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Significance

 Classically, all hepatitis E virus 
(HEV) variants causing human 
infection belong to HEV-A. 
However, the increasing cases of 
rat HEV infection in humans 
challenged this dogma. We found 
that cell binding tropism is a 
pivotal determinant of HEV species 
regarding their zoonotic 
transmission to humans. Rat HEV 
virus-like particles (VLPs) and 
infectious rat HEV bind and enter 
human target cells, whereas ferret, 
bat and avian HEV VLPs show 
marginal or no cell binding and 
entry potency. Rat HEV exhibited 
partial cross-reaction with HEV-A, 
and anti-HEV-A sera partially 
cross-inhibited the binding of rat 
HEVVLPs  to human target cells. Our 
study revealed mechanistic 
insights regarding the distinct 
zoonotic potential of different HEV 
species and elucidated their 
cross-species antigenic 
relationships and serological 
responses.
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Classically, all hepatitis E virus (HEV) variants causing human infection belong 
to the genus Paslahepevirus (HEV- A). However, the increasing cases of rat HEV 
infection in humans since 2018 challenged this dogma, posing increasing health 
threats. Herein, we investigated the underlying mechanisms dictating the zoonotic 
potentials of different HEV species and their possible cross- protection relationships. 
We found that rat HEV virus- like particles (HEVVLPs) bound to human liver and 
intestinal cells/tissues with high efficiency. Moreover, rat HEVVLPs and infectious 
rat HEV particles penetrated the cell membrane and entered human target cells 
postbinding. In contrast, ferret HEVVLPs showed marginal cell binding and entry 
ability, bat HEVVLPs and avian HEVVLPs exhibited no binding and entry potency. 
Structure- based three- dimensional mapping identified that the surface spike domain 
of rat HEV is crucial for cell binding. Antigenic cartography indicated that rat HEV 
exhibited partial cross- reaction with HEV- A. Intriguingly, sera of HEV- A infected 
patients or human HEV vaccine Hecolin® immunized individuals provided partial 
cross- protection against the binding of rat HEVVLPs to human target cells. In sum-
mary, the interactions between the viral capsid and cellular receptor(s) regulate the 
distinct zoonotic potentials of different HEV species. The systematic characteri-
zation of antigenic cartography and serological cross- reactivity of different HEV 
species provide valuable insights for the development of species- specific diagnosis 
and protective vaccines against zoonotic HEV infection.

hepatitis E virus | zoonosis | cell binding tropism | virus entry

 Hepatitis E virus (HEV) is the most common cause of viral hepatitis worldwide, with 
estimated 20 million infections and around 60,000 fatalities annually. In resource-limited 
settings (e.g., among refugees and internally displaced groups), hepatitis E outbreaks 
periodically occur, presenting significant humanitarian emergencies ( 1 ). In developed 
countries, HEV commonly causes zoonotic food-borne infections. HEV infection can be 
aggravated in pregnant women, and patients with preexisting liver disease, resulting in 
severe complications and high mortality rate (up to 45% in some endemic regions with 
HEV-1 and -2) in recorded outbreaks ( 1 ).

 Distinct from all the other human hepatitis viruses, HEV is the only one that is zoonotic 
( 2 ). HEV belongs to the Hepeviridae  family divided into two subfamilies: Orthohepevirinae  
and Parahepevirinae . Orthohepevirinae  includes four genera that are phylogenetically distinct 
and have different host ranges ( 3 ). They are classified as Paslahepevirus  (referred to as HEV-A; 
including eight genotypes HEV-1 to HEV-8; isolates from humans, swine, deer, mongoose, 
rabbit, and camel), Avihepevirus  (referred to as HEV-B; isolates from avian), Rocahepevirus  
(referred to as HEV-C; isolates from rat, greater bandicoot, Asian musk shrew, ferret and 
mink), and Chirohepevirus  (referred to as HEV-D; isolates from bat) ( 4 ). Classically, human 
diseases are thought to be exclusively caused by Paslahepevirus , which include both zoonotic 
(e.g., HEV-3 and 4) and nonzoonotic (e.g., HEV-1 and 2) strains. However, increasing 
cases of hepatitis E have been reported to be associated with the infection of rat HEV in 
multiple regions since 2018 ( 5             – 12 ), and recently, two children with acute hepatitis of 
unknown origin were found to have rat hepatitis E virus infection in Spain ( 13 ). This 
indicates that rat HEV, which is classified as HEV-C1 clade of Rocahepevirus , can cross 
species barrier to cause zoonotic infection in humans ( 5 ,  6 ,  12 ). In contrast, no Avihepevirus  
or Chirohepevirus -related human infections have been reported to date. The zoonotic poten-
tial of these genetically distinct HEV species has raised great public health concerns. It seems 
that different HEV species have differential potential of zoonotic transmission, but the 
underlying mechanisms remain unknown.D
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 Viral entry is the first determinant of host tropism and the 
ability of cross-species transmission. This step is initiated by spe-
cific binding of virions to the receptor(s) on the cell membrane 
( 14 ,  15 ). There are two forms of HEV particles in the infected 
host. In general, the naked, nonenveloped virions (nHEV) are 
shed into feces to mediate interhost transmission, whereas qua-
sienveloped virions (eHEV) circulate in blood to spread the virus 
within the host ( 16 ). nHEV compared to eHEV has a 10-fold 
higher infectivity due to a higher efficiency in cell attachment ( 16 , 
 17 ). Interestingly, it has been recently reported that nHEV can 
also be detected in plasma of infected patients, suggesting that 
nHEV may mediate both interhost and intrahost spreading ( 18 ). 
We postulate that the entry of nHEV through direct interactions 
between the viral capsid and cellular receptor(s) is one of the key 
determinants of host tropism and zoonotic transmission.

 In this study, we aim to understand the underlying mechanisms 
dictating the distinct zoonotic potentials of different HEV species. 
HEV grows poorly in cell culture ( 19 ,  20 ). Here, we took the 
advantage that the HEV capsid protein ORF2 can assemble into 
virus-like particles (VLPs) in vitro ( 21   – 23 ). These VLPs are 
believed to mimic live viruses in binding and penetrating host 
cells, constituting a good model for studying viral entry ( 24 ,  25 ). 
Thus, we generated VLPs for all HEV species and comparatively 
assessed their host tropism in multiple cell lines and human liver 
and intestinal tissue slides. Strikingly, rat HEV (HEV-C1) VLPs 
bind to human liver and intestinal cells/tissues with high efficiency 
and specificity. Moreover, HEV-C1VLPs  penetrate the cell mem-
brane and enter target cells postbinding. This observation was 
further confirmed by employing infectious rat HEV particles. In 
contrast, ferret HEVVLPs  showed marginal cell binding and entry 
ability, bat HEVVLPs  and avian HEVVLPs  exhibited no cell binding 
and entry. Antigenic cartography indicated that rat HEV exhibited 
partial cross-reaction with HEV-A. More intriguingly, HEV-AVLP  
immunized rat sera, HEV-A infected patient sera, and human 
HEV vaccine Hecolin® immunized individual sera partially 
cross-inhibited the binding of HEV-C1VLP  to human target cells. 
These findings revealed mechanistic insights regarding the distinct 
zoonotic potential of different HEV species and elucidated their 
cross-species antigenic relationships and serological responses. 

Results

The Capsid ORF2 Proteins (a.a.368 to 606) of All HEV Species Self- 
Assemble into VLPs and Exhibit Specific Binding Affinity to Their 
Cognate Liver Tissues. Phylogenetic analysis of different HEV 
species was performed based on ORF2 amino acid sequences of 
the reference HEV sequences (Fig. 1A and SI Appendix, Fig. S1) 
(3, 26, 27). The sequence identity of ORF2 is relatively low 
(~50%) among different HEV species (SI Appendix, Table S1). 
However, ORF2 is highly conserved within species. Specifically, 
the identity of HEV- A (refer to Paslahepevirus) ORF2 ≥ 90%, 
HEV- B (refer to Avihepevirus) ORF2 ≥ 90%, HEV- C1 (refer 
to Rocahepevirus, rat HEV) ORF2 ≥ 91%, HEV- C2 (refer to 
Rocahepevirus, ferret HEV) ORF2 ≥ 98%, and HEV- D (refer 
to Chirohepevirus) ORF2 ≥ 80% (Datasets S1–S5). The ORF2 
consensus sequences were used to represent different variants 
within each species (SI Appendix, Fig. S2 and Table S2).

 For HEV-A strains (e.g., HEV-1), the ORF2 region spanning 
from a.a.368 to 606 can self-assemble into VLPs (SI Appendix, 
Fig. S3 ) ( 22 ). Hence, the corresponding regions of ORF2 of each 
species were expressed and named HEV-A ORF2T , HEV-B 
ORF2T , HEV-C1 ORF2T , HEV-C2 ORF2T , and HEV-D 
ORF2T , respectively (SI Appendix, Fig. S2 ). The formation of 
dimers and multimers is a key step of VLP assembly ( 21 ). Indeed, 

dimers (40 to 55 kDa) and multimers (including pentamers ~180 
kDa) were successfully detected, then resolved into ~35 kDa mon-
omers upon boiling treatment ( Fig. 1 B , E , H , K , and N   and 
 SI Appendix, Fig. S4 A , B, D , E, G , H, J , K, M , and N ). Electron 
microscopy analysis confirmed the successful assembly of VLPs of 
all HEV species ( Fig. 1 C , F , I , L , and O  ). Accordingly, we named 
the VLPs HEV-AVLP , HEV-BVLP , HEV-C1VLP , HEV-C2VLP , and 
HEV-DVLP , respectively. To validate whether these VLPs could 
authentically mimic cell binding of infectious virus particles, liver 
tissue slides from five different host species (human, chicken, rat, 
ferret, and bat) were collected. All five VLPs could efficiently bind 
to the liver tissue slides of their cognate host, while denatured 
VLPs lost their binding ability (SI Appendix, Fig. S4 C , F, I , L, 
and O  ). These results indicated that the structure and conforma-
tion of VLPs were essential for binding to their target cells. 
Moreover, the binding of VLPs to their cognate liver cells was 
blocked by rat sera immunized with their corresponding VLPs, 
but not the negative control sera ( Fig. 1 D , G , J , M , and P  ). These 
data demonstrate that the VLPs of five HEV species accurately 
mimic cell-binding of infectious virus particles and exhibit specific 
binding to their cognate liver tissues.  
HEV- C1VLP Efficiently Binds to Human- Derived Intestinal and 
Liver Cells/Tissues with High Specificity. Five VLPs possess 
specific cell- binding abilities, suitable for studying cell- binding 
tropism. Hence, VLPs of different HEV species were subjected 
to cell binding assays with human liver and intestinal cell 
lines. HEV- 1VLP, the main component of human HEV vaccine 
Hecolin® (28) served as a positive control (SI Appendix, Fig. S5). 
HEV- 1VLP efficiently bound to HepG2, HuH7, and Caco2 
cells. Rat sera immunized with HEV- AVLP, but not the negative 
control sera, abrogated the binding of HEV- 1VLP, highlighting 
the specificity of this assay (SI Appendix, Fig. S5). Notably, HEV- 
C2VLP showed marginal binding to HepG2, HuH7, and Caco2 
cells, and HEV- BVLP and HEV- DVLP exhibited no binding 
affinity (Fig. 2A). Conversely, although the sequence identity 
is relatively low (~50%) between HEV- A ORF2 and HEV- C1 
ORF2 (SI Appendix, Tables S1 and S2), HEV- C1VLP exhibited 
high binding affinity to human liver and intestinal cell lines 
(Fig. 2A, column 3 and Fig. 2B). Interestingly, similar binding 
tropism was also observed in rat liver cells RH- 35 (Fig.  2 A 
and B). Moreover, HEV- C1VLP efficiently bound to human liver 
and intestinal tissue slides (Fig. 2 C and D). Anti- HEV- C1VLP 
sera, but not the negative control sera, inhibited the binding of 
HEV- C1VLP to human liver and intestinal tissues. These results 
implied that HEV- C1VLP may utilize the same binding sites 
(liver and intestine) as HEV- A to cause infection. In summary, 
among different HEV species, HEV- C1VLP efficiently binds to 
human- derived target cells and tissues.

HEV- C1VLP and Rat HEV Complete the Entry Step and Migrate 
into Human Target Cells. Upon specific binding to the receptor(s), 
virions need to penetrate the cell membrane and enter the target 
cells to complete the so- called virus entry process. Herein, we 
inoculated HepG2 and RH- 35 cells with the same amounts 
of VLPs. Consistent with their binding tropism, we detected 
marginal signal of HEV- C2VLP within HepG2 and RH- 35 
cells, and no HEV- BVLP and HEV- DVLP signals (Fig.  3 A–C). 
Nevertheless, significant amounts of HEV- C1VLP and HEV- 
AVLP were observed within HepG2 and RH- 35 cells (Fig. 3 A–C, 
column 1 and 3). Furthermore, in parallel with the entry of human 
HEV- 3 in HepG2 cells, rat HEV entered HepG2 and RH- 35 cells 
(SI Appendix, Fig. S6 A–C). More convincingly, both RT- qPCR 
and immunofluorescent analysis indicated that the entry of rat 
HEV into HepG2 and RH- 35 cells was significantly inhibited D
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Fig. 1.   Generation and characterization of VLPs of HEV A- D. (A) The Neighbor- Joining tree was constructed based on the amino acid sequences of ORF2 
protein of the reference HEV sequences (26, 27). The scale bar indicated the distances of ORF2 amino acid sequences. The colors on the branches indicate HEV 
genotypes. The colors of the outermost ring indicate HEV genera (A- D). Silhouettes represent the different hosts. (B) C- terminally his- tagged HEV- A ORF2T was 
expressed in E. coli and purified. Nondenatured (N) and denatured (D) HEV- A ORF2T proteins were analyzed by western blots with anti- his antibody. The dimer 
and multimeric proteins were indicated with black arrows. (C) Electron microscopic images of the self- assembled VLPs, named HEV- AVLP. (D) Human liver tissue 
slides were incubated with PBS (NC), HEV- AVLP, HEV- AVLP + NC serum (1:20), HEV- AVLP + anti- HEV- AVLP (1:20) overnight at 4 °C. The binding of HEV- AVLP to human 
liver tissue slides was detected by immunohistochemistry. (E–G) Same as (B–D) for the generation and characterization of HEV- B ORF2T and HEV- BVLP. (H–J) Same 
as (B–D) for the generation and characterization of HEV- C1 ORF2T and HEV- C1VLP. (K–M) Same as (B–D) for the generation and characterization of HEV- C2 ORF2T 
and HEV- C2VLP. (N–P) Same as (B–D) for the generation and characterization of HEV- D ORF2T and HEV- DVLP. The images presented are the representative of three 
independent experiments.
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by anti- HEV- C1VLP serum (Fig. 3 D–I and SI Appendix, Fig. S6 
D–F). Collectively, these results demonstrated that HEV- C1VLP 
and infectious rat HEV particles possess the capability to enter 
human target cells.

The Surface Spike Domain of Virion Capsid Dictates the Binding 
of HEV- C1. The crucial cell binding sites on the ORF2 capsid of 
HEV- 3 have been identified through VLP mutagenesis analysis 
(21). Three HEV- AVLP mutants were created by mutating key 
amino acid residues essential for binding to susceptible human 
cells (SI Appendix, Fig. S7 A and B). All three mutants can form 
multimers and self- assemble into VLPs (SI  Appendix, Fig.  S7 
C–H). The wild- type (WT) HEV- AVLP could efficiently bind 
to the cellular membrane of HuH7, HepG2, Caco2, and RH- 
35 cells with high specificity (SI Appendix, Fig.  S8). However, 
all three mutants lost their cell- binding capacity (SI Appendix, 
Fig. S8). These results confirmed that the produced VLPs served as 
a reliable toolset to identify the key regions of ORF2 that mediate 
the binding activity.

 Consequently, 24 HEV-C1 ORF2T  mutants were created based 
on 3D structure analysis ( 23 ) ( Fig. 4A  ). For all mutants, 1 or 2 

amino acid residues at the surface of the P domain were mutated 
to Alanine. Notably, eight mutants (M1, M6, M12, M13, M14, 
M15, M16, and M22) failed to form dimers, multimers, or 
self-assemble into VLPs ( Fig. 4B   and SI Appendix, Fig. S9 ). These 
results indicated that these residues are essential for HEV-C1 VLP 
formation ( Fig. 4C   and SI Appendix, Fig. S10 ). The remaining 16 
mutants were able to form dimers, multimers, and self-assemble 
into VLPs ( Fig. 4D   and SI Appendix, Figs. S11 and S12 ). Their 
cell-binding ability to RH-35 cells was tested. Notably, nine 
mutants (M2, M3, M4, M5, M7, M8, M9, M10, and M21) lost 
their cell-binding competence, one mutant (M20) showed weak 
binding, and the remaining 6 mutants (M11, M17, M18, M19, 
M23, and M24) retained most of their binding capacity ( Fig. 4E  ). 
Similar results were observed in HepG2 cells (SI Appendix, 
Fig. S13 ), indicating that the key regions responsible for binding 
to rat and human target cells are probably similar. These key 
 residues were mapped on the 3D structure of ORF2. The confor-
mational changes of each mutant were analyzed ( Fig. 4F   and 
 SI Appendix, Figs. S14 and S15 ). Specifically, these residues are 
dispersed on the apical surface as well as the horizontal region of 
the spike domain ( Fig. 4F  ). In summary, structure-based 3D 
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Fig. 2.   Characterization of cell- binding capability of HEV A- D VLPs. (A) The binding capability of HEV- AVLP, HEV- BVLP, HEV- C1VLP, HEV- C2VLP, and HEV- DVLP to human 
liver cell lines (HepG2 and HuH7), human intestinal cell line (Caco2), and rat live cell line (RH- 35) was measured by immunofluorescence assay. (B) The relative 
fluorescent intensity was quantified by ImageJ. The fluorescent intensity of HEV- A VLP was set as 100. The significance of difference between HEV- AVLP and the 
other groups was calculated based on three independent experiments. (C) Human liver tissue slides were incubated with PBS (NC), HEV- C1VLP, HEV- C1VLP + NC 
serum (1:20), HEV- C1VLP + anti- HEV- C1VLP (1:20) overnight at 4 °C. The binding capacity of HEV- C1VLP was detected by immunohistochemistry. (D) Same as (C) for 
testing the binding of HEV- C1VLP to human intestinal tissue slides. The images presented are representative of three independent experiments.
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mapping identified that the essential amino acid residues for bind-
ing to the cell membrane are located on the surface of the dimeric 
spike domain.          

HEV- C1VLP Specifically Binds to Liver Tissues as Well as Multiple 
Regions of Intestine. HEV is mainly transmitted via the fecal- oral 
route. The gut epithelium represents the very initial site of virus 
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Fig. 3.   Characterization of cell entry capability of HEV- C1VLP and rat HEV. (A) HepG2 and RH- 35 cells were inoculated with the same amounts of VLPs. The entry 
of HEV- AVLP, HEV- BVLP, HEV- C1VLP, HEV- C2VLP, and HEV- DVLP to HepG2 and RH- 35 cells was detected by confocal immunofluorescence assay. Bright- field microscopy 
channel was used to determine outlines of adherent cells. Cell boundary was illustrated with white dashed lines. (B and C) The intracellular positive fluorescent 
dots of five HEV VLPs were quantified based on three independent experiments. (D) HepG2 cells were inoculated with mock or human HEV- 3 virus (~3.3 × 103 
copy/cell) with rat NC serum (1:20), or anti- HEV- AVLP serum (1:20) overnight. The levels of intracellular HEV- 3 RNA were quantified by RT- qPCR assay based on 
three independent experiments. n.d., not detected. (E) Same as (D), RT- qPCR detection of intracellular levels of rat HEV RNA in HepG2 cells post rat HEV (~1.3 × 103 
copy/cell) inoculation. (F) Same as (E) for the detection of intracellular rat HEV RNA in RH- 35 cells by RT- qPCR. (G–I) Same as (D–F), ORF2 protein immunostaining 
and DAPI counterstaining was performed 6 d post inoculation. The percentage of ORF2 positive cells were quantified based on three independent experiments.
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entry, amplification, and production (29, 30). Notably, HEV- 
C1VLP efficiently bound to the epithelia of rat duodenum, jejunum, 
ileum, and colon tissues. This binding could be specifically blocked 
by anti- HEV- C1VLP sera but not the negative control sera (Fig. 5A). 

Among the nine mutant VLPs without cell binding affinity, three 
mutants (M2, M10 and M21) were randomly chosen and subjected 
to tissue- binding assays. Consistently, these mutants lost binding to 
rat intestine (Fig. 5A). Similar results were observed in rat and liver 

IVQVLFNIAD  TLLGGLPTDL  VSNAGGQLFY  GRPQVSENGE PSVKLYTSVE
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Fig. 4.   Mapping of amino acid residues crucial for the cell- binding of HEV- C1VLP. (A) Amino acid sequences of HEV- C1 ORF2T. 24 HEV- C1 ORF2T mutants were 
created. The amino acid substitutions at the surface of the P2 domain were labeled with red color. (B) His- tagged HEV- C1 ORF2T mutants were expressed 
and purified. Nondenatured (N) and denatured (D) mutants were analyzed by SDS- PAGE. The images presented are the representative of three independent 
experiments. (C) Structural model of HEV- C1 ORF2T dimer (Top view). The substitutions in the P2 domain essential for VLP formation were shown in cyan. The 
P2 and truncated P1 domains of the Right- side monomer are violet and yellow, whereas the domains on the Left- side monomer are light pink and lemon. 
(D) Same as (B) for the analysis of nondenatured (N) and denatured (D) mutants. (E) The cell- binding of HEV- C1VLP mutants to RH- 35 cells was measured by 
immunofluorescence assay based on three independent experiments. (F) The 3D structural model of HEV- C1 ORF2T dimer (side view). The substitutions in the 
P2 domain essential for target cell- binding are shown in red.
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tissue slides (SI Appendix, Fig. S16 A and B), further highlighting 
the binding specificity of HEV- C1VLP to human target tissue/cells. 
Two mutants (M23 and M24) that showed intermediate binding 
on RH- 35 cells also possessed moderate binding ability to rat 

liver tissue (SI Appendix, Fig. S17). More convincingly, the entry 
of WT HEV- AVLP into HepG2 cells could be efficiently inhibited 
by anti- HEV- AVLP serum, while its M3 mutant exhibited no entry 
competence (SI Appendix, Fig. S16C). In parallel, the entry of WT 
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Fig. 5.   The binding specificity of HEV- C1VLP on live and intestinal tissues. HEV- C1VLP was preincubated with rat NC serum (dilution 1:20) or anti- HEV- C1VLP (dilution 
1:20) for 45 min at room temperature. (A) rat duodenum, jejunum, ileum, or colon tissue slides were incubated with PBS (NC), HEV- C1VLP (WT), HEV- C1VLP (WT)+ rat 
NC serum, HEV- C1VLP (WT)+ anti- HEV- C1VLP, HEV- C1VLP M21, M2, or M10 overnight at 4 °C. The binding specificity of VLPs was detected by Immunohistochemistry. 
The images presented are the representative of three independent experiments. (B) Scheme of rat infection experiment. Group 1 (n = 5) is given high- dose 
immunosuppressive drug regimen from −10 d to day 0 and inoculated intravenously with 200ul rat HEV (SRN250811, 106 copies/mL) stool filtrate on day 0, 
Group 2 (n = 2) rats were administered PBS only on day 0. (C) Stool samples were collected on days 0, 7, 14, 21, and 28. The rat HEV viral load were determined 
by RT- qPCR (n = 5). (D) The liver and gut tissues were collected at day 28. Rat HEV viral load was determined by RT- qPCR (n = 5). (E) The gut tissues were collected 
from rat HEV infected rats (n = 5) or mock- infected rats (n = 2) at day 28 and subjected to immunohistochemistry analysis of rat HEV ORF2 protein.
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HEV- C1VLP into HepG2 and RH- 35 cells was restrained by anti- 
HEV- C1VLP, whereas its M21 mutant possessed no entry potency 
(SI Appendix, Fig. S16 D and E). These results highlighted that 
the surface spike domain of virion capsid dictates the binding and 
entry of HEV- C1 to its target cells.

 In addition, an immunosuppressed rat model was employed to 
further investigate whether different parts of intestine could sup-
port viral replication ( Fig. 5B  ) ( 31 ). Five rats maintained high 
HEV-C1 viral loads in stool throughout the experiment with no 
viral load decline, confirming the establishment of infection in all 
five rats ( Fig. 5C  ). At the end of the experiment, rat livers and 
different parts of intestine were obtained for viral load testing. 
Four out of five rats were rat HEV RNA positive in duodenum 
and jejunum, and all rats were RNA positive in ileum and colon 
( Fig. 5D  ). More convincingly, immunohistochemical staining 
showed extensive signals indicative of HEV-C1 antigen expression 
in the duodenum, jejunum, ileum, colon, and liver of infected 
rats, whereas no specific staining was observed in mock-infected 
rats ( Fig. 5E   and SI Appendix, Fig. S18 ). Collectively, these obser-
vations imply that rat HEV may initiate infection in multiple 
regions of the intestine and subsequently cause hepatitis in liver 
via the gut–liver axis.  

HEV- C1VLP and HEV- AVLP Induce Immune Responses with Partial 
Bilateral Cross- Reaction. Although there is the significant zoonotic 
risk of HEV- C1, the current licensed or experimental HEV vaccines 
are all based on the recombinant capsid protein derived from a 
single strain of HEV- A [e.g., the recombinant hepatitis E vaccine 
Hecolin® is from HEV- 1 (28)]. This prompted us to investigate 
whether a vaccine based on a single HEV- A strain could (partial) 
cross- inhibit HEV- C1 strains at the cell- binding step. First, we 
systematically evaluated the antigenic distances of different species 
by the antigenic cartography. This is a well- established method to 
inform whether serological cross- inhibition exists among different 
virus species (32). Herein, VLPs of different species were used to 
immunize rats and high titers of immune responses were readily 
detected postimmunization (SI Appendix, Fig. S19). This confirmed 
the good antigenicity of all five VLPs. Next, the interactions between 
VLPs of HEV A- D and the serially diluted rat sera were measured 
(SI Appendix, Fig. S20). The multidimensional antigenic distances 
were calculated and projected to the 2D antigenic map (Fig. 6A) (33). 
Interestingly, all VLPs showed an apparent clustering relationship 
with antigenic distance remotely separated. Exceptionally, the 
immune response of HEV- AVLP and HEV- C1VLP partially overlaps. 
This indicates that a partial cross immune relationship exists between 
these two HEV species.

 This observation prompted us to evaluate whether any 
cross-inhibition exists between HEV-A and HEV-C1. As expected, 
rat anti-HEV-AVLP  sera, but not the negative control sera, efficiently 
inhibited the binding of HEV-AVLP  to HuH7 cell membrane in a 
dose-dependent manner ( Fig. 6 B  and C  ). Notably, rat anti-HEV-C1VLP  
sera partially restrained the binding of HEV-AVLP  ( Fig. 6 B  and C  , 
column 5). Consistently, similar results were observed in HepG2 cells 
( Fig. 6 D  and E  ). In addition, anti-HEV-C1VLP  sera dose-dependently 
blocked the binding of HEV-C1VLP  to cell membrane ( Fig. 6 F  and 
 G  ). Intriguingly, anti-HEV-AVLP  sera also exhibited partial 
cross-inhibition against the binding of HEV-C1VLP  ( Fig. 6 F  and G  , 
column 5). However, this inhibition is less efficient compared to its 
cognate sera, especially when the VLP binding is saturated on the cell 
membrane ( Fig. 6 H  and I  ). Collectively, we demonstrated that among 
the different HEV species, HEV-A and HEV-C1 showed cross 
immune responses and exhibited partial bilateral cross-inhibitory effect 
at virus binding step.  

HEV- A Patient Sera Cross- React with HEV- C1VLP and Partially 
Cross- Inhibit HEV- C1VLP Binding. Sera of acute HEV- A infected 
(HEV- 4) patients were serially diluted and their interaction with 
VLPs of HEV A- D was measured (SI Appendix, Figs. S21 and 
S22). The multidimensional antigenic distances were calculated 
and projected to 2D and 3D antigenic maps (SI  Appendix, 
Figs. S23 and S24A). Consistent with Fig. 6A, HEV- A patient 
sera are distantly separated from the VLPs of HEV- C2, HEV- D, 
and HEV- B (SI Appendix, Fig. S24A). In contrast, these sera 
showed a relatively closer antigenic distance with HEV- C1, 
albeit with individual variations. According to their positions 
on the map, human sera were separated into two clusters. One 
cluster is closer to HEV- C1, while the other is relatively distant.

 Next, four sera were randomly selected from each cluster (cluster 
1: P1-P4, cluster 2: P5-P8) (SI Appendix, Fig. S24A  ). Their inhib-
itory activity against the binding of both HEV-AVLP  and 
HEV-C1VLP  was tested. As expected, seven out of eight HEV-A 
patient sera, but not the control sera, could dose-dependently 
inhibit the binding of HEV-AVLP  to HepG2 cells, albeit with inter-
individual variations (SI Appendix, Fig. S24 B , C, F , and G ). 
Consistent with  Fig. 6 B –I  , most patient sera partially restrained 
the binding of HEV-C1VLP  (SI Appendix, Fig. S24 D , E, H , and I ), 
but with some interindividual differences. Collectively, we demon-
strated that HEV-A patient sera cross-reacted with HEV-C1VLP  
and partially cross-inhibited the binding of HEV-C1VLP  to its target 
cells.  

Hecolin® Immunized Human Sera Cross- React with HEV- C1VLP 
and Partially Cross- Inhibit HEV- C1VLP Binding. We further 
investigated whether the licensed human hepatitis E vaccine 
Hecolin® immunized cohorts could also acquire cross- inhibition 
against HEV- C1 binding. Hence, sera of 10 individuals who 
completed Hecolin® immunization were collected. Their 
interaction with VLPs of HEV A- D species was measured 
(SI Appendix, Fig. S25). The multidimensional antigenic distances 
were calculated and projected to 2D antigenic maps (SI Appendix, 
Fig. S26A). Consistent with Fig. 6A and SI Appendix, Fig. S24A, 
Hecolin® immunized sera exhibited a closer antigenic distance 
with HEV- C1, albeit with individual variations (SI  Appendix, 
Fig. S26A). In line with the efficacy observed in clinic (34), all 
sera inhibited the cell- binding of HEV- AVLP (SI Appendix, Fig. S26 
B, C, F, and G). Moreover, these sera also partially cross- inhibited 
the cell- binding of HEV- C1VLP. In addition, the inhibitory effect 
was more pronounced when the concentration of HEV- C1VLP 
was reduced from 20 to 2.5 μg/mL (SI Appendix, Fig. S26 D, 
E, H, and I). These results implied that Hecolin® immunized 
sera possess partial cross- inhibition against the cell- binding of 
HEV- C1. Further, the cross- inhibition may become more effective 
when the amount of HEV- C1 to which a person is exposed is 
relatively low.

Discussion

 HEV has a plethora of animal reservoirs, and the host range is 
ever-expanding ( 35 ). In fact, HEV is ranked 6th in the risk of 
animal-to-human spillover among 887 ranked viruses, with its 
risk potential even proceeding the well-known lethal Marburg 
virus (ranked 7th) and SARS-CoV (ranked 8th) ( 36 ). Classically, 
human hepatitis E is thought to be exclusively caused by the 
HEV-A species. However, increasing human cases of HEV-C1 
infection have been reported in multiple regions ( 5               – 13 ). The 
zoonotic potential of these genetically distinct HEV species has 
raised great public health concerns.
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Fig. 6.   HEV- C1VLP and HEV- AVLP possess closer mutual immune cross- reactivity and partial bilateral cross- protection. (A) Two- dimensional antigenic mapping 
of HEV- AVLP, HEV- C1VLP, HEV- C2VLP, HEV- BVLP, and HEV- DVLP with rat sera revealed clustering relationships among different HEV genera. The antigen–antibody 
cross- reactivity of HEV- AVLP and HEV- C1VLP partially overlaps. The vertical and horizontal axes both represent antigenic distance. One unit of antigenic distance 
denotes a twofold difference in sera titers. The solid diamond, hexagon, circle, square, and pentagon represent A, C1, C2, B, and D, respectively, whereas the 
hollow ones correspond to the immunized rat serum of each antigen. (B and C) HEV- AVLP was preincubated with PBS, rat NC serum (dilution 1:20), rat anti- HEV- AVLP  
(dilution 1:180 or 1:20), or rat anti- HEV- C1VLP (dilution 1:20). The ability to block the binding of HEV- AVLP to HuH7 cells was detected by immunofluorescence 
assay. The relative fluorescent intensity was quantified by ImageJ based on three independent experiments. Green, HEV- A VLP; blue, nucleus. (D and E) HEV- AVLP 
was preincubated with rat NC serum (dilution 1:20), anti- HEV- C1VLP (dilution 1:20), or anti- HEV- AVLP (dilution 1:20). The ability to block the binding of HEV- AVLP to 
HepG2 cells was measured by immunofluorescence assay. The relative fluorescent intensity was quantified by ImageJ based on three independent experiments. 
Red, HEV- A VLP; blue, nucleus. (F and G) Same as (B and C) for testing the ability to block the binding of HEV- C1VLP to HuH7 cells. (H and I) Same as (D and E) for 
testing the ability to block the binding of HEV- C1VLP to RH- 35 cells.
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 Viral entry is largely mediated by the specific binding of virions 
to the bona fide receptor(s) on the cell membrane. It is the first 
step of virus–host interaction, playing an important role in cell 
tropism and species specificity ( 14 ,  15 ). It has been well demon-
strated that ORF2 (HEV-1 p239, a.a.368 to 606) expressed in 
 Escherichia coli.  can self-assemble into VLPs, preserving the anti-
genicity, immunogenicity, virion epitopes and structural features 
of the outmost moiety of virion ( 22 ,  37 ). This is consistent with 
the observation that p239 VLP was demonstrated to be an effective 
prophylactic vaccine Hecolin(®) against HEV-induced hepatitis 
in large scale clinical trials ( 28 ,  34 ,  38 ). Thus, the VLPs produced 
in E. coli  possess the ability to mimic live viruses in binding host 
cells. In this study, we found that the corresponding ORF2 
(a.a.368 to 606) regions support the assembly of VLPs of all HEV 
species. More importantly, these VLPs can mimic native HEV 
particles in cell binding and exhibit specific binding to their cog-
nate liver tissues. Moreover, although the VLPs produced con-
tained a His tag on C terminus, for instance, HEV-AVLP , it 
exhibited similar binding capacity compared with HEV-1VLP  
(p239 VLP), the main component of human HEV vaccine 
Hecolin®. The cell binding of both VLPs could be efficiently blocked 
by anti-HEV-AVLP  serum, but not the negative control sera, indi-
cating that His tag exerted no significant effect on cell and anti-
body binding. Therefore, this complete VLP tool-set enables us 
to systematically evaluate their cell/tissue binding tropism of dif-
ferent hosts. Strikingly, although significant sequence divergence 
exists between HEV-A ORF2 and HEV-C1 ORF2, HEV-C1VLP  
efficiently binds to human-derived liver and intestinal cells/tissues. 
Moreover, HEV-C1VLP  could complete the entry steps and migrate 
into the human target cells. This observation was further validated 
by using infectious rat HEV particles. Together with the evidence 
that human hepatoma cells (e.g., HuH7 and HepG2) support the 
replication of HEV-C1 ( 39 ), our findings elucidated the mecha-
nisms of HEV-C1 zoonosis and explained the infections caused 
by HEV-C1 in human beings as well as nonhuman primates ( 5 , 
 6 ,  12 ,  40 ).

 In contrast, HEV-BVLP  showed no binding and entry capacity, 
explaining the incompetence of HEV-B to infect nonhuman pri-
mates ( 41 ). Similarly, HEV-DVLP  is also incapable of binding to 
and entering human cells. This implies that the zoonotic potential 
of HEV-D is low at present. Nevertheless, bats 1) are the 
second-largest order of mammals after rodents, widely inhabiting 
all continents except Antarctica, 2) possess extraordinary immune 
tolerance to support host–virus coexistence in an equilibrium 
pattern, and 3) have a large and closely aggregated population 
with extreme roosting closeness and sustained flight capability 
( 42 ). Thus, bats can sustain virus infection and transmission, 
endow virus with high probability to accumulate mutations, pro-
duce variants acquired adaptation to other hosts, and cause spill-
over infection in humans ( 43 ). Consequently, the potential of 
interspecies transmission of HEV-D merits continued surveillance 
and investigation. Interestingly, HEV-C2VLP  showed residual 
binding and entry toward human as well as rat cell lines, albeit its 
relatively closer relationship with HEV-C1. This explained the 
incapability of HEV-C2 to infect nonhuman primates as well as 
rats (at least at the cell entry steps) ( 44 ), implying that HEV-C2 
possesses limited (if exists) zoonotic risk at present.

 Point mutations of VLPs based on the crystal structure analysis 
represents a valuable method to identify the specific molecular 
determinants on virion that mediate VLP formation and binding 
to cell membrane ( 21 ,  45 ). By constructing a series of HEV-C1 
VLP mutants, we identified that multiple residues of the spike 
domain are crucial for VLP formation or binding to the target cell 
membrane. Interestingly, those residues essential for cell binding 

are dispersed on the apical surface as well as the horizontal region 
of the spike domain. The residues located on the apical surface 
may directly bind to the cell membrane, while those on the hori-
zontal region may have an allosteric effect, inducing conforma-
tional changes of the spike domain to indirectly mediate the 
binding process. In short, the spike domains interact directly with 
the cellular receptor(s) of HEV-C1. Similarly, the spike domain 
of HEV-A was reported to be essential for cell binding affinity 
( 21 ). Nevertheless, due to the sequence divergence between these 
two species, we postulate that HEV-A and HEV-C1 may employ 
different cellular receptor(s) to mediate their entry. However, the 
bona fide receptor(s) of both HEV species remain unknown. The 
identification of their receptors would be essential to further elu-
cidate the detailed process of virus entry, as well as the coevolution 
and coadaption landscapes between different HEV species and 
their hosts.

 Although HEV is a hepatotropic virus, it is mainly transmitted 
via the fecal-oral route. The gut epithelium represents the very 
initial site of virus entry, amplification, and production ( 29 ,  30 ). 
In this study, we observed the specific binding of HEV-C1VLP  to 
different parts of rat intestine. More convincingly, HEV-C1 pos-
itive cells were readily detected in duodenum, jejunum, ileum, 
and colon tissues of rat HEV infection animal model. Notably, 
HEV-A antigen has been detected in multiple regions of the intes-
tine in infected patients ( 30 ). Similarly, the replicative viral RNA 
of HEV-B was detected in avian gastrointestinal tissues, including 
the colorectal, cecal, jejunal, ileal, duodenal, and cecal tonsil tis-
sues. All these observations suggest that HEV species may pene-
trate the gut from multiple parts of the intestine, but not a specific 
intestinal region, to initiate its infection. Subsequently, HEV may 
take advantage of the gut–liver axis to infect hepatocytes through 
portal circulation ( 46 ). The lipid-coated virions are delipidated 
into nHEV in the intestine and the biliary tract. These highly 
infectious and stable virions render the outstanding transmission 
capacity of HEV enterically, causing hepatitis E outbreaks peri-
odically around the world ( 1 ). Currently, the transmission source 
of HEV-C1 from rats to humans is still unknown. Importantly, 
we found that HEV-C1VLP  bound efficiently to human intestinal 
and liver tissues. This indicates that the cross-species transmission 
of HEV-C1 from rat to human may also be achieved via the 
fecal-oral route. Therefore, the contamination of food products 
may be a possibility of transmission source.

 This study comparatively mapped the antigenic cartography of 
different HEV species. All species exhibited a clustering relation-
ship with antigenicity distantly separated. Exceptionally, a closer 
bilateral cross-reactive relationship was observed between HEV-A 
and HEV-C1. This echoes the fact that the commercial HEV-A 
serological detection kits are positive for a portion of HEV-C1 
sera, but with less sensitivity ( 47 ). Therefore, species-specific diag-
nostic methods are needed for the detection of HEV-C1 infections 
( 48 ,  49 ). Importantly, a partial bilateral cross-protective relation-
ship was observed between HEV-A and HEV-C1. This explains 
why prior vaccination with HEV-A antigen can provide partial 
protection against HEV-C1 infection in rats ( 47 ). In addition, 
both HEV-A patient sera and HEV vaccine Hecolin® immunized 
human sera showed partial cross-inhibition against HEV-C1 at 
the virus binding step. Notably, the estimated anti-HEV-A IgG 
seroprevalence is about 12.47% among the general population 
( 50 ). Whether (or to what extent) the partial cross-protection of 
HEV-A antibodies would affect the prevalence of HEV-C1 in 
human populations merits further investigation. Currently, the 
exact data on the global burden of zoonotic HEV-C1 infection 
remains largely elusive, although several large-scale screenings have 
been done ( 51   – 53 ). In Europe and Asia, HEV-C1 RNA was D
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frequently detected in rats with a prevalence up to 27.2% ( 53 ). 
Therefore, the zoonotic risk of HEV-C1 to human populations 
should never be ignored.

 Our study has several limitations. The robust cell culture sys-
tems have been established only for certain HEV strains (e.g., 
HEV-3 and HEV-4) ( 20 ,  54 ), not for all HEV A-D species. 
Therefore, we generated VLPs of HEV A-D species and compar-
atively assessed their binding host tropism. VLPs are believed to 
be a good model to mimic live viruses in binding and penetrating 
host cells ( 23 ,  24 ), however the possible differences [e.g., particle 
size and glycosylation modification ( 55 )] in comparison to authen-
tic viruses should be noted. The binding specificity of HEV-C1 
VLPs was validated with infectious rat HEV in our study. Second, 
most of the HEV-related reverse genetics systems (RGSs) devel-
oped so far are limited because of slowly replicating viruses and 
low virus recovery rates ( 56 ). RGSs producing high virus titers are 
almost restricted to HEV-3 so far. To further validate the key 
residues on HEV-C1VLP  that are essential for cell binding, we tried 
to use the site-directed mutagenesis approach based on a full-length 
rat HEV (strain LCK-3110) RGS to harvest mutant rat HEV 
virions. However, we could not obtain enough mutant rat HEV 
to perform the virus binding assays probably due to the relatively 
lower viral replication efficiency and the high sensitivity of HEV 
genomes to nucleotide mismatches ( 56       – 60 ).

 In summary, the direct interactions between the viral capsid 
and cellular receptor(s) regulate the distinct zoonotic potentials 
of different HEV species (SI Appendix, Fig. S27 ). The systematic 
characterization of antigenic cartography and serological 
cross-reactivity of different HEV species provide valuable insights 
for the development of species-specific diagnosis and protective 
vaccines against zoonotic HEV infection.  

Materials and Methods

The usage of human serum and tissues samples for research was approved 
by the Scientific and Ethics Committee of the Affiliated Hospital of Xuzhou 
Medical University (reference number XYFY2022- KL113- 02 and XYFY2023- 
KL353- 01), with the informed consent waived by the committee due to the 
reuse of specimens obtained from previous clinical diagnosis or treatment (with 
the personal information or identity removed). The utilization of HEV vaccine 

Hecolin® immunized human sera was in accordance with ethics approval (No. 
SPHIRB- 201903) (34), with informed consent from donors. Sera were tested 
IgG or IgM positive with the Wantai HEV kit and our in- house HEV- A ORF2VLP 
ELISA kit. The ORF2 proteins were expressed in E. coli strain BL21 and purified 
by Ni- NTA affinity chromatography column (Solarbio). Cells were maintained 
in Dulbecco’s modified Eagle’s MEM (Biochannel, Sbjbio) supplemented with 
10% FBS (Biochannel, Sbjbio). The detailed materials and methods are provided 
in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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Supplementary materials and methods 12 

 13 

Plasmids 14 

The nucleotide sequences encoding the five truncated ORF2 proteins (HEV-A ORF2 T to HEV-15 

D ORF2 T) were synthesized by GENEWIZ and inserted into pET-21a (+) empty vector with 16 

his tag located at C terminus. The five plasmids were named pET-21a (+) – HEV-A ORF2T, 17 

pET-21a (+) – HEV-C1 ORF2T, pET-21a (+) – HEV-C2 ORF2T, pET-21a (+) – HEV-B ORF2T 18 

and pET-21a (+) – HEV-D ORF2T. Based on pET-21a (+) – HEV-A ORF2T plasmid, three HEV-19 

A ORF2T mutant plasmids (M1, M2 and M3) were generated by PCR based site-directed 20 

mutagenesis. In parallel, 24 HEV-C1 ORF2T mutant plasmids (M1-M24) were generated based 21 

on pET-21a (+) – HEV-C1 ORF2T.  22 

 23 

Production of his-tagged truncated ORF2 proteins and assembly of virus-like particles 24 

(VLPs) 25 

The proteins were expressed with C-terminally 6×his tag in E. coli strain BL21 (DE3) and were 26 

purified by Ni-NTA affinity chromatography column (Solarbio, Beijing, China). The purified 27 

proteins were further dialyzed at 4℃ overnight and checked by SDS-PAGE. Assembled 28 

proteins were stained with 1.5% Uranium acetate solution (pH 7.0) over carbon-coated copper 29 

grids and photographed using a Tecnai G2 Spirit Twin transmission electron microscope (FEI, 30 

Hillsboro, OR, USA). 31 

 32 

3D structural model 33 

The crystal structure of Hepatitis E virus genotype 1 isolate Human/Burma (Protein Data Bank 34 

accession no. 2ZZQ) was used as a template for modeling the structures of HEV-A ORF2 and 35 

HEV-C1 ORF2 proteins with SWISS-MODEL (https://swissmodel.expasy.org). The structures 36 

of wild-type and mutant ORF2 proteins were visualized and analyzed by PyMOL (version 37 

2.5.4).  38 

 39 

Sample preparation 40 
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SD rats (Rattus norvegicus, SPF level, average weight: 170~190 g) were injected 41 

subcutaneously with 200 μg of HEV-A ORF2T, HEV-C1 ORF2 T, HEV-C2 ORF2 T, HEV-B 42 

ORF2 T, HEV-D ORF2 T or PBS (mixed with adjuvant aluminum hydroxide) with 2 weeks 43 

intervals. Serum samples were collected pre- and post-immunization. Ethics approval for these 44 

animal-related experiments was obtained from the Institutional Animal Care and Use 45 

Committee of Xuzhou Medical University (Approval No. 202111A115). The usage of chicken 46 

and ferret liver samples was approved by the Committee on the Ethics of Animal Experiments 47 

of the HVRI of CAAS (Approval number 2020-01-01JiPi, 220518-02-GR). Bat liver tissue 48 

samples collected from horseshoe bat (Rhinolophus)(1) was used in accordance with ethics 49 

approval of animal welfare committee of WIV (WIVA05202204). 50 

 51 

Cell binding assay 52 

HuH7, HepG2, Caco2 and RH-35 cells were maintained in Dulbecco’s modified Eagle’s MEM 53 

(Biochannel, Sbjbio) supplemented with 10% FBS (Biochannel, Sbjbio). When confluency 54 

reached 80%, cells were washed with pre-chilled 1×PBS. Next, cells were incubated with wild-55 

type or mutant VLPs (20 μg/ml, if not specified) or 1×PBS (negative control) for 1h at 4℃ with 56 

slow shaking on a rotator. After removing the supernatant, cells were extensively washed with 57 

ice-cold 1×PBS for 3-4 times to remove unbound VLPs. For IF staining, cells were fixed with 58 

4% PFA, and then incubated with antibodies diluted in 2% BSA. The primary antibodies used 59 

are described below. Rabbit anti-HEV-AVLP polyclonal antibodies, anti-HEV-BVLP polyclonal 60 

antibodies, anti-HEV-C1VLP polyclonal antibodies, anti-HEV-C2VLP polyclonal antibodies and 61 

anti-HEV-DVLP polyclonal antibodies were developed in our lab. His-tag mouse monoclonal 62 

antibody was purchased from Proteintech (66005-1-Ig). CoraLite594-conjugated Goat Anti-63 

Rabbit IgG(H+L) (Proteintech, SA00013-4) or CoraLite488-conjugated Goat Anti-Rabbit 64 

IgG(H+L) (Proteintech, SA00013-2) were used as secondary antibody. Nuclei were stained 65 

with Hoechst Stains (Invitrogen, USA). Fluorescent images were captured by Olympus 66 

fluorescent microscope (model U-LH100HGAPO). For each independent experiment, the 67 

fluorescent images were taken from random areas with the same parameters set on the 68 

microscopy (e.g., image resolution, imaging speed and acquisition time). For each image, the 69 
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fluorescence intensity of two independent channels (one for the nucleus, the other for the 70 

detected protein) were quantified separately by ImageJ software. The fluorescent intensity of 71 

the detected protein was further normalized by its nucleus fluorescent intensity to exclude the 72 

possible interference of varied cell numbers captured in the images. 73 

 74 

Antigenic cartography 75 

The antigen-antibody reactivity between VLPs of HEV genera and rat/human sera was 76 

measured by ELISA. HEV-AVLP, HEV-C1VLP, HEV-C2VLP, HEV-DVLP and HEV-BVLP were used 77 

as the foundation of the antigenic cartography. The dilution factors of sera which reach 50% of 78 

maximum antigen-sera interaction were used to calculate the antigenic distance. The dilution 79 

factors were converted into a Log scale. The highest value of five antigens against one serum 80 

was defined as column base, and the antigenic distance equals to the subtraction of column 81 

bases and log dilution factors, as higher values indicate more dissimilarity on the 82 

multidimensional scaling map. The 2D antigenic map projection was described by Smith et 83 

al.,(2) and generated via the ACMACS antigenic cartography algorithm (https://acmacs-84 

web.antigenic-cartography.org). Each unit of antigenic distance (grid lines) denotes a twofold 85 

difference in serum titers. The 3D cartographic projections were generated using Racmacs 86 

1.1.35. Antigenic distance and coordinates data were separately downloaded from Racmacs. 87 

3D coordinates data of HEV-BVLP was converted into [x, y, z] = [0, 0, 0], and other 3D 88 

coordinates data sets of antigens and sera were transformed correspondingly using 3D rotation 89 

conversion formula. The 3D antigenic maps were drawn by 3D plot function of OriginPro 2021 90 

software (9.8.0.200).  91 

 92 

VLPs entry assay 93 

HepG2 and RH35 cells (4 × 104) were seeded on slides in 48-well plates one day before. VLPs 94 

(60 μg/million cells) were added to chilled cells on ice for 1 h, then washed four times with ice-95 

cold PBS and shifted to 37℃ prewarmed complete medium for 1h. After internalization, cells 96 

were fixed and incubated with antibodies diluted in 2% BSA. His-tag mouse monoclonal 97 

antibody was used as the primary antibody (Proteintech, 66005-1-Ig). Alexa Fluor® 594 98 
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AffiniPure Goat Anti-Mouse IgG (H+L) (Jackson, 115-585-003) was used as the secondary 99 

antibody. Hoechst was used to stain the nucleus. Fluorescent images were captured using a laser 100 

scanning confocal microscope (Leica STELLARIS 5, Germany). Additionally, bright field 101 

microscopy channel was used to determine outlines of adherent cells. Cell boundary was 102 

illustrated with white dash lines. The red dots within the cell boundary were counted and 103 

quantified to determine the VLP entry efficiency. 104 

 105 

Virus entry assay  106 

rat HEV (SRN250811) and human HEV-3 (Kernow-C1/p6) infectious viruses were prepared as 107 

previously described (3) (4). HepG2 and RH35 cells (4 × 104 cells/well) were seeded onto 8 108 

mm slides (Xinyou, 050810) in 48-well plates one day before infection. If not specified, cells 109 

were inoculated with rat HEV (1×104 copy numbers/cell) or human HEV (1×104 copy 110 

numbers/cell) for 1 h at 37°C, washed extensively with PBS 3-4 times, and fixed for 111 

visualization by confocal microscopy (Leica STELLARIS 5, Germany). Rabbit anti-HEV-AVLP 112 

polyclonal antibodies and anti-HEV-C1VLP polyclonal antibodies were used as primary 113 

antibodies, respectively. Alexa Fluor® 594 AffiniPure Goat Anti-Rabbit IgG (H+L) (Jackson, 114 

111-585-003) was used as the secondary antibody. Hoechst was used to stain the nucleus. 115 

Fluorescent images were captured using a laser scanning confocal microscope (Leica 116 

STELLARIS 5, Germany). In addition, bright field microscopy channel was used to determine 117 

outlines of adherent cells. Cell boundary was illustrated with white dash lines. The red dots 118 

within the cell boundary were counted and quantified to determine the virus entry efficiency. 119 

 120 

Rat infection experiment 121 

Female, 6–8 weeks old, specific-pathogen-free Sprague–Dawley rats (Rattus norvegicus) were 122 

obtained from the Center for Comparative Medical Research of The University of Hong Kong. 123 

Ethics approval for the study was obtained from the Committee on the Use of Live Animals in 124 

Teaching and Research of The University of Hong Kong (protocol: 4817-18). Rats were housed 125 

in a biosafety level 2 animal facility and had access to standard pellet feed and water ad libitum. 126 

Rats were divided into two groups: Group 1 (n = 5) was given high-dose immunosuppressive 127 
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drug regimen as described previously (3) from -10 day post inoculation to end of experiment 128 

and inoculated intravenously with 200ul rat HEV (SRN250811, 106 copies/mL) stool filtrate on 129 

the day of infection (day 0), Group 2 (n = 2) rats were administered PBS only on the day of 130 

infection (day 0). Stool samples were collected on designated days (day 0, 7, 14, 21 and 28) 131 

and tested by RT-qPCR (HEV-C1). The liver and gut tissues (duodenum, jejunum, ileum and 132 

colon) were collected at day 28 for RT-qPCR (HEV-C1) and immunohistochemistry assays as 133 

described previously (3). 134 

 135 

RT-qPCR 136 

HepG2 and RH-35 cells (3×104 cells/well) were seeded onto 48 well plates one day before 137 

infection. Cells were inoculated with rat HEV (4×107copy numbers/well) or human HEV-3 (1138 

×108copy numbers/well) overnight at 37°C, washed extensively with PBS for 4 times and refed 139 

with DMEM supplemented with 10% FBS. Total RNA was isolated from cell lysates 6 days 140 

post infection. Real-time qRT-PCR was performed to quantify the HEV RNA using ABScript 141 

III One Step RT-qPCR Probe Kit with UDG V5 (Abclonal, RK20412). The primers for human 142 

HEV RNA were 5’-AATAAATCATAAGTGGTTTCTGGGGTGAC-3’ (forward primer), 5’-143 

AATAAATCATAA GGRTTGGTTGGRTGAA-3’ (reverse primer), and 5’-FAM-G* 144 

TGATTCTCAGCCCTTCG-MGB-NFQ-3’ (probe) (5). The primers for rat HEV RNA were 5’-145 

CTTGTTGAGCTYTTYTCCCCT-3’ (forward primer), 5’-CTGTAYCGGATGCGACCAA-3’ 146 

(reverse primer), and 5’-FAM-TGCAGCTTGTCTTTGARCC-MGB-NFQ-3’ (probe) (6). 147 

(R=A or G; Y=C or T) 148 

 149 

Immunohistochemistry 150 

Formalin-fixed, paraffin-embedded tissues were sectioned at a thickness of 3 µm. Tissue 151 

sections were deparaffinized and rehydrated, and antigens were retrieved by boiling in 10 mM 152 

sodium citrate (pH 6.0) for 8-10 min. Endogenous peroxidase was inactivated by 3% hydrogen 153 

peroxide for 30 min at room temperature (RT), and after washing with phosphate-buffered 154 

saline (PBS)–0.1% Tween (PBST), the slides were blocked with 10% normal goat serum for 30 155 

min at RT. To detect the binding of VLPs to tissues, VLPs (20 μg/mL) or 1×PBS (negative 156 
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control) were incubated overnight at 4°C. The slides were rinsed three times in PBS, then 157 

incubated with peroxidase-conjugated affinipure rabbit anti-his tag antibody (Jackson, 300-158 

035-240). The binding was visualized by the DAB kit (ZSGB-BIO, ZLI-9019). After 159 

counterstaining with hematoxylin, images were taken with an Olympus IX51 inverted 160 

microscope. 161 

 162 

Western blot 163 

Non-denatured samples were prepared with non-denatured gel sample loading buffer (unboiled). 164 

Denatured samples were prepared with normal sample loading buffer (boiled). Cell lysates were 165 

applied to SDS-PAGE gels. Proteins were transferred onto nitrocellulose membranes by 166 

semidry transfer and incubated with primary antibodies as indicated below. Rabbit anti-HEV-167 

AVLP polyclonal antibodies, anti-HEV-C1VLP polyclonal antibodies, anti-HEV-C2VLP polyclonal 168 

antibodies, anti-HEV-DVLP polyclonal antibodies and anti-HEV-BVLP polyclonal antibodies 169 

were developed in our lab. His-tag mouse monoclonal antibody was purchased from 170 

Proteintech (66005-1-Ig). IRDye 800CW Goat anti-Rabbit IgG (H+L) (Licor, 926-32211), 171 

IRDye 680RD Goat anti-Mouse IgG (H+L) (Licor, 926-68070) or HRP-conjugated Affinipure 172 

Goat Anti-Rat IgG(H+L) (Proteintech, SA00001-15) were used as secondary antibody.  173 

 174 

Statistical analysis  175 

Graphs were generated using GraphPad Prism 9 (GraphPad software Inc). All error bars 176 

throughout the study represent the standard deviation (SD). Comparison between two groups 177 

was determined using unpaired two-tailed Student’s t-test, comparison between multiple groups 178 

was performed with a One-Way ANOVA with Post Hoc Tests (*P < 0.05, **P < 0.01, 179 

***P < 0.001, n.s. not significant, P > 0.05). 180 

  181 
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Supplementary figures 182 

 183 

Fig. S1. The Neighbor-Joining tree was constructed based on the amino acid sequences of 184 

ORF2 protein of the reference HEV sequences (7, 8). The colors outside indicate HEV genera 185 

(A-D). The scale bar indicated the distances of ORF2 amino acid sequences. Branch support 186 

was calculated using 1000 replications, and only bootstrap values >70 were shown. The matrix 187 

below showed the mean pairwise genetic distance (p-distance) among ORF2 amino acid 188 

sequences of HEV A-D. 189 
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 190 

 191 

Fig. S2. The consensus sequences of ORF2 (HEV-A to HEV-D) were illustrated. The amino 192 

acid sequences of HEV ORF2 (A-D) were collected from NCBI (Table S1). The consensus 193 

sequences of HEV-A to HEV-D were generated. The red box indicates the regions of truncated 194 

ORF2 (named HEV-A ORF2T, HEV-C1 ORF2T, HEV-C2 ORF2T, HEV-D ORF2T, HEV-B 195 

ORF2T) used to produce VLPs of HEV-A to HEV-D. 196 
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 197 

Fig. S3. 3D structural model of the monomer of HEV-A ORF2VLP. The structure was 198 

modeled by the Swiss-model. The P2, P1 and S domains are colored violet, yellow and green. 199 

The HEV-A ORF2VLP was assembled based on the multimerization of HEV-A ORF2T, which 200 

contained the full P2 domain (aa454-606) and partial P1 domain (aa368-453). The 3D structure 201 

of HEV-AVLP (T=1) was generated by the program PyMol. 202 

 203 

 204 
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 205 

Fig. S4. Generation and characterization of VLPs of HEV-A to HEV-D. (A, D, G, J, M) C-206 
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terminally his-tagged HEV-A ORF2T (A), HEV-B ORF2T (D), HEV-C1 ORF2T (G), HEV-C2 207 

ORF2T (J), HEV-D ORF2T (M) were expressed in E. coli and purified. Non-denatured (N) and 208 

denatured (D) protein samples were analyzed by SDS-PAGE. (B, E, H, K, N) C-terminally his-209 

tagged HEV-A ORF2T (B), HEV-B ORF2T (E), HEV-C1 ORF2T (H), HEV-C2 ORF2T (K), 210 

HEV-D ORF2T (N) were expressed in E. coli and purified. Non-denatured (N) and denatured 211 

(D) HEV-A ORF2T proteins were analyzed by western blots with rabbit antibodies against their 212 

corresponding VLPs. The dimer and multimeric protein structures were indicated with black 213 

arrows. (C) The binding capacity of non-denatured (N) and denatured (D) HEV-AVLP on human 214 

liver tissue slides was detected by immunohistochemistry. (F, I, L, O) Same as (C) for detecting 215 

the binding capacity of non-denatured and denatured HEV-BVLP (F), HEV-C1VLP (I), HEV-216 

C2VLP (L) and HEV-DVLP (O) on their cognate host liver tissue slides by immunohistochemistry. 217 

The images presented are the representative of at least two independent experiments. 218 

 219 

  220 
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 221 

Fig. S5. Detection of cell binding ability of HEV-1VLP. HEV-1VLP is the main component of 222 

HEV vaccine Hecolin®. HuH7, HepG2 and Caco2 cells were incubated with PBS (NC), HEV-223 

1VLP, HEV-1VLP + serum (NC, dilution 1:20), HEV-1VLP + serum (anti-HEV-C1VLP, dilution 224 

1:20). The binding capacity of HEV-1VLP was detected by immunofluorescence assay. The 225 

images presented are the representative of three independent experiments. 226 

  227 
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 228 

Fig. S6. Detection of cell entry capability of HEV-C1VLP and infectious rat HEV particles. 229 

(A) HepG2 cells were inoculated with mock or HEV-3 virus (1×104 copy numbers per cell) for 230 

1h at 37℃. The entry potency of HEV-3 in HepG2 cells was detected by confocal 231 

immunofluorescence assay. Hoechst (blue) and ORF2 polyclonal antibodies were applied to 232 
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visualize nuclei and viral ORF2 protein. In addition, bright field microscopy channel was used 233 

to determine outlines of adherent cells. Cell boundary was illustrated with white dash lines. The 234 

images presented are the representative of three independent experiments. (B) Same as (A) for 235 

detecting entry of rat HEV in HepG2 cells. (C) Same as (A) for detecting entry of rat HEV in 236 

RH-35 cells. (D) HepG2 cells were inoculated with mock or human HEV-3 virus (~3.3×103 237 

copy number/cell) with rat serum (NC, dilution 1:20), or rat serum (anti-HEV-AVLP, dilution 238 

1:20) overnight, then washed with PBS extensively. ORF2 protein immunostaining (red) and 239 

DAPI counterstaining (blue) was performed six days post inoculation. The images presented 240 

are the representative of three independent experiments. (E-F) Same as (D) for the detection of 241 

ORF2 positive cells post rat HEV (~1.3×103 copy number per cell) inoculation in HepG2 or 242 

RH-35 cells.   243 

 244 

 245 

 246 
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Fig. S7. Generation and characterization of HEV-AVLP mutants. (A) Amino acid sequences 247 

of HEV-A ORF2T. The mutant sites were labeled with red color. (B) Structural model of HEV-248 

A ORF2T dimer. The P2 (454-606) and truncated P1 (368-453) domains of the left side 249 

monomer are colored violet and yellow, whereas the monomer on the right is light pink and 250 

lemon. The mutant sites were depicted with red (M1), green (M2) and blue (M3). (C) C-251 

terminally his-tagged HEV-A ORF2T M1 was expressed in Escherichia coli BL21 strain and 252 

purified. Non-denatured (N) and denatured (D) HEV-A ORF2T M1 were analyzed by SDS-253 

PAGE (left panel) and Western blots (middle panel: detected with rabbit anti-HEV-AVLP 254 

antibody, right panel: detected with anti-his antibody). The dimer and multimeric protein 255 

structures were indicated with black arrow. (D) and (E) Same as (A) for the characterization of 256 

HEV-A ORF2T M2 and HEV-A ORF2T M3 proteins. The images presented are the 257 

representative of three independent experiments. (F-H) Analysis of self-assembled 258 

recombinant HEV-AVLP M1, HEV-AVLP M2 and HEV-AVLP M3 by transmission electron 259 

microscopy (TEM).  260 

 261 

 262 
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Fig. S8 Characterization of the cell binding capability of HEV-AVLP mutants. (A) The 263 

binding capability of WT and mutant HEV-AVLP (M1-M3) to HuH7 cells was detected by 264 

immunofluorescence assay. (B) The binding capability of the mutant HEV-AVLP (M1-M3) to 265 

HepG2, Caco2 and RH-35 cells was detected by immunofluorescence assay. 266 

 267 

Fig. S9. Identification of amino acid residues involved in HEV-C1VLP formation. (A-B) C-268 

terminally his-tagged HEV-C1 ORF2T mutants (M1, M6, M12, M13, M14, M15, M16, M22) 269 

were expressed and purified. Non-denatured (N) and denatured (D) HEV-C1 ORF2T mutants 270 

were analyzed by western blots with anti-his antibody (A) or rabbit anti-HEV-C1VLP antibody 271 

(B). No dimer or multimeric protein structures were observed. The images presented are the 272 

representative of three independent experiments. (C) Electron microscopic analysis of WT and 273 

mutant HEV-C1 ORF2T. 274 

 275 
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 276 

Fig. S10. Illustration of amino acid residues involved in HEV-C1VLP formation. Structural 277 

model of HEV-C1 ORF2T dimer from side view (A) and dimer interface (B). The substitutions 278 

in the P2 domain essential for VLP formation were shown in cyan. 279 
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 280 

 281 

Fig. S11. Identification of amino acid residues essential for HEV-C1VLP binding to target 282 

cells. (A) C-terminally his-tagged HEV-C1 ORF2T mutants (M2, M3, M4, M5, M7, M8, M9, 283 

M10, M11, M17, M18, M19, M20, M21, M23, M24) were expressed and purified. Non-284 

denatured (N) and denatured (D) mutants were analyzed by western blots with anti-his antibody 285 
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(A) or rabbit anti-HEV-C1VLP antibody (B). The dimer or multimeric protein structures were 286 

observed in all these mutants. The images presented are the representative of three independent 287 

experiments. 288 

 289 

Fig. S12. Electron microscopic images of HEV-C1VLP mutants. 290 

 291 
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 292 

Fig. S13. Binding capability of HEV-C1VLP mutants to HepG2 cells was measured by 293 

immunofluorescence assay. The images presented are the representative of three independent 294 

experiments. 295 
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 296 

Fig. S14. Structural modeling of wild type and mutant HEV-C1 ORF2T monomer. For 297 

HEV-C1 ORF2T (M2-M8), conformational changes between wild-type and its mutant were 298 

analyzed. Amino acid residues essential for binding to susceptible cells were highlighted on the 299 

wild-type monomer. In parallel, their corresponding mutant sites were also indicated on each 300 

mutant monomer.  301 

 302 
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 303 

Fig. S15. Structural modeling of wild type and mutant HEV-C1 ORF2T monomer. For 304 

HEV-C1 ORF2T (M9, M10, M20, M21), conformational changes between wild-type and its 305 

mutant were analyzed. Amino acid residues essential for binding to susceptible cells were 306 

highlighted on the wild-type monomer. In parallel, their corresponding mutant sites were also 307 

indicated on each mutant monomer.  308 

 309 

  310 
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 311 

Fig. S16. Detection of the binding and entry specificity of HEV-C1VLP. HEV-C1VLP was 312 

preincubated with rat serum (NC, negative control, dilution 1:20) or rat serum (anti-HEV-C1VLP, 313 

dilution 1:20) for 45 mins at room temperature. (A) rat liver or (B) human liver tissue slides 314 
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were incubated with PBS (NC), HEV-C1VLP (WT), HEV-C1VLP (WT)+ rat serum (NC), HEV-315 

C1VLP (WT)+ rat serum (anti-HEV-C1VLP), HEV-C1VLP (M21), HEV-C1VLP (M2) or HEV-C1VLP 316 

(M10) overnight at 4 ° C. The binding specificity of VLPs was detected by 317 

immunohistochemistry. The images presented are the representative of three independent 318 

experiments. (C) HepG2 cells were inoculated with the same amounts of HEV-AVLP (WT) + rat 319 

serum (NC), HEV-AVLP (WT) + rat serum (anti-HEV-AVLP), or the same amounts of HEV-AVLP 320 

(M3). Their entry capability towards HepG2 cells was detected by confocal 321 

immunofluorescence assay. Bright field microscopy channel was used to determine outlines of 322 

adherent cells. Cell boundary was illustrated with white dash lines. The intracellular positive 323 

fluorescent dots were counted and quantified based on three independent experiments (D and 324 

E) Same as (C) for detecting the entry capability of HEV-C1VLP (WT) and HEV-C1VLP (M21) 325 

in HepG2 (D) and RH-35 (E) cells.  326 

 327 

 328 

 329 

Fig. S17. The binding capability of wild type and mutant versions (M23 and M24) of HEV-330 

C1VLP was detected by immunohistochemistry. 331 

 332 

 333 

 334 
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335 

Fig. S18. The liver tissues were collected from rat HEV infected rats or mock infected rats 336 

at day 28 and subjected to immunohistochemistry analysis of rat HEV ORF2 protein.  337 

  338 
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 339 

Fig. S19. The immunogenicity of five different VLPs was determined by ELISA. (A) Three 340 

rats were immunized with HEV-AVLP at two-week intervals. Rat sera were collected before 341 

immunization or after the 2nd and 3rd immunizations. Flat-bottomed 96-well polystyrene 342 

microplates were coated with 200 ng/well of HEV-AVLP or his tagged HEV-A ORF3. The plates 343 

were incubated with the serially diluted rat serum. The IgG antibody titers were measured by 344 
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ELISA. Dotted lines indicate the cut-off value. (B-E) Same as (A) for measuring the 345 

immunogenicity of HEV-C1VLP (B), HEV-C2VLP (C), HEV-DVLP (D), and HEV-BVLP (E).  346 

 347 

 348 

Fig. S20. Measurement of antigenic cross-reactivity among HEV-AVLP, HEV-C1VLP, HEV-349 

C2VLP, HEV-DVLP and HEV-BVLP based on rat sera. (A) Rats were immunized with HEV-350 

AVLP at two-week intervals. Rat serum was collected after the 3rd immunization. Flat-bottomed 351 

96-well polystyrene microplates were coated with 200 ng/well of HEV-AVLP, HEV-C1VLP, 352 

HEV-C2VLP, HEV-DVLP, HEV-BVLP or his tagged HEV-A ORF3. The plates were incubated with 353 

the serially diluted rat serum. The reactivity of anti-HEV-AVLP IgG to its homologous antigen 354 

HEV-AVLP and heterologous antigens was examined by ELISA. Dotted lines indicate the cut-355 

off value. (B-E) Same as (A) for presenting HEV-C1VLP (B), HEV-C2VLP (C), HEV-BVLP (D) and 356 

HEV-DVLP (E).  357 
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 358 

 359 

Fig. S21. Measurement of antigenic cross-reactivity among HEV-AVLP, HEV-C1VLP, HEV-360 

C2VLP, HEV-DVLP and HEV-BVLP based on HEV-A patient sera (P1-P16). HEV-A infected 361 

patient serum samples were collected. Flat-bottomed 96-well polystyrene microplates were 362 

coated with 200 ng/well of HEV-AVLP, HEV-C1VLP, HEV-C2VLP, HEV-DVLP, HEV-BVLP. The 363 

plates were incubated with the serially diluted patient serum. The reactivity of anti-HEV-AVLP 364 

IgM to its homologous antigen HEV-AVLP and heterologous antigens was examined by ELISA. 365 

 366 
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 367 

Fig. S22. Measurement of antigenic cross-reactivity among HEV-AVLP, HEV-C1VLP, HEV-368 

C2VLP, HEV-DVLP and HEV-BVLP based on HEV-A patient sera (P17-P27). 369 

 370 
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 371 

Fig. S23. Mapping the antigenic cartography of different HEV species with HEV-A patient 372 

sera. (A-C) Three-dimensional cartographic projection reveals the antigenic relationships of 373 

different genera of HEV VLPs with HEV-A infected patient sera. Cluster positions from key 374 

angles (left, right, top) are displayed. One unit of antigenic distance denotes a twofold 375 

difference in sera titers. The purple, blue, green, orange and red spheres represent HEV-DVLP, 376 

HEV-BVLP, HEV-C2VLP, HEV-C1VLP and HEV-AVLP, respectively. The grey, light green and 377 

light purple spheres illustrate the HEV-infected patient sera. Patient sera (P1-P4) of cluster 1 378 



32 
 

were indicated with light purple spheres, and P5-P8 of cluster 2 were represented with light 379 

green spheres.  380 

 381 

 382 
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Fig. S24. HEV-A patient sera exhibit partial cross-protection against the cell binding of 383 

HEV-C1VLP. (A) Two-dimensional antigenic map of HEV-AVLP, HEV-C1VLP, HEV-C2VLP, 384 

HEV-BVLP and HEV-DVLP with HEV-A patient sera. The vertical and horizontal axes both 385 

represent antigenic distance. One unit of antigenic distance denotes a two-fold difference in 386 

sera titers. The red solid diamond, orange hexagon, green circle, purple square and blue 387 

pentagon represent HEV-AVLP, HEV-C1VLP, HEV-C2VLP, HEV-BVLP and HEV-DVLP 388 

respectively, whereas the hollow squares correspond patient sera collected from 27 HEV-A 389 

infected individuals. Patient sera 1-8 (P1-P8) were indicated with black arrows. (B and C) 390 

Human serum samples were collected from healthy volunteers or patients diagnosed and 391 

hospitalized with acute HEV infection. The inhibitory efficacy of patient sera (P1-P4, cluster 392 

1) against the binding of HEV-AVLP to HepG2 cells was measured by immunofluorescence 393 

assay. The relative fluorescent intensity was quantified by ImageJ software based on three 394 

independent experiments. (D and E) Same as (B and C) for detecting the inhibitory efficacy of 395 

patient sera (P1-P4, cluster 1) against the binding of HEV-C1VLP to the cell membrane. (F and 396 

G) Same as (B and C) for detecting the inhibitory efficacy of patient sera (P5-P8, cluster 2) 397 

against the binding of HEV-AVLP to the cell membrane. (H and I) Same as (F and G) for 398 

detecting the inhibitory efficacy of patient sera (P5-P8, cluster 2) against the binding of HEV-399 

C1VLP to the cell membrane. 400 

 401 

 402 

 403 

 404 
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 405 

Fig. S25. Measurement of antigenic cross-reactivity among HEV-AVLP, HEV-C1VLP, HEV-406 

C2VLP, HEV-DVLP and HEV-BVLP based on Hecolin immunized human sera. Serum samples 407 

of ten individuals who completed Hecolin immunization were collected. Flat-bottomed 96-well 408 

polystyrene microplates were coated with 200 ng/well of HEV-AVLP, HEV-C1VLP, HEV-C2VLP, 409 

HEV-DVLP and HEV-BVLP. The plates were incubated with the serially diluted serum samples. 410 

The reactivity of anti-HEV-1VLP IgG to five different VLPs was examined by ELISA. 411 

 412 
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 413 

 414 

Fig. S26. Hecolin® immunized human sera showed partial cross-protection against the 415 

binding of HEV-C1VLP. (A) Two-dimensional antigenic map of HEV-AVLP, HEV-C1VLP, HEV-416 
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C2VLP, HEV-BVLP and HEV-DVLP with Hecolin® immunized human sera. The vertical and 417 

horizontal axes both represent antigenic distance. One unit of antigenic distance denotes a two-418 

fold difference in sera titers. The red solid diamond, orange hexagon, green circle, purple square 419 

and blue pentagon represent HEV-AVLP, HEV-C1VLP, HEV-C2VLP, HEV-BVLP and HEV-DVLP 420 

respectively, whereas the hollow squares represent serum samples collected from ten 421 

individuals immunized with Hecolin®. (B and C) The inhibitory efficacy of Hecolin® 422 

immunized human sera (dilution 1:10) against the binding of HEV-AVLP (20 μg/ml) to HepG2 423 

cells was measured by immunofluorescence assay. The relative fluorescent intensity was 424 

quantified by ImageJ software based on three independent experiments. (D and E) Same as (B 425 

and C) for detecting the inhibitory efficacy of Hecolin® immunized human sera (dilution 1:10) 426 

against the binding of HEV-C1VLP (20 μg/ml). (F and G) Same as (B and C) for detecting the 427 

inhibitory efficacy of Hecolin® immunized human sera (dilution 1:10) against the binding of 428 

HEV-AVLP (2.5 μg/ml). (H and I) Same as (F and G) for detecting the inhibitory efficacy of 429 

Hecolin® immunized human sera (dilution 1:10) against the binding of HEV-C1VLP (2.5 μg/ml). 430 

 431 

 432 
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Fig. S27. Graphical summary. Cell binding tropism is a pivotal determinant of different HEV 433 

species regarding their zoonotic transmission to humans. Rat HEV VLPs and infectious rat 434 

HEV particles bind and enter human target cells, whereas ferret, bat and avian HEV VLPs show 435 

marginal or no cell binding and entry potency. Rat HEV exhibited partial cross-reaction with 436 

HEV-A, and anti-HEV-A sera partially cross-inhibited the binding of rat HEVVLPs to human 437 

target cells. Our study revealed mechanistic insights regarding the distinct zoonotic potential of 438 

different HEV species, and elucidated their cross-species antigenic relationships and serological 439 

responses. 440 

  441 
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Table S1. Amino acid sequence identity of ORF2 (HEV-A to HEV-D) 442 
 443  

HEV-A ORF2 HEV-C1 

ORF2 

HEV-C2 

ORF2 

HEV-D ORF2 HEV-B ORF2 

HEV-A ORF2 
 

58 59 52 47 

HEV-C1 

ORF2 

  
80 52 45 

HEV-C2 

ORF2 

   
53 46 

HEV-D ORF2 
    

47 

HEV-B ORF2 
     

 444 
 445 
 446 

Table S2. Amino acid sequence identity of ORF2T (HEV-A to HEV-D) 447 
 448 

  HEV-A ORF2T HEV-C1 ORF2T HEV-C2 ORF2T HEV-D ORF2T HEV-B ORF2T 

HEV-A ORF2T   57 60 48 45 

HEV-C1 ORF2T     84 47 41 

HEV-C2 ORF2T       49 44 

HEV-D ORF2T         45 

HEV-B ORF2T           

  449 
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