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Historically considered to be nonenveloped, hepatitis E virus (HEV), an impor-
tant zoonotic pathogen, has recently been discovered to egress from infected cells as
quasi-enveloped virions. These quasi-enveloped virions circulating in the blood are
resistant to neutralizing antibodies, thereby facilitating the stealthy spread of infection.
Despite abundant evidence of the essential role of the HEV-encoded ORF3 protein in
quasi-enveloped virus formation, the underlying mechanism remains unclear. Here, we
demonstrate that the HEV ORF3 protein possesses an inherent capacity for self-secretion
and that palmitoylation at two cysteine residues within the ORF3 N-terminal region is
essential for its secretion and quasi-enveloped virus formation. We further found that
only palmitoylated ORF3 proteins hijacked Annexin II for transport to the cytoskel-
eton and are then directed into multivesicular bodies through the nSMase-endosomal
sorting complexes required for transport-III pathway for secretion. Finally, we show
that infection of gerbils with HEV mutants harboring mutations at palmitoylation sites
within ORF3 showed no fecal viral shedding but competent replication in the liver. Our
study fills a gap in the understanding of the assembly and release of quasi-enveloped
virions mediated by ORF3 and offers the potential for designing therapeutic strategies
to control HEV infection.

hepatitis E virus | ORF3 vesicle | exosome | quasi-enveloped virus | assembly

Hepatitis E virus (HEV) belongs to the family Hepeviridae. Within this family, the genus
Paslahepevirus contains the main genotypes that infect humans. As a zoonotic pathogen,
HEV infects various species including humans, pigs, wild boars, and deer (1). Although
most people infected with HEV show no symptoms, approximately one in 20 individuals
can develop liver damage (2). Certain populations, such as individuals with immunosup-
pression (3) and pregnant women (4), also face an increased risk of chronic hepatitis and
a high fatality rate when infected with HEV. Currently, a recombinant hepatitis E vaccine
(hecolin) is licensed in China, representing a significant advancement in the prevention
of HEV infections (5). However, the therapeutic arsenal is only limited to ribavirin and
pegylated interferon-o (peglFN-a) (6). Therefore, there is an urgent need to develop
effective preventive and therapeutic strategies.

The HEV genome comprises a single, positive-strand RNA molecule approximately 7.2
to 7.4 kb in length that encodes at least three viral proteins (7). The polyprotein ORF1
translated from the full-length genome is essential for viral replication. ORF2 and ORF3
are translated from a bicistronic subgenomic RNA, of which the capsid ORF2 protein
(ORF2°) is responsible for the formation of 1cosahedral capsids with T = 3 symmetry (8),
whereas the secreted ORF2 protein (ORF2°) acts as a decoy by mimicking the capsid
structure or antigenic properties to escape neutralizing antibody-mediated antiviral effects
(9). The multifunctional ORF3 protein, consisting of 113 or 114 amino acids, is a func-
tional ion channel that plays a vital role in HEV egress (10). Upon translation, ORF3 is
likely to undergo posttranslational modifications such as phosphorylation (11) and palmi-
toylation (12). Palmitoylation at the N-terminal cysteine residues of ORF3 determines its
membrane topology and subcellular localization (12). Interestingly, the N-terminal region
of ORF3 has been implicated in its interaction with the cytoskeleton (11). However, the
mechanism underlying the palmitoylation of ORF3-mediated viral release remains elusive.

HEV was initially classified as a nonenveloped virus after its discovery in the early 1980s
(13). However, recent studies have revealed that HEV exists in a quasi-enveloped form,
termed eHEYV, in the blood of infected patients or culture fluids of infected cells (14, 15).
Compared with nonenveloped virions in feces, these eHEV possess additional components,
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including lipid membranes derived from the internal membrane
and the ORF3 protein (16). The presence of ORF3 protein in
eHEV underscores its significance in the formation and secretion
of these unique viral particles. The ORF3 protein interacts with
tumor susceptibility gene 101 (TSG101), a component of the
endosomal sorting complex required for transport (ESCRT)
machinery to mediate eHEV release through the cellular exosomal
pathway (17). Moreover, the involvement of two vacuolar
protein-sorting proteins (Vps4A and Vps4B) has been observed in
the secretion of eHEV via a multivesicular body (MVB) pathway
(17). However, the function of ORF3 in the biogenesis and sorting
of eHEV into MVB before egress is not well understood.

Annexin IT (ANXA2), a member of the annexin family, plays
crucial roles in various cellular processes, including membrane
organization, ion channel conductance, and the interaction of the
F-actin cytoskeleton with the cellular plasma membrane (18).
ANXA2 is utilized by human papillomavirus (HPV) (19) to facil-
itate viral attachment and penetration. It is also vital for the assem-
bly and maturation of measles virus (20), influenza A virus (IAV)
(21), enterovirus 71 (22), and hepatitis C virus (HCV) (23).
ANXA2 is also involved in the release stage of classical swine fever
virus (24) and bluetongue virus (BTV) (25). Moreover, ANXA2
is found in exosomal vesicles and plays a vital role in exosome
formation and release (26). Despite the dependence of eHEV
egress on the exosomal pathway, whether ANXA2 is involved in
the biogenesis and egress of eHEV, remains unclear.

In this study, we demonstrated that the palmitoylation-dependent
interaction with ANXA2 directs HEV ORF3 sorting into vesicles
and eHEV formation. In addition to its presence in eHEV, we
found that ORF3 can also be self-secreted into vesicles.
Palmitoylation of ORF3 is essential for its association with ANXA2
and anchoring to the cytoskeleton. Following cytoskeletal trans-
port, ORF3, along with the captured HEV particles, is sorted into
vesicles via the nSMase-ESCRT-III pathway. Finally, we showed
that palmitoylated ORF3 plays a key role in HEV fecal shedding
and circulation to the extrahepatic tissues in an HEV-infected
Mongolian gerbil model. Our study contributes to the understand-
ing of the mechanism of ORF3 secretion and its regulatory func-
tions in eHEV formation and provides valuable insights for the
development of therapeutic strategies and design of vaccines
against HEV.

Results

Both Membrane-Associated ORF3 and Quasi-Enveloped
Virions Are Released from Infected Cells. Previous studies have
demonstrated that HEV ORF3 is enclosed in eHEV released
from infected cells (17). However, whether all extracellular ORF3
proteins are associated with eHEV remains unclear. To address
this question, we used HepG2/C3A cells infected with cell
culture-derived HEV Kernow-C1/p6 (genotype 3) as a model and
confirmed efficient viral replication by staining for the HEV capsid
protein and viral RNA quantification (Fig. 14 and S/ Appendzx,
Fig. S1A). As reported previously (9, 27), both the free ORF2® and
HEV OREF3 proteins were detected in the culture ﬂulds of infected
cells (Fig. 14). However, unlike the free ORF2° protein, which
is susceptible to degradation upon proteinase K treatment, the
extracellular ORF3 protein remained resistant unless treated with
detergent, suggesting lipid membrane cloaking (Fig. 1B). To further
clarify whether all lipid-coated ORF3 proteins were associated
with eHEV, we employed rate-zonal centrifugation to effectively
separate different viral components in the supernatants. Consistent
with previous reports (9), ORF2® was predominantly detected in
fractions 1 to 2 by both western blotting and commercial HEV
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antigen ELISA. eHEV containing ORF2° and viral RNAs were
enriched in fractions 12 to 16. Intriguingly, in addition to being
found in eHEV, a portion of the ORF3 protein (approximately
31 to 40%) was also detected in fractions 7 to 10 (Fig. 1 C and
D), and these ORF3 proteins were also enveloped within the
host membrane (Fig. 1E and S/ Appendix, Fig. S1B) but was
noninfectious (Fig. 1F). These results suggest that HEV infection
produces membrane-associated ORF3 in addition to eHEV.
Since not all extracellular ORF3 proteins are associated with
eHEV, we hypothesized that HEV ORF3 has an inherent capacity
for self-secretion. We generated HepGZ/ C3A cells stably express-
ing ORF3 alone, ORF3/ORF2%, or ORF3/ORF2° via
lentivirus-mediated transduction (S[ Appendix, Fig. S2A4). We
observed efficient secretlon of ORF3 from cells, regardless of the
presence of ORF2° or ORF2® (Fig. 1G), indicating that ORF3
alone is capable of secretion. Consistently, extracellular ORF3 was
surrounded by a lipid membrane (57 Appendix, Fig. S2 B-D). To
further confirm that the secretion of HEV ORF3 was not a result
of compromised membrane integrity induced by ORF3 expres-
sion, we assessed cell viability using the trypan blue exclusion assay
and cell counting kit-8 assay (CCK8) and found that membrane
integrity was almost complete (SI Appendix, Fig. S2 E~G). More
importantly, enhanced green fluorescent protein (EGFP), a non-
secretory protein, was detected in the supernatant when fused
with HEV ORF3 (Fig. 1H). Taken together, these results une-
quivocally demonstrate that HEV ORF3 possesses an inherent
capacity for self-secretion and that quasi-enveloped virions are

likely to be produced during the self-secretion of HEV ORF3.

HEV ORF3 Is Secreted from Cells through the Exosomal Pathway.
To further characterize the self-secreted ORF3 protein in vesicles,
we utilized differential centrifugation to separate different types
of extracellular vesicles (Fig. 24). We found that both HEV
ORF3 and the exosome markers, including CD81, CD63, Alix,
and TSG101 (28, 29), were detected in the vesicles pelleted
at 100,000 x g (Fig. 2B). These vesicles had an exosome-like
morphology (Fig. 2C) and measured approximately 100 to 150
nm in size by nanoparticle tracking analysis (NTA) (Fig. 2C).
To further clarify the role of exosomal pathways in HEV ORF3
secretion, we treated ORF3-expressing cells with inhibitors that
blocked exosome biogenesis. The results showed that GW4869,
an inhibitor of nSMase activity, efficiently reduced HEV ORF3
secretion in a dose-dependent manner. In contrast, inhibitors
such as manumycin, which targets Ras (30) to inhibit its activity
(Ras-GFP) (87 Appendix, Fig. S3A), and Y27632, which inhibits
the phosphorylation of LIM domain kinase 1 (LIMK1) to block
the microvesicle secretion pathway (S Appendix, Fig. S3B) (31),
showed no effect on HEV ORF3 secretion, suggesting that
HEV OREF3 secretion relies on the nSMase-dependent ESCRT
machinery (Fig. 2D and S Appendix, Fig. S3 C and D). Taken
together, these results demonstrate that HEV ORF3 is self-secreted
from cells via the exosomal pathway.

ANXA2 Is Essential for the Release of both HEV ORF3-Containing
Vesicles and Quasi-Enveloped Virions. To elucidate the
mechanisms underlying HEV ORF3 self-secretion, we screened
for genes related to the exosomal pathway. We sclected 47
potential candidates involved in vesicle biogenesis and conducted
siRNA screening using an HEV ORF3 self-secreting cell culture
model. Both intracellular and extracellular ORF3 were quantified
by western blotting and are shown as relative expression levels
normalized to those in scrambled siRNA-transfected cells (Fig. 34
and ST Appendix, Fig. S4A). In line with previous studies (16,
17), we found that the depletion of factors related to the ESCRT
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Fig. 1. ORF3 vesicles and quasi-enveloped virions are secreted from HEV-infected cells. (A) HepG2/C3A cells were infected with HEV (Kernow-C1/p6, genomic
copies/cell =10,000), and the viral replication was assessed by IFA and western blotting. Representative results from three independent experiments are shown.
(B) Pipeline for distinguishing the membrane-coated proteins from free proteins. Culture supernatant collected from infected cells was treated with 1% NP-40
and 200 pg/mL proteases. Viral proteins were then detected by western blotting. Representative results from two independent experiments are shown. (C)
Culture supernatants from HEV-infected cells were separated by sucrose density gradient centrifugation and then analyzed by western blots, qRT-PCR, and
indirect ELISA. Representative results from two independent experiments are shown. (D) Percentage of ORF3 proteins in fractions 7 to 10 and fractions 11 to
16. (E) ORF3 in fractions 8 and 12 were treated with proteinase K in the presence or absence of 1% NP-40, and the degradation of ORF3 and ORF2 proteins was
examined by western blotting. The blots are representative of two independent experiments. (F) Infectivity of virions in fractions 8 and 12 was determined by
infection of HepG2/C3A cells at the same protein level of ORF3, and viral genomic copy numbers were detected by gRT-PCR. Data represent mean + SD from
three independent experiments each in duplicate wells, *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. (G) Detection of intra- and extracellular ORF2
and ORF3 protein expression in HepG2/C3A cells stably expressing ORF3, ORF3/ORF2°, or ORF3/ORF2¢ by western blotting. Blots are representative of two
independent experiments. (H) HepG2/C3A cells transfected with constructs expressing EGFP, ORF3 alone, or fused ORF3-EGFP with linker of flexible peptide
GGGS,. At 36 h posttransfection, intra- and extracellular proteins were detected with indicated antibodies. Culture supernatant and lysates of cells transfected
with the construct expressing EGFP, ORF3, or ORF3-EGFP were further subjected to proteinase K protection assay, respectively. The blots are representative of
two independent experiments. “Pro K” stands for “proteinase K".
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Fig. 2. ORF3vesicles resemble exosomes and are secreted via the nSMase-ESCRT Ill pathway. (A) Pipeline for the separation of extracellular vesicles by differential
centrifugation (Created with BioRender.com). (B) Culture supernatant of HepG2/C3A cells stably expressing HEV ORF3 protein was collected and separated by
differential centrifugation. The resulting fractions were analyzed by staining with exosome marker proteins (CD81, CD61, Alix, and TSG101) and ORF3. The blots
are representative of two independent experiments. (C) Electron microscopy observation (Left) and NTA (Right) of purified vesicles from culture supernatant of
HepG2/C3A stably expressing ORF3 or mock cells. (D) HepG2/C3A cells stably expressing ORF3 were treated with inhibitors of GW4869, manumycin, or Y27632 at
different doses. At 48 h posttreatment, extracellular ORF3 was detected by western blotting. Representative results from two independent experiments are shown.

pathway, such as TSG101, VPS25, HSP90AA1, and CHMP1B,
resulted in a significant reduction in ORF3 secretion (Fig. 3 A and
Band SI Appendix, Fig. S4 A and B). Additionally, the knockdown
of ANXA2, an important member of the annexin family, was
spatially located in the vesicle-bound cytoplasm, nucleus, and
on the inner and outer leaflets of the plasma membrane (32),
almost entirely halting ORF3 secretion (Fig. 3Cand ST Appendix,
Fig. S4C), whereas the overexpression of ANXA2 substantially
increased extracellular ORF3 levels in a dose-dependent manner
(Fig. 3D). ANXA2-depletion also resulted in a decrease in ORF3
secretion in infected cells, although viral replication remained
unaffected, as evidenced by intracellular viral RNA quantification
and viral ORF2 protein evaluation, and ORF2° secretion in the
supernatants (Fig. 3 £ and F and S/ Appendix, Fig. S5 A and B).
Moreover, the extracellular viral RNA detected in fraction 16 was
threefold lower, suggesting that eHEV egress in cells that were
depleted of ANXA2, was also impeded by the deficiency of HEV
OREF3 self-secretion (Fig. 3F). Given the crucial role of ANXA2 in
HEV OREF3 secretion, we further explored whether HEV ORF3
specifically exploits ANXA2 for secretion. Our results revealed

40of 11  https://doi.org/10.1073/pnas.2418751122

that in the context of HEV ORF3 expression or HEV infection,
elevated ANXA?2 levels were detected in the supernatants (Fig. 3G).
Furthermore, coimmunoprecipitation (Co-IP) assays revealed a
specific interaction between ORF3 and ANXA2 (Fig. 3H), and
confocal imaging showed the colocalization of ORF3 and ANXA2
(Fig. 37 and SI Appendix, Fig. S5C). Collectively, these results
underscore the specific role of ANXA?2 in mediating HEV ORF3
self-secretion and eHEV formation.

C4g and C,4 at the N-Terminal of HEV ORF3 Are Essential for
Binding with ANXA2. To identify the key amino acids within
ORF3 responsible for ANXA2 binding, we performed alanine
scanning mutagenesis by sequentially introducing five alanine
substitutions (Fig. 44 and SI Appendix, Fig. S6 A-C). Our
results showed that the ORF3 mutant harboring the mutation at
FCLCC,,_,; significantly reduced its binding ability with ANXA2
(Fig. 44). Further mutagenesis revealed that the amino acids at
positions 18 and 21 were essential for binding to ANXA2, as
ORF3-C,;,A/C,;A mutant completely lost its binding affinity for
ANXA?2 (Fig. 4B). Additionally, the colocalization signal between
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expression level was calculated by normalizing to that in cells transfected with scrambled siRNA, and presented as a heatmap. Data represent mean from three
independent experiments. (B) HepG2/C3A cells stably expressing ORF3 were transfected with siRNA targeting TSG101, and the protein level of TSG101, ORF3, and
B-actin in cell lysates, as well as ORF3 in supernatant, were detected by western blotting. The blot is representative of two independent experiments. (C) HepG2/
C3A cells expressing ORF3 were stably knocked down for ANXA2 using specific ShRNA, and extracellular ORF3 protein levels were assessed by western blotting.
ANXA2 and ORF3 protein levels were quantified using image analysis. The blot is representative of two independent experiments. (D) HepG2/C3A cells were
transfected with plasmids expressing ANXA2 at different doses (0, 0.5, 1, or 2 pg/well). At 36 h posttransfection, ANXA2, ORF3, and p-actin in cell lysates, as well
as ORF3 in culture supernatant, were analyzed by western blotting. The protein level of ANXA2 or ORF3 was quantified using Image) analysis and normalized to
control. Data represent mean + SD from three independent experiments, *P < 0.05; **P <0.01; ***P < 0.001; ns, not significant. () HepG2/C3A cells depleted of
ANXA2 were infected with HEV (genomic copies/cells = 10,000). HEV ORF3, ORF2, and ANXA2 were detected by western blotting and analyzed by Image]. p-actin
was detected as loading control. The blot is representative of two independent experiments. (F) HepG2/C3A [wild-type (WT) or ANXA2 KD] were infected with HEV.
At 10 d postinfection, the culture supernatants were separated by sucrose density gradient centrifugation to isolate potential different forms of ORF3 protein
and analyzed by western blotting and qRT-PCR. Representative results from two independent experiments are shown. (G) Culture supernatant and lysates of
HepG2/C3A cells stably expressing ORF3 or HepG2/C3A cells infected with HEV at 10 d postinfection were collected. ANXA2 and ORF3 protein levels were detected
and analyzed by western blotting. The blot is representative of two independent experiments. (H) HepG2/C3A cells were infected with HEV (genomic copies/
cell = 10,000). The cell lysates were collected for coimmunoprecipitation at 10 d postinfection. Representative results from two independent experiments are
shown. (/) HepG2/C3A cells were transfected with plasmids of pCAGGS-ORF3-mRuby or pANXA2-EGFP-N1 or both. At 36 h posttransfection, cells were fixed by
4% paraformaldehyde, stained with DAPI for nuclei, and observed using confocal microscopy. Confocal images were then captured (63x magnification). 18/20
cells in 10 images exhibited colocalization between ORF3-mRuby and ANXA2-EGFP. Colocalization signals were analyzed by Image).
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Fig. 4. C,3and C,, are key amino acids of HEV ORF3 for interacting with ANXA2. A-B. HEK293T
along with either pCAGGS-ORF3-HA or mutated forms of ORF3 using 5% alanine scanning (A) or

cells were transfected with the plasmid pCAGGS-ANXA2-Flag
the ORF3-C,;3A/C,;,A mutant (B). Cell lysates were collected for

coimmunoprecipitation assays. Blots are representative of two independent experiments. (C) Confocal images showing the colocalization of ORF3-WT (red),
ORF3-C;3A/Cy A (red), and ANXA2 (green). Nuclei were stained with DAPI. Images were captured using a confocal microscope (63x). 20/23 cells in 10 images
exhibited colocalization between ORF3-WT and ANXA2, while 1/25 cells in 10 images exhibited colocalization between ORF3-C,,A/C,,A and ANXA2. Colocalization
signals of ORF3 and ANXA2 were analyzed using the Image) software. (D) HepG2/C3A cells were infected with HEV-WT or a mutant (HEV-ORF3;gs/c275) with 10,000
genomic copies per cell. Viral replication was evaluated by observing HEV ORF2 expression through IFA. Both intracellular and extracellular ORF3 were detected
by western blotting and analyzed using the Image) software. f-actin was detected as loading control. Representative results from two independent experiments

are shown. (F) Coimmunoprecipitation with conjugated antibodies against ORF3 or ANXA2 demo

nstrates the interaction between ORF3 and ANXA2 in infected

cells. Blots are representative of two independent experiments. (F) Culture supernatants of HEV-infected cells were subjected to rate-zonal centrifugation,
and the collected fractions were analyzed using gRT-PCR and western blotting. HEV antigen levels in the culture supernatant were measured using the ELISA.

Representative results from two independent experiments are shown.
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the ORF3-C,A/C,;A mutant and ANXA2 was weakened
(Fig. 4C). Consequently, self-secretion of ORF3-C ;A/C,;A was
severely impaired (SI Appendix, Fig. S6 D and E). Moreover, when
these mutations were introduced into the HEV genome, the HEV
mutant carrying C,;S/C,,S efficiently replicated in HepG2/C3A
cells, but ORF3 secretion was completely inhibited (Fig. 4D),
and the interaction between ORF3 and endogenous ANXA2 was
abolished in HEV mutant-infected cells (Fig. 4£). Consequently,
less HEV ORF2€ or viral RNA was detected in fractions 9 to
14 by western blotting and quantitative RT-PCR, respectively
(Fig. 4F). Taken together, C,5 and C,, at the N terminus of HEV
OREF3 are essential for its binding with ANXA2 and secretion,
and HEV mutants lacking the sites essential for ORF3 interaction
with ANXA2 were unable to efficiently release ORF3 vesicles and
eHEV. These results suggest that ORF3 plays a vital role in the
egress of HEV particles by exploiting ANXA2, and ORF3 self-
secretion is a prerequisite for effective eHEV release.

Binding with ANXA2 Requires the Palmitoylation of ORF3 at C;g
and Cy;. Previous studies identified HEV ORF3 as a palmitoylated
protein (12). GPS-Palm analysis showed that C,5 and C,; were
potential palmitoylation sites with high area under the curve
scores. Palmitoylated proteins were detected in the cleaved bound
fraction (cBF) using a resin-assisted capture method. We observed
the presence of the HEV ORF3 protein in the input fraction,
cBE, and preserved unbound fraction, but not in the cleaved
unbound fraction (cUF) or preserved bound fraction (Fig. 5 A4
and B). As a negative control, nonpalmitoylated HEV ORF2
was detected in the cUF rather than in the cBF (87 Appendix,
Fig. S7A), confirming that palmitoylation of HEV OREF3 is
specific. Intriguingly, treatment with 2-bromopalmitate (2-BP),
a potent palmitoylation inhibitor (12), altered the distribution
pattern of HEV ORF?3 in the fractions, with HEV ORF3 detected
in the cUF (Fig. 5 A and B), and led to the observation of one
ORF3 band with a lower molecular weight (Fig. 5 A and B
and SI Appendix, Fig. S7B), indicating that 2-BP blocked the
palmitoylation of HEV ORF3. More importantly, the ORF3-
C,4A/C, A mutant exhibited lower levels of palmitoylation, as
indicated by the substantial amount of ORF3 protein detected
in the cUE This result suggested that C;5 and C,; are the key
amino acids involved in ORF3 palmitoylation (Fig. 54 and B). To
further determine whether palmitoylation of ORF3 is required for
binding to ANXA2, we compared the binding efficiency of ORF3
and ANXA2 with or without 2-BP treatment (Fig. 5C). Treatment
with 2-BP in cells infected with HEV led to the detection of the
nonpalmitoylated ORF3 form with a lower molecular weight, as
shown above. Only the palmitoylated ORF3 form with a higher
molecular weight was detected in immunoprecipitated samples.
These results revealed that ORF3 proteins without palmitoylation
were not precipitated by ANXA2, consistent with the absence
of significant colocalization observed by confocal microscopy
(SI Appendix, Fig. S7C). Collectively, these results demonstrated
that palmitoylation of HEV ORF3 at C,4 and C,, is a prerequisite
for exercising its function via ANXA2 binding.

ANXA2 Directs ORF3 Sorting into the Vesicles via Association
with the Cytoskeleton. ANXA?2 is a membrane-associated protein
associated with the cytoskeleton (Fig. 5D) (18). To determine
whether HEV ORF3 is also cytoskeleton-associated, we conducted
subcellular fractionation via sequential extraction (33). In addition
to the membrane fraction, HEV ORF3 was also detected in the
cytoskeletal fraction (Fig. 5E). 2-BP treatment reduced the level of
ORF3 in the cytoskeletal fraction, suggesting that palmitoylated
OREF3 was preferentially transported to the cytoskeleton (Fig. 5E).

PNAS 2025 Vol.122 No.1 2418751122

To clarify the role of ANXA2 in directing HEV ORF3 to the
cytoskeleton, we analyzed ORF3 distribution in cells depleted of
ANXA2 and found that HEV ORF3 was almost undetectable in
the cytoskeletal fraction of ANXA2-knockdown cells (Fig. 5F).
Consistently, the ORF3-C,S/C,,S protein, which is incapable
of binding to ANXA2, was absent from the cytoskeletal fraction
(Fig. 5F). Given that HEV ORF3 was found to be sorted into
multivesicular bodies (MVBs) for release, and considering that the
ORF3-C(S/C,,S mutant lost its association with the cytoskeleton,
we hypothesized that the ORF3-C,;S/C,,S mutant may fail to
traffic into MVBs. To investigate this, we performed confocal
imaging and found that the ORF3 mutant was unable to colocalize
with MVB markers, including CD9 and CD63 (Fig. 5G and
SI Appendix, Fig. S7D). Based on these results, we propose a model
for the egress of HEV ORF3 vesicles and quasi-enveloped virions,
where the ORF3 protein is palmitoylated, likely at C 4 and C,,
in the Golgi apparatus or endoplasmic reticulum (S/ Appendix,
Fig. S7 E and F). Subsequently, palmitoylated ORF3 binds to
ANXA2, which is located in the cytoskeleton, and is transported
to MVBs for nSMase-ESCRT-mediated sorting. Occasionally,
the assembled HEV particles anchor onto the ORF3-ANXA2
complex for budding into the MVB. Ultimately, empty ORF3
vesicles and quasi-enveloped virions are released via the exosomal

signaling pathway (Fig. 5H).

Mutations at Palmitoylation Sites within ORF3 in Gerbils
Abolished HEV Fecal Shedding but with Competent Replication
in the Liver. The replication of HEV mutant harboring mutations
at palmitoylation sites within ORF3 showed no significant
differences compared to the WT virus, as evidenced by ORF2
expression (Fig. 64) and intracellular ORF3 protein levels
(Fig. 6B); however, the secretion of ORF3 dramatically decreased
(Fig. 6B). To confirm our findings in vitro and further investigate
the role of the ORF3-C,S/C,,S mutation in HEV infection
in vivo, we intraperitoneally inoculated adult gerbils (13-wk-old)
with approximately 108 copies of either HEV-WT (n = 15) or
HEV-ORF3 460015 (n = 15). Viral RNA was readily detected
in the feces of gerbils inoculated with HEV-WT as early as 3 d
postinfection, whereas HEV RNA was not detected in the feces
of the HEV-ORF3 4¢/c015 group (Fig. 6C). At 1, 3, 5,and 7 d
postinfection, three gerbils from each group were randomly killed,
and the liver, kidney, and intestinal tissues were collected. All liver
tissues in each group were positive for HEV RNA, at all collection
time points, with comparable viral loads, indicating the replication
competence of the mutant virus. HEV RNA in the kidney and
intestinal tissues collected from both groups of gerbils at 1 d
postinfection were positive for HEV RNA. However, starting
at 3 d postinfection, HEV RNA was detected less frequently
in the kidney and intestinal tissues collected from the mutant
group than in the WT group (Fig. 6D). Moreover, ORF3 was
purified as an exosome from the serum of gerbils infected with
HEV-WT, whereas no ORF3 in serum from gerbils infected with
HEV-ORF3g5/c015 was detected (S Appendix, Fig. S8 A and
B). These results suggest that the release of viral particles was
blocked by the mutation, thereby reducing the dissemination
of virions to extrahepatic tissues. The HEV antigen was also
detected in the kidney (Fig. 6E), suggesting that the expression
of the HEV ORF?2 protein in gerbil tissues was unaffected by the
mutation. We also assessed the antiviral effects of LCKLSL, an
inhibitor of ANXA2 in HEV-infected gerbils. The fecal viral loads
of LCKLSL-treated gerbils were lower than those of the control
group at 3 d postinfection, but this difference was not observed
at 7 d postinfection (Fig. 6F). Histological evaluation of liver
tissues from infected gerbils 14 d postinfection with HEV-WT
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Fig. 5. Palmitoylation of C,4 and C,, is essential for the binding of ORF3 with ANXA2 to anchor the cytoskeleton. (A and B) A total of 4 x 10° HepG2/C3A cells
stably expressing ORF3 or ORF3-C;gA/C,;A (A), or 1.2 x 107 of HepG2/C3A cells infected with HEV (B) in the presence or absence of 2-BP were collected for
palmitoylation detection. Representative results from two independent experiments are shown. (C) HepG2/C3A cells were infected with HEV (genomic copies/cells =
10,000) in the presence or absence of 2-BP (50 uM, 8 h). Cell lysates were collected for coimmunoprecipitation. The blot is representative of two independent
experiments. The red entity pentagram indicates palmitoylated ORF3, and blue entity pentagram indicates nonpalmitoylated ORF3. (D) Protein fractionation
of endogenous ANXA2 in HepG2/C3A cells. Marker proteins of subcellular fractions and ANXA2 were detected by western blotting. The blot is representative
of two independent experiments. (£) ORF3 protein fractionation in HepG2/C3A cells stably expressing ORF3 in the presence or absence of 50 uM 2-BP; marker
proteins of subcellular fractions and ORF3 were detected by western blotting. The protein level of ORF3 associated with cytoskeleton (ORF3-cytoskeleton) or
ORF3 associated with membrane (ORF3-membrane) was analyzed by ImageJ. Data represent mean + SD from three independent experiments, *P < 0.05; **P <
0.01; ***P < 0.001; ns, not significant. (F) ORF3 protein fractionation in HEV-infected HepG2/C3A cells with or without ANXA2 expression. Marker proteins of
subcellular fractions and ORF3 were detected by western blotting. ORF3 protein level associated with cytoskeleton (ORF3-cytoskeleton) or ORF3 associated with
membrane (ORF3-membrane) were analyzed by Image). The blot is representative of three independent experiments. (G) Confocal microscopy of ORF3 and
CD9 in HepG2/C3A cells cotransfected pCAGGS-ORF3-WT/mutant-mWasabi and pCD9-mCherry at 36 h posttransfection. The nucleus was stained with DAPI.
Images were captured using a confocal microscope (63x). Fluorescence signals of ORF3 and CD9 were analyzed by ImageJ. (H) Model mechanism of secretion

of HEV ORF3 vesicles and release of eHEV.
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Fig. 6. Infection of HEV-ORF3¢g¢,c215 in gerbils shows no fecal viral shedding but competent replication in the liver. (A and B) HepG2/C3A cells were infected with
HEV-WT or HEV-ORF3,4s/c21s mutant, and the viral replication was then assessed at 5 d postinfection by detecting intracellular HEV genomic copies by qRT-PCR
(A), or intracellular and extracellular viral proteins using IFA (A) and western blotting (B). Data represent mean + SD from three independent experiments each
in duplicate. (C-E) Gerbils infected with HEV-WT or mutant HEV-ORF3,g5/c21s, the viral genomic copies in feces (n = 3) (C) or liver, kidney, or intestine (D) were
detected by gRT-PCR (n = 3); the antigen in the liver, kidney, intestine, or serum was detected by the ELISA (n = 3) at interval days (E). (F) Gerbils (n = 4) were
treated with ANXA2 inhibitor LCKLSL, the viral genomic copies in feces were then detected by qRT-PCR at interval days. Data represent mean + SEM from four
gerbils. (G) Representative hematoxylin and eosin (H&E) staining of liver sections from the HEV-WT (1 of 6) and HEV-ORF3;gs/c»15-infected (1 of 6) groups 14 d
postinfection. The square area of liver tissues presented obvious inflammatory cell infiltration. Scale bars are indicated in the figure.
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or the HEV-ORF3 5215 mutant revealed a similar infiltration
of lymphocytic inflammatory cells into the portal areas (Fig. 6G).
Taken together, despite competence in replication, the HEV-
ORF3 g6/c21s mutant was unable to release viral particles from
hepatocytes, and ANXA2 inhibitors inhibited viral replication in
the early period of infection.

Discussion

Based on assembly and morphological criteria, viruses have been
categorized into two types: enveloped and nonenveloped viruses
(34). eHEV, a quasi-enveloped virion classified in-between non-
enveloped and enveloped viruses, is expected to undergo a unique
assembly process. Our study reveals that HEV ORF3 plays a
crucial role in the assembly and subsequent release of eHEV. It
appears that HEV ORF2 proteins first assemble into a pentamer
and then into an icosahedral capsid harboring a viral genome akin
to naked virions (8). Meanwhile, posttranslationally modified
ORF3 proteins in the cytoskeleton capture naked virions and
deliver them into MVBs. Uldmately, the assembled quasi-
enveloped HEV particles are released via the exosomal pathway.
Unexpectedly, we found that partial ORF3 was present in the
culture supernatant in a membrane-associated but noninfectious
form, suggesting that naked virions may be occasionally captured
by ORF3 for subsequent assembly. Further investigation of the
underlying mechanisms will shed light on the lifecycle of HEV
replication and guide the development of drug and therapeutic
strategies.

Palmitoylation plays an important role in the viral lifecycle by
regulating trafficking, subcellular localization, and stability of viral
proteins (35). For instance, palmitoylation of the SARS-CoV-2
glycoprotein is essential for protein transfer to viral membranes and
for viral infectivity (36). Recent findings have revealed that palmi-
toylation mediates the membrane association of HEV ORF3 and
is essential for the secretion of infectious particles (12), however,
the underlying mechanism is unclear. Our investigations identified
C,s and C,; as the key sites for palmitoylation of HEV ORF3.
Introducing mutations into the HEV genome resulted in an approx-
imately 1.5-log decrease in eHEV release, without affecting intra-
cellular viral replication. Moreover, our findings suggest that
inhibition of ORF3 palmitoylation results in the failure of its inter-
action with ANXA2. ANXA2 knockdown significantly reduced the
efficiency of ORF3 and eHEV secretion, highlighting the crucial
role of ANXA2 in ORF3 secretion. Numerous studies have reported
the role of ANXA2 in viral replication (19-25). ANXA?2 interacts
with IAV NSI to promote virion formation and is found on the
viral envelope of IAV (21). Additionally, ANXA2 is recruited by
HCV NS5A to membrane lipid rafts, facilitating the production of
infectious HCV particles (23). Furthermore, ANXA2 promotes
BTV release by interacting with viral NS3 protein (25). Surprisingly,
all these viral proteins, including IAV NS1, HCV NS5A, and BTV
NS3, are predicted to be palmitoylated by the GPS-Palm software.
Thus, it would be interesting to explore whether palmitoylation
governs the interactions between these viral proteins and ANXA2.

ANXA2 is capable of simultaneously binding to phospholipids
and F-actin and is recognized as a cytoskeleton-membrane linking
protein (18). ANXA2-knockdown decreased the association of
OREF3 with the cytoskeleton. Although ORF3 proteins have been
detected in the cytoskeletal fraction previously (11), their significance
remains largely unexplored. Here, we report a potential role of
ANXA2 as an anchor for the transport of ORF3 on the cytoskeleton,
akin to several enveloped viruses whose transfer depends on the host
cytoskeleton (20, 37). These observations suggest that the host
cytoskeletal elements play an active role in the assembly and budding

https://doi.org/10.1073/pnas.2418751122

of viral particles. We found via an extraction assay that ORF3 was
enriched in the cytoskeleton fraction, and ANXA2 was hijacked by
palmitoylated ORF3 to anchor to the cytoskeleton; however, the
precise regulatory mechanism underlying the association between
ORF3, ANXA2, and the cytoskeleton requires further study.

Using an HEV infection Mongolian gerbil model, we demon-
strated that palmitoylation of ORF3 is necessary for the secretion
of infectious particles in vivo. However, HEV replication and ORF2
protein expression can still be detected in liver tissues upon infection
with the ORF3 mutant virus in gerbils. HEV RNA detected in the
extrahepatic tissues of the ORF3 mutant group in the early stages
of infection was possibly due to venous absorption of the virus and
ORF2® which were secreted and enriched in kidney tissues.
Additionally, ANXA2 inhibitors have been shown to reduce fecal
viral loads in the early stages of infection in vivo, indicating a poten-
tial future drug and therapeutic strategy.

Viral particles, which are cloaked by the envelope and bound to
ORF?3, can be detected in the blood of patients infected with HEV,
indicating their existence in the form of eHEV (15). Previous stud-
ies on HEV-infected cells have shown that eHEV in culture super-
natants are also in the form of exosomes (14, 16). In this study,
ORF3 was detected by purifying exosomes in the serum of gerbils
infected with HEV-WT rather than mutant HEV-ORF34¢/c0155
indicating that ORF3 C,g and C,; are key sites for the secretion of
viral particles and ORF3 vesicles into the serum (S/ Appendix,
Fig. S84). Further studies need to be conducted to explore whether
these mutations affect the extrahepatic infection efficiency. To com-
pare the ratio of ORF3 in viral particles and ORF3 vesicles in
serum, we performed rate-zonal centrifugation to separate these
two entities. Unfortunately, we were unable to purify the ORF3
protein, probably because its content in the serum was too low
(81 Appendix, Fig. S8B).

In summary, we found that not all secreted ORF3 are associated
with viral particles. Its secretion requires palmitoylation and
recruitment of ANXA2. Binding of ORF3 with ANXA?2 anchors
OREF3 to the cytoskeleton for transport. During trafficking, ORF3
captures mature viral particles and is secreted as an exosome via
the nSMase-ESCRT III pathway. More importantly, palmitoyla-
tion of ORF3 and its association with ANXA2 are important for
viral fecal shedding and extrahepatic dissemination in the
HEV-infected Mongolian gerbil model.

Materials and Methods

Lysates of $10-3 cells transfected with HEV RNA were lysed using three freeze-
thaw cycles in distilled water. The virions in the cell lysates were purified by
gradient density centrifugation and used to infect cells or gerbils (38) (further
details are included in SI Appendix, Materials and Methods of virus generation).
HepG2/C3A cells (2 x 10%) were seeded in flasks coated with rat-tail collagen
type 1 (Sigma C3867), and cultured in Dulbecco's Modified Eagle's Medium
supplemented with 10% FBS and 2% dimethylsulfoxide at 34.5 °C (9). Adult
(13-wk-old) Mongolian gerbils (Meriones unguiculatus) were randomly selected
and purchased from Sipeifu Biotech (Beijing, China). Each gerbil was inoculated
with 500 pL viral stock intraperitoneally (i.p.), with approximately 1 x 10° copies
per gerbil. Animals were housed in separate cages with adequate water and
food supply. Animal experiments were approved by the Committee of Laboratory
Animal Welfare and Ethics, Peking University Health Science Center, and the
Committee on the Ethics of Animal Experiments at the Harbin Veterinary Research
Institute, Chinese Academy of Agricultural Sciences.

statistical Analysis. All experiments were performed two or three times, statisti-
cal analysis was performed for each experiment, and the data from one independ-
ent experiment are shown. The results were analyzed for statistical significance
using the Student's ttestand one-way ANOVAin GraphPad Prism 9.2.0.APvalue
<0.05 was considered statistically significant, and the following categories were
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used: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.The detailed
procedures are provided in S/ Appendix, Materials and Methods.

Data, Materials, and Software Availability. All Study dataareincluded inthe
article and/or S/ Appendix.
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