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Hepatitis Avirus (HAV) andhepatitis E virus (HEV) cause acute, self-limiting hepatic infections
that are usually spread by the fecal–oral route in humans. Naturally occurring and
experimental infections are possible in a variety of nonhuman primates and, in the case of
HEV, a number of other species. Many advances in understanding the pathogenesis of these
viruses have come from studies in experimental animals. In general, animals infected with
these viruses recapitulate the histologic lesions seen in infected humans, but typically with
less severe clinical and histopathological manifestations. This review describes the histopath-
ologic changes associated with HAV and HEV infection in humans and experimental
animals.

Of the five hepatotropic human viruses
classically associated with hepatitis in hu-

mans, hepatitis A virus (HAV) and hepatitis E
virus (HEV) are distinguished by being pre-
dominantly transmitted by the fecal–oral route
and by rarely causing chronic liver injury as-
sociated with persistent infection. Progressive
liver disease associated with persistent infec-
tion has never been documented with HAV,
and only recently have long-lasting infections
with HEV been recognized in immunocom-
promised persons (Kamar et al. 2011). Thus,
both viruses cause primarily acute, self-limit-
ing liver injury. Fulminant infections associat-
ed with massive hepatocellular necrosis can
occur with either virus, and prolonged chole-
stasis is a well-recognized complication ofHAV

infection (Taylor et al. 2006; Jung et al. 2010;
Agrawal et al. 2012), but typically there is little
need for invasive diagnostic measures including
biopsy of the liver. Thus, primary human
material is rarely available for histopathologic
examination. On the other hand, infections
with either virus, both naturally acquired and
experimental, are possible in multiple species
of nonhuman primates (see Li and Wakita
2018) and, to a lesser extent, smaller mammals.
Most of what we know of the pathogenesis of
HAV and HEV comes from studies in experi-
mental animals. In general, animals infected
with these viruses recapitulate the histologic le-
sions seen in infected humans, albeit typically
with less severe clinical and histopathological
manifestations.
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HEPATITIS AVIRUS

HAV infection results in hepatic inflammation
that is most often self-limiting. Clinically, how-
ever, there is a broad range of possible outcomes
following infection (see Shin and Jeong 2018).
Liver disease is generally considered to be rela-
tively mild and often asymptomatic in very
young children (Benenson et al. 1980). Liver
injury is more significant in adults in whom
jaundice is more likely. Fulminant hepatitis oc-
curs in ∼0.5% of infected persons, and the case
fatality rate is ∼0.2% (Jung et al. 2010). HAV
antigen has been detected in organs other than
the liver, but no associated inflammation has
been reported.

HAV is highly conserved antigenically, and
only a single serotype exists. However, seven
HAV genotypes have been identified: four geno-
types (I, II, III, and VII) are of human origin and
the other three (IV, V, VI) are of nonhuman pri-
mate origin (see Smith and Simmonds 2018).
The primate viruses are similar to human HAV,
although they are genetically heterogeneous
(Lemon et al. 1987). Naturally occurring HAV
infection occurs in nonhuman primates, includ-
ing the great apes (chimpanzee), Old World
macaques (cynomolgus and stump-tailed ma-
caques), baboons, and the African vervet mon-
key, as well as NewWorld species (owl monkeys,
marmosets, and tamarins) (Dienstag et al. 1976;
Coursaget et al. 1981; Lemon et al. 1982; Burke
and Heisey 1984; Balayan 1992; Bennett et al.
2016). Experimental infections have been pro-
duced by either oral or intravenous inoculation
in all of these species, except baboons. Clinically
evident disease is usually not apparent in these
animals, although fulminant hepatitis A has
been reported in a chimpanzee (Abe and Shikata
1982). In addition to nonhuman primates, natu-
rally occurring infections with closely related
hepatoviruses have recently been discovered
in bats, rodents, seals, shrews, and hedgehogs
(Drexler et al. 2015; Siebert et al. 2017; see Sander
et al. 2018). However, detailed descriptions of
hepatic histopathology are lacking in these other
mammals. Some evidence suggests that guinea
pigs are permissive for infection with HAV, but
they do not develop disease (Hornei et al. 2001).

In contrast, genetically modified mice with spe-
cific deficits in type 1 interferon signaling sup-
port robust replication of the virus and some
types of genetic knockouts develop severe he-
patic inflammation (Hirai-Yuki et al. 2016).

Histopathology of Acute Hepatitis A
in Humans

Acute type A viral hepatitis has a typical histo-
logic appearance in humans (Teixeira et al.
1982). HAV appears to be noncytopathic in
vivo, as it generally is in cell culture. The earliest
stages of infection are attended by little histolog-
ic response, although variation in the staining
quality of hepatocytes can be seen. Once host
immune responses are initiated, the affected liv-
er is characterized by a combination of inflam-
matory cell infiltration with macrophages and
endothelial cell activation, and injury to or ne-
crosis of hepatocytes. Typical histologic features
include hepatocellular ballooning: a swelling of
viable hepatocytes up to twice the normal diam-
eter, with clearing of the cytoplasm and varia-
tion in the size and shape of both nuclei and
cytoplasm (Fig. 1A). These changes are accen-
tuated in the centrilobular region of the liver
parenchyma. Hepatocyte swelling, apoptotic
death, and necrosis of hepatocytes leads to a
disordered arrangement of the hepatic plates
referred to as lobular disarray (Fig. 1A).

Hepatic inflammation generally peaks coin-
cident withmaximal serum alanine aminotrans-
ferase (ALT) elevation. The inflammatory cell
population consists of lymphocytes primarily.
However, plasma cells can be abundant in the
inflamed HAV-infected liver, leading to some
histologic overlap with autoimmune hepatitis.
This distinguishes hepatitis A from other types
of acute viral hepatitis in which plasma cells are
less common in the inflammatory infiltrate.
There is also a tendency for greater inflamma-
tory involvement of the periportal region than
with other viruses. Portal inflammation may ex-
tend beyond the margins of the portal tract into
the adjacent parenchyma causing hepatocyte in-
jury, a process termed piecemeal necrosis (Fig.
1B,C). This typically involves <25% of the cir-
cumference of the portal tract, but the presence
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of piecemeal necrosis can suggest a diagnosis of
other forms of hepatitis (Abe et al. 1982; Kryger
and Christoffersen 1983).

Individual affected hepatocytes may be
deeply eosinophilic in hematoxylin and eosin
(H&E)-stained sections, often with condensed,
deeply basophilic nuclear remnants. The mor-

phologic appearance of such dying cells, which
are referred to as acidophilic bodies or Council-
man bodies in the older literature (after the
American pathologist, William Councilman),
is suggestive of an apoptotic death. Such cells
are typically found within the parenchyma ad-
jacent to lymphocytes. Fragments of apoptotic
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Figure 1. Section of liver from a human patient with acute hepatitis A stained with hematoxylin and eosin (H&E).
(A) The normal arrangement of the hepatic plates is disordered by hepatocyte swelling and parenchymal
inflammatory infiltrates causing lobular disarray. Affected hepatocytes (a) are swollen and the cytoplasm has a
lacy appearance. Clusters of plasma cells (b) are present within the parenchyma. (B) A portal tract inflammatory
infiltrate consisting of lymphocytes and macrophages extends through the limiting plate and is associated with
injured hepatocytes (c), resulting in piecemeal necrosis. (C) Piecemeal necrosis (c) associated with adjacent
remnants of necrotic or apoptotic hepatocytes. Scale bars, 50 µm. bd, bile ducts; pv, portal vein; art, hepatic artery
branch; d, apoptotic hepatocyte.
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hepatocytes can be extruded into the sinusoids
and phagocytosed byKupffer cells, liver resident
macrophages. Edema can enlarge the outline of
the portal tracts, and reticulin stains can reveal
expansion of the portal tract connective tissue
with focal areas of hepatocyte loss. The Kupffer
cells are typically reactive, characterized by hy-
perplasia and hypertrophy. The cytoplasm is ex-
panded and often contains glycogen or other
polysaccharides staining with Periodic Acid
Schiff (PAS) stain and/or hemosiderin (Fig. 2A).

In some cases, the major lesion within the
liver is perivenular injury. Cholestasis also oc-
curs. It is marked histologically by the formation

of bile plugs (Fig. 2B), typically most evident in
the centrilobular canaliculi, and can vary from
minimal to marked. Cholestasis may be dispro-
portionate to the degree of hepatocellular injury,
and occasionally persists for weeks following
peak enzyme elevation (Gordon et al. 1984). Fi-
brosis is not a feature of the pathology caused by
the acute nature of the infection.

The relative proportion of each of these fea-
tures may vary with the magnitude of the inoc-
ulum size, age of the infected individual, as well
as the duration of infection and individual
variation in the host inflammatory response.
Genetic variation in the virulence of different
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Figure 2. Acute hepatitis A in a human. Staining with hematoxylin and eosin (H&E). (A) Aggregates of pig-
mented macrophages (a) within the parenchyma are a common feature of hepatitis A virus (HAV) infection.
Scale bar, 50 µm. (B) Cholestasis (b) is often evidentwithin canaliculi of the centrilobular region. Scale bar, 12.5 µm.
(C) Rosette formation (ro) caused by hepatocytes arranged around a dilated canaliculusmayoccurwhen cholestasis
is prominent. Scale bar, 50 µm.
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HAV strains has been suggested, but it is not well
documented (Fujiwara et al. 2002). In aminority
of patients, regions of necrosis can bridge portal
tracts or form connections to central regions.
Necrosis that affects entire lobules is termed
“massive necrosis” with “submassive necrosis,”
describing necrosis affecting only portions of
the lobule. Hepatocellular necrosis is often ac-
companied by a prominent periportal prolifer-
ation of bipotential precursor cells capable of
forming biliary ducts or hepatocytes (Fig. 2C).
These small basophilic cells form cords or small
ductules in a process called a ductular reaction.
With sufficient loss of viable parenchyma, ful-
minant hepatic failure and death may ensue,
although this is quite uncommon.

During recovery, thickened hepatic plates
two cells across and multinucleate hepatocytes
may be present. Kupffer cell activation often
persists. Hepatocellular mitoses become more
common.

Histopathology of HAV Infection in the
Chimpanzee

Chimpanzees (Pan troglodytes) were the first
nonhuman primates shown to develop hepatitis
following inoculation with HAV (Deinhardt
et al. 1962; see Li and Wakita 2018). Histologic
lesions tend to recapitulate those seen in infect-
ed humans, although there is a tendency for the
chimpanzees to be less severely affected than
adult humans (Dienstag et al. 1975; Maynard
1975; Maynard et al. 1975; Popper et al. 1980).
Age-related effects, however, may be involved as
infected human infants tend to have milder
symptoms than adults, and many of the chim-
panzees that have been studied are relatively
young. Despite the tendency to have milder dis-
ease than humans, fulminant hepatitis has been
described in an HAV-infected chimpanzee (Abe
and Shikata 1982; Theamboonlers et al. 2012).

The most thorough characterization of the
histopathology of the liver in HAV-infected
chimpanzees was reported by Popper et al. in
1980 (Popper et al. 1980). The initial alteration,
coincidentwith elevations of serumaminotrans-
ferase activities, was observed 1 to 5 weeks fol-
lowing oral or percutaneous inoculation of the

virus and consisted of focal necrosis (Fig. 3B).
Hepatocellular alterations developed mainly in
the periportal region. Periportal infiltrates con-
sisted primarily of lymphocytes and macro-
phages containing PAS-positive, diastase-resistant
material. Necrotic hepatocytes were intermixed
with the periportal inflammatory infiltrate (Fig.
3B). Lymphocytes andmacrophages were aggre-
gated in the portal tracts alongwith considerable
numbers of plasma cells.

At a later stage in the infection, there was
piecemeal necrosis, characterized by disruption
of the limiting plate of the portal tract (Fig. 3B),
adjacent hepatocellular necrosis, and a prolifer-
ation of bile ductules. In some cases, bridging
portal-to-portal necrosis was present. Portal
tracts were conspicuously expanded, and broad
bands of inflammatory infiltrates appeared to
bridge adjacent portal tracts. At the time ofmax-
imal inflammation (Fig. 3C), foci of necrotic/
apoptotic cells were evident throughout much
of the parenchyma, although the centrilobular
zone was usually unaffected. Apoptotic bodies
were present within the sinusoids and between
intact hepatocytes. Cellular infiltration was par-
ticularly dense around bile ducts, sometimes in-
volving the duct wall, although the epithelium
remained intact. The frequency of hepatocellu-
lar mitoses was increased, but the number of
multinuclear giant cells remained relatively
constant. Also, scattered mononuclear inflam-
matory cells were noted in the wall of large trib-
utaries of the hepatic veins.

Over the ensuing 6 to 8 weeks, the intralob-
ular inflammation and apoptosis was seen to
recede (Fig. 3D). The portal inflammation be-
came less conspicuous, but hemosiderin-con-
taining macrophages remained numerous. Se-
rum enzyme levels returned to normal before
the resolution of the histologic lesions.

HAV Infection in Cynomolgus Macaques

Cynomolgus macaques (Macaca fasicularis)
have been found to be naturally infected with
HAV (Burke and Heisey 1984). While closely
related, the virus recovered from cynomolgus
macques appears to be specific to these primates
as it differs genetically from human HAV and is
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classified in a distinct genotype (Nainan et al.
1991; see Smith and Simmonds 2018). Cyno-
molgus macaques are also susceptible to infec-
tion with human HAV (Shevtsova et al. 1988;
Amado et al. 2010), and the histopathology of
the liver following intravenous inoculation with
a human HAV isolate (HAF-203) has been de-
scribed (Amado et al. 2010). Initially, swelling of
hepatocytes and microvesicular steatosis were
evident by day 7 postinoculation. The highest
level of fecal shedding of HAV occurred 15
days after inoculation and was accompanied by
the first evidence of hepatic inflammation and
serum ALT elevations. This sequence is very
similar towhat has been observed in experimen-
tally infected chimpanzees (Lanford et al. 2011).
Scattered apoptotic hepatocytes were present at
day 17 postinfection, as were typical ballooned
hepatocytes and reactive Kupffer cells. The por-
tal tracts were maximally infiltrated by lympho-
cytes and other mononuclear cells, causing ex-
pansion of the portal tracts at around 20–45 days
postinfection when ALT levels weremost elevat-
ed. Multinucleate hepatocytes were evident as
soon as 7 days postinfection and again in biop-
sies at 30 days postinfection. Infected animals

were not clinically ill at any point following in-
fection. No significant hepatic lesions were ob-
served in a single control animal.

As mentioned above, autochthonously
transmitted nonhuman primate viruses are ge-
netically distinct from human isolates, and this
may affect their pathogenicity (Emerson et al.
1991; Tsarev et al. 1991).

Old World primates, other than cynomol-
gus macaques, may not be good models of hu-
man HAV infection as they generally develop
little or no evidence of liver injury when infected
with human strains of HAV (see Li and Wakita
2018). Rhesus macaques and stump-tailed ma-
caques (Macaca arctoides) developed hepatitis
when infected with nonhuman primate-derived
virus, but not human-derived HAV (And-
zhaparidze et al. 1987). In another study, stump-
tailed macaques developed enzyme elevations
following infection with a human-derived virus,
but no histologywas described (Mao et al. 1981).
Similarly, an HAV isolate from African green
monkeys (AGM-27) was shown to cause disease
in New World tamarins (Saguinas mystax) and
some Old World primates (African green mon-
key [Chlorocebus sp.] andcynomolgusmacaques

a

b
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b

Figure 3. Sequential liver biopsies taken from an acutely infected adult chimpanzee (Pan troglodytes) inoculated
intravenously with HM175 virus. Staining with hematoxylin and eosin (H&E). (A) Pre-infection; alanine
aminotransferase (ALT) = 25 IU/L. There is modest periportal inflammation (a) with hemosiderin-laden mac-
rophages. (B) 3 weeks postinoculation; ALT = 319 IU/L. Periportal inflammatory infiltrates are significantly
increased and extend into the parenchyma, representing early piecemeal necrosis (b) with a prominent apopto-
tic/necrotic hepatocyte bordered by inflammatory cells. The hepatic plates are moderately disorganized. (C) 4
weeks postinoculation; ALT = 392 IU/L (peak value). There is more prominent inflammation extending into the
parenchyma with diffuse moderate-to-severe hepatocellular swelling and a binucleate hepatocyte. There is
marked lobular disarray with disorganized hepatic cords. (D) 10 weeks postinoculation; ALT = 35. Inflammatory
infiltrates are reduced and the normal architecture of the hepatic plates has been restored. (Images from Lanford
et al. 2011; reproduced, with permission, from The National Academy of Sciences © 2011.)
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[M. fasicularis]), but not in chimpanzees (Em-
erson et al. 1991).

New World Primates: Owl Monkeys

Owl monkeys (Aotus trivirgatus) were recog-
nized to be susceptible to infection with HAV
following the discovery of extensive transmis-
sion of virus (PA-21 strain) among newly cap-
tured animals held within a primate colony in
Panama (Lemon et al. 1982). Subsequent studies
showed that infection can be achieved experi-
mentally by either oral or intravenous inocula-
tion of virus. The course of infection and the
severity of hepatitis varies between studies and
individual animals (Keenan et al. 1984; Asher
et al. 1995). A study of the natural history of
experimental infection via the intravenous route
showed viral shedding in feces within 4 days,
with fecal shedding peaking just before bio-
chemical evidence of liver inflammation (Le-
mon 1994).

In a hallmark study of orally infected owl
monkeys by Asher et al. (1995), histologic ab-
normalities were described in liver tissue from
animals necropsied 4 or 24 hours after infection.
The changes described included increased eo-
sinophilic cytoplasmic staining in centrilobular
hepatocytes, pyknotic nuclei, and individualiza-
tion of hepatocytes surrounding the terminal
hepatic venules. An important caveat, however,
is that these animals were not biopsied before
infection for comparison. At 3 days, diffuse
swelling of hepatocytes was present throughout
the hepatic lobules with clusters of polymorpho-
nuclear leucocytes in sinusoids. Neutrophils of-
ten bordered ballooned hepatocytes. Only a few
neutrophils were present in sinusoidal spaces at
5 days and only a few hepatocytes had increased
cytoplasmic eosinophilia. At 7 days, in addition
to occasional neutrophils in sinusoids, diffuse
fatty changes were seen in hepatocytes. Two
weeks postinoculation, changes in the liver
were similar to those found in an animal ne-
cropsied 3 days after inoculation: hepatocytes
again showed diffuse ballooning with clear cy-
toplasm andnumerous clusters of neutrophils in
the lobules. Neutrophils were the only inflam-
matory cells seen at that time; they were not

numerous and were distributed randomly
throughout the lobules although the centrilobu-
lar regions were spared. The accumulation of
iron in Kupffer cells and portal macrophages
as well as in macrophages of spleens and lymph
nodes was first noted. Portal inflammation and
hepatocellular necrosis (Fig. 4A) were observed
in these orally infected owl monkeys 3 weeks
into the infection, when infectious virus was re-
covered in cell cultures inoculated with serum,
fecal extracts, and throat washings (Asher et al.
1995). At that time, hepatocytes had diffuse
accumulations of microvesicular fat in the cyto-
plasm and enlarged pale nuclei. Occasional
apoptotic hepatocytes, not accompanied by
inflammatory cells, were also present in the lob-
ules. Portal inflammation was mild and consist-
ed mostly of lymphocytes and enlarged mac-
rophages that were filled with hemosiderin. By
4 weeks after infection, the portal tracts were
expanded by an influx of inflammatory cells
(Fig. 4B), most of which were lymphocytes,
and macrophages surrounding bile ducts. Sub-
sequently, inflammation involved all portal ar-
eas and extended across the limiting plates into
the lobules. Piecemeal necrosis, characterized by
damage to the limiting plate and apoptotic he-
patocytes (acidophilic bodies), was evident. By 8
weeks after inoculation, inflammatory infiltrates
comprised of small lymphocytes, plasma cells,
and macrophages were still extensive but con-
fined to portal areas without signs of hepatocel-
lular necrosis. Over the course of the infection,
the amount of iron in Kupffer cells increased,
and was accompanied by hypertrophy and pro-
liferation of these cells (Asher et al. 1995).

In a second study by Keenan et al. (1984),
liver biopsies were obtained between 16 and 24
days postintravenous inoculation of two differ-
ent strains of HAV: PA-21 (gtIII), which was re-
covered from owl monkeys in Panama (Lemon
et al. 1982), and HM175 virus (genotype [gt]I),
recovered from an infected human in Australia
(see Lemon and Walker 2018). Histopathologic
changes were variable but, generally similar to
those in the orally infected animals in the Asher
study, were present in both. However, there was
no evidence of inflammation in the region of the
terminal hepatic venules. Hepatic lipidosis was
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not evident and there were fewer neutrophils
seen. By 28–35 days postinoculation, liver en-
zymes had returned close to baseline and most
lesions were diminished in severity, although
some mild residual inflammation persisted in
portal tracts in several animals. Cholestasis was
not evident histologically (nor in the Asher
study above), and there was no difference in
the clinical course or hepatic histopathology of
animals infected with HAV from these two ge-
notypes.

Viral antigen was detected by staining with
monoclonal anti-HAV antibodies in epithelial
cells of intestinal crypts and in the lamina pro-
pria of the ileum in owl monkeys following oral
challenge, but inflammation was not observed
(Asher et al. 1995). These microscopic findings
represent the best evidence available that HAV is
capable of infecting cells within the gastrointes-
tinal tract. Careful efforts were made to confirm

the specificity of the staining. Virus was also
isolated in cell culture from jejunum, ileum,
and colonic tissue, but could also be isolated
from intestinal contents. However, similar stud-
ies performed in tamarins (Saguinus mystax; see
Li and Wakita 2018) failed to find any evidence
of HAV antigen within intestinal tissues (Ma-
thiesen et al. 1980).

New World Primates: Marmosets
and Tamarins

Marmosets (Callithrix sp.) were among the first
species to be confirmed to support transmission
of HAV and were extensively used in early stud-
ies of hepatitis A pathogenesis (Deinhardt et al.
1967; Holmes et al. 1969). At least three species
of marmosets are susceptible to infection, in-
cluding S. mystax, Saguinas labiatus, and other
species in this genus, as well asCallithrix jacchus

pv
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A B

C D
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Figure 4.Acute hepatitis A in a NewWorld owlmonkey (Aotus trivirgatus). Staining with hematoxylin and eosin
(H&E). (A) Portal tracts are infiltrated with lymphocytes and macrophages primarily. There is no piecemeal
necrosis and no derangement of the lobular architecture. Scale bar, 100 µm. bd, bile duct; pv, portal vein; cv,
central vein. (B) Inflammation within the parenchyma is characterized by scattered lymphocyte aggregates (a) and
accompanied by modest lobular disarray. Ballooning degeneration (b) of hepatocytes is also evident. (C) Bal-
looning degeneration (b) of hepatocytes generally occurs early in hepatitis Avirus infection in owl monkeys. (D)
Kupffer cell aggregates (c) may form in the later stages of hepatitis A infection, with or without iron, as seen here.
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(Deinhardt et al. 1975; Ebert et al. 1978; Baptista
et al. 1993). Following either oral or intravenous
inoculation, the activities of liver enzymes (iso-
citrate dehydrogenase [ICD]) become increased
in the serum, histologic evidence of hepatic in-
jury is evident and, with time, anti-HAV anti-
bodies develop.Hepatic inflammation can occur
as soon as 11 days following infection, and typ-
ically peaks at ∼4–6 weeks following infection
(Ebert et al. 1978). The timing and extent of
enzyme increases and hepatic inflammation
vary with the inoculum, and especially its infec-
tious titer. In early studies, fecal shedding of
virus was reported to persist in the face of en-
zyme elevation (Bradley et al. 1977; Ebert et al.
1978). This differs from what has been observed
with chimpanzees and owl monkeys, in which
fecal shedding typically is diminished with the
onset of hepatic inflammation. However, these
early studies predate the availability of quanti-
tative polymerase chain reaction (PCR)-based
methods for assessing viral shedding.

HAV-infected marmosets show histologic
changes that closely resemble those seen in in-
fected human patients (Deinhardt et al. 1975).
Initial histologic changes occur before enzyme
elevations are evident and include an increase in
the number and reactivity of sinusoidal lining
cells, as well as scattered foci of individual hepa-
tocyte necrosis and inflammatory infiltrates of
the portal tracts. When enzyme elevations are at
their peak, hepatocytes become heterogeneous
with regard to staining qualities of the cytoplasm
and nuclei. Most often, altered hepatocytes have
a densely eosinophilic cytoplasm or patches of
dense eosinophilia. Dense areas do not stain
with PAS, indicating that there is a low glycogen
content in these areas, but the PAS stain does
accentuate the differences between hepatocytes
caused by differences in glycogen content. Bal-
looned hepatocytes are present, characterized by
expansion of the hepatocyte surface area in sec-
tions with diaphanous cytoplasm and clear, ir-
regular vacuoles typical of glycogen. There are
numerous infiltrates of lymphocytes andmacro-
phages in the parenchyma, with scattered foci of
hepatocellular necrosis and isolated acidophilic
(apoptotic) hepatocytes. Regions of hepatocel-
lular necrosis and inflammation can be large.

There may be inflammation of the connective
tissue of the central veins, with thickening of
the vein wall and activation of endothelial cells.
Kupffer cells becomemore prominent and often
contain PAS-positive, diastase-resistant non-
glycogenic material. Aggregates of these lining
cells can form in the sinuosids.

Most strikingly, portal tract inflammation is
prominent and diffuse, with inflammatory infil-
trates consisting of lymphocytes, plasma cells,
macrophages, and smaller numbers of neutro-
phils. Damage to the hepatocytes forming the
limiting plate (piecemeal necrosis) can be evi-
dent (Deinhardt et al. 1975; Baptista et al. 1993).
Plasma cells can be prominent, which is a char-
acteristic feature of inflammation within the
HAV-infected human liver. Proliferation of
small-caliber bile ductules also occurs. Histolog-
ic lesions may persist in the liver despite the
return of enzymes to the normal range (Dein-
hardt et al. 1967). In the cotton-topped mar-
moset (C. jacchus), there may be inflammation
without significant enzyme elevations (Baptista
et al. 1993).

Tamarins (Saguinus sp.), closely related to
marmosets are also susceptible to infection with
HAV (Karayiannis et al. 1986). Elevated serum
liver enzyme activities and hepatic inflamma-
tion similar to that seen in marmosets have
been described following experimental infection
(Karayiannis et al. 1990).

Rodent Models: Guinea Pigs

Infectious HAV challenge of guinea pigs does
not result in clinical evidence of infection or
elevation of liver-related enzyme activities in se-
rum, although HAV was detected in serum and
feces by reverse transcription PCR (RT-PCR) or
cell culture isolation for several weeks following
inoculation of virus adapted to growth in guinea
pig cell culture (Hornei et al. 2001). Hepatocyte
swelling and rounding with cytoplasmic pallor
was described. A proportion of hepatocytes
had a deeply acidophilic cytoplasm and irregu-
lar outlines with evidence of nuclear pyknosis.
Inflammatory cells, mainly lymphocytes, plas-
ma cells, and macrophages in varying pro-
portions were most abundant in regions with
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hepatocellular damage. Inflammatory cells, pri-
marily lymphocytes, were observed surrounding
individual hepatocytes, andmultinucleate hepa-
tocytes and activated Kupffer cells (common
features of HAV infection in other species)
were present. In this study, however, a control
animal kept in the same room as the infected
animals also developed confluent necrosis of
the liver, raising some concern about the under-
lying cause of liver injury in animals challenged
with HAV. The findings suggest that guinea pigs
might be able to support limited HAV replica-
tion, but hepatic histopathology is not reflective
of that seen in infected humans or nonhuman
primates.

Genetically Modified Mice

Whereas normal mice are not susceptible to in-
fection with HAV, amodel of human hepatitis A

has been described recently in knockout mice
lacking expression of the type 1 interferon re-
ceptor (Ifnar1−/− mice) (Hirai-Yuki et al. 2016,
2018). Similar to primates, HAV replicates ro-
bustly in a highly hepatotropic fashion in these
genetic knockouts, leading to viremia, fecal
shedding of virus via the biliary tract, serum
ALT elevations, and impressive inflammatory
changes in the liver (Fig. 5). The histopathology
of infectedmice is characterized bymultiple foci
of apoptotic hepatocytes surrounded by small
aggregates of lymphocytes and macrophages
(Fig. 5A). In Ifnar1−/− mice challenged intra-
venously with high titer virus, the normal
liver architecture may be completely destroyed,
with large, confluent areas of inflammation.
F4/80+CD11B+ macrophages and CD3−NK1.1+

natural killer (NK) cells are sharply increased
in number, and both CD4+ and CD8+ CD3+

T lymphocytes are found in infiltrates. Remark-

a

a

a

a

A B

C

b

b

a

a

a

Figure 5.Hepatitis A in genetically deficient Ifnar1−/−mice that lack expression of the type I interferon (IFN)a/b
receptor. Mice were inoculated intravenously with mouse-passaged HM175 virus (Hirai-Yuki et al. 2016). (A)
Hematoxylin and eosin (H&E)-stained liver 28 days after inoculation of a 9-week-old female mouse. Serum
alanine aminotransferase (ALT) was 57 IU/L, down from 474 IU/L on day 7 postinoculation (upper limits of
normal = 30.2 IU/L). Scale bar, 50 µm. Inflammatory infiltrates comprised of foci of lymphocytes and macro-
phages are scattered throughout the parenchyma, in most cases surrounding remnants of apoptotic hepatocytes
(a). Portal inflammation is not evident. (B) Liver collected 41 days after intravenous inoculation of a female
Ifnar1−/−Ifngr1−/− double-knockout mouse with third mouse-passage virus; ALT was 201 IU/L. An inflamma-
tory focus is associated with numerous apoptotic hepatocytes (a). Scale bar, 20 µm. (C) Liver from a male
Ifnar1−/− mouse collected at necropsy 161 days after inoculation with fifth mouse-passage virus at 9 weeks of
age; ALTwas 100 IU/L after peaking at 414 IU/L on day 7. Extensive parenchymal infiltrates surround numerous
apoptotic hepatocytes (b). Scale bar, 100 µm.
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ably, however, there is little to no inflammation
of portal tracts distinguishing the inflammatory
picture observed in these mice from that in ex-
perimentally infected nonhuman primates. This
is likely reflective of the immunodeficient state
of these animals. Appreciable amounts of viral
RNA are present in the spleens of these mice
during the peak stages of the infection, but there
are no changes in the histology of the spleen.

Other murine genetic knockouts are also
susceptible to HAV infection, including mice
lacking expression of mitochondrial antiviral
signaling protein (Mavs−/− mice) and inter-
feron regulatory factors (Irf3−/−Irf7−/− double-
knockout mice). However, these knockouts do
not develop any evidence of hepatic inflamma-
tion when infected with HAV, despite the virus
replicating as well if not better than in Ifnar1−/−

mice (Hirai-Yuki et al. 2016, 2018). These dif-
ferences, coupled with evidence for IRF3 activa-
tion in the livers of infected Ifnar1−/− mice,
suggest that hepatic inflammation arises from
intrinsic hepatocellular apoptosis caused by
MAVS- and IRF3-dependent (but interferon-
independent) induction of proapoptotic inter-
feron-stimulated genes (ISGs).Micewith specif-
ic defects in adaptive immunity (NSG and
Rag1−/−mice) were nonpermissive for HAV in-
fection, and prior depletion of T cells, NK/NK T
cells, or macrophages had no impact on the de-
velopment of inflammation in Ifnar1−/− mice
(Hirai-Yuki et al. 2016).

HEPATITIS E VIRUS

There are four HEV genotypes that have distinct
regional distributions and different host species
range (see Smith and Simmonds 2018). gtI and
gtII have caused large epidemics of hepatitis in
developing countries, whereas gtIII and gtIV in-
fect both a variety of animals as well as humans
and cause sporadic outbreaks of hepatitis.Unlike
HAV, HEV infections in humans often have a
zoonotic origin. The virus is transmitted via the
fecal–oral route through consumption of con-
taminated water or by ingestion of undercooked
meats, especially pork, but also wild boar and
venison (Matsuda et al. 2003; Malcolm et al.
2007). Infection is generally acute and self-limit-

ing, but unlike HAV can persist in persons who
are immunocompromised (Kamar et al. 2011).
The clinical course of acute infection can vary
from the common mild form of the disease to a
fatal, fulminant hepatitis, which is particularly
common in pregnant women (Rein et al. 2012).
There is an increasing number of animal species
known to be naturally infected with HEV. These
include domestic and wild pigs, deer, rabbits,
rats, chickens, moose, mongoose, ferrets, bats,
and trout. Serologic evidence of infection extends
torhesusandcynomolgusmacaques,goats, sheep,
and cattle (Kabrane-Lazizi et al. 1999; Yugo et al.
2014). Cross-species susceptibility and zoonotic
transmission have been shown (Yugo et al. 2014).

Histopathology of HEV Infection in Humans

There is less information available concerning
the histopathology of HEV infection in humans
comparedwith other types of viral hepatitis. The
classical pattern of liver injury in acute hepatitis
E includes typical types of lesions found in other
forms of acute hepatitis (Peron et al. 2007b).
These include ballooning of hepatocytes, scat-
tered apoptotic (acidophilic) bodies, and infil-
tration of the portal tracts with lymphocytes.
Neutrophils are relatively common in the paren-
chyma and the portal tracts, a feature not seen in
other types of viral hepatitis, but lymphocytes
are the predominant infiltrating cell type. There
is also a cholestatic response to HEV infection.
Cholestasis can be mild or moderate with
plugged canaliculi, and lead to dilated ductules
or a pseudoglandular arrangement of hepato-
cytes, particularly in the periportal regions. In-
fections marked by strong cholestatic responses
may have less hepatocellular injury than more
typical cases, and, in some regards, the chole-
static form of hepatitis E can resemble HAV
infection. HEV-associated destructive cholangi-
tis also has been described (Wendum et al.
2005). In more severe cases, there can be wide-
spread hepatocellular necrosis and collapse of
the parenchyma with a prominent ductular re-
action (Fig. 6A). Surviving hepatocytes may be
distended with foamy cytoplasm and pigmented
macrophages are scattered throughout the pa-
renchyma. Portal tracts are surrounded by a
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prominent ductular reaction. Inflammation of
vessel wall and Kupffer cell hyperplasia can
also be present. Reports from Western Europe
indicate that autochthonousHEV infectionmay
be associated with substantial portal inflamma-
tion, piecemeal necrosis, cholangiolitis, paren-
chymal injury, and even fulminant hepatic fail-
ure, and that histopathologic changes may be
more severe than in patients with infections
acquired in more endemic regions (Malcolm
et al. 2007; Peron et al. 2007a).

HEV Infection in Animals

Generally speaking, animals infected with HEV
have less hepatic inflammation and liver injury
and more modest ALT elevations than infected
humans (Halbur et al. 2001; Meng 2010). How-
ever, this may reflect a bias against the identifi-
cation of mild infections in humans because of a

lack of readily available diagnostic tests. A wide
range of nonhuman primate species are suscep-
tible to infection with various genotypes of
HEV, including great apes (chimpanzees), Old
World monkeys (cynomolgus, rhesus, and
stump-tailed macaques, patas monkeys (Eryth-
rocebus patas), and African green monkeys, as
well as New World primates such as owl mon-
keys, squirrel monkeys (Saimiri sciureus), and
tamarins (Fig. 7) (Wang and Wang 2016). Of
these many species, cynomolgus macaques
have been used most successfully in research.

Susceptible animal species can be infected
by either oral or intravenous inoculation of vi-
rus, with the latter route considered most effi-
cient (Gupta et al. 1990; Tsarev et al. 1994). The
course of the infection parallels that in infected
humans, with a 3- to 8-week incubation preced-
ing peak elevation of liver enzyme activity in
serum (Uchida et al. 1990; Ticehurst et al.

b

a

A B

Figure 6.Hepatitis E in a hepatitis E virus (HEV)-infected patient. (A) Hematoxylin and eosin (H&E) stain. The
periportal parenchyma contains a marked ductular reaction characterized by a proliferation of small-caliber
ducts lined with pale basophilic epithelial cells extending from the margin of the portal tract. Prominent
extracellular matrix separates the ductules. Abutting hepatocytes are in disarray and prominent bile plugs are
evident in distended canaliculi and ductules. A mild lymphocytic infiltrate is dispersed through the portal tract
and adjacent parenchyma. (B) H&E stain. Higher-magnification image from the same patient. Prominent
cholestasis is evident in distended canaliculi with formation of small bile lake at the interface of a prominent
ductular reaction on the right and a focus of hepatocytes (a) that are lightly vacuolated and lack normal sinusoidal
arrangement. Scale bar, 100 µm.
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1992). Fecal viral shedding and viremia tend to
peak simultaneously during the incubation and
early phase of disease. Liver inflammation de-
velops along with liver enzyme elevations. The
infection is self-limited, and resolution occurs
in all cases. Persistent infection, as described in
immunocompromised patients, has not been
observed in nonhuman primates.

Nonhuman Primates: HEV Infection
in Chimpanzees

Chimpanzees (P. troglodytes) are variably sus-
ceptible to infection with HEV, with host factors
likely affecting the severity of the disease. Serum
aminotransaminase elevations occur following
intravenous inoculation of the virus, but they
are generally mild, rarely exceeding 100 IU/L
(Yu et al. 2010) or 400 IU/L (Popper et al.
1980). Chimpanzees appear to have less ALT
elevation following HEV infection than similar-
ly infected cynomolgus and rhesus macaques
(Purcell et al. 2013). Histologic features have
been described by several investigators (Pfeifer
et al. 1980; Popper et al. 1980; Feinstone et al.
1981; Purcell and Emerson 2001; Yu et al. 2010).
Following an incubation period of 2–12 weeks,
there may be swelling of hepatocytes with vari-
ation in their staining and alterations of the cy-
toplasm including clumping and lipid vacuoli-
zation (Popper et al. 1980). Sinusoidal lining
cells may be diffusely reactive. Periportal lym-
phocytic infiltrates may develop, without piece-

meal necrosis, as well as focal necrosis within the
hepatic parenchyma (Yu et al. 2010). Lymphoid
follicles are evident in some infected chimpan-
zees, although eosinophils are present within
portal infiltrates in others (Popper et al. 1980).
Occasionally, lymphocytes are seen to surround
bile ducts or ductules with the biliary epithelium
displaying mild variation in size and ratio of
nucleus to cytoplasmic surface area. Lympho-
cytic infiltrates may also develop within the pa-
renchyma along with an increase in macro-
phages and scattered PAS-positive Kupffer cells.
Focal necrosis may develop and moderate num-
bers of apoptotic (acidophilic bodies) may be
scattered within the parenchyma. During the
course of the infection, there may be a transient
alteration in the size of the nucleus in hepato-
cytes and the appearance of multinucleated he-
patocytes (Popper et al. 1980). Cholestasis has
not been reported. During recovery, there may
be persistent evidence of activated sinusoidal
lining cells, characterized by increased size and
more prominent cytoplasm, particularly in the
centrilobular regions, and irregular dilation of
the sinusoids.

HEV Infection in Old World Monkeys:
Cynomolgus Macaques

Naturally occurring HEV infection has been re-
ported in cynomolgus and rhesus macaques
(M. fasicularis), although the histology of these
infections is not well characterized (Arankalle

A B

ha

c
b

cv

a

pv

Figure 7. Hepatitis E in a rhesus macaque. (A) The hepatic architecture is well preserved. Focal lymphocytic
infiltrates (a) are scattered throughout the parenchymawithmild lymphocytic infiltration (b) of the portal region.
Scale bar, 100 µm. pv, portal vein; cv, central vein; ha, hepatic artery branch. (B) Focal lymphocytic parenchymal
inflammatory infiltrate surrounding several necrotic hepatocytes.
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et al. 1994; Hirano et al. 2003; Yugo et al. 2014).
Experimental infection of cynomolgus ma-
caques with HEV produced no outward clinical
signs (Bradley et al. 1987; Ticehurst et al. 1992).
However, serum ALTelevations began∼25 days
following inoculation, coincident with evidence
of hepatic inflammation. Increases in serum
ALT activity are generally no more than three-
fold increased over baseline, although in one
study the ALT level reached 600 IU/L in an in-
dividual animal. The severity of hepatic injury
following HEV inoculation may vary with the
titer of the inoculum as well as the responses of
the individual animal, as might be expected in
an outbred species (Soe et al. 1989; Tsarev et al.
1993; Purcell et al. 2013).

The characteristic histologic response in in-
fected cynomolgus monkeys is marked by mild
lymphocytic portal inflammatory infiltrates.
The infiltrates have been described as less exten-
sive than those seen in infected owl monkeys
(Ticehurst et al. 1992). Ballooning hepatocytes,
scattered apoptotic hepatocytes associated with
lymphocytes and macrophages, and parenchy-
mal lymphocytes are typical (Krawczynski et al.
2011). One severely affected animal was found
to have lymphocytic infiltrates and edema of the
portal tracts, focal hepatic necrosis, and both
micro- and macrovesicular lipid in hepatocytes
(Tsarev et al. 1993). Neutrophils were found in
the portal tracts around portal veins as well as
within the parenchyma. Therewas neither fibro-
sis nor other residual lesions.

Rhesus Macaque

Rhesus macaques (Macaca mulatta), like chim-
panzees and cynomolgus macaques, are suscep-
tible to infection with all four genotypes of HEV
(Wang andWang 2016). Histologic changes are
similar to those seen in cynomolgus macaques
(Tsarev et al. 1995; Krawczynski et al. 2011).

HEV Infection in New World Monkeys:
Owl Monkeys

Owl monkeys (A. trivirgatus) infected intrave-
nously with HEV derived from an outbreak in
Mexico did not have overt signs of disease

(Ticehurst et al. 1992). SerumALT levels peaked
22–26 days following inoculation but were only
modestly elevated (three to four times baseline)
and there was only a minimal increase in serum
bilirubin. Histologic changes in the liver were
similarly limited. By day 23, lymphocytic infil-
trates were evident in the portal tracts of three of
five animals. One animal developed piecemeal
necrosis with multiple apoptotic hepatocytes
(acidophilic bodies), whereas another developed
a parenchymal inflammatory infiltrate with an
influx of plasma cells. However, two of five an-
imals did not develop histologic evidence of in-
flammation. Swollen hepatocytes were apparent
in one animal 69 days following inoculation
(Ticehurst et al. 1992).

HEV Infection in Marmosets

Infected marmosets (Callithrix sp.) show rela-
tively modest hepatic injury with minor eleva-
tions in serum ALT activity (Feinstone et al.
1981; Inoue et al. 1986). Histologic changes in
experimentally infected animals consist mainly
of lymphocytic infiltration of the portal tracts
along with the presence of pigment-laden mac-
rophages in both portal tracts and parenchyma,
multifocal individual hepatocyte necrosis, occa-
sional lymphocytic sinusoidal infiltration, and
Kupffer cell activation (Inoue et al. 1986; Wata-
nabe et al. 1987). Lymphocytes are frequently
adjacent to injured hepatocytes. Cholestasis
has not been observed. Hepatocyte ballooning
and clumped cytoplasm was noted in one study,
along with a general lack of parenchymal in-
flammation. Later in the course of infection,
Kupffer cell proliferation was prominent as
were apoptotic hepatocytes (acidophilic bodies),
anisocytosis, and variations in the shape of the
nucleus in hepatocytes (Feinstone et al. 1981;
Bradley et al. 1987).

HEV Infection in Nonprimate Species: Rabbits

Rabbits can be naturally infected with a gtIII
strain of HEV and have been experimentally
infected with gtIV virus (Cossaboom et al.
2011, 2012). Natural infection is widespread in
some regions, and virus recovered from rabbits
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is capable of infecting pigs as well as nonhuman
primates. Histologic changes in the liver of in-
fected adult rabbits are not well characterized,
but inflammation appears to coincide with se-
rum ALT elevation. Isolated foci of lymphocytic
and histiocytic infiltrates were seen in one of
several infected rabbits and foci of necrosis in
another animal (Ma et al. 2010).

Pigs

There is widespread infection of domestic pigs
with gtIII and gtIV viruses. Infected animals do
not develop overt clinical signs, and generally
have only minimal-to-moderate evidence of in-
flammation (Meng et al. 1997). Hepatic inflam-
mation was more severe in pigs infected with
HEV derived from a human source than with
HEV recovered from pigs, suggesting some dif-
ferences between strains (Halbur et al. 2001).
Natural infection is associated with mild lym-
phocytic and plasmacytic portal and parenchy-
mal infiltrates. Lymphocytes may be distributed
along the sinusoids. Swollen hepatocytes and
mild focal necrosis may occasionally occur.
Pigs infected with a human strain, US-2, had
similar, but more prominent lesions. Inflamma-
tion was maximal 20 days following intravenous
inoculation of the virus and persisted for up to
55 days, with lesions diminishing toward the
end of the infection (Halbur et al. 2001). Infect-
ed pigs can be a source of infection in humans
consuming undercooked pork sausage or liver
(Peron et al. 2007a,b).

Chickens

Avian HEV infection is widespread in the U.S.
poultry population (Huang et al. 2002). Exper-
imental infection of specific-pathogen-free
chickens with avian HEV produces a mild hep-
atitis. Lymphocytic and heterophilic perivascu-
litis and vaculitits have been reported (Billam
et al. 2005, 2009).

Rodents

Rats have been recognized to be naturally infect-
ed with HEV infection since 2009 (Johne et al.

2010). There are no overt clinical signs associat-
ed with the infection (Purcell et al. 2011; Li et al.
2013), and liver enzyme activity is not increased
in serum (Purcell et al. 2011). There are only
limited descriptions of histologic changes ac-
companying infection in laboratory rats. Mild
hepatitis characterized by light lymphocytic
portal inflammation and aggregates of lympho-
cytes within the parenchyma were noted. Scat-
tered Kupffer cell aggregates were also present.
We have tried, without success, to infect
Ifnar1−/− knockout mice by intravenous inocu-
lation of HEV.

CONCLUDING REMARKS

Animal models, particularly nonhuman pri-
mates, have significantly contributed to current
understanding of the pathogenesis of HAV and
HEV. Nonhuman primates are susceptible to
infection with both HAV and HEV recovered
from infected humans, and the inflammatory
responses in the liver parallel those seen in in-
fected humans. Experimental animal models
have been exceptionally valuable in developing
an understanding of the impact of these viruses
on the histologic appearance of the liver, as liver
tissue is rarely available for study from humans
experiencing typical, uncomplicated hepatitis A
or hepatitis E.

The pattern and timing of hepatic inflamma-
tion following infectionwithHAV in susceptible
nonhuman primate species closely resembles
that seen in infected humans. However, the de-
gree of liver injury, reflected in enzyme eleva-
tions and hepatic inflammation, has generally
been reported to be milder in nonhuman pri-
mates than in infected humans. There may be
histologic evidence of cholestasis in infected
nonhuman primates, but icterus and other overt
clinical signs of disease such as lethargy and in-
appetence are not observed, despite being com-
mon in infected humans. To some extent, this
may reflect the age of experimentally infected
animals, as HAV infection is often mild and
not recognized clinically in young children (Be-
nenson et al. 1980). Nonetheless, in a carefully
executed vaccine trial involving healthy children
aged 2–16years, eachof the 25placebo recipients
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who became infected was symptomatic and had
elevated serum ALT activity (mean 1383 U/L
with a range of 240–2850) and half were icteric
(Werzberger et al. 1992). Similar overt evidence
of liver injury has rarely been observed in exper-
imentally infected nonhuman primates, al-
though fulminant disease was reported in one
chimpanzee (Theamboonlers et al. 2012). HEV
infection similarly appears to result in lesser de-
grees of liver injury in experimentally infected
animals than in humans. However, it seems like-
ly that only the most severe HEV infections are
recognized clinically in humans, and there is still
much tobe learned about the complete spectrum
of human HEV infection.

Despite these potential differences in se-
verity of the inflammatory response, the nature
of the host response and clearance of infection
seem to be quite similar, especially for hepatitis
A. Distinctive features of HAV infection, which
has a tendency toward more robust inflamma-
tion in the portal and periportal regions of the
liver, at times progressing to piecemeal necrosis,
is recapitulated in primate models, particularly
in chimpanzees. The presence of large numbers
of plasma cells is also a feature common to both
animal models of HAV infection and infection
in humans. Prominent cholestasis, on the other
hand, is not commonly observed in animal
models of HAV infection. Similarly, of the two
main types of histopathologic response to HEV
infection (inflammatory and cholestatic), in-
flammation is reproduced in animal models, al-
beit perhaps with less severity than in humans.
Cholestatic responses to HEV infection have not
been observed in animal models, but additional
studies will be needed to accurately compare
human and animal responses to HEV infection
at a fine level of detail.
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