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Abstract

Infectious hepatitis type A and type E are caused by phylogenetically 
distinct single-stranded, positive-sense RNA viruses that were once 
considered to be non-enveloped. However, studies show that both are 
released nonlytically from hepatocytes as ‘quasi-enveloped’ virions 
cloaked in host membranes. These virion types predominate in the 
blood of infected individuals and mediate virus spread within the liver. 
They lack virally encoded proteins on their surface and are resistant 
to neutralizing anti-capsid antibodies induced by infection, yet they 
efficiently enter cells and initiate new rounds of virus replication. In this 
Review, we discuss the mechanisms by which specific peptide sequences 
in the capsids of these quasi-enveloped virions mediate their endosomal 
sorting complexes required for transport (ESCRT)-dependent release 
from hepatocytes through multivesicular endosomes, what is known 
about how they enter cells, and the impact of capsid quasi-envelopment 
on host immunity and pathogenesis.
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infects various animal species, most prominently swine, and zoonotic 
transmission to humans is not uncommon (Box 2). Fulminant hepatitis 
is strongly associated with one particular genotype (genotype 1) in preg-
nant women7. HEV infection can also persist in immunocompromised 
individuals, potentially causing chronic hepatitis and life-threatening 
cirrhosis19. Although viruses closely related to HAV infect many mam-
malian species (Box 2), the host range of HAV is limited, and zoonotic 
transmission does not contribute to its spread. Unlike HEV, HAV has not 
been associated with chronic hepatitis or cirrhosis. Inactivated HAV 
vaccines are highly effective, but outbreaks of acute hepatitis due to 
HAV continue to occur in both Europe and North America20,21, resulting 
in over 27,000 hospitalizations and more than 400 deaths in the USA 
since 2016 (Centers for Disease Control and Prevention).

Hepatocytes are polarized cells of epithelial origin with basolat-
eral membranes facing onto the space of Disse, which communicates 
with the systemic circulation, and with apical membranes abutting 
bile canaliculi through which bile acids produced in hepatocytes flow 
to the gut (Fig. 1c). eHAV and eHEV are released across the basolateral 
membrane of hepatocytes, spilling into the bloodstream and causing a 
viraemia comprising primarily membrane-cloaked, yet still infectious 
virions10,22. Naked HEV virions (nHEV) lacking a quasi-envelope are also 
present in blood in some infected individuals, particularly late in infec-
tion when there is liver injury, but rarely represent more than 20% of 
circulating virus23. Only eHAV virions have been found in blood from 
naturally infected humans or experimentally infected chimpanzees8. 
Greater quantities of newly replicated viral progeny are released across 
the apical hepatocyte membrane into the biliary tract. High concen-
trations of bile acids present in the proximal bile canaliculus strip 
the membrane from eHAV, resulting in faecal shedding of naked HAV 
(nHAV)24 (Fig. 1d). Most evidence suggests that the majority of faecally 
shed nHAV is produced within hepatocytes and shed through the biliary 
tract25. No evidence for HAV replication was found within the small or 
large intestine in a mouse model of human hepatitis A in which there is 
extensive faecal shedding of virus26. nHEV particles shed in faeces may 
be similarly produced by bile acid conversion of eHEV released from 
hepatocytes across the apical membrane27,28. However, productive 
infection of primary human enterocytes has been described recently29, 
suggesting that HEV may be less strictly hepatotropic than HAV. Neuro-
logical complications, including Guillain–Barré syndrome, and renal 
injury also have been reported in patients with HEV infection19.

How these viruses first reach the liver is not well understood. Except 
in zoonotic transmission of HEV following ingestion of inadequately 
cooked liver or meat, or rare cases of transfusion-transmitted HAV or 
HEV infection, the initial infecting virion is likely to be a naked particle. 
Both HAV and HEV antigens have been detected within epithelial cells of 
intestinal crypts29,30 and, as noted above, primary enterocytes support 
productive HEV infection29. Nonetheless, it remains debatable whether 
a primary site of replication exists within the gastrointestinal tract for 
either virus. Regardless, once hepatocytes are infected, subsequent 
spread within the liver is likely due to quasi-enveloped virions only. This 
makes it important to understand how both naked and quasi-enveloped 
virions are able to enter cells and establish new infections, as well as 
the mechanisms by which viral progeny are sorted and exported from 
hepatocytes as quasi-enveloped virus.

HAV and HEV were the first ‘non-enveloped’ viruses found to be 
released from cells as quasi-enveloped virions8,9,31. This dual lifestyle, 
with both naked and membrane-cloaked extracellular particles, offers 
several distinct advantages. New viral progeny exit cells by usurping 
normal physiological pathways mediating the release of exosomes, 

Introduction
Hepatitis A virus (HAV) and hepatitis E virus (HEV) are small, positive-
strand RNA viruses that cause enterically transmitted hepatitis in 
humans. The likely cause of disease outbreaks described in antiquity, 
both viruses were discovered 40–50 years ago by immune electron 
microscopic examination of faecal material from experimentally 
infected humans1,2. However, only now are we beginning to under-
stand unique aspects of their replication cycles and how they interact 
with host cells. Although phylogenetically distinct, both viruses are 
hepatotropic and replicate within hepatocytes, which are the major cell 
type within the liver3–5. Newly produced virions are released from the 
liver into the bloodstream, causing a viraemia, and into the biliary tract, 
resulting in faecal shedding of virus (Fig. 1a). Both viruses spread pri-
marily by faecal–oral transmission, resulting in both sporadic infections 
and large outbreaks due to contaminated food or water6,7.

When first identified, both HAV and HEV were considered to be 
non-enveloped — that is, to lack an outer lipid layer and to be released 
from infected cells as ‘naked’ virions in which the RNA genome is 
encapsidated within a protein shell (the ‘capsid’) protecting it from the 
environment. However, the lifecycles of these viruses are much more 
complicated. Both viruses are now known to be released from infected 
cells with an outer lipid layer formed by membranes derived from 
the interior of the host cell8,9. Although infectious, these membrane-
cloaked, ‘quasi-enveloped’ virions of HAV and HEV (‘eHAV’ and ‘eHEV’, 
respectively)10 lack any virally encoded proteins on their surface, 
a feature distinguishing them from canonical enveloped viruses such 
as coronaviruses or hepatitis B virus (Fig. 1b). They share some attrib-
utes of exosomes, a special class of small extracellular vesicles (EVs) 
that originate from multivesicular endosomes (MVEs; also known as 
multivesicular bodies) and may function as vehicles for intercellular 
transfer of proteins and regulatory RNAs11,12. Unlike other viruses that 
are shed from infected cells in larger types of EVs (Box 1), the structural 
proteins of HAV and HEV contain conserved sequence motifs that 
mediate interactions of the capsid with endosomal sorting complexes 
required for transport (ESCRT). Quasi-envelopment thus results from 
an active and highly selective sorting process that involves the bud-
ding of capsids into MVEs, followed by their release from the cell upon 
fusion of MVE and plasma membranes. Extracellular quasi-enveloped 
virions contain capsids that differ compositionally from the naked, 
non-enveloped virus shed in the faeces of infected individuals and 
represent a distinct type of infectious particle.

This Review focuses on recent gains in our understanding of how 
specific proteins expressed by these viruses — namely, the pX poly-
peptide of HAV and the small ORF3 protein of HEV — interact with the 
host cell to drive nonlytic release of quasi-enveloped virions, and how 
these extracellular infectious particles enter naive cells to establish 
infection in the absence of virally encoded proteins on their surface. 
These questions are important given increasing evidence that patho-
genic viruses from many other virus families conventionally considered 
to be ‘non-enveloped’ are released from infected cells in EVs without 
lysing the cell (Box 1). Recent progress in developing small-animal 
models of HAV and HEV infection13,14, and in understanding mecha-
nisms underlying the liver injury caused by these viruses15,16, have been 
reviewed elsewhere and will not be discussed in detail.

Life cycles and pathogenesis
Infection with either HAV or HEV typically results in only transient inflam-
matory liver injury, but both viruses can cause fulminant and even fatal 
hepatic failure17,18. Each poses a substantial threat to public health. HEV 
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Fig. 1 | Pathogenesis of enterically transmitted hepatitis A and hepatitis E virus. 
a, Hepatitis A virus (HAV) life cycle, showing per-oral infection with naked HAV 
(nHAV), in-host spread of quasi-enveloped HAV (eHAV) and faecal shedding  
of nHAV resulting in environmental transmission to naive hosts. nHAV particles shed  
in faeces are produced by bile acid conversion of eHAV released from hepatocytes. 
The hepatitis E virus (HEV) life cycle is similar (not shown). b, Basic structures of 
naked versus quasi-enveloped hepatitis viruses and a canonical enveloped virus 
(hepatitis B virus (HBV)), showing the absence of virus-encoded proteins on the 

surface of quasi-enveloped virions11,31. c, Liver architecture, showing basolateral 
release of eHAV from polarized hepatocytes into blood flowing through hepatic 
sinusoids and apical release into a bile canaliculus. The quasi-envelope is stripped 
from eHAV by bile acids, resulting in faecal shedding of nHAV24. Events are 
similar in hepatitis E (not shown). d, Virological and serological markers in acute 
hepatitis A (top) and hepatitis E (bottom). ALT, alanine aminotransferase; IgG, 
immunoglobulin G; IgM, immunoglobulin M; IU l−1, international units per litre.
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Box 1

Quasi-enveloped virus or virus shed in extracellular vesicles?
Many canonical ‘non-enveloped’ viruses other than hepatitis A virus 
(HAV) and hepatitis E virus (HEV) have been shown to be released 
from infected cells within extracellular vesicles (EVs)127–132. This can 
engender confusion over terminology — are these viruses ‘quasi-
enveloped’ like the enteric hepatitis viruses (see the figure, part a),  
or are they simply viruses shed from cells in EVs (see the figure, 
parts b and c)? Most of these other viruses, including picornaviruses 
(enteroviruses and cardioviruses), noroviruses, rotaviruses and 
reoviruses, have RNA genomes and a cytoplasmic replication cycle, 
but John Cunningham polyomavirus, a DNA virus, is also released in 
EVs127–132. These virus-containing EVs vary in size depending on the 
mechanisms of biogenesis, none of which are clearly defined but 
probably include secretory autophagy (see the figure, part b) and  
microvesicle shedding from the plasma membrane (see the figure, 
part c). Enterovirus-containing EVs are substantially larger (300–920 nm  
diameter) than quasi-enveloped HAV (eHAV) or HEV (eHEV),  
contain numerous capsids and originate in autophagosomes127,128. 
Enterovirus capsids assembling on membranes are engulfed 
by phagophores activated by autophagy proteins (ATG5, ATG12,  
ATG16 and lipidated LC3) and become trapped within double-
membrane autophagosomes120,133. This entrapment is probably a 
passive event, linked to autophagic signalling supporting genome 
replication, and is not known to be driven by any specific capsid 
signal. Autophagosomes loaded with assembled virus particles 

along with a mix of nonstructural viral proteins (nsPs) and both 
positive-strand and negative-strand viral RNAs traffic to the plasma 
membrane, where fusion of the outer autophagosome membrane 
results in release of single-membrane vesicles to the external 
environment before lysis of the cell120,131,134,135. This contrasts with the 
biogenesis of eHAV and eHEV, whereby conserved sequence motifs 
in structural polypeptides (pX and ORF3) function mechanistically 
like the ‘late domains’ of canonical enveloped viruses, mediating 
capsid interactions with endosomal complexes required for transport 
(ESCRT) and driving an active sorting process leading to budding of 
the capsid into the multivesicular endosome (MVE)8,93,121,122 (see the 
figure, part a, and Fig. 3). Sorting is highly specific and selective. 
eHAV virions contain only capsid proteins and no nonstructural viral 
proteins11. An additional distinguishing feature is that the capsids 
exported in eHAV and eHEV differ compositionally from naked 
extracellular virions (nHAV and nHEV, respectively), to which they 
are converted by bile acids following release from the hepatocyte 
(Fig. 2). It is uncertain whether other viruses are released through a 
similar process of quasi-envelopment, but EVs containing norovirus 
are similar in size to quasi-enveloped hepatitis viruses and thus could 
have a similar MVE-related origin.

Quasi-envelopment has a central role in the pathogenesis of HAV 
and HEV infections, accounting for most, if not all, virus released 
into the bloodstream. En bloc delivery of multiple enterovirus 
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leading to their release from the cell across the plasma membrane with-
out cell lysis. This allows for productive HAV or HEV infection without 
direct cell damage and results in extended incubation periods (several 
weeks or more) during which virus is shed in faeces in the absence of 
liver injury (Fig. 1d). During this phase of the infection, the virus circu-
lates within the body and spreads within the liver completely cloaked 
in host membranes (Fig. 1a). The membranes sequester viral antigens 
from the host immune system, adding to the stealthy nature of these 
infections (Box 3). By contrast, high residual infectivity of the naked 
particle after loss of the lipid coat within the biliary tract allows for fae-
cal shedding of very stable virus. This facilitates transmission through 
the environment and provides for both person-to-person spread and 
large, common-source disease outbreaks (Fig. 1a).

Genome replication and capsid assembly
Human strains of HAV represent one (Hepatovirus A) of nine viral spe-
cies classified in the genus Hepatovirus of the family Picornaviridae 
(Box 2). The HAV capsid structure is distinct from that of other com-
mon picornaviral pathogens of humans, such as enteroviruses, and 
has features similar to those of distantly related viruses that infect 
insects32. HEV strains infecting humans demonstrate greater genetic 
diversity than the human-infecting strains of HAV (Box 2). Most are 
classified within the genus Paslahepevirus of the family Hepeviridae, 
but members of the genus Rocahepevirus also infect humans. These 
viruses may have had their origins in an ancient recombination event 
involving members of alphavirus-like and picornavirus-like superfami-
lies33,34. Multiple genotypes exist for both HAV and HEV, and in the case 
of HEV these define both routes of transmission and the potential to 
cause human disease (Box 2). Overall, there is little antigenic diversity 
among human strains of these viruses, all of which fall into single sero-
types. In both cases, phylogenetically related nonhuman viruses infect 
various mammalian species35–37 (Box 2).

The genomes of both HAV and HEV are single-stranded,  
messenger-sense RNAs 7.2–7.5 kb in length with 3′ poly(A) tails 
(Fig. 2a,b). Beyond these similarities, however, genome organization 
and mechanisms of translation and RNA replication could hardly be 
more different. Like other picornaviruses, the HAV genome lacks a 
5′ 7-methylguanosine cap and has a single large open reading frame 
(ORF) (Fig. 2a). Translation is initiated in a cap-independent fashion by 
an internal ribosome entry site located within a lengthy (~735 nucleo-
tides) 5′ untranslated RNA segment. This results in synthesis of a large 
polyprotein that is proteolytically processed into multiple nonstruc-
tural proteins involved in genome replication and structural proteins 
that assemble into a stable capsid that packages newly produced 
genomic RNA. In contrast, the HEV genome is capped at its 5′ end and 
possesses three ORFs (Fig. 2b). The longest of these (ORF1) contains 
sequence motifs suggesting enzymatic activities typically associated 
with plus-strand RNA viruses, including a methyltransferase, a heli-
case, an RNA-dependent RNA polymerase and a papain-like protease. 
Surprisingly, however, it remains uncertain whether the ORF1 product 
is processed into smaller, functionally distinct nonstructural proteins, 
like the polyproteins of other positive-strand RNA viruses38–40. Only 

a single 190-kDa polyprotein was detected in cells transfected with a 
replicating subgenomic RNA with epitope tags in ORF139. The second 
longest ORF (ORF2; Fig. 2b) encodes the capsid protein, a secreted 
variant of which is found in high abundance in the bloodstream where 
it may decoy neutralizing antibodies41–43. Different ORF2 isoforms have 
been suggested to result from either leaky ribosome scanning or vari-
able topology of an N-terminal signal sequence41,44. ORF2 is overlapped 
by a third ORF (ORF3; Fig. 2b) encoding a small, multifunctional phos-
phoprotein that appears to play a key role in virus release. In addition, 
a short fourth ORF has been described in genotype 1 HEV that over-
laps ORF1 and appears to be translated under control of an upstream 
internal ribosome entry site during conditions of endoplasmic  
reticulum stress45.

Molecular details of the RNA replication cycle are not well charac-
terized for either HAV or HEV. Like most positive-strand RNA viruses, 
their genomes are synthesized within membranous organelles derived 
from the endoplasmic reticulum or Golgi. HAV replication is thought 
to be mechanistically similar to that of other, better-studied picorna-
viruses, with protein-primed RNA synthesis leading to transcription 
of a genome-length, negative-strand intermediate that subsequently 
templates multiple rounds of positive-strand RNA synthesis46. Unlike 
other picornaviruses, however, HAV RNA synthesis is surprisingly 
dependent upon host-encoded terminal nucleotidyltransferases47. 
The HEV genome is similarly transcribed into a negative-strand RNA 
intermediate that templates positive-strand RNA synthesis, but a  
second, dicistronic RNA that directs the synthesis of ORF2 and ORF3 
proteins is also produced48. Little is known about how transcription of 
the genomic and subgenomic RNAs is regulated. To a large extent, this 
gap in knowledge can be attributed to the lack of cell culture systems 
supporting robust replication of the virus49. Recent advances using 
stem cell-derived hepatocytes or better cell culture support medium 
may allow more efficient replication and facilitate future studies of 
molecular events in the viral life cycle28,50.

Although similar in size, the structures of the capsids of these 
viruses are also very different. The HAV capsid assembles from 
60 copies each of three major structural proteins — VP0 (also known as 
1AB), VP3 (1C) and VP1pX (1D) — following processing of the polyprotein 
by the 3C protease (Fig. 2a). As in other picornaviruses, VP0 undergoes 
additional processing into VP4 (1A) and VP2 (1B) after the RNA genome 
is packaged. It is not known whether these assembly events precede 
or occur coincident with interactions of the capsid with endosomal 
membranes leading to its quasi-envelopment and export (see below). 
Following the release of eHAV and degradation of its surrounding mem-
brane, VP1pX is cleaved again by an unknown host protease, resulting 
in removal of the C-terminal 8 kDa (pX segment) from the capsid8. This 
results in the presence of four mature capsid proteins (VP1, VP2, VP3 
and VP4) in the naked extracellular capsid, which is extraordinarily 
stable at low pH and high temperature32,51. Model structures produced 
by X-ray crystallography and cryo-electron microscopy (cryo-EM) show 
the naked particle to be a pseudo T = 3 icosahedron of approximately 
27 nm diameter with a relatively featureless surface32,52. The capsid lacks 
the deep canyon surrounding the fivefold axis of symmetry existing 

genomes along with other cellular and viral proteins present in 
large autophagosome-related EVs (see the figure, part b) may 
enhance infectivity and potentially modulate virus replication128,129,131, 

but a similarly central role in viral pathogenesis remains to be 
demonstrated for these virus-containing EVs. (ILV, intraluminal 
vesicle.)

(continued from previous page)
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in enteroviruses and has a prominent domain swap in VP2 found  
also in parechoviruses and insect dicistroviruses32,53. There are no 
similar studies of the quasi-enveloped capsid.

The HEV capsid is 30–33 nm in diameter, slightly larger than HAV, 
and comprises 180 copies of the ORF2 protein assembled into a T = 3 
icosahedron54 (Fig. 2b). The ORF2 protein contains an N-terminal 

Box 2

Zoonotic potential of enterically transmitted hepatitis viruses
Bayesian phylogenies of the protein-coding regions of the hepatitis A 
virus (HAV) and hepatitis E virus (HEV) genomes are scaled similarly 
for genetic distance (see the figure). Hepatoviruses (see the figure, 
part a) constitute one of seven genera in the subfamily Heptrevirinae 
of the family Picornaviridae. Multiple serologically indistinguishable 
genotypes (gts) make up the Hepatovirus A species, which causes 
hepatitis in humans and nonhuman primates. Other distinct 
species (Hepatovirus B-I) infect various mammals, including seals, 
marsupials, rodents and bats35,136. Bat viruses are hepatotropic and 
serologically related to human HAV, and some show evidence of past 
host-species jumps35. Such host-species swaps could be favoured by 
the lack of a requirement for a specific protein receptor for viral entry, 
as gangliosides, which function as HAV entry receptors, are widely 
present in nature67. Despite significant divergence in their amino acid 
sequences, the pX proteins of both human and bat viruses recruit 
endosomal complexes required for transport (ESCRT) to drive vesicle-
mediated cargo export when expressed in human cells93. Similarly, 
like the 3ABC protease of the human virus, the 3ABC proteases of bat 

viruses can cleave the human innate immune adapter mitochondrial 
antiviral signalling protein (MAVS) and disrupt interferon signalling137. 
Despite these findings, zoonotic transmission of hepatoviruses has 
yet to be demonstrated. Hepeviruses (see the figure, part b) are 
classified within the subfamily Orthohepevirinae, which comprises 
four of the five genera in the family Hepeviridae, two of which, 
Paslahepevirus and Rocahepevirus (previously Orthohepevirus 
A and Orthohepevirus C), infect humans. Members of the genus 
Paslahepevirus account for most cases of hepatitis E: gt1 and gt2 have 
been found only in humans, are mainly transmitted by contaminated 
water and are most prevalent in developing countries. Gt3 and 
gt4 are commonly found in swine and other mammalian species, 
have been associated with zoonotic transmission (usually due to 
ingestion of uncooked or inadequately cooked meat or liver) and 
can cause persistent infection in immunocompromised persons18. 
Human infections have also been documented with gt7 (camel) and 
a Rocahepevirus found in rats138,139. Figure adapted with permission 
from ref. 140, CSH.
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endoplasmic reticulum-targeting signal sequence55. However, ORF2 
protein present in capsids lacks either 13 or 15 N-terminal amino acids, 
due either to translation initiating at an internal start codon or possibly 
to cleavage by an unknown intramembrane protease that disrupts the 
signal peptide sequence41,42,44. Thus, like the capsid proteins of HAV, 
there are no membrane interaction domains in the mature HEV capsid 
proteins. The naked nHEV virion is not as stable as nHAV, but is still well 
suited for faecal–oral transmission and spread to naive hosts56. Atomic-
level resolution models exist for recombinant virus-like particles, but 
not for bona fide infectious nHEV or eHEV capsids.

Quasi-enveloped virions of HAV and HEV
Most virus released into supernatant fluids of cell cultures infected with 
a low-passage, noncytopathic strain of HAV is quasi-enveloped24. A minor 
population of naked extracellular virions is likely to represent cryptic cell 

lysis or loss of the membrane from eHAV after egress. Electron micros-
copy reveals one to three capsids enclosed in vesicles with diameters 
ranging from 50 to 110 nm8 (Fig. 2a). As described above, these capsids 
contain intact VP1pX rather than the processed VP1 present in extracellu-
lar naked particles8,11. eHAV bands at a density of 1.08–1.12 g/cm3 in iodix-
anol gradients, compared with 1.28 g/cm3 for nHAV, and is not bound by 
anti-capsid antibodies in the absence of detergent8. The host protein 
composition of eHAV closely matches that of exosomes, including CD63 
antigen and epithelial cell adhesion molecule (EpCAM), although eHAV 
virions are relatively enriched for CD9, dipeptidyl peptidase 4 (DPP4) 
and proteins associated with ESCRT11. Only genome-length RNA is 
detected in northern blots of purified eHAV57. Most of this RNA seems 
to be fully encapsidated. Like exosomes, eHAV vesicles are enriched in 
sphingomyelins and ceramides (S.M.L., unpublished work), and they 
display phosphatidylserine on their surface57.

Box 3

The impact of quasi-envelopment on host immune responses
Immune responses to hepatitis A virus (HAV) and hepatitis E virus 
(HEV) infection are incompletely understood, although evidence 
increasingly points to the importance of CD4+ T cells and 
neutralizing antibodies in virus control141. The release of viruses 
with quasi-envelopes is unlikely to affect cell-intrinsic or adaptive 
T cell responses to infection, but has profound implications for 
B cell immunity. Neutralizing antibodies recognize epitopes 
on the surface of the viral capsid52,142. These epitopes are not 
accessible to antibodies in either quasi-enveloped HAV (eHAV) or 
quasi-enveloped HEV (see the figure), neither of which is neutralized 
when incubated with antibodies before inoculation onto cells8,31. 
How then do antibodies in immune serum globulin protect against 
symptomatic hepatitis A when given 1–2 weeks after exposure, 
a phenomenon recognized over 75 years ago143? This is best 
explained by neutralization of the virus within endolysosomes 
following degradation of the quasi-envelope8. eHAV entry is 

relatively slow, requiring hours for trafficking to the endolysosome 
and degradation of the quasi-envelope. Neutralizing IgG and IgA 
antibodies that are taken up into endosomes can block replication 
when added to cells as late as 4–6 h after removal of an eHAV 
inoculum (see the figure). This interval can be extended by treating 
cells with an inhibitor of lysosomal acid lipase, which delays quasi-
envelope degradation68. By contrast, antibodies are without effect 
when added to cells even immediately after endocytosis of naked 
virus. IgM antibodies fail to neutralize eHAV in this context, probably 
because they are unstable in the endolysosome8. Whether a specific 
immunoglobulin receptor is required to deliver antibody to the 
endolysosome for neutralization is unknown. Post-endocytosis 
neutralization of quasi-enveloped HEV has not been demonstrated, 
but seems likely. Sequestration of critical neutralization epitopes by 
the quasi-envelope may also delay the development of antibodies 
by making them inaccessible to programme B cell development.
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Fig. 2 | Genome organization and structures of naked and quasi-enveloped 
hepatitis A and hepatitis E virions. a, Hepatitis A (HAV) RNA (7.5 kb) contains 
a lengthy 5′ untranslated region with secondary structure essential for genome 
replication and an internal ribosomal entry site (IRES) that initiates cap-
independent translation of a single long open reading frame (ORF) encoding 
a large polyprotein. The polyprotein is processed by the HAV protease 3Cpro 
into three proteins that form the capsid, VP0 (also known as 1AB; subsequently 
processed into VP4 (1A) and VP2 (1B)), VP3 (1C) and VP1pX (1D), and six 
nonstructural proteins that mediate genome replication, 2B, 2C, 3A, 3B, 3Cpro 
and 3Dpol. The 8-kDa pX segment is present in quasi-enveloped HAV (eHAV), but 
cleaved from VP1 upon loss of the membrane, and it is not present in naked HAV 
(nHAV)8. Proteomics studies show that programmed cell death 6-interacting 
protein (ALIX), vacuolar protein sorting-associated protein IST1 homologue 
(IST1, a component of the endosomal complexes required for transport (ESCRT)-III  
complex), and multiple charged multivesicular body proteins (CHMPs) such 
as CHMP1A, CHMP1B, CHMP4B and CHMP7 (also components of ESCRT-III) are 

physically associated with eHAV11. b, Hepatitis E virus (HEV) RNA (7.2 kb) has 
a 5′ 7-methylguanosine (m7G) cap and three ORFs that are translated in a cap-
dependent manner. ORF1 encodes a multifunctional polyprotein; whether this 
is processed into smaller proteins in infected cells is uncertain. ORF2 and ORF3 
are translated from a subgenomic RNA. ORF2 encodes the capsid protein, but 
also produces a secreted protein from an in-frame start codon that is thought 
to decoy neutralizing antibody. ORF3 protein associates with membranes and 
recruits TSG101, a component of ESCRT-I; it is not present in nHEV104,121,122. An 
additional ORF4 exists within the ORF1 coding region of genotype 1 virus (not 
shown). WebLogos show conserved domains in VP2 and pX91,93 proteins of HAV 
and in ORF3 protein of HEV (sequences from 40 paslahepeviruses) that recruit 
ESCRT during capsid quasi-envelopment. Naked and quasi-enveloped virions are 
shown at the top of each panel at the left and right, respectively, with associated 
host proteins and lipids11,22,59. EpCAM, epithelial cell adhesion molecule (or 
CD326 antigen); LAMP1, lysosome-associated membrane protein 1; PtSer, 
phosphatidylserine; TGOLN2, trans-Golgi network integral membrane protein 2.
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eHEV virions released from infected PLC/PRF/5 human hepatoma 
cells have a buoyant density similar to those of eHAV (1.11 g/cm3) but are 
morphologically different (Fig. 2b). eHEV virions are smaller (~40 nm 
diameter) and more uniform in appearance than eHAV, with the mem-
brane adhering more tightly to the capsid22. Only a single capsid is 
present in each eHEV virion, highlighting a key difference from eHAV 
and suggesting an integrated process for capsid assembly and quasi- 
envelopment. eHEV contains both ORF2 and ORF3 proteins, whereas non-
enveloped nHEV capsids contain only ORF2 protein58. The ORF3 protein  
thus resembles pX in being associated only with quasi-enveloped 
and not naked virions. This is consistent with critical roles for both 
ORF3 protein and pX in interactions with ESCRT during capsid quasi- 
envelopment. Like eHAV, no viral antigens are present on the surface 
of the eHEV quasi-envelope11,31. The host proteins associated with  
eHEV membranes have yet to be studied at the same level of detail  
as eHAV, but immunoprecipitation studies suggest a similar comple-
ment of  exosome-associated proteins, including CD9 and EpCAM22. 
Consistent with originating in MVEs, the membrane surrounding eHEV  
virions contains the trans-Golgi network protein TGOLN2 (ref. 59). As with  
eHAV, phosphatidylserine is displayed on the surface of eHEV virions22.

The relative specific infectivities (infectious units per RNA genome 
equivalent) of quasi-enveloped versus naked virus particles can vary 
substantially depending upon the host cell substrate, probably reflect-
ing different requirements for attachment and entry of the two virion 
types (see below). The specific infectivity of eHAV approximates that 
of the naked virion in Huh-7 human hepatoma cells8. Similarly, the 
specific infectivity of eHEV has been estimated to be about 50% that of 
nHEV in HepG2 human hepatoma cells60, although such measurements 
are difficult given low overall infectivity in cell culture. Both types of 
quasi-enveloped virions have been shown to be infectious in vivo61,62.

Cell entry
Cell entry of naked viruses
Non-enveloped viruses typically enter host cells through interactions 
of the capsid with receptor molecules on the cell surface that initi-
ate endocytosis and, in some cases, uncoating of the viral genome63. 
These interactions are generally virus-specific, with different recep-
tor molecules often used by otherwise closely related viruses. The 
transmembrane T cell immunoglobulin mucin receptor 1 (TIM1, also 
known as CD365) was suggested decades ago to function as a recep-
tor for HAV leading to its currently approved name: hepatitis A virus 
cellular receptor 1 (HAVCR1)64. However, more recent studies with tar-
geted CRISPR deletion show that TIM1 facilitates entry only of quasi-
enveloped virions, most probably by binding phosphatidylserine on 
the vesicle surface61,65,66. Double-knockout Tim1−/−Ifnar1−/− mice are 
readily infected with HAV61. No specific protein receptor has yet been 
shown to be required for HAV entry.

By contrast, genome-wide CRISPR screens have revealed the syn-
thesis of gangliosides (sphingolipids with carbohydrate headgroups 
containing one or more sialic acid moieties) to be essential for HAV 
infection65,67. Gene depletion and confocal microscopy studies show 
that nHAV enters hepatoma cells via clathrin-dependent, dynamin-
dependent endocytosis, co-localizing sequentially with the small 
GTPases RAB5A and RAB7A as it traffics from early to late endosomes68 
(Fig. 3). Endocytosis is blocked by depletion of integrin β1, but no 
specific α-integrin binding partner has been identified. In cells geneti-
cally deficient in ganglioside synthesis, nHAV continues to undergo 
endocytosis and traffics to lysosomal-associated membrane protein 1 
(LAMP1)-positive late endolysosomes, where its trafficking is arrested 

without evidence of capsid disassembly67. Adding gangliosides to 
the medium, even hours after infection, rescues entry, and the virus 
can then be observed to uncoat its genome and begin to express viral 
proteins67. Gangliosides are thus essential for a late step in viral entry, 
which includes uncoating of the genome and its transport across the 
endolysomal membrane to the cytoplasm, where it can begin to be 
translated on ribosomes to produce viral proteins (Fig. 3).

nHAV capsids bind gangliosides immobilized on a solid-phase 
support, and preincubating nHAV with gangliosides blocks infection67. 
The disialoganglioside GD1a is most active in such experiments, with a 
50% inhibitory concentration (IC50) of 1.25 µM. Infection is also blocked 
partially by pretreating cells with sialidase67. However, trypsin treat-
ment similarly impairs infection, suggesting that proteins expressed 
on the cell surface — possibly sialylated glycoproteins — may contribute 
to endocytosis of nHAV.

It is not known whether HAV uncoating initiates within the lumen 
of the endosome, as it does with other picornaviruses69. Although 
PLA2G16, a cellular A2 phospholipase, is essential for this late step 
in entry of many picornaviruses, it is not required and may even inhibit 
entry of nHAV68. The nHAV capsid is maximally stable at the low pH of 
endolysosomes, and it is not destabilized by the binding of GD1a32,67. 
The exceptional stability of the capsid at high temperatures or low pH 
raises questions as to how its disassembly initiates. Whereas a high- 
resolution X-ray structure provides no clues as to where a cellular recep-
tor might interact to trigger uncoating32, a cryo-EM study shows that the 
capsid can be destabilized by binding of a potent neutralizing antibody 
near the twofold axis of symmetry52. However, it is not clear how this 
relates to uncoating during viral entry, and the final steps in nHAV entry 
remain to be defined. One intriguing possibility is that entry involves 
transport of the intact capsid into the cytoplasm, with uncoating trig-
gered by interactions with a cytoplasmic protein32 (Fig. 3). Although 
unprecedented for a picornavirus, progressive binding of multiple 
membrane-bound gangliosides to polyomavirus capsids has been 
shown to promote a considerable inward curvature of the membrane, 
resulting eventually in the particle tunnelling into the membrane70.

Less is known about the entry of nHEV particles. A putative receptor- 
binding site has been mapped to a region in the ORF2 protein with 
polysaccharide-binding activity in recombinant HEV-like particles71,72, 
but no specific receptor molecule has been identified. Entry of nHEV 
is at least partially dependent upon clathrin-dependent, dynamin-
dependent endocytosis, but unlike nHAV it does not require either 
RAB5A or RAB7A60. This suggests that nHEV uncoating is initiated early 
in an endocytic pathway.

Cell entry of quasi-enveloped viruses
The membrane surrounding the viral capsid poses an additional bar-
rier that must be overcome for both eHAV and eHEV to enter cells and 
deliver their RNA genome to the cytoplasm, where it can be translated 
on ribosomes. The entry of canonical enveloped viruses typically 
involves membrane fusion mediated by a virally encoded surface gly-
coprotein (a ‘peplomer’)73. No such proteins exist in either eHEV or 
eHAV. Most evidence supports a model in which these quasi-enveloped 
virions enter cells via endocytosis followed by degradation of their 
membranes within the endolysosome.

The initial attachment and endocytosis of quasi-enveloped virions 
is probably mediated by multiple nonspecific interactions. In the case 
of eHAV, these include interactions of the virion with phosphatidylser-
ine receptors such as TIM161,66 (Fig. 3). TIM1 is widely expressed, particu-
larly in the kidney, and facilitates the attachment and entry of various 
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conventional enveloped viruses74. The density of such receptors on 
the cell surface may determine the relative efficiency with which quasi-
enveloped viruses bind to and enter cells. For example, eHAV binding to 
GL37 African green monkey kidney cells, which express very high levels 
of TIM1, is more efficient than nHAV binding at 4 °C, whereas the bind-
ing efficiencies are reversed in hepatoma cells expressing much less 
TIM1 (ref. 66). In addition to TIM1, other phosphatidylserine receptors 
such as TIM4 or AXL (tyrosine-protein kinase receptor UFO) may facili-
tate endocytosis. eHAV subsequently undergoes clathrin-dependent 
endocytosis and, to a lesser degree, caveolin-dependent endocytosis, 
and can be seen to traffic through RAB5A-positive (early) and RAB7A-
positive (late) endosomes to LAMP1-positive endolysosomes68 (Fig. 3). 
This may be driven in part by membrane interactions with TIM1, as TIM1 

family proteins are known to carry their cargo from the cell surface 
to the lysosome75. Interestingly, like nHAV, the endocytosis of eHAV 
is also dependent upon integrin β1 (ref. 68). The ligand in eHAV that 
binds integrin β1 is unknown but is almost certainly distinct from the 
nHAV ligand. eHEV entry also involves clathrin-mediated endocytosis 
and, in sharp contrast to nHEV, similar RAB5A-dependent and RAB7A-
dependent trafficking to endolysosomes60. However, roles have yet to 
be defined for phosphatidylserine receptors or integrins in eHEV entry.

Subsequent steps in entry of both quasi-enveloped viruses are 
facilitated by constitutive cellular mechanisms that mediate the 
degradation of membrane lipids in lysosomes76 (Fig. 3). Confocal 
microscopy of cells infected with eHAV virions labelled with an irre-
versible membrane dye shows that the eHAV membrane is degraded 
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Fig. 3 | Cellular entry of naked and quasi-enveloped hepatitis A virus. Both 
virion types undergo clathrin-dependent endocytosis driven by interactions 
between distinct ligands, including phosphatidylserine (PtSer) on the quasi-
enveloped hepatitis A virus (eHAV) surface and cellular PtSer receptors such  
as T cell immunoglobulin mucin receptor 1 (TIM1)68. Endocytosis of naked  
HAV (nHAV) is inhibited by either sialidase or trypsin treatment of the cell, 
suggesting that gangliosides and proteins (possibly sialylated) are involved67. 
Integrin β1, presumably in association with different α-integrins, is required  
for endocytosis of both virion types. Both virion types traffic through early 
(RAB5A-positive) and late (RAB7A-positive) endosomal compartments. 
Subsequent steps that involve uncoating and genome release into the cytoplasm 
require endolysosomal gangliosides, preferably GD1a (ref. 67). These late  
steps are delayed for eHAV, which must traffic first to lysosomal-associated 
membrane protein 1 (LAMP1)-positive endolysosomes, where the quasi-envelope  

is degraded by lysosomal enzymes and cholesterol transporters, such as 
lysosomal acid lipase and Niemann–Pick C1 protein. Like nHAV entry, eHAV  
entry is dependent upon endosomal gangliosides. Subsequent steps in entry 
are not well understood, but progressive binding of the now-naked capsid to 
membrane-bound gangliosides may result in tunnelling of the capsid into  
the membrane. The trigger for capsid disassembly is not known, nor is it known 
whether uncoating occurs in the endolysosomal lumen or following transport of 
the capsid across the endolysosomal membrane to the cytoplasm. Entry of naked 
hepatitis E virus is not dependent upon RAB5A or RAB7A, but entry of quasi-
enveloped hepatitis E virus is similar to eHAV entry and also involves trafficking to 
endolysosomes for degradation of the quasi-envelope60. Receptors have not been 
identified for the hepatitis E virus capsid. Steps in entry that are not understood 
are indicated by a question mark. ER, endoplasmic reticulum; ERAD, endoplasmic 
reticulum-associated degradation pathway.
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in LAMP1-positive endolysosomes68. The eHEV membrane is similarly 
degraded in endolysosomes60. The time required for trafficking of 
the virus to the endolysosome and degradation of the quasi-envelope 
renders the entry kinetics of eHAV and eHEV significantly slower than 
those of their naked counterparts8,60,61,68. Lysosomal acid lipase (LAL) 
and Niemann–Pick C1 protein (NPC1) contribute to the degradation of 
the eHAV and eHEV quasi-envelopes60,68. NPC1 is an essential receptor 
required for Ebola virus entry, during which it interacts directly with 
the viral glycoprotein in lysosomes77,78. Its role is very different in eHAV 
entry, during which it is likely to scavenge cholesterol from the quasi-
envelope membrane60,68 (Fig. 3). Degradation of the quasi-envelope 
is rate-limiting in the entry of eHAV (and probably eHEV) and can be 
slowed by lalistat 1, a small-molecule LAL inhibitor68. Lysosomal pro-
teases may also contribute to quasi-enveloped virus entry, either by 
processing VP1pX to VP1 following removal of the quasi-envelope79 or 
by degrading the HEV ORF3 protein. However, it is not known whether 
either of these actions is required for subsequent steps in entry. ORF3 
has been reported to possess ion channel activity80, but this seems 
unlikely to be important for entry.

eHAV continues to be taken up by endocytosis in cells lacking 
gangliosides but, like the naked particle, fails to uncoat its genome67. 
This suggests that the capsid interacts with the same endosomal gan-
glioside receptors as nHAV following its liberation from the quasi-
envelope (Fig. 3). As with nHAV, the trigger for capsid disassembly 
and uncoating is not known, nor is it certain that uncoating occurs 
within the endolysosomal lumen. However, disassembly of the eHAV 
capsid occurs in temporal association with a loss of endolysosomal 
membrane integrity68. This suggests that the virus induces pores in 
the endolysosomal membrane, similar to pores forming in endosomal 
membranes during the entry of some picornaviruses81. Structural rear-
rangements occurring during disassembly of the enterovirus capsid 
externalize its VP4 protein, which forms pores within the endosomal 
membrane through which the viral RNA may pass82. The much-smaller 
VP4 protein of HAV has pore-forming activity in vitro83, but whether it 
is similarly externalized during uncoating of the capsid is not known. 
Interestingly, breaches in endosomal membranes consistent with 
pore formation were not observed during entry of nHAV particles68. 
This does not necessarily indicate that distinct mechanisms exist for 
nHAV versus eHAV in traversing the membrane and could simply reflect 
more rapid membrane repair at sites breached by nHAV earlier in the 
endolysosomal pathway.

Like eHAV, how and where the eHEV capsid uncoats is not known. 
The endolysosome may serve only as a transitional compartment for 
both eHEV and eHAV within which the virus loses its quasi-envelope. 
For example, following endocytosis, non-enveloped human papil-
lomavirus virions hijack retromers to traffic from the late endosome 
to the trans-Golgi network, after which they are released from the 
endoplasmic reticulum via the endoplasmic reticulum-associated 
degradation (ERAD) pathway84. Polyomavirus follows a similar com-
plicated entry pathway85. Speculatively, it could be the same for both 
eHEV and eHAV (Fig. 3). Overexpressed HEV ORF2 proteins translocate 
to the cytoplasm via the endoplasmic reticulum-associated degrada-
tion pathway86. Moreover, ganglioside GD1a, which binds to the HAV 
capsid and serves as an endosomal receptor67, has been shown to act as 
a signal for sorting endolysosomal polyomavirus to the endoplasmic 
reticulum following its endocytosis85.

An alternative model for eHAV entry involving fusion rather 
than degradation of the eHAV membrane was proposed recently87. 
Biochemical and cryo-EM studies provide evidence that exosomes 

originating from MVEs can fuse with low efficiency to endosomal 
membranes following endocytosis88,89. However, there is no direct 
experimental evidence supporting fusion of the quasi-envelope and 
endosomal membranes. Moreover, a fusion model fails to explain why 
the membrane-degrading activities of LAL and NPC1 are required for 
quasi-enveloped viral entry60,68. Fusion would also deliver viral capsids 
or RNA directly to the cytoplasm88,89, making it difficult to understand 
why endosomal gangliosides are essential for eHAV infection67.

A second controversy concerns the extent to which non- 
encapsidated RNA contributes to the infectivity of eHAV87. Although 
some non-encapsidated RNA could be transmitted between cells within 
exosomes, as described for hepatitis C virus90, the requirement for 
endosomal ganglioside receptors also argues against non-encapsidated  
RNAs being primarily responsible for the infectivity of these virions. 
As important, anti-capsid antibodies effectively neutralize infectivity 
when added to cells following endocytosis of the quasi-enveloped 
virus, most probably interacting with the capsid after degradation of 
the eHAV membrane (Box 3)8,68. Membrane-bound capsids are also 
readily visualized in purified eHAV preparations8, and interactions of 
the capsid with ESCRT are essential for the biogenesis of infectious 
eHAV91–93, as described in the following section.

ESCRT-dependent release
Quasi-enveloped viruses and the ESCRT system
Despite major differences in the mechanisms responsible for viral 
protein synthesis and RNA transcription, mechanisms underlying the 
biogenesis and release of eHAV and eHEV seem to be quite similar. 
Both HAV and HEV capsids have been identified within cytoplasmic 
vesicles with morphology consistent with MVEs in infected liver tissue 
or cell cultures9,94,95. These observations are consistent with other data 
indicating that the biogenesis of quasi-enveloped virions involves the 
sorting of viral capsids into MVEs in an ESCRT-dependent process mir-
roring the biogenesis of exosomes12 (Fig. 4). Importantly, quantitative 
proteomics studies of purified eHAV virions show that the sorting of 
intracellular HAV capsids into vesicles for export from the cell is highly 
specific and selective11. Extracellular eHAV vesicles contain only the 
capsid proteins of HAV and no detectable nonstructural viral proteins.

The ESCRT system is responsible for constricting and severing 
membranes in cellular events involving deformation of membranes 
in an outward direction from the cytosol, in reverse of the topology 
of endocytosis96,97. Distinct ESCRT complexes act sequentially to sort 
and load cargo into vesicles within the lumen of MVEs that ultimately 
become exosomes12,96,98. Monoubiquitylation or K63 ubiquitin chain 
formation typically mark cargo destined for MVEs, and ESCRT-0, 
ESCRT-I and ESCRT-II complexes contain multiple ubiquitin-binding 
domains that bind such cargo99. ESCRT-I and ESCRT-II represent core 
ESCRT machinery that sequester cargo at the endosomal membrane, 
deforming the membrane and creating an inward bud97,100. ESCRT-III 
oligomers are recruited by ESCRT-II and assemble into a complex that 
constricts the neck of the budding membrane and mediates mem-
brane scission97,101, releasing the buds into the endosomal lumen as 
intraluminal vesicles (ILVs) to form MVEs. In later steps, deubiquit-
inases remove ubiquitin moieties and the ATPase VPS4A/B dissociates 
and recycles the ESCRT-III oligomers. The Bro1 domain-containing 
paralogs — programmed cell death 6-interacting protein (ALIX) and 
tyrosine-protein phosphatase non-receptor type 23 (HD-PTP) — are 
accessory ESCRT proteins that feed into ESCRT-III complexes in parallel 
with ESCRT-I and ESCRT-II, and interactions with them provide alterna-
tive pathways for cargo selection100,102,103. MVEs may either fuse with 
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lysosomes for degradation of their cargo, or traffic to the plasma mem-
brane where fusion releases ILVs as extracellular exosomes12. Efficient 
release of eHAV from infected cells requires both ALIX and HD-PTP, 

as well as several ESCRT-III components and VPS4B, all indicating a cru-
cial role for ESCRT in quasi-envelopment of the capsid8,11,93. Similarly, 
eHEV release requires TSG101, a component of ESCRT-I, and VPS4104.
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Fig. 4 | Multivesicular endosome-dependent biogenesis of quasi-enveloped 
virions. a, Hepatitis A virus (HAV) capsids assemble from 60 copies of three 
major capsid proteins in close association with the limiting membrane of 
endosomes into which they bud. An 8-kDa C-terminal extension of the VP1 
protein, pX, recruits two endosomal complexes required for transport (ESCRT)-
associated proteins — programmed cell death 6-interacting protein (ALIX) 
and tyrosine-protein phosphatase non-receptor type 23 (HD-PTP) — as well 
as the ubiquitin ligase ITCH. This induces assembly of ESCRT-III complexes 
containing multiple charged multivesicular body proteins (CHMPs) and 
vacuolar protein sorting-associated protein IST1 homologue (IST1) that pinch 
off the membrane, creating an intraluminal vesicle (ILV) that contains single 
or multiple HAV capsids93. Ubiquitin (Ubi) tags conjugated to viral or ESCRT-
associated proteins by ITCH may facilitate this process. ALIX-interacting late 
domains also exist within the VP2 capsid protein (YPX3L motifs)91. Multivesicular 
endosomes (MVEs) containing multiple HAV-laden ILVs traffic to the apical 

(shown) and basolateral (not shown) membranes, where fusion leads to the 
release of quasi-enveloped HAV (eHAV) into the biliary tract and sinusoidal 
blood, respectively. High concentrations of bile acids strip the membrane from 
eHAV in the bile canaliculus, resulting in faecal shedding of naked virus (nHAV). 
b, The biogenesis of quasi-enveloped hepatitis E virus (eHEV) is similar to eHAV, 
with capsids assembling from 180 copies of ORF2 protein interacting with ORF3 
protein associated with the cytosolic leaflet of endosomal membranes via its 
palmitoylated N terminus121. ORF3 protein recruits the ESCRT-I protein TSG101 to 
initiate ESCRT-dependent membrane scission and ILV formation104,122. Additional 
interactions of ORF2 or ORF3 proteins with other ESCRT-associated proteins 
seem likely to occur but have not been identified. eHEV ILVs generally contain 
only a single capsid, possibly reflecting a more integrated process of capsid 
assembly and quasi-envelopment. Fusion of the MVE and plasma membranes 
and release of HEV virions is similar to HAV.
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Biogenesis of quasi-enveloped HAV virions
ESCRT complexes are essential for the egress of many canonical envel-
oped viruses from infected cells105,106. The budding of human HIV-1 
from the plasma membrane of infected cells requires specific ‘late 
domains’ in its p6Gag protein conforming to peptide motifs that bind 
ALIX (YPX1–3L) and TSG101 (PTAP)107,108. Fusing p6Gag to the C termi-
nus of a de novo-designed protein that self-assembles into a 60-copy, 
25-nm dodecahedron results in release of these ‘nanocages’ from 
transfected cells in exosome-like vesicles109. Both ALIX and TSG101 
are required for efficient HIV-1 budding, and both late domains are 
required for release of the nanocage protein in EVs109. Nanocage release 
also requires a myristoylation signal specifying addition of myristic 
acid to the N-terminal glycine of the protein, identifying membrane 
association as a second critical element required for export of the par-
ticle. Nanocages containing the hepatovirus pX sequence (Fig. 2a) in 
lieu of p6Gag are similarly released from cells in an ESCRT-dependent 
manner, revealing the existence of a potent export signal within pX that 
is capable of functionally substituting for both p6Gag late domains93. 
pX similarly directs the cellular release of GFP in exosomes when fused 
to its C terminus92. A 24-amino acid segment within the centre of pX 
is both necessary and sufficient for nanocage release (Fig. 2a), and 
viruses with mutations in this segment are impaired in egress from 
infected cells93. This pX sequence is conserved across a broad range 
of hepatovirus species identified in small mammals, including bats 
(Box 2), suggesting that nonlytic release of quasi-enveloped virus is a 
shared attribute of hepatoviruses infecting host species separated by 
over 40 million years of evolution93.

ALIX has a crucial role in eHAV release. The protein contains an 
N-terminal, boomerang-shaped Bro1 domain, a central V domain with a 
grooved conformation and a C-terminal proline-rich PRD domain107,110,111. 
Whereas the YPX1–3L late domain in p6Gag binds to the V domain of 
ALIX112, pX binds to the Bro1 domains of both ALIX and its paralog, 
HD-PTP93. Many canonical enveloped viruses are dependent upon ALIX 
for release from infected cells, but eHAV is thus far unique in also requir-
ing HD-PTP93. Despite closely related N-terminal domain architecture, 
ALIX and HD-PTP differ functionally. ALIX contributes to numerous 
ESCRT-related processes, including cytokinesis, nuclear envelope refor -
mation, endolysosomal repair and MVE formation113,114. By contrast, 
HD-PTP functions selectively at endosomes, where it facilitates the 
recycling of activated epidermal growth factor receptor (EGFR) by sort-
ing it into ILVs during MVE formation102,103. Unlike HIV-1, eHAV release 
does not require the ESCRT-I component TSG1018. However, HD-PTP 
has binding sites for STAM2, which is also an ESCRT-0 and ESCRT-I 
component115, providing an alternative mechanism for early ESCRT 
recruitment. Super-resolution microscopy shows that pX co-localizes 
with ALIX and HD-PTP, primarily at sites on intracellular membranes 
but also, to a limited extent, on the plasma membrane of infected cells93.

Together with recruitment of the two Bro1 domain proteins, pX 
also interacts directly with the NEDD4-family E3 ubiquitin ligase ITCH116. 
Although there is no evidence that ITCH ubiquitylates pX, the release 
of eHAV from infected cells is inhibited by chemical compounds that 
disrupt interactions between NEDD4 ligases and their target proteins116. 
RNAi depletion of ITCH also impairs eHAV release. It is possible that 
ITCH facilitates eHAV release by ubiquitylating the capsid, thus provid-
ing a signal for ESCRT-I recruitment. Alternatively, it could promote  
eHAV release by ubiquitylating and thereby activating an ESCRT 
component99,117,118.

In addition to the ESCRT-adaptor functions of pX, the VP2 capsid 
protein contains conserved tandem YPX3L motifs, which conform to 

late domains in canonical enveloped viruses that bind ALIX8,91 (Fig. 2a). 
Mutations within these motifs impair eHAV release but also interfere 
with capsid assembly, making them difficult to study91. An X-ray crystal-
lographic model of detergent-treated nHAV particles show the YPX3L 
motifs are largely buried beneath the surface of the capsid, where 
they cannot bind ALIX32,53. A certain degree of ‘breathing’ occurs in the 
structures of other picornaviral capsids, resulting in externalization of 
otherwise internal VP4 polypeptide sequence119. Although this has not 
been documented with HAV, such dynamic changes in structure might 
explain how the VP2 late domains interact with ALIX.

The variable number of HAV capsids present within quasi-enveloped  
virions and the loose appearance of the membranes surrounding the 
capsids (Fig. 2a) suggest that capsid assembly might occur before 
and possibly independent of the membrane interactions required for  
quasi-envelopment and export. The amino terminus of VP4, normally 
buried within the interior of the HAV capsid, has been shown to associ-
ate with membranes independent of myristoylation83,93. Breathing of 
the capsid might enable the VP4 protein to provide for the membrane 
association suggested by the nanocage studies93,109. Alternatively, 
HAV capsids could assemble directly on intracellular membranes, as 
shown recently for enteroviral capsids by cryo-electron tomography120. 
Whether this is also true for HAV is unknown, but it raises the intriguing 
possibility that quasi-envelopment might be coupled temporally and 
spatially with HAV capsid assembly, possibly involving an assembly 
intermediate in which both the amino terminus of VP4 and the VP2 
late domains are accessible for membrane interactions. It remains to 
be shown whether the structure of the intracellular HAV capsid that 
buds into the MVE is identical to that present in extracellular nHAV, 
as is generally assumed.

Biogenesis of quasi-enveloped HEV virions
Although not studied in as much detail, the biogenesis of eHEV is 
similar to that of eHAV in many respects. As indicated above, both 
TSG101 and VPS4 are required for efficient release of eHEV, indicat-
ing that eHEV release is ESCRT-dependent104. Like pX, the HEV ORF3 
protein is found associated only with quasi-enveloped virions, not 
with naked virions58. Also, and again like pX, HEV ORF3 is not present 
on the exterior of the eHEV membrane. Palmitoylation of ORF3 medi-
ates its association with the cytosolic leaflet of membranes and is 
essential for eHEV release121. It seems likely that capsids assembled 
from nonglycosylated ORF2 protein interact with palmitoylated ORF3 
on the cytosolic surface of endosomal membranes, then bud into the 
endosome to form an ILV with ORF3 functioning to recruit ESCRT to 
mediate membrane scission (Fig. 4). The presence of only a single HEV 
capsid in each quasi-enveloped virion and the close proximity of the  
eHEV membrane to the capsid contrasts with eHAV and suggests  
the possibility that capsid assembly and quasi-envelopment in HEV are  
more tightly linked spatially or temporally than in HAV. The HEV ORF3 
protein contains a PSAP motif (Fig. 2b) near its C terminus similar to the 
PTAP late domain in p6Gag that binds TSG101104,122. ORF3 is conserved 
among human strains but highly variable among hepeviruses infecting 
other animal species. The PSAP motif is not present in rat HEV and thus 
may have evolved relatively recently. It exists near the middle of the 
ferret HEV ORF3 sequence, but virions in ferret blood do not appear 
to be quasi-enveloped123.

Most HEV is released from the apical (canalicular) surface of polar-
ized HepG2 hepatocytes124,125, and ORF3 co-localizes with the ORF2 
capsid protein in vesicular structures near the apical surface of these 
cells124. Likewise, in HEV-infected human liver chimeric mice, ORF3 is 
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found close to the apical membrane and within biliary canaliculi126. 
A mutant HEV lacking ORF3 expression replicated transiently in such 
mice, but failed to be shed into faeces, further confirming a key role 
for ORF3 in virus release125.

Conclusions
Despite being phylogenetically and structurally distinct, HAV and 
HEV have evolved common life cycles and similar mechanisms for 
extracellular release. The discovery of quasi-enveloped viruses blurred 
old distinctions between non-enveloped and enveloped viruses and 
has profoundly changed the way we think about these infections. 
Despite the absence of virus-encoded proteins on their surface, these 
virions are infectious and efficiently spread infection in vivo. Quasi-
envelopment of the viral capsid isolates capsid-associated antigens 
from the immune system, probably delaying immune system recog-
nition and explaining why neutralizing antiviral antibodies do not 
appear until several weeks after infection (Fig. 1d). It also prevents 
the neutralization of cell-free viruses once such antibodies are pre-
sent. Much has been learned about the mechanisms underlying the 
biogenesis of quasi-enveloped virions, but questions remain con-
cerning the recruitment of ESCRT, particularly by the HEV capsid. 
We have yet to determine what drives MVEs containing viral capsids 
to the plasma membrane for release, rather than to lysosomes with 
which MVEs often fuse for degradation of their cargo. Many questions 
also remain concerning how these viruses enter cells, including the 
trigger for uncoating of the capsids and how their RNA genomes are 
delivered across the endolysosomal membrane to the cytoplasm. 
Antibody-mediated post-endocytotic neutralization of these enteri-
cally transmitted hepatitis viruses (Box 3) is likely to be important in 
the pathogenesis and control of both infections, but it also remains 
incompletely understood. The study of these viruses has been a par-
ticularly fruitful field of research in virology in recent years, and further 
investigation is likely to yield additional surprises along with a better 
understanding of their life cycle and pathogenesis.
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