoding region
that ends in a poly-(A) tail. ORF1 encodes a
nonstructural polyprotein with several func-
tional domains involved in HEV RNA replica-
tion. ORF2 encodes the viral capsid protein and
OREF3 encodes a small protein that is essential
for viral egress. HEV gt3 and HEV gt4 are clas-
sified within the Orthohepevirus A species, Or-
thohepevirus genus, Hepeviridae family (see
www.ictvonline.org/virustaxonomy). The Or-
thohepevirus A species includes seven genotypes
(HEV gtl to gt7) but only one serotype is rec-
ognized. Unlike HEV gtl and gt2, which are
obligate human pathogens circulating in devel-
oping countries, gt3 and gt4 have an animal
reservoir and infect humans in developed coun-
tries. HEV gt5, gt6, and gt7 viruses are known to

B Symptomatic —
infection,
undiagnosed
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infect animals such as wild boar and camels.
HEV gt7 was recently found to be responsible
for a severe infection in a person who had con-
sumed camel milk and meat (Lee et al. 2016).

VIROLOGICAL TOOLS FOR SCREENING,
DIAGNOSIS, AND EPIDEMIOLOGICAL
STUDIES

Most acute zoonotic HEV infections are asymp-
tomatic (Fig. 1), but any symptoms that do de-
velop are similar to those attributed to other
causes of hepatitis. Typically, an initial incuba-
tion period of 2 to 6 weeks precedes an increase
in serum alanine aminotransferase (ALT) activ-
ity. HEV infections can be diagnosed indirectly
by detecting anti-HEV antibodies in the serum,
or directly by detecting HEV RNA or capsid
antigen in the blood or other body fluids. The
immunoglobulin (Ig)M response is usually de-
tected around the time the ALT increases and
persists for 6-9 months. The IgG response is
frequently delayed; it peaks ~4 weeks later and
persists for several years although the exact du-
ration of this response remains uncertain. HEV
RNA becomes detectable in the blood and stools
during the incubation period and persists for ~4

<«— A Clinically
apparent

acute and chronic
hepatitis

Asymptomatic

infection

Figure 1. Symptomatic and asymptomatic hepatitis E virus (HEV). More than 90% of infections with HEV
genotype (gt)3 and gt4 are asymptomatic. Only a small minority of patients (mainly older males) develops
symptomatic hepatitis (A). Other patients are symptomatic, but currently not diagnosed (B). These include
patients who present with primarily a neurological illness. The numerical relationship between A and B is

unclear.
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weeks in the blood and for 6 weeks in the feces.
Capsid antigen persists in the blood for about
the same length of time.

Serology

Most commercial assays for detecting anti-
HEV IgM and IgG are microplate-based enzyme
immunoassays. Multiparametric automated in-
struments are also in development (Abravanel
et al. 2017a). Immunochromatographic tests
allowing simple, rapid diagnosis have also
been developed (Abravanel et al. 2015; Pisanic
et al. 2017). IgG and IgM immunoblot assays
are available, but their clinical relevance has not
been established, owing to their lack of sensi-
tivity (Schnegg et al. 2013; Cattoir et al. 2017).
Although antigens used in most HEV immu-
noassays are based on recombinant or synthetic
peptides based on ORF2/ORF3 from an HEV
gtl strain, several studies have shown that they
are reactive with antibodies in HEV gt3- and
gtd-infected individuals (Legrand-Abravanel
et al. 2009b; Pas et al. 2013; Schnegg et al.
2013).

The presence of anti-HEV IgM in the se-
rum is a key marker of an acute infection. Fol-
low-up studies of patients shown to have acute
hepatitis E by nucleic acid testing indicate that
anti-HEV IgM persists for more than 6 months
(Wen et al. 2015). Several studies using differ-
ent serum panels have compared the perfor-
mance of IgM assays (Drobeniuc et al. 2010;
Avellon et al. 2015; Norder et al. 2016; Vollmer
et al. 2016b). But it is difficult to compare their
findings because differences in assay perfor-
mance may be related to different versions of
the test used (Avellon et al. 2015). Five IgM
assays were compared using sera from immu-
nocompetent and immunocompromised indi-
viduals with a proven HEV infection (positive
HEV RNA) (Norder et al. 2016). Only 71% of
the results from all the assays were concordant.
There were also discrepancies when single sam-
ples from 10 seroconversion panels were as-
sayed (Vollmer et al. 2016b). Abravanel et al.
showed that the IgM assays frequently used in
Europe are extremely specific (>99.5%); their
sensitivities were 98% for immunocompetent

Epidemiology of HEV Genotype 3 and 4 Infections

patients and 85%-87% for immunocompro-
mised patients with a validated polymerase
chain reaction (PCR) assay as reference (Abra-
vanel et al. 2013). A study on 10 blood donors
with clinically asymptomatic HEV gt3 infec-
tions found that the mean time before HEV-
specific antibodies could be detected was 31
days for both IgM and IgA, and these subjects
remained seropositive for 69 days (IgM) and 80
days (IgA) (Vollmer et al. 2016a). Studies on 15
Japanese patients with acute symptomatic hep-
atitis E found that both anti-HEV IgM and
anti-HEV IgA were detected at about the
same time as in asymptomatic cases, but they
remained detectable for much longer, until the
end of the observation period (Takahashi et al.
2005). Although most commercial assays used
to diagnose acute HEV infections are IgM as-
says, IgA assays are used in Japan in this set-
ting.

The presence of anti-HEV IgG alone indi-
cates a past infection. The limits of detection of
commercial anti-HEV IgG assays vary from
0.25 WHO units/mL to 2.5 WHO units/mL
(World Health Organization [WHO] reference
reagent established in 2002; National Institute
for Biological Standards and Control Code 95/
484). As expected, comparative evaluations of
IgG assays have shown a wide variation in assay
sensitivity and specificity (Avellon et al. 2015;
Norder et al. 2016; Vollmer et al. 2016b). This
makes it difficult to interpret published studies
on anti-HEV IgG seroprevalence. The use of
more sensitive IgG assays has led to threefold
to fourfold increases in the estimates of sero-
prevalence (Bendall et al. 2008, 2010; Mansuy
etal. 2011; Wenzel et al. 2013). A meta-analysis
of studies performed in Europe found that the
seroprevalence depended primarily on the IgG
assay used (Hartl et al. 2016a). However, a
clearer picture of HEV epidemiology in indus-
trialized countries was obtained using a single,
specific, sensitive assay (detection limit: 0.25
WHO units/mL) to test large populations of
blood donors from different geographical areas
(Kamar et al. 2014a).

The level of anti-HEV IgG that prevents in-
fection could be defined by determining the se-
rum anti-HEV IgG concentration. A vaccine
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study suggested that an antibody concentration
of 2.5 WHO unit/mL provided protection
(Shrestha et al. 2007), but there have been re-
ports of reinfections of immunocompromised
patients with higher antibody concentrations
(up to 7 WHO unit/mL) (Abravanel et al.
2014). Others have also observed the reinfection
of immunocompetent individuals (Servant-
Delmas et al. 2016; Schemmerer et al. 2017).

Viral RNA Detection, Quantification, and
Characterization

Immunocompromised patients should be tested
for HEV RNA because their immune response is
impaired, and a negative IgM test does not ex-
clude an HEV infection. In addition, a chronic
HEV infection is defined by the persistence of
HEV RNA for at least 3 months (Kamar et al.
2013). HEV RNA can be detected in the blood,
stools, and other body compartments using nu-
cleic acid amplification technologies with prim-
ers targeting regions of the genome that are
conserved between HEV genotypes and sub-
genotypes. The assays must all be validated us-
ing the WHO international standard for HEV
RNA (Baylis et al. 2013). The limit of detection
of current assays is 7 to 80 IU/mL. Most “home-
brew” and commercial assays are based on
real-time PCR and target ORF3 (Abravanel
et al. 2012, 2013). Fully automated platforms
based on real-time PCR or transcription-medi-
ated amplification (TMA) assays are now avail-
able for high-throughput qualitative testing
(Sauleda et al. 2015; Gallian et al. 2017). Con-
versely, small systems based on loop-mediated
isothermal amplification (LAMP) assays pro-
vide a rapid one-step, single-tube amplification
of HEV RNA (Lan et al. 2009).

HEV RNA should also be quantified for
pathophysiological studies and for monitoring
the HEV virus loads of chronically infected pa-
tients on antiviral therapy (Kamar et al. 2010,
2014b). HEV RNA is usually quantified by real-
time PCR assays and a standard curve generated
with plasmids or transcripts. The results ob-
tained with different techniques can vary widely
(Baylis et al. 2011), highlighting the need for
rigorous validation. A newly developed method

for quantifying HEV RNA based on reverse
transcription droplet digital PCR (RT-ddPCR)
was found to perform very well for several dif-
ferent HEV genotypes (Nicot et al. 2016). This
method, which does not require a standard
curve and reports absolute quantities of HEV
RNA, is clearly a promising tool for standardiz-
ing HEV RNA assays of blood, food products,
and water samples.

HEV RNA sequence data are also useful for
molecular epidemiology studies and for tracing
the source of an individual’s infection or identi-
tying the mutations in the polymerase of the vi-
rus infecting a patient for whom ribavirin ther-
apy has failed (Debing et al. 2014, 2016; Lhomme
et al. 2015). HEV genotypes and subgenotypes
can be determined by sequencing different re-
gions of the HEV genome such as ORF2 or the
ORF1 polymerase (RdRp) region (Legrand-
Abravanel et al. 2009a). A set of reference se-
quences based on complete genomes was recent-
ly proposed (Smith et al. 2016). Next-generation
sequencing technologies can interrogate the en-
tire genome of virus strains, as well as describe
the spectrum of variants in a particular host.

Antigen Detection

HEV infections can be diagnosed using a com-
mercial immunoassay to detect the HEV capsid
antigen in blood (Zhao et al. 2015; Behrendt
et al. 2016; Geng et al. 2016; Tremeaux et al.
2016). Circulating HEV capsid antigen consists
of secreted glycoproteins that are not associated
with infectious particles. Although less sensitive
than nucleic acid testing for detecting an infec-
tion, HEV capsid antigen assays perform well
and are technically simpler and less expensive
than nucleic acid assays (Tremeaux et al. 2016).
Capsid antigen concentration could be used to
differentiate between acute and chronic infec-
tions in acutely infected immunocompromised
patients (Behrendt et al. 2016).

TRANSMISSION OF HEV GENOTYPES
3 AND 4

HEV gt3 and gt4 are mainly transmitted to hu-
mans enterically from an animal reservoir con-
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Figure 2. Sources and routes of infection of zoonotic hepatitis E virus (HEV).

sisting primarily of infected pigs, wild boar,
deer, and rabbits. This zoonosis can be food-
borne, waterborne, or transmitted by direct con-
tact with infected animals. Parenteral transmis-
sion is also increasingly recognized; it is by
nature iatrogenic (Fig. 2). Only rarely are HEV
gt3 and gt4 transmitted via other routes.

Enteric Foodborne Transmission

The consumption of uncooked or undercooked
infected pork or game is probably the major
route by which humans become infected with
HEV gt3 or gt4. Several studies in different
countries (Japan, Spain, France) have used ge-
netic analysis to obtain direct evidence of zoo-
notic transmission; they found the same virus
strain in the infected subjects and in the remains
of animal products they had consumed (Tei et al.
2003; Li et al. 2005; Renou et al. 2014; Riveiro-
Barciela et al. 2015). Additional evidence came

from studies linking sporadic cases or small out-
breaks of HEV with the consumption of raw or
undercooked pork or wild boar products (Ta-
mada et al. 2004; Colson et al. 2010; Guillois
et al. 2016). Dietary habits are also a risk factor
for autochthonous HEV infection and HEV se-
roprevalence. In Germany, the consumption of
wild boar meat and offal has been associated
with HEV infection (Wichmann et al. 2008).
Similarly, in France, eating pork meat, pork liver
sausages, game meat, and offal have been asso-
ciated with HEV seroprevalence (Mansuy et al.
2016). Both HEV gt3 and gt4 RNA have been
detected throughout the pork food chain world-
wide; studies using cell systems and the experi-
mental inoculation of pigs have revealed infec-
tious virus (Doceul et al. 2016). Most recently, in
a study of Dutch blood donors, meat eaters had
a significantly higher seroprevalence (20.5%)
compared with vegetarians (12.4%; Slot et al.
2017). HEV shed by infected animals, either
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wild or involved in agricultural practices, can
contaminate watercourses, leading to the accu-
mulation of HEV in fruit, vegetables, and shell-
fish (Doceul et al. 2016). HEV RNA has been
detected on red fruit, strawberries, salad vegeta-
bles, and spices, and even in oysters and mussels
(Doceul et al. 2016). Clearly, foods other than
animal products are possible sources of food-
borne transmission; there was an outbreak of
HEV on a cruise ship after consumption of con-
taminated mussels (Said et al. 2009).

Waterborne Transmission

HEV gt3 and gt4 RNAs have been detected in
untreated wastewater, pig manure slurry storage
facilities, and river water worldwide (Kasorn-
dorkbua et al. 2005; McCreary et al. 2008; La
Rosa et al. 2010). Monitoring human enteric
viruses in wastewater in France revealed the
presence of the major HEV gt3 subtypes circu-
lating in the community (Bisseux et al. 2018).
Experimental inoculations of pigs showed that
the virus in these aqueous environments was
infectious (Kasorndorkbua et al. 2005). A recent
meta-analysis found that environmental expo-
sure is an independent risk factor predicting
HEV seropositivity (Hartl et al. 2016b). A sero-
prevalence study performed in France found
that consuming infected meat accounted for
only 8.6% of the observed variability in anti-
HEV IgG, although drinking bottled water was
associated with a lower risk of HEV exposure
(Mansuy et al. 2016). Another study that fo-
cused on the southwest of France also suggested
that waterborne transmission could explain lo-
cal differences in seroprevalence (Mansuy et al.
2015), and reports from the United Kingdom
suggest that cases of hepatitis E cluster around
the coast (Hunter et al. 2016). A recent study
from China described a tap water-mediated
HEV gt4 outbreak in a nursing home (Chen
et al. 2016).

Direct Contact with Infected Animals

There have been at least two cases in France in
which HEV transmission from an infected ani-
mal was supported by molecular evidence, one

caused by frequent contact with a pet pig (Re-
nou et al. 2007) and the other during surgical
training with a pig (Colson et al. 2007). In addi-
tion, IgG is more seroprevalent in French,
Dutch, and Swedish workers and veterinarians
who work with pigs, as well as among French
hunters and forestry workers in France and Ger-
many (Doceul et al. 2016).

Parental, Transfusion-Transmitted HEV

Transmission of HEV by transfusion has been
reported in Japan (HEV gt3 and gt4) (Matsu-
bayashi et al. 2004, 2008; Tamura et al. 2007;
Satake et al. 2017) and in several European
countries (HEV gt3), including France (Haim-
Boukobza et al. 2012; Coilly et al. 2013; Hauser
etal. 2014; Mallet et al. 2016a), the United King-
dom (Boxall et al. 2006; Hewitt et al. 2014),
Germany (Huzly et al. 2014), and Spain (Ri-
veiro-Barciela et al. 2017). Most cases of trans-
fusion-transmitted HEV infection are asymp-
tomatic, as are cases of enteric transmission
(Hewitt et al. 2014; Satake et al. 2017). The
main risk for immunocompromised patients,
the largest group of transfusion recipients, is
the persistence of an HEV gt3 or gt4 infection
leading to chronic hepatitis, rapidly progressing
fibrosis, and cirrhosis.

The prevalence of antibodies to HEV and
frequency of HEV viremia in blood donors in
industrialized countries have turned out to be
higher than expected, indicating that zoonotic
HEV infections are very common in the general
population. Three levels of endemicity were
identified using a sensitive, validated IgG assay:
low (anti-HEV IgG < 10%), intermediate (anti-
HEV IgG 10%-20%), and high (anti-HEV IgG
>20%) (Petrik et al. 2016). The IgG seropreva-
lence is 22.4% in France (Mansuy et al. 2016),
27% in the Netherlands (Slot et al. 2013), 29.5%
in Germany (Vollmer et al. 2012), and 32.6% in
China (Guo et al. 2010). As expected, HEV vi-
remia is more frequently detected by nucleic
acid testing in countries where the seropreva-
lence of IgG is higher (1:600-1:2671) than in
other countries (Table 1). Estimates of the prev-
alence of HEV viremia within a country may
differ depending on the nucleic acid testing

6 Cite this article as Cold Spring Harb Perspect Med 2018;8:a032144
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Table 1. Hepatitis E virus (HEV) seroprevalence and viremia in blood donors in developed countries

HEV immunoglobulin

Country G (IgG) seroprevalence HEV RNA positive References
Highly endemic countries
The Netherlands 27.0% 1:2671 Slot et al. 2013
1:600 Zaaijer 2015
France 22.4% Mansuy et al. 2016
1:2218 Gallian et al. 2014
1:744 Gallian et al. 2017
Germany 29.5% 1:1200 Vollmer et al. 2012
China 32.6% 1:1493 Guo et al. 2010
Low/intermediate endemic countries
England 12.2% 1:2848 Hewitt et al. 2014
16% 1:7000 Tjaz et al. 2012
12% Beale 2011
Scotland 4.7% 1:14520 Cleland et al. 2013
Ireland 5.3% 1:5000 O’Riordan et al. 2016
Denmark 1:2330 Harritshoj 2016
Sweden 1:7986 Baylis et al. 2012
Austria 13.5% 1:8416 Fischer et al. 2015
Spain 19.9% 1:3333 Sauleda et al. 2015
United States 16% - Xu et al. 2013
1:9500 Stramer et al. 2016
Australia 6% - Shrestha et al. 2014
1:14799 Shrestha et al. 2016a;
1:74131 Hoad et al. 2017
New Zealand 4% Dalton et al. 2007
Fiji 2% Halliday et al. 2014
Japan 1:8173 Minagi et al. 2016
1:15075

strategy used (limit of detection for molecular
techniques, testing individual or pooled sam-
ples, pool size). HEV viremia was initially esti-
mated to be present in 1 of 2218 French blood
plasma donations when tested in pools of 96

samples (Gallian et al. 2014), but more recent
tests of individual units indicate that it is 1/744
(Gallian et al. 2017). This high frequency of
HEYV viremia is in line with the IgM anti-HEV
seroprevalence in France (1%) (Mansuy et al.
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2016), considering that HEV viremia persists for
~8 weeks, which is shorter than the persistence
of IgM after an acute HEV infection.

HEV can be transmitted by transfusion of
red blood cells, platelets, platelet preparations,
pooled granulocytes, and fresh frozen plasma
(solvent-detergent-treated, amotosalen-treated,
and secured by quarantine). However, there
have been no reports of HEV transmission in
plasma-derived products.

A 2012-2013 retrospective study screened
225,000 English blood donors for HEV RNA
(mini-pools of 24 donations). Follow-up of 43
recipients given infected blood components in-
dicated that 18 (42%) had had an HEV infection
(Hewitt et al. 2014). A high virus load in the
donation rendered infection more likely. The
risk of transmission was also influenced by the
volume of plasma transfused in the final blood
component. Subsequent analyses showed that
the lowest infective dose of virus was 2 x 10*
IU, and that 55% of the components containing
this dose transmitted an infection (Tedder et al.
2017). Another analysis of 19 Japanese cases of
transfusion-transmitted HEV infection found
that the minimum infectious dose was 3.6 x
10* IU and that the rate of infection was 50%
(Satake et al. 2017). Other published data
suggest that the lowest infectious dose that
transmits HEV infection is 7.1 x 10° IU (Huzly
et al. 2014).

The presence of specific antibodies in the
donor or the recipient may also influence the
risk of transmission. Although the U.K. study
reported that the absence of detectable antibod-
ies in the donor made infection more likely
(Hewitt et al. 2014), statistical analysis and a
subsequent report indicated that the propor-
tions of seropositive donors in the transmitting
(4/18) and nontransmitting (8/25) groups were
similar (Tedder et al. 2017). The U.K. study did
not evaluate the influence of specific antibodies
in the recipient (Hewitt et al. 2014). Both im-
munocompromised and immunocompetent
patients have been reinfected (Abravanel et al.
2014; Servant-Delmas et al. 2016; Schemmerer
et al. 2017). Experimental studies showed that
the neutralizing capacity of specific antibodies
directed against the HEV capsid protein is in-

hibited because the HEV circulating in the
blood is associated with lipids (Chapuy-Regaud
et al. 2017).

A transfusion recipient is also subject to di-
etary and environmental risks. Estimates based
on the U.K. population, where the annual sero-
conversion rate is 0.2%, indicate that the trans-
fusion risk of infection only exceeds the annual
dietary risk when >13 individual donor compo-
nents are transfused (Tedder et al. 2017). Allo-
graft stem cell recipients who may be exposed to
blood components from many different donors
could be most likely to acquire an infection. But
the risks from dietary and environmental expo-
sure far exceed that of transfusion for many re-
cipients. A French study found that only 3/60
(5%) of HEV-infected transplant recipients had
been infected by transfusion-transmitted virus
(Lhomme et al. 2017).

Solid Organ Transplants and Progenitor
Stem Cells

HEV can also be transmitted during liver trans-
plantation. In one case study (Schlosser et al.
2012), a recipient of an HEV-infected liver
from a donor with occult HEV infection rapidly
developed graft cirrhosis and died from decom-
pensated liver disease. HEV infections were also
transmitted via renal grafts given to two recipi-
ents (Pourbaix et al. 2017). Last, hematopoietic
stem cell (HSC) donors have been shown to har-
bor HEV infections (Koenecke et al. 2014;
Frange et al. 2015; O’Donghaile et al. 2017),
although no case of HSC transplantation-related
HEV transmission has been reported to date.

Other Modes of Transmission

Person-to-person transmission of an HEV in-
fection seems to be rare. However, this may have
occurred for HEV gtl during an outbreak in
Uganda (Teshale et al. 2010). There was also
an initial small outbreak on a French island
caused by the guests at a wedding all eating con-
taminated grilled pig meat; subsequent investi-
gation showed an association between the num-
ber of hepatitis E cases in the community and
the concentration of HEV gt3 detected in sewage
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(Miura et al. 2016). A study of HEV infection in
French HIV-infected patients found no evi-
dence that HEV is transmitted sexually (Abra-
vanel et al. 2017b).

Nosocomial Transmission

Excluding transfusion and solid organ trans-
plantation, nosocomial transmission of HEV in-
fection is unusual. However, molecular studies
have provided evidence of this rare event in a
hematology ward in France (Mansuy et al.
2009). The index case became infected after
coming in contact with an undiagnosed, chron-
ically infected patient treated in the same unit.

Mother-to-Child Transmission

Although HEV gtl infection during pregnancy
is associated with a severe maternal clinical out-
come and can be transmitted to the fetus and
infant, pregnant women infected with HEV gt3
and gt4 do not suffer these complications (An-
dersson et al. 2008; Anty et al. 2012; Tabatabai
et al. 2014). The mechanistic aspects of this ge-
notype-specific pathogenicity and mother-to-
child transmission are unknown.

GEOGRAPHICAL DIFFERENCES IN THE
PREVALENCE OF HEV gt3 AND gt4

Europe

Our understanding of the worldwide epidemi-
ology of HEV gt3 and gt4 is incomplete, but is
best documented in Western Europe. Human
cases are nearly all caused by HEV gt3 (Dalton
et al. 2008a; Kamar et al. 2012, 2014a), but there
have been occasional sporadic cases as well as
small clusters caused by HEV gt4 (Bouamra
et al. 2014). The reason HEV gt4 occasionally
pops up in humans is uncertain, as previously
HEV gt4 was found almost exclusively in China
and Japan (Kamar et al. 2014a).

As more accurate diagnostic tools have be-
come available to assess current and distant in-
fection, it is clear that many of the early epide-
miological studies of locally acquired infection
were flawed (Bendall et al. 2008, 2010). The rea-
son for this is the very poor sensitivity of IgG

Epidemiology of HEV Genotype 3 and 4 Infections

anti-HEV assays for detecting infection in the
distant past. As validated assays have become
available that accurately assess distant infection,
a clearer picture has started to emerge. A good
example of this comes from studies in the Neth-
erlands. In the early 1990s, the seroprevalence of
HEV in the Netherlands was estimated to be
1.1% (Zaaijer et al. 1992). However, a more re-
cent study using a sensitive IgG anti-HEV assay
showed the seroprevalence to be 27% in 2011
(Slot et al. 2013), and when archived specimens
were reexamined with the same assay the sero-
prevalence was found to be 46.6% in 1988 (Ho-
gema et al. 2014).

The seroprevalence and incidence of locally
acquired hepatitis E in Europe varies between
and within countries and over time. Recent se-
roprevalence estimates for various European
countries are shown in Table 1, and they range
from 4.7% in Scotland (Cleland et al. 2013) to
29.5% in Germany (Wenzel et al. 2013). Like-
wise, incidence estimates vary considerably and,
in general terms, countries with high seropreva-
lence have higher incidence estimates. A good
example of this is the Netherlands where the
seroprevalence is 27% and the incidence is
1.1% per person-year (Slot et al. 2013). The se-
roprevalence and incidence is also high in
France (22.4% and 1%, respectively) (Mansuy
et al. 2016). However, human infection with
HEV is not uniformly geographically distribu-
ted in France. The region with the highest rates
of past and present HEV infections in humans
is Ariege in southwestern France with an inci-
dence of 4.6% and seroprevalence of 82%. In
contrast, an area called Haute Loire, situated
only 250 km to the north of Ariege, has an in-
cidence of 0.4% and seroprevalence of 8%. The
reason for this 10-fold difference in past and
present circulating HEV in these two adjacent
regions is unknown. High seroprevalence and
incidence of HEV in humans has also been
found in southeastern France, including Corsi-
ca. These areas have such a high incidence of
human HEV infection that they can be consid-
ered hyperendemic (Mansuy et al. 2016).

During the last few decades, seroprevalence
in England and Denmark has declined, with a
large cohort of the population being infected 40
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or 50 years ago (Holm et al. 2015). However, in
the last few years, many countries in Europe
have seen very significant increases in laborato-
ry-confirmed cases of HEV infection (Adlhoch
et al. 2016), which in several countries is far
more common than infection with hepatitis A
virus (HAV) (Dalton et al. 2008b; Adlhoch et al.
2016). Much of this increase in reported human
cases of HEV infection is likely the result of
improved case ascertainment, as clinicians be-
come more aware of HEV as a diagnostic possi-
bility. However, there appears to have been a
true increase in circulating HEV in humans in
some countries, including the Netherlands
(Zaaijer 2015), France (Mansuy et al. 2016), En-
gland (Hewitt et al. 2014), and Scotland (Thom
et al. 2018).

In Scotland, the number of viremic blood
donors has recently increased from 1:14,500 to
1:2481 and this has been accompanied by an
increase in seroprevalence from 4.5% to 9.3%
(Thom et al. 2018). Associated with this increase
in incidence, the origin of human HEV infec-
tions appears to have changed in the United
Kingdom. Previously, HEV strains documented
in humans had close nucleotide sequence ho-
mology with HEV found in U.K. pigs (HEV
gt3e), but such strains now bear very close se-
quence homology with HEV found in pigs in
continental Europe (Ijaz et al. 2014). This im-
plies there has been a recent significant change
in the amount of HEV contamination of the
human food chain originating in continental
Europe. The precise origin of the increase in
HEYV infections in humans in the United King-
dom is uncertain. Case-control data suggest that
the increase may relate to infected pork meat
products from a single U.K. supermarket. This
includes products that require cooking such as
sausages, but also ready-to-eat items such as
processed ham and pork pies (Said et al. 2017).

Recently, concern has been raised about the
virological safety of porcine blood products used
in both human and animal food. Pig blood is
taken at the time of slaughter and made into
various products in liquid or powder forms, in-
cluding whole blood, plasma, hemoglobin, and
fibrinogen. A study from the Netherlands has
shown that these products contain HEV RNA

(Boxman et al. 2017). This is of considerable
concern, as such products are used in many
food products in the human food chain as
meat “fillers” and “glues,” including in ready-
to-eat items. In addition, pig blood products
are increasingly marketed in Europe as growth
promoters in animal (including pig) feed, fol-
lowing a European Union ban on antibiotics as
growth promotors in animal feed (see www.
europa.eu/rapid/press-release_IP-05-1687_en.
htm). By industry estimates, 250 million pigs
were given feed containing pig blood products
in 2010 (see www.thepigsite.com/articles/3243/
fifth-quarter-value-of-pigs-blood). The impor-
tation to Europe of similar pig blood products
from China is a possible explanation for occa-
sional cases of HEV gt4 infection in humans in
Europe. However, there are a number of ques-
tions that remain unanswered regarding such
use of pig blood products, not the least of which
is the issue of whether the HEV they contain is
infectious to humans. This requires urgent in-
vestigation.

In recent years, it has become apparent that
there are “hot spots” of HEV infection in Eu-
rope. This includes southwest France where the
incidence of infection is 3%-4% (Mansuy et al.
2016); the Netherlands, where one of 600 blood
donors was viremic in 2014 (Zaaijer 2015); Scot-
land, where one in 2481 donors was viremic in
2016-2017 (Thom et al. 2018); the Czech Re-
public, with 400 laboratory-confirmed infec-
tions in 2015 (Adlhoch et al. 2016); Abruzzo,
central Italy, where the seroprevalence is 49%
(Lucarelli et al. 2016); and western/central Po-
land, where the seroprevalence is 50% (Bura
et al. 2017) and one of 1033 donors viremic
(Gdowska et al. 2016). There may well be other
areas, as yet unidentified, with high levels of
circulating virus.

North America

The epidemiology of HEV in North America is
detailed elsewhere (see Hofmeister et al. 2018).
However, two points deserve a brief mention.
The epidemiology of HEV gt3 and gt4 is poorly
understood in this geographical context. One
important reason for this is the lack of human
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diagnostics approved by the U.S. Food and Drug
Administration (FDA). This almost certainly
has hampered our understanding of the epide-
miology of zoonotic HEV on the continent. It
also needs to be recognized that the continent of
North America is vast. Data from Europe shows
very considerable differences in circulating zoo-
notic HEV within small, discrete, and fairly ad-
jacent areas. Thus, when additional epidemio-
logical data do emerge from North America, this
needs to be borne in mind.

Latin America

There have been quite a few epidemiological
studies from South America in recent years. Col-
lectively, these data show that the seroprevalence
is higher than was previously thought to be the
case. In addition, HEV gt3 has been found in
local pig populations and humans. HEV gtl in-
fection is very uncommon (Passos-Castilho
et al. 2015; de Oliveira-Filho et al. 2017). The
epidemiology of HEV in Latin America appears
to bear close similarity to that found in devel-
oped countries such as Europe. The reasons why
this should be the case are uncertain.

Africa

HEV gtl and gt2 are known to be endemic in
regions of sub-Saharan Africa (see Nelson et al.
2018). However, there is a paucity of data re-
garding HEV gt3 and gt4 in Africa, although
HEV gt3 has been found in pigs in various lo-
cations. A recent study from South Africa
showed that HEV gt3 is circulating in humans,
and that consumption of pig meat was a risk
factor for anti-HEV seropositivity (Madden
et al. 2016).

Pacific Region

The anti-HEV seroprevalence in the Pacific Is-
lands has been incompletely studied. The sero-
prevalence ranges from 2% in Fiji, 8.8% in Kiri-
bati, to 15.2% in Papua New Guinea (Halliday
etal. 2014). In the latter location, seroprevalence
did not map uniformly, and was higher in the
Highland areas. This might be explained by zoo-

Epidemiology of HEV Genotype 3 and 4 Infections

notic exposure caused by the higher number of
household pigs in this area. Cases of locally ac-
quired HEV gt3 have been shown in both New
Zealand and Australia, and HEV gt3 found in
local pig populations (Garkavenko et al. 2001;
Dalton et al. 2007). In Sydney, Australia, there
was a recent outbreak caused by HEV gt3 cen-
tered on a restaurant, most likely from a com-
mon liver pate food source (Yapa et al. 2016).
However, compared with Europe, the number
of viremic donors in Australia is low (1:14799
[Shrestha et al. 2016a] to 1:7413 [Hoad et al.
2017]). Although there currently appears to
be relatively small amounts of circulating zoo-
notic HEV in Australia and New Zealand in
humans, both countries are importing increas-
ing amounts of pork meat and products from
Europe (R Madden, pers. comm.), and so the
situation warrants continued review.

Asia

In Japan, HEV gt3 and gt4 cocirculate in pigs
and deer with infections occurring in humans.
The epidemiology of HEV is thus very similar to
that seen in Europe. Very recent data show that
recent human infections in Japan were caused
by HEV gt3 subtype f (gt3f); molecular epide-
miological studies suggested that these strains
originated in Europe, presumably arriving via
infected imported pork meat products (Nakano
et al. 2017).

China was previously considered hyperen-
demic for HEV gtl, and was the site of the big-
gest outbreak in human history in the late 1980s,
with ~120,000 cases. However, during recent
years, HEV gt4 appears to be the predominant
circulating genotype in humans, and is also
found in local pig populations. The reason for
the shift from HEV gtl to gt4 is unknown, but
seems most prominent in Eastern China (Ka-
mar et al. 2012). It is plausible that this might
be accounted for by the improved sanitary in-
frastructure, which has asserted a negative eco-
logical pressure on HEV gtl. In China, acute
HEYV infection is more common than HAV in-
fection (Ren et al. 2017).

In Thailand, HEV gt3 has been found in
pigs, in pork products in the human food chain
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(Intharasongkroh et al. 2017), and in 4.8% of
613 cases of acute hepatitis (Siripanyaphinyo
et al. 2014). Consumption of pig organs has
been found to be a risk factor for HEV exposure
(Hinjoy et al. 2013). In addition, the seropreva-
lence is significantly higher in the predominant-
ly Buddhist area of central Thailand (37.3%)
compared with the south of the country
(8.9%), which is mainly Muslim (Sa-nguanmoo
et al. 2015). Taken together, these data indicate
that in Thailand the epidemiology of HEV is
predominantly zoonotic. In Nepal, there are fre-
quent outbreaks of hepatitis E caused by gt1, but
recent data show that anti-HEV IgM and IgG
seropositivity are associated with pork con-
sumption (Shrestha et al. 2016b). The issue of
cocirculating genotypes in developing countries
requires further study.

PREVENTION OF HEV GENOTYPE 3 AND 4
INFECTIONS

The importance of an HEV infection as a cause
of acute hepatitis and extrahepatic manifesta-
tions in high-income countries has not yet
been fully recognized. The recent availability of
powerful virological tools has brought about a
massive change in our understanding of HEV
epidemiology, including zoonotic transmission,
its endemic nature in many industrialized coun-
tries, and the risk of transfusion-transmitted in-
fection. Improved surveillance systems for mon-
itoring human health, animal reservoirs, and the
environment are needed to prevent and control
this infection. The surveillance strategies and
algorithms used in Europe vary greatly (Adl-
hoch et al. 2016; Aspinall et al. 2017) and are
nonexistent in many industrialized countries.
The wider use of metagenomics and next-gen-
eration sequencing should help to better define
the animal reservoir and the risk of waterborne
transmission.

Prevention of Foodborne and Waterborne
Transmission

HEV gt3 and gt4 are predominantly transmitted
via undercooked foodstuffs. The key to prevent-
ing their transmission is the control of HEV

spreading through the pig-meat-production
network: improved farming methods and hy-
giene practices (Salines et al. 2017). It is also
essential to monitor pig livers and pork prod-
ucts, including the pig blood products used in
cooked-meat production (Boxman et al. 2017).
Consumer information and education about ad-
equate cooking will help minimize the risk of
transmission via the food chain (Salines et al.
2017). The HEV in pork-liver-based food prod-
ucts can only be efficiently inactivated by cook-
ing for at least 20 min to obtain an internal tem-
perature of 71°C (Feagins et al. 2008; Barnaud
et al. 2012).

The extent of waterborne transmission of
HEV gt3 and gt4 in industrialized countries is
probably underestimated. We may well need a
new approach to the surveillance of this type of
transmission, such as metagenomic sequencing
to get a clearer picture of the worldwide virus
burden and then decide how to improve water
quality.

Prevention of latrogenic and Transfusion-
Transmitted Infection

The prevalence of viremic blood donations in
developed countries and the high proportion
of blood recipients that are immunocompro-
mised have prompted practitioners to define
optimal measures for increasing blood safety.
Inactivation of pathogens in blood components
using amotosalen is not effective for HEV
(Hauser et al. 2014; Loyrion et al. 2017) and
treatment with riboflavin (vitamin B2) plus ul-
traviolet light had only a limited effect (Owada
etal. 2014). Clearly, new strategies for screening
blood donations are needed (Domanovic et al.
2017). All blood donations are now screened in
three European countries: Ireland (since 2016),
the United Kingdom, and the Netherlands (the
latter two since 2017). Plasma donations intend-
ed for transfusion into patients at risk have
been selectively screened in France since 2013.
France, Germany, and Switzerland are now
considering screening blood donations, while
Greece, Italy, Spain, and Portugal are evaluating
the process (Domanovic et al. 2017). Individual
testing or mini-pool testing, as well as pool size
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all influence the cost-effectiveness of routine
screening using any of the available nucleic
acid testing methods (Vollmer et al. 2016c; de
Vos et al. 2017; Gallian et al. 2017).

Plasma-Derived Products

Although there has been interest in screening
human plasma donations for the presence of
HEV RNA, current European recommenda-
tions do not call for universal testing (Europe-
an Medicines Agency 2016). HEV inactivation
and/or removal studies have examined several
steps in the process of manufacturing plasma
derivatives (Farcet et al. 2016; Yunoki et al.

Epidemiology of HEV Genotype 3 and 4 Infections

2016). They indicate that nanofiltration is effec-
tive while ethanol fractionation removes little
HEV. Low pH treatment is ineffective while in-
activation by liquid heating ( pasteurization) de-
pends on process conditions.

Hematopoietic Stem Cells

HSC donors, including those with normal ami-
notransferase activities, should be screened for
HEV by nucleic acid testing (Mallet et al.
2016b). Components screened for HEV should
be given to potential allogeneic HSC recipients
from 3 months before the date of planned HSC
transplantation and continued for 6 months fol-

Table 2. Epidemiology of hepatitis E virus (HEV) genotype (gt)3 and gt4: Research questions

Topic Research question
Virological What are the best algorithms based on serologic/molecular tests for improving HEV
considerations screening?

Will metagenomics sequencing of human, animal, food, and environmental
specimens be helpful for improving the knowledge of HEV transmission chains?

Will experimental systems, including cell and animal models, provide a better
understanding of host tropism and HEV pathogenesis?

Animal reservoirs

What other animals are reservoirs for HEV infection, and what implications do they
have for human health?

Are the viral dynamics and infectivity of HEV gt3 and gt4 similar in both animal

and human populations?

What factors predict viremia in pigs at the time of slaughter?
What is the importance of animal feed containing pig blood products as a growth
enhancer in predicting viremia in animals at the time of slaughter?

Sources and routes of
infection

What is the relative importance of consumption of infected pork meat and
environmental contamination in the spread of zoonotic HEV?

Is the HEV RNA found in pig blood products used in the human food chain

infective?

What relative role does this play in human infection?
How does this vary by geographical location?
Should all blood donors be screened for HEV?

Geographical
considerations

Where are the “hot spots” of animal and human HEV located?
How have these changed over time?

Why does the force of infection vary between countries?

Why does the force of infection vary within countries?

Why is there little HEV gt1 in some developing countries (e.g., South America)
compared with zoonotic HEV?

Do zoonotic HEV and HEV gtl cocirculate in all developing countries?

How important is zoonotic HEV in such circumstances?

In some countries, we have little or no data about zoonotic HEV (e.g., South Africa,
Russia, and a number of Eastern European countries). What is the epidemiology
of zoonotic HEV in these settings?
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lowing HSC transplantation, or for as long as the
patient is immunosuppressed.

Vaccines

Two HEV vaccines have been developed based
on recombinant capsid protein-forming virus-
like particles (see Shouval 2018). Both have
shown efficacy, although further clinical devel-
opment of a vaccine tested in Nepal has ceased
(Shrestha et al. 2007). A vaccine developed in
China elicits protective antibodies to all HEV
genotypes; it provided protection against gtl
and gt4 in a large, phase 3 clinical trial and has
been licensed in China since 2012 (Zhu et al.
2010). This vaccine is 97% effective (three-
dose course) in preventing symptomatic acute
hepatitis, and has also proved to be effective in
long-term follow-up studies (Zhang et al. 2015).
Modeling suggests that it could provide protec-
tion for up to 30 years after vaccination (Su et al.
2017). Strategies for using this vaccine outside
China have not been defined yet for either hu-
man or pig populations.

CONCLUDING REMARKS

Following the introduction of robust serological
and molecular tools, our understanding of the
epidemiology of zoonotic HEV has improved
considerably in recent years. Current thinking
suggests that consumption of pork meat prod-
ucts is the key route of infection in humans, but
it is certainly not the only one. The epidemiol-
ogy of HEV gt3 and gt4 is complex, as there are
several sources and routes of infection, and it is
likely that these vary between and within coun-
tries and over time. Many questions remain un-
answered regarding the epidemiology of HEV
gt3 and gt4 (Table 2). Recently, the European
Centre for Disease Prevention and Control has
taken an active role in addressing the threat of
zoonotic HEV to the human population in Eu-
rope, using a “one health” approach. This has
culminated in the establishment of “HEVnet,”
which is based at the Dutch National Institute
for Public Health and the Environment in the
Netherlands. The objective is to develop a cen-
tral repository for human and animal HEV se-

quences, together with key anonymized clinical
data from human cases. “HEVnet” is, therefore,
likely to be a very important tool for the im-
proved future understanding of the epidemiol-
ogy of HEV, at least in Europe.
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