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The recognition of hepatitis E as a discreet disease entity in the late 1970s followed the
development of serological tests for hepatitis A and the discovery that large waterborne
outbreaks of hepatitis in India were not caused by hepatitis A virus (HAV). These “enterically
transmitted non-A, non-B hepatitis” outbreaks had distinctive epidemiologic features, includ-
ing the highest attack rates among young adults, little secondary household transmission of
infection, and severe disease in pregnant women. The responsible agent, hepatitis E virus
(HEV), was identified several years later in extracts of feces from a self-inoculated virologist.
Multiple genetically related HEV genotypes are now known to exist, two of which are
common in domestic swine herds and the cause of sporadic cases of acute hepatitis in
economically well-developed countries. HEV genotypes possess impressive genetic and
biologic diversity, and present many unanswered questions concerning their natural host

range, potential for zoonotic transmission, and disease pathogenesis.

n many ways, hepatitis E virus (HEV) is the

most enigmatic and least well understood of
the five hepatotropic viruses that cause acute
hepatitis in humans. It is certainly the least
well studied. The earliest recorded outbreak of
epidemic jaundice likely caused by HEV oc-
curred in St. Pierre on the island of Martinique
in the late spring and summer of 1858 and was
described by O. Saint-Vel in the Gazette des
Hépitaux in 1862 (Anonymous 1863). Most
cases of jaundice occurred in adults, and 20 of
30 affected pregnant women succumbed to the
disease in coma after aborting or delivering pre-
maturely between the fourth and eighth months

of pregnancy. No deaths were recorded among
men. Hemorrhage was uncommon, and the dis-
ease was not considered to resemble yellow fe-
ver. The age distribution of the cases, with most
among adults, and the high mortality rate
among pregnant women typify outbreaks of
hepatitis E and suggest that the 1858 Martinique
outbreak was likely caused by HEV, not hepatitis
A virus (HAV).

Definitive recognition of the existence of
two types of enterically transmitted infectious
hepatitis came only after the discovery of HAV
by Stephen M. Feinstone and colleagues at the
U.S. National Institutes of Health, which al-
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lowed development of specific serologic assays
for anti-HAV antibodies (see Feinstone et al.
1973; Feinstone 2018). Subsequent studies
showed that an antigenically distinct infectious
agent was responsible for outbreaks of hepatitis
related to contaminated water in India (Khuroo
1980b). Soon thereafter, the virus was identified
using methods very similar to those used to
identify HAV (Balayan et al. 1983). The discov-
ery of HEV was thus intimately linked to the
discovery of HAV that preceded it by a decade.
Molecular cloning of the HEV genome followed
afew years later (Reyes et al. 1990), leading even-
tually to the recognition of HEV genotypes, po-
tential zoonotic transmission of the virus, and
genotype-specific distinctions in the epidemiol-
ogy and clinical course of HEV infection.

Once considered limited to economically
underdeveloped regions with poor sanitation,
HEYV infections are now known to be prevalent
in many well-developed nations (Bendall et al.
2010). Our understanding of the clinical conse-
quences of HEV infection also continues to
broaden. Typically clinically silent in otherwise
healthy individuals, genotype (gt)3 HEV infec-
tions can persist and lead to chronic hepatitis
with significant hepatic fibrosis in persons with
compromised immunity (Kamar et al. 2008).
Potential extrahepatic manifestations of HEV in-
fection, including in particular Guillain-Barré
syndrome and peripheral nerve palsies, are also
gaining increasing attention (Pischke et al.
2017).

ENTERICALLY TRANSMITTED NON-A,
NON-B HEPATITIS

The discovery of Australia antigen and its asso-
ciation with hepatitis B virus (HBV) (Blumberg
et al. 1965; Prince 1968), followed a few years
later by the discovery of HAV particles in the
feces of an experimentally infected human sub-
ject (Feinstone et al. 1973), led to the develop-
ment of specific serologic assays for the two types
of viral hepatitis then known to exist. These de-
velopments ushered in a golden age of research
on viral hepatitis, and a concerted quest for ad-
ditional hepatotropic viruses capable of causing
hepatitis in humans. Most patients developing

acute hepatitis following blood transfusion
were found to lack serologic markers of either
HAV or HBV infection, leading to recognition of
what became known as parenterally transmitted
non-A, non-B hepatitis (PT-NANB), now hep-
atitis C (Feinstone et al. 1975). The search was
on then for a fourth hepatitis virus, prompted
in part by reports of multiple bouts of hepatitis
in some patients that could not be related to
either HAV or HBV (Mosley et al. 1977).

In 1975, Victor M. Villarejos, an epidemiol-
ogist working at an overseas training and re-
search site of the Louisiana State University in
San Jose, Costa Rica, described a series of 103
patients with acute viral hepatitis (Villarejos et
al. 1975). State-of-the-art serological tests pro-
vided by Phillip Provost and Maurice Hilleman
at the Merck Institute for Therapeutic Research
identified HAV or HBV infection in 91 of these
cases, leaving in question the cause of hepatitis
in the remaining 12 subjects. These 12 subjects
ranged in age from 2 to 54 years of age, with a
median age of 10 years. Six of the affected indi-
viduals were from one town, and four were
members of a single family, suggesting the pos-
sibility of household transmission of an infec-
tious agent (Villarejos et al. 1975). None had
been transfused recently, distinguishing them
from the subjects with non-A, non-B hepatitis
reported that same year by Feinstone and col-
leagues (1975). The disease was relatively mild in
the patients described by Villarejos: only three
were icteric, and six were described as “subclin-
ical” with serum alanine aminotransferase
(ALT) elevations ranging up to 345 U/mL. Se-
rum enzyme elevations did not persist for more
than several weeks. Nine of the 12 subjects stud-
ied by Villarejos had preexisting antibodies to
HAYV, and none showed increases in anti-HAV
titer in follow-up tests. Tests for infectious
mononucleosis were negative, and cytomegalo-
virus infection was excluded by serological test-
ing in all but one of the 12 subjects. Villarejos
and colleagues (1975) concluded that the hepa-
titis observed in these Costa Rican subjects was
likely caused by a previously unrecognized hu-
man hepatitis virus.

Definitive evidence for an enterically trans-
mitted non-A, non-B (ET-NANB) hepatitis
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agent followed a few years later. Mohammad
S. Khuroo, a young gastroenterologist who had
just completed his subspecialty training at the
Institute of Medical Education & Research at
Chandigarh, described a large, waterborne out-
break of hepatitis during the winter of 1978-
1979 in the Baramulla district of the Kashmir
valley, a remote, mountainous region in the
north of India (Fig. 1) (Khuroo 1980b). Khuroo
collected clinical and epidemiologic data from
269 cases of hepatitis occurring among 12,900
inhabitants of 11 small villages in which drink-
ing water was obtained from the Ningli Nallah, a
mountain stream that joins the Jhelum River
close to Sopore and eventually flows into the
Indus River. In contrast, only six cases of hepa-
titis were identified among 3720 inhabitants of
four neighboring villages with alternative water
supplies, strongly incriminating contaminated
water as the source of the outbreak. Afflicted
patients ranged in age from <10 to 60 years of
age, with the highest attack rate in those 21-30
years old and an approximately equal sex distri-
bution. The majority of affected patients were
icteric, with serum bilirubin ranging from 2 to
22.2 (mean 5.98) mg/dL and serum ALT from
97 to 297 (mean 122) IU/L (Khuroo 1980b).
Cholestatic symptoms (clay-colored stools and
pruritis) were prominent in a fifth of the pa-
tients. Symptoms typically resolved within a

The Discovery of Hepatitis E Virus

week or two of the onset of jaundice, but 12
patients (4.5%) progressed to fulminant hepatic
failure with encephalopathy; 10 died, including
six women in the third trimester of pregnancy
(Khuroo 1980b). Thirty-three of 35 patients
who were tested serologically were found to be
anti-HAV positive (136 of 141 in a subsequent,
expanded serological survey) (Khuroo 1980b),
but only one had immunoglobulin (Ig)M anti-
HAYV indicative of recent or current infection.
None had serum markers of HBV infection.

Liver biopsies from patients involved in the
Kashmir outbreak showed histologic changes
consistent with severe viral hepatitis, including
portal inflammatory infiltrates with ballooning
degeneration and bridging necrosis of hepato-
cytes (Khuroo 1980b). Canalicular bile stasis
and gland-like clusters of hepatocytes (“ro-
settes”) were prominent in some biopsies, where-
as submassive hepatic necrosis was observed
postmortem in a patient with fulminant disease.
In contrast to posttransfusion PT-NANB hepa-
titis, follow-up biopsies performed several
months later revealed resolution of the histolog-
ic abnormalities and suggested a very low risk,
if any, of progression to chronicity (Khuroo
1980a).

In addition to the lack of IgM anti-HAV, the
age distribution of cases in the Kashmir out-
break was recognized to be very unusual for

Figure 1. Mohammed Khuroo standing near an open source of drinking water in Sopore, at the time of the 1978-
1979 winter outbreak of enterically transmitted non-A, non-B (ET-NANB) he investigated in Kashmir. (From
Khuroo 2011; adapted, with permission, from Elsevier © 2011.)
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hepatitis A in a region where HAV was highly
endemic and most children were seropositive
by the age of 5. Several other clinical and epide-
miologic features of the outbreak were also rec-
ognized to distinguish it from hepatitis A. Most
striking was the high mortality rate observed in
pregnant women with hepatitis, which had been
noted previously among women with sporadic
hepatitis in Kashmir, but never explained (Khu-
roo et al. 1981; Khuroo 2011). A subsequent
study revealed that the risk of symptomatic hep-
atitis increased as pregnancy progressed, being
highest in the third trimester, and that as many
as 22% of affected pregnant women developed
fulminant hepatitis (Khuroo et al. 1981). A low
frequency of secondary transmission within
households was also considered atypical for
hepatitis A, as was the degree of cholestasis
and rosetting of hepatocytes noted in liver biop-
sies (Khuroo 1980Db).

Similar histologic findings had been de-
scribed in a large outbreak of hepatitis involving
about 29,000 cases of frank jaundice that oc-
curred in Delhi in 1955-1956 (Gupta and Sme-
tana 1955; Khuroo 1980b). Similar to the disease
in Kashmir, a high mortality rate (~10.5%) had
been noted among pregnant women involved in
the Delhi outbreak (Wong et al. 1980). The Del-
hi epidemic had been linked to sewage contam-
inating the city water supply, as was the case with
another outbreak of hepatitis involving 2600
cases in Ahmedabad in 1975-1976. A collabo-
rative study led by Khorshed M. Pavri at the
National Institute of Virology in Pune and Rob-
ert H. Purcell of the U.S. National Institutes of
Health retrospectively examined acute and con-
valescent serum samples collected from subsets
of persons involved in both outbreaks, and
found no evidence of either acute HAV or
HBV infection in most of the subjects tested

(Wong et al. 1980). Sera were also tested from
22 patients with sporadic, apparently endemic
hepatitis occurring in Pune, in West-Central In-
dia. Similar to those in the Delhi and Ahmeda-
bad outbreaks, these patients lacked serologic
evidence of recent HAV or HBV infection. As
in Kashmir, the vast majority of the hepatitis
patients in Delhi, Ahmedabad, and Pune had
preexisting antibodies to HAV, but few had
IgM anti-HAV or showed significant increases
in anti-HAV titer in convalescent serum sam-
ples (Wong et al. 1980).

The dual 1980 reports by Khuroo (1980b)
and Wong et al. (1980) firmly established the
widespread existence in India of epidemic ET-
NANB hepatitis with clinical and epidemiologic
features distinct from both hepatitis A and post-
transfusion PT-NANB. Subsequent studies per-
formed in Gujarat state, 2000 km distant from
Kashmir on the northwest coast of India and
bordering the Arabian Sea, confirmed ET-
NANB to be the most prevalent form of acute
sporadic hepatitis and the most likely cause of
subacute hepatitis progressing to hepatic failure
(Table 1) (Tandon et al. 1985). HAV was highly
endemic in India during this period. Unlike ET-
NANB, however, most HAV infections were
contracted early in life, and not associated with
clinically evident hepatitis.

IDENTIFICATION OF HEPATITIS E VIRUS

HEV, the virus responsible for ET-NANB and
the first member of the Hepeviridae virus family,
was identified by a Russian virologist, Mikhail
S. Balayan (Fig. 2) in late 1981 (Balayan et al.
1983). Balayan was Deputy Director of the In-
stitute of Poliomyelitis and Viral Encephalitis of
the Academy of Medical Sciences of the USSR
(now the Chumakov Institute of Poliomyelitis

Table 1. Viral etiology of acute hepatitis: Gujarat, India, 1985

n Hepatitis A Hepatitis B Non-A, non-B hepatitis
Acute sporadic hepatitis 362 16% 26% 58%
Fulminant hepatitis 130 15% 27% 58%
Subacute hepatitis® 56 4% 9% 87%
Epidemic hepatitis 230 4% 30% 66%

*Delayed progression to liver failure. (Data from Tandon et al. 1985, courtesy of the World Health Organization.)
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Figure 2. An undated photograph of Mikhail S.
Balayan, the Russian virologist who first identified
hepatitis E virus (HEV) particles in extracts of his
stool following ingestion of a fecal extract prepared
from Soviet soldiers afflicted with enterically trans-
mitted non-A, non-B (ET-NANB). (Image provided
by M. Mikhailov.)

and Viral Encephalitides) in Moscow, and at
the time was head of the hepatitis laboratory
within the Institute. He had previously been a
graduate student and later a research associate in
the laboratory of Marina K. Voroshilova, with
whom he had studied poliovirus at the Institute.
In the late 1960s, he served as a consultant vi-
rologist at the National Institute of Hygiene, Ep-
idemiology and Microbiology, in Havana, Cuba,
and from 1971 to 1976 he had worked with a
World Health Organization-sponsored project
in Uganda (M Mikhailov, pers. comm.).
Balayan’s discovery of HEV occurred against
the backdrop of extensive outbreaks of hepatitis
among Russian soldiers in Afghanistan. The So-
viet Union had deployed military forces to Af-
ghanistan in December 1979, in an effort to prop
up a faltering government established several
years earlier by the communist People’s Demo-
cratic Party of Afghanistan. The guerilla war that
ensued with the Afghan mujahideen was brutal
and long, lasting for 9 years until the withdrawal
of Soviet troops in February 1989. Medical ca-
sualties were high. Of the 640,000 Soviet troops
who served in Afghanistan during the war,
416,000 were hospitalized for disease, of whom
115,000 were hospitalized for hepatitis (Grau

The Discovery of Hepatitis E Virus

and Jorgensen 1995). Hepatitis was a constant
threat, plaguing the Soviet troops throughout
their deployment because of poor field sanita-
tion and inadequate clean water supplies. At one
point, in 1981, an entire motorized rifle division
was rendered combat ineffective when one quar-
ter of its strength (over 3000 men, including the
commander) was ill with hepatitis (Grau and
Jorgensen 1995). The Soviet troops were immu-
nized against hepatitis B, and 95% of the cases
were considered to be hepatitis A according to
a 1991 review by V.S. Peripelkin and colleagues
in a Soviet military medicine journal (Perepel-
kin et al. 1991; Grau and Jorgensen 1995). This
seems unlikely, however, given that the sero-
prevalence of anti-HAV antibodies was proba-
bly quite high among the Soviet troops. As many
as 73%-88% of 15- to 20-year-old Russians liv-
ing in the lower Volga region were reported to be
anti-HAV positive in 1987 (Prikazchikov and
Balayan 1987). The incubation period for hepa-
titis among the Soviet troops was also reported
to be 37 days (Grau and Jorgensen 1995), which
is arguably closer to that for ET-NANB than
hepatitis A. Consistent with this, sera collected
in 1980 from jaundiced Soviet military person-
nel in the northeastern part of Afghanistan,
along the border with Tajikistan where hepatitis
rates were particularly high, showed no markers
of acute hepatitis A or hepatitis B when tested in
Moscow using radioimmunoassays from Abbott
Laboratories in the United States (M Favorov,
pers. comm.).

In August of 1981, Balayan, together with
two members of his laboratory, Alexander An-
japaridze and Svetlana Savinskaya, investigated
an outbreak of hepatitis occurring among sol-
diers in a military camp in Afghanistan. Sera
and stool were collected within several days of
the onset of symptoms from 22 affected individ-
uals, 15 of whom had a history of having had
hepatitis A in February of 1981 (Andjaparidze
2010). All of these patients had tested negative
for HBV surface antigen (HBsAg), and were
considered to have nonparenterally transmitted
ET-NANB hepatitis similar to that described by
Khuroo (1980b). Fecal samples collected from
the Soviet soldiers were taken to a military base
in Tashkent, Uzbekistan, where Balayan (who
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had antibodies to HAV from prior exposure)
famously infected himself by ingesting an ex-
tract of the material. His rationale, when ques-
tioned subsequently, was that this was the most
expeditious way to determine whether the out-
break was caused by an unknown virus that
was antigenically distinct from HAV (M Mi-
khailov, pers. comm.). A concentrated inoculum
was prepared from clarified and filtered extracts
of feces collected from nine patients 1 to 4 days
after the onset of jaundice (Balayan et al. 1983).
The inoculum was mixed with kefir (a ferment-
ed milk drink originating in the Caucasus) and
ingested by Balayan. Other than his coworkers,
Andjaparidze and Savinskaya, only the Polio-
myelitis Institute director, Sergei Drozdov, was
aware of the experiment (M Mikhailov, pers.
comm.).

Upon his return to Moscow, 36 days after
ingesting the inoculum, Balayan became acutely
ill with symptoms and signs of viral hepatitis,
including anorexia, nausea, vomiting, abdomi-
nal pain, dark urine, frank jaundice, hepatomeg-
aly, and ALT elevations to 3010 IU/L (Balayan
et al. 1983). He was admitted to the First Infec-
tious Diseases Hospital in Moscow in the middle
of the night in a moderately toxic condition.
Ironically, the infectious disease physician on
duty that night was Michael Favorov, a medical
virologist who went on to a productive career
studying viral hepatitis, including hepatitis E,
at the U.S. Centers for Disease Control and Pre-
vention in Atlanta, Georgia. Favorov remembers
not being told of the circumstances by which
Balayan had acquired hepatitis, but knew from
the whirl of telephone calls going on in the mid-
dle of the night that something “interesting” had
transpired (M Favorov, pers. comm.)! Balayan
remained in the hospital for 4 days, showing
rapid improvement in his condition. After his
release, he was followed medically for about a
year with neither clinical nor biochemical evi-
dence of chronic hepatitis.

Serum collected from Balayan at the time of
his illness showed no IgM anti-HAV nor any
increase in anti-HAV antibody titer, confirming
the absence of HAV infection. Using immune
electron microscopy (IEM), a method pioneered
by June Almeida and used by Feinstone and

colleagues to identify the HAV particle (Al-
meida and Waterson 1969; Feinstone et al.
1973), Balayan and colleagues identified novel
27-30 nm diameter virus-like particles in fecal
samples collected between 28 and 45 days after
his ingestion of the inoculum (Fig. 3) (Balayan
et al. 1983). These particles banded predomi-
nantly at a density of 1.35 gm/cm’ in cesium
chloride gradients, and reacted with antibodies
present in convalescent sera from the ET-NANB
patients he had studied (Balayan et al. 1983).
Similar particles were subsequently identified
in the fecal samples used to generate the infec-
tious inoculum (Fig. 4).

Two cynomolgus macaque monkeys were
inoculated intravenously with an extract of feces
collected from Balayan 42 days after he had in-
gested the inoculum, when fecal virus shedding
was most evident by IEM (Balayan et al. 1983).
Both animals developed histologic and bio-
chemical evidence of hepatitis, with serum
ALT levels rising to 200-300 IU/L. Virus parti-
cles were shed in feces between 9 and 21 days
postinoculation, and both animals developed
antibodies reactive with the virus particles.

Balayan’s intentional infection of himself
with HEV engendered some controversy when
details of the experiment were eventually report-
ed. However, in one landmark study (Balayan

Figure 3. Immune electron microscopic image of hep-
atitis E virus (HEV) particles identified by Mikhail
Balayan in his stool approximately 5 weeks after in-
gesting infectious material from patients with ET-
NANB hepatitis. Scale bar, 100 nm. (From Balayan
et al. 1983; adapted, with permission, from S. Karger
AG © 1983.)
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Figure 4. Immune electron microscopic image of vi-
rus particles present in one of the fecal extracts used to
prepare the inoculum for Balayan’s experiment. (Im-
age provided by M. Mikhailov.)

etal. 1983), he had identified HEV, the causative
agent of ET-NANB, and had developed both
useful serologic tools and an animal model
that would go on to be widely exploited in future
studies of hepatitis E.

Surprisingly, Balayan’s potentially danger-
ous self-experiment is not unique in the annals
of hepatitis E. In 1990, almost a decade later,
Ashok Chauhan, working in the Post Graduate
Institute of Medical Education and Research at
Chandigarh, repeated the experiment, ingesting
an extract of feces from a patient involved in an
outbreak of hepatitis E in Yamuna Nagar, in
north India (Chauhan et al. 1993). He experi-
enced a relatively mild illness, albeit with jaun-
dice and low-level but prolonged serum ALT
elevations up to 130 IU/L. It is not clear what
was hoped to be learned by this second human
experiment (Chauhan et al. 1993). The course of
the infection, including fecal shedding of virus
and the presence of virus in blood, followed the
pattern that had been worked out by then in
nonhuman primate animal models (see Lanford
et al. 2018).

MOLECULAR CLONING OF THE HEV
GENOME

Balayan’s discovery of HEV particles in feces
from infected humans and cynomolgus mon-
keys was confirmed by other investigators in
the years that followed. Antigenically related vi-

The Discovery of Hepatitis E Virus

ruses were recovered from multiple regions
around the world, including Uzbekistan, Burma
(Myanmar), Nepal, Mexico, Somalia, and Sudan
(Arankalle et al. 1988; Bradley et al. 1988). How-
ever, there was controversy regarding the size
(27 nm vs. 32-34 nm) and number of particle
types associated with ET-NANB (Bradley and
Balayan 1988; Bradley 1990). The morphology
of the particles was considered to be reminiscent
of caliciviruses, which were known to be enteric
pathogens. However, the HEV particles were
relatively labile and much less stable than HAV
virions, and because they were present only in
relatively small numbers in fecal samples, it was
difficult to characterize their nucleic acid com-
plement. A breakthrough came in 1990 from the
collaborative efforts of Gregory R. Reyes, at the
biotech company Genelabs in Redwood City,
CA, and Daniel W. Bradley, at the U.S. Centers
for Disease Control in Atlanta, GA. Assuming
that HEV was likely to be an RNA virus, these
investigators prepared a complementary DNA
(cDNA) library from nucleic acid extracted
from bile of a cynomolgus monkey infected
with a Burmese strain of HEV (Reyes et al.
1990). The use of bile provided an advantage
over fecal extracts as a source of virus, as it con-
tained large numbers of 32-34 nm virus-like
particles. Using differential hybridization, a mo-
lecular clone was identified that hybridized spe-
cifically with cDNA prepared from infected but
not uninfected cynomolgus bile (Reyes et al.
1990). Consistent with a viral origin, the trans-
lated amino acid sequence of this clone showed
distant relatedness to RNA-dependent RNA po-
lymerases (RdRp) encoded by a number of pos-
itive-strand RNA viruses (Reyes et al. 1990). Ad-
ditional experiments identified related RNA
sequences in fecal samples from ET-NANB pa-
tients in Borneo, Tashkent, Pakistan, and Soma-
lia, suggesting worldwide distribution of a single
ET-NANB agent.

Molecular cloning and sequencing of the
entire 7.2 kb positive-strand RNA genome of
the Burma strain of HEV was completed shortly
thereafter by the Genelabs group (Tam et al.
1991). The genome was shown to be polyadeny-
lated, and to contain a large 5’ 5052 nucleotide
(nt)-long open reading frame (ORF) and a
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smaller 3’ 1980-nt ORF, encoding nonstructural
and capsid proteins, respectively, as well as a
short, overlapping 369-nt ORF (see Kenney
and Meng 2018). An HEV strain from Mexico
was found to have a similar genome structure
(Tam etal. 1991; Huang et al. 1992), and expres-
sion cloning indicated that the Mexican virus
was related antigenically to HEV from Burma
(Yarbough et al. 1991). Computer-assisted anal-
ysis of the HEV sequence identified putative
helicase and cysteine protease domains, as well
as the RdRp domain, in the protein product en-
coded by the largest, most 5 ORF (Koonin et al.
1992). The virus was shown to be related phy-
logenetically to rubella virus and the alphavirus
supergroup, firmly distinguishing it from calici-
viruses. Thus, by 1992, a decade after discovery
of the ET-NANB particle by Balayan et al.
(1983) and a dozen years after Khuroo’s descrip-
tion of the epidemic in Kashmir (Khuroo
1980b), HEV was firmly established within the
panoply of human hepatitis viruses.

Reverse molecular genetics studies of HEV
genome function became possible with the de-
velopment of the first infectious molecular
clones of the HEV genome (Panda et al. 2000;
Emerson et al. 2001). Transfection of RNA tran-
scribed from these genome-length gtl HEV
cDNA clones resulted in the expression of
HEV proteins in human hepatocyte-derived
HepG2 or Huh-7 cell lines. Transcripts with a
5'-m’G cap were also infectious when inoculat-
ed directly into the livers of nonhuman primates
(Emerson et al. 2001). An infectious molecular
clone of the gt3 swine HEV (see below) was also
developed, and shown to be infectious when
RNA transcribed from it was transfected into
human cells or inoculated into the livers of
pigs (Huang et al. 2005). Cell culture propaga-
tion of the virus remained difficult, however, and
could only be achieved with particular HEV var-
iants (Okamoto 2011; Shukla et al. 2012).

GENETIC DIVERSITY OF HEV

HEYV strains from Burma, Pakistan, and Mexico
were the first three viruses to be molecularly
cloned and to have their full- or nearly full-
length nucleotide sequences characterized

(Tam et al. 1991; Huang et al. 1992; Tsarev
etal. 1992). The Burma (BUR-121) and Pakistan
(SAR-55) strains were found to be closely relat-
ed, with 93.3% nucleotide identity overall, and
99.4% amino acid sequence identity within
ORF2, which encodes the capsid protein (Tsarev
et al. 1992). The Mexican strain, however, was
quite different. The nucleotide sequence of its
genome shared only 76% identity overall with
the Burma strain, whereas the amino acid se-
quences of ORF2 were 93% identical (Huang
et al. 1992). Subsequent phylogenetic analyses
of a large number of HEV sequences recovered
from sites around the world led to the Burma
and Pakistan viruses being classified as mem-
bers of a single genotype, gtl HEV, whereas
the Mexican strain was classified within gt2
(Luetal. 2006). Most epidemic or sporadic cases
of hepatitis E in endemic regions of the world
have since been found to be caused by gt1 HEV
infection, whereas very few gt2 strains have been
identified (see Smith and Simmonds 2018 for a
more detailed discussion of HEV genotypes).

In 1990, Balayan and coworkers reported the
transmission of human HEV to young domestic
pigs inoculated intravenously with a fecal extract
(Balayan et al. 1990). Infection was associated
with icterus, an 11-fold increase in serum ALT,
and shedding of HEV particles in feces. This was
a remarkable finding at the time, as no other
human hepatitis virus, including HAV, HBV,
or HCV, had been shown to infect any animal
species other than nonhuman primates.” Anti-
body to HEV was subsequently detected in 18 of
55 domestic swine in the Katmandu valley of
Nepal, where ET-NANB hepatitis accounted
for most cases of hepatitis (Clayson et al.
1995). Several animals were found to be viremic
or shedding virus in feces using a reverse-tran-
scription, polymerase chain reaction (RT-PCR)
assay. These observations raised the possibility
that human infections with HEV might be zoo-
notic in origin (Clayson et al. 1995).

The genetic and biologic diversity of HEV
was expanded subsequently by studies per-

*HAV has only recently been recognized to be an exception
to this rule, as it can infect mice with genetic deficiencies in
the type I interferon response (Hirai-Yuki et al. 2016).
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formed by Xiang J. Meng, working with Robert
H. Purcell and Suzanne U. Emerson at the Na-
tional Institutes of Health (Meng et al. 1997).
Using a carefully validated enzyme-linked im-
munosorbent assay (ELISA), most swine greater
than 3 months of age in commercial herds in the
U.S. Midwest were found to have antibodies re-
active with HEV capsid antigen, whereas swine
less than 2 months of age and animals in a spe-
cific pathogen-free herd were seronegative. This
was surprising, given that very few cases of hep-
atitis E had been identified within the United
States previous to this, almost all of which affect-
ed international travelers returning from HEV-
endemic regions (Centers for Disease Control
and Prevention 1993).

Using degenerate PCR primers based on the
human HEV ORF2 sequence, Meng and col-
leagues (1997) were able to amplify cDNA se-
quences of a novel swine virus from the sera of
piglets undergoing seroconversion in the ELISA
assay. Equally distant genetically from the gtl
Burma and gt2 Mexican viruses, the swine virus
was distinct from human HEV strains and con-
sidered to represent a third genotype. Piglets
infected with the swine virus had no outward
signs of disease, but histologic examination of
the liver revealed mild-to-moderate lymphocy-
tic portal infiltrates with focal hepatocellular ne-
crosis (Meng et al. 1997). Interstitial nephritis
and enteritis were also noted in some piglets.
Shortly after the discovery of gt3 HEV in swine,
infections with closely related viruses were iden-
tified in two patients with acute hepatitis, one of
whom had not traveled outside the United States
(Meng et al. 1998; Schlauder et al. 1998). Virus
from one of the patients was shown to infect
pigs, and the swine virus was shown to replicate
in both rhesus macaques (Macaca mulatta) and
chimpanzees (Pan troglodytes), providing evi-
dence for possible cross-species transmission
of the virus (Meng et al. 1998). Infection was
accompanied by low-level ALT elevations and
minimal hepatic necroinflammatory changes
in two rhesus monkeys, but was without evi-
dence of disease in a chimpanzee. Retrospective
analysis of the virus recovered from Balayan’s
experimentally infected pigs (Balayan et al.
1990) (see above) suggest that the disease in

The Discovery of Hepatitis E Virus

these animals did not result from the human
virus inoculum (which was likely gtl HEV),
but rather from gt3 HEV that was enzootic in
the animals (Lu et al. 2004). Whether gt1 strains
of HEV recovered from humans can infect pigs
remains uncertain.

An intriguing question is whether the fre-
quent presence of gt3 virus in commercial
American swine herds is in any way related to
the unexpectedly high prevalence of anti-HEV
antibodies (14%-30%) found among blood do-
nors in three major urban regions of the United
States (Thomas et al. 1997). Seropositive indi-
viduals in this survey did not have a more fre-
quent history of hepatitis than those who were
seronegative. The prevalence of anti-HEV anti-
bodies was not increased in injection drug users
or homosexual males, in whom both HAV and
HBV antibodies were more prevalent than in
blood donors (Thomas et al. 1997).

There is other evidence for cases of au-
tochthonously acquired hepatitis E within the
United States. A laboratory-based survey of
HEV infections in the United States identified
26 cases of serologically or virologically con-
firmed hepatitis E between 2005 and 2012 (Dro-
beniuc et al. 2013). Fifteen of these 26 patients
had no history of recent travel outside the United
States, and eight of these 15, in whom the geno-
type of the virus could be determined, were in-
fected with gt3 virus. The close relatedness of
these viruses to viruses circulating in commer-
cial swineherds in the United States (Fig. 5) sug-
gests the possibility that these infections may
have had a zoonotic origin (Drobeniuc et al.
2013). Direct evidence for this remains weak,
but HEV RNA was detected by RT-PCR in
11% of pig livers purchased from grocery stores
in Ames, IA, and Blacksburg, VA, in the United
States during 2005-2006; some of these livers
were shown to contain viable gt3 virus capable
of infecting pigs (Feagins et al. 2007).

Of four U.S. travelers who had developed
hepatitis E in the United States after returning
from abroad between 2005 and 2012, three had
visited India and were infected with gtl virus
(Drobeniuc et al. 2013). The fourth had visited
China, and was infected with gt4 HEV, yet a
fourth genotype was first identified in patients
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with acute hepatitis in Taiwan and China (Hsieh
et al. 1998; Wang et al. 1999). Like gt3 virus, gt4
HEV has been shown to infect domestic swine
(Hsieh et al. 1999). Human infection with a fifth,
camelid-associated HEV genotype (gt7) also has
been reported recently (Lee et al. 2016), and it
would not be surprising to find additional, ge-
netically diverse viruses infecting humans in the
tuture. The Hepeviridae are now known to be a
large and diverse family of viruses with two gen-
era, one of which (Orthohepesvirus) includes
four distinct species infecting a wide variety of
mammalian and avian species. The five HEV
genotypes recovered from humans thus far are

all assigned to a single one of these species, Or-
thohepevirus A, which includes, in addition, two
to three other HEV genotypes (see Smith and
Simmons 2018).
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HEV PERSISTENCE AND CHRONIC
LIVER DISEASE

The coda to this history of HEV is the finding of
persistent infections associated with progressive
liver disease approximately a decade ago.
Whereas the specificity of serological assays
for antibodies to HEV has been questioned in
the past, there is now a generally broad consen-
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sus that substantial minorities of both North
American and European populations have an-
tibodies reactive with HEV antigen (reviewed
by Dalton et al. 2008). Similar to the 21% prev-
alence of anti-HEV antibodies in blood donors
in Baltimore, MD (Thomas et al. 1997), surveys
in the Catalonia region of Spain, the southwest
of England, the southwest of France, and Ger-
many have revealed population prevalences of
anti-HEV IgG ranging from 8% to 16% (Dalton
et al. 2008; Faber et al. 2012). Most seropositive
individuals lack a history of hepatitis, and are
likely to have been infected asymptomatically
with gt3 HEV (or an unknown, antigenically
related virus) sometime in the past. Thus, al-
though the source of virus and mechanisms of
transmission remain ill-defined, increasing ev-
idence suggests that HEV infections are rela-
tively common in well-developed countries in
which symptomatic hepatitis E infections are
rare (Aspinall et al. 2017).

These infections appear to be well con-
trolled by the immune system, although much
remains to be learned concerning the details of
immune control of HEV. However, persons
with compromised immunity are at risk for
persistent HEV infection leading to progressive
liver disease. This was first recognized among
liver and kidney transplant recipients with
compromised immune systems in Toulouse,
France in 2008 (Kamar et al. 2008). Eight of
14 transplant recipients with acute HEV infec-
tion failed to clear the virus, remaining persis-
tently viremic or with viral RNA detectable in
feces for 10-24 months. Liver biopsies per-
formed 10-18 months after acute infection
showed chronic hepatitis with dense lympho-
cytic portal infiltrates, piecemeal necrosis, and
fibrosis with increasing Metavir scores (Kamar
et al. 2008). Patients with a wide variety of
immunodeficiencies, including those with he-
matological malignancies and human immuno-
deficiency, have since been shown to be at risk
for chronic HEV infection that can progress to
cirrhosis (Kamar et al. 2011, 2013). Ingestion of
undercooked pork has been implicated in the
acquisition of these HEV infections. In addition
to gt3 HEV, chronic infection has recently been
documented with camelid-associated gt7 HEV

The Discovery of Hepatitis E Virus

in an immunocompromised individual (Lee
et al. 2016).

CONCLUDING REMARKS

No longer a virus causing only epidemic and
sporadic non-A, non-B hepatitis in underdevel-
oped regions of the world, HEV is emerging as a
significant pathogen in economically advanced
nations as well. It is unlikely that this emergence
reflects an increase in HEV infections, as anti-
HEV seroprevalence actually appears to have
declined in the United States in recent years
(Teshale et al. 2015). The emergence of HEV is
much more likely to represent an increased ap-
preciation for infections that previously went
unnoticed or were considered caused by HAV.
This change in awareness can be attributed
largely to improved diagnostics, including both
serological assays and methods for detecting vi-
ral RNA. However, Food and Drug Administra-
tion (FDA)-approved diagnostic tests for HEV
remain lacking in the United States, and we can
expect our appreciation of the diversity of clin-
ical manifestations and impact of HEV infection
to continue to broaden as such tests enter rou-
tine clinical practice.

Despite recent advances, many critical ques-
tions remain. Efficacious recombinant HEV
vaccines have been developed (see Innis and
Lynch 2018), but immune correlates of protec-
tion remain ill-defined, as does the ability of
these vaccines to protect patients with compro-
mised immune systems. Pathogenesis is also
poorly understood. HEV gtl and gt3 share nu-
merous features in common, including relatively
close sequence relatedness, yet they are dramat-
ically different in terms of their ability to cause
human disease, including particularly severe
disease in pregnant women. The epidemiology
of these genotypes and, in particular, the extent
of zoonotic transmission are also poorly under-
stood. Is there an animal reservoir for gtl and
gt2 HEV? Are gt3 HEV infections zoonotic in
nature and, if so, what is the linkage that explains
such high seroprevalence in the United States
and Europe? Much has been learned about
HEV over the past few decades, but much re-
mains to be discovered.
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