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Structural basis for the neutralization of hepatitis E virus 
by a cross-genotype antibody
Ying Gu1, 2, *, Xuhua Tang3, 4, *, Xiao Zhang2, Cuiling Song1, Minghua Zheng1, Kaihang Wang1, Jun Zhang2, 
Mun-Hon Ng1, 2, Choy-Leong Hew3, 5, Shaowei Li1, 2, Ningshao Xia1, 2, J. Sivaraman3

1State Key Laboratory of Molecular Vaccinology and Molecular Diagnostics, School of Life Sciences, Xiamen University, Xiamen, 
Fujian 361005, China; 2National Institute of Diagnostics and Vaccine Development in Infectious Disease, School of Public Health, 
Xiamen University, Xiamen, Fujian 361005, China; 3Department of Biological Sciences, National University of Singapore, Singa-
pore 117543, Singapore

Hepatitis E virus (HEV), a non-enveloped, positive-sense, single-stranded RNA virus, is a major cause of enter-
ic hepatitis. Classified into the family Hepeviridae, HEV comprises four genotypes (genotypes 1-4), which belong 
to a single serotype. We describe a monoclonal antibody (mAb), 8G12, which equally recognizes all four genotypes 
of HEV, with ~2.53-3.45 nM binding affinity. The mAb 8G12 has a protective, neutralizing capacity, which can sig-
nificantly block virus infection in host cells. Animal studies with genotypes 1, 3 and 4 confirmed the cross-genotype 
neutralizing capacity of 8G12 and its effective prevention of hepatitis E disease. The complex crystal structures of 
8G12 with the HEV E2s domain (the most protruded region of the virus capsid) of the abundant genotypes 1 and 4 
were determined at 4.0 and 2.3 Å resolution, respectively. These structures revealed that 8G12 recognizes both gen-
otypes through the epitopes in the E2s dimerization region. Structure-based mutagenesis and cell-model assays with 
virus-like particles identified several conserved residues (Glu549, Lys554 and Gly591) that are essential for 8G12 
neutralization. Moreover, the epitope of 8G12 is identified as a key epitope involved in virus-host interactions. These 
findings will help develop a common strategy for the prevention of the most abundant form of HEV infection.
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Introduction

Hepatitis E is increasingly becoming an important 
public health concern in both developing and developed 
countries [1]. Hepatitis E is transmitted primarily via 
the fecal-oral route [2] and is caused by HEV, a small 

non-enveloped, positive-sense, single-stranded RNA 
icosahedral virus, of the genus Hepevirus [3]. The in-
fection-to-mortality ratio of HEV is small; however, 
this significantly increases in infants under the age of 2 
years, in pregnant women, and in adults over the age of 
56 years (5%-25%) [4-6]. Four major genotypes of HEV 
have been identified to date, with a single serotype: gen-
otypes 1 and 2 are human viruses that circulate only in 
humans as an epidemic form, whereas genotypes 3 and 
4 are zoonotic, swine viruses that infect a wide range of 
mammalian species as well as humans in sporadic cases 
[1, 7].

The 7.5-kb genome of HEV contains three open read-
ing frames [8], of which ORF2 encodes a single, viral 
capsid protein of 660 amino acids (aa). The capsid pro-
tein is responsible for virion assembly, host interaction 
and immunogenicity and is formed by homodimeric sub-
units, which comprise a protrusion domain [9, 10] (E2s: 
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aa 455-602 [11] or its N-terminal extension version E2: 
aa 394-606 [12]). These dimers project from the surface of 
the virus and initiate infection by interacting with host cells. 

We have previously shown that a truncated form of 
this capsid protein, p239 (aa 368-606) can self-assemble 
into virus-like particles (VLPs) of ~23 nm in diameter 
and subsequently penetrate susceptible cells, similar 
to a live virus [12]. We later produced the recombinant 
vaccine, HEV239, and employed this in a randomized, 
double-blind, placebo-controlled, phase 3 clinical trial 
involving more than 100 000 volunteers [13]. Moreover, 
we introduced a commercial p239/E2-based IgG and 
IgM kit for HEV surveillance and worldwide clinical 
identification [14, 15]. 

Immunologically, there is a major, predominant anti-
genic determinant among the different HEV genotypes. 
Structural comparisons of the E2s (aa 455-602) of gen-
otype 1 [11] (resolution of 2.0 Å) with that of VLPs 
(T=1; aa 112-608) for genotype 3 [9] and genotype 4 [10] 
(3.5 Å) have revealed that the HEV capsid is formed by 
capsomeres comprising a homodimeric ORF2, and that 
virus infection is initiated through the interaction of this 
protruding homodimer with host cells. Cryo-electron 
microscopy studies [16] have additionally confirmed 
these structural findings.

To understand the neutralization mechanism and 
immunological nature of HEV, we previously determined 
the crystal structure of the antigen-binding fragment (Fab) 
of a genotype-specific neutralizing (herein referred to 
as genotype 1-preferred) monoclonal antibody (mAb), 
8C11, in complex with HEV E2sHEV-1 domain (aa 455-
602; superscript refers to genotype 1) at 1.9 Å resolution. 
We identified the epitope of 8C11 on E2sHEV-1 and, using 
mutational and cell-model assays, showed that Arg512 
was the most crucial residue for 8C11-E2sHEV-1 interaction 
[17]. In addition, our structural and functional studies on 
E2s genotype 4 (E2sHEV-4) identified the essential role of 
residue 497 in the epitope of 8C11 in its recognition of 
different genotypes [17].

As a continuation of our efforts to understand the 
neutralization mechanism of HEV, here we report 
the character izat ion of a novel mAb with high 
immunodominance, 8G12, as a cross-genotype, neutra-
lizing antibody of HEV. Through structural studies, we 
investigated the blocking profile and epitope function 
of 8G12 in serum samples taken from experimental 
Macaques rhesus monkeys challenged with HEVs of 
various genotypes. Overall, we demonstrate that 8G12 
effectively inhibits all genotype HEV infections in vitro 
and in vivo. These findings are important for the im-
provement of the current vaccine and in the future devel-
opment of any antibody-based drugs that protect against 

infection from all genotype HEVs as well as the onset 
and progression of subsequent hepatitis.

Results

Identification of mAb 8G12 and its cross-genotype neu-
tralization of HEV

The 8G12 antibody was isolated from several murine 
mAbs raised against the E2 domain, as described by us 
previously [18]. We found that 8G12 reacted only with 
dimeric E2, but not with monomeric E2, while the pre-
viously known mAb 16D7 reacted with both monomeric 
and dimeric E2 [19] (Figure 1A). The western blotting 
confirmed that 8G12 recognized the dimeric E2 of all 
four HEV genotypes, without any discrimination. This 
was further verified by enzyme-linked immunosorbent 
assay (ELISA), where serial dilution of the 8G12 an-
tibody showed a similar E2 detection profile for all 
four genotypes (Figure 1B). These findings were again 
confirmed using a Biacore 3000 SPR, where the 8G12 
antibody demonstrated a high binding affinity (~2.53 to 
3.45 nM) for the E2 domain of all four HEV genotypes 
(Figure 1C and Supplementary information, Figure S1). 
For comparison purposes, mAb 8C11 (which preferen-
tially binds HEV genotype 1) had an affinity of 5.89 nM 
for the E2 of genotype 1 and a 100× lower affinity (0.646 
µM) for the E2 of genotype 4 [17]. 

We next sought to characterize the cross-genotype 
neutralizing capability of mAb 8G12 against HEV infec-
tion in human hepatoma Huh7 cells in vitro. The block-
ing efficiency of the overloaded mAb 8G12 was 94.56% 
for HEV genotype 1 and 91.62% for genotype 4, with 
comparable IC50 concentrations of 9.5 µg/ml (95% con-
fidence interval: 6.7-13.4 µg/ml) and 11.0 µg/ml (95% 
confidence interval: 6.8-17.9 µg/ml) for genotypes 1 and 
4, respectively (Figure 1D and Supplementary informa-
tion, Figure S2A). In addition to 8C11 and 8G12, we also 
tested other mAbs (12E11 and 12E9) for their neutral-
ization efficacy. We found that 8C11 and 12E11 showed 
distinct neutralization specificities: 8C11 preferred geno-
type 1 over genotype 4 (IC50 of 9.3 µg/ml for genotype 1; 
30.9 µg/ml for genotype 4; Supplementary information, 
Figure S2B), as expected, whereas 12E11 preferred gen-
otype 4 over genotype 1 (Supplementary information, 
Figure S2C). Although mAb 12E9 binds with HEV, it has 
no neutralization capacity (Supplementary information, 
Figure S2D). Moreover, the cross-blocking of 8G12 and 
8C11 against genotype 1 (p239 VLP) shows the speci-
ficity of 8G12 over 8C11 (Supplementary information, 
Figures S3 and S4). These results demonstrate the potent 
cross-genotype inhibitory potential of 8G12 against HEV 
infection.
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Figure 1 Comparable reactivity and neutralization nature of mAb 8G12 is observed among various HEV genotypes. (A) E2 
proteins with four genotypes were subjected to non-reducing SDS-PAGE and western blot analysis with the neutralizing mAb 
8G12 to investigate their reactivity in association with each genotype. The lanes marked with H indicate heated samples 
under reducing conditions (samples were heated up to 100 °C for 3 min) whereas the lanes marked with N indicate samples 
under non-reducing conditions (0.1% SDS, in the absence of β-mercaptoethanol (BME) and not heated). (+) denotes di-
merization or reactivity with 8G12, (−) denotes monomer or loss of the respective property. (B) The interaction of E2 proteins 
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Protective role of 8G12 against HEV in a rhesus monkey 
animal model

We next evaluated the cross-genotype neutralizing 
capability of mAb 8G12 against HEV in a disease ani-
mal model, as previously described [14, 18, 19]. Briefly, 
two rhesus monkeys were used for each of the HEV 
genotypes 1, 3 and 4 and their respective control groups 
(12 monkeys in total). In the experimental groups, rhe-
sus monkeys were challenged with a dose of 2-5 × 107 
genomic equivalent of HEV genotypes 1, 3 or 4, which 
were pre-incubated with 5 mg of mAb 8G12. In the con-
trol group, monkeys were also injected with HEV geno-
types 1, 3 or 4 that were instead pretreated with a broad 
neutralizing antibody for bird flu virus, mAb 13D4 [20], 
which should have no neutralization capacity against 
HEV. For all monkeys, blood samples were collected 
before and at regular intervals after infection to measure 
alanine aminotransferase (ALT), anti-HEV IgM and IgG 
serum levels. 

In the control group, hepatitis developed toward 
the end of week 3/early week 4, as determined by the 
elevation in ALT levels (values over 40IU/l [21]). All 
six pathogenic monkeys in the control group acquired 
Hepatitis E within 26.5 ± 8.5 days, with a peak ALT 
of 120.5 ± 1.4 IU/l as compared with that before virus 
challenge (32.7 ± 6.0 IU/l). In animals challenged with 
8G12-pretreated HEV, ALT levels remained at normal 
levels throughout the assay period. In the control mon-
keys, the development of hepatitis was concomitant with 
an increase in anti-HEV antibody levels, indicating that 
mAb 13D4 had no neutralization capacity. Moreover, we 
monitored the serum IgM/IgG seroconversion rate and 
found that all 8G12-pretreated monkeys showed an ~1-
week delay in E2 IgG seroconversion as compared with 
13D4-pretreated samples: 8G12-pretreated monkeys 
showed seroconversion at 3½ weeks after infection with 
genotypes 3 and 4, and at 4½ weeks with genotype 1.

In parallel, stool samples were harvested, and RT-PCR 
was used to determine the duration of virus excretion 
as a measure of the viral replication speed. For most 
8G12-pretreated monkeys, stool virus shedding was first 

detected at 11 days after infection and persisted for 15-31 
days. Comparing 8G12-pretreated and 13D4-pretreated 
cases, the onset time point of viral detection was delayed 
by 1 week with 8G12 pretreatment, the duration time 
shortened by ~2-6 weeks and the average peak value 
of shed HEV RNA content lowered to 103.34 ± 0.67 copies 
versus 105.63 ± 0.92 copies (Figure 1E and Supplementary 
information, Figure S5A-S5F). These observations fur-
ther confirmed the efficacy of 8G12 in inhibiting viral 
replication in these animals. Taken together, 8G12 treat-
ment delays the onset of serological features and virus 
excretion, and thus offers a protective effect against HEV 
in Macaques rhesus monkeys.

mAb 8G12 blocks the binding of naturally acquired anti-
bodies

Viruses undergoing high gene variation will typically 
silence their broad neutralizing sites when infiltrating 
the immune system of the host, as exemplified by HIV 
[22] and Influenza virus [23-25]. We next sought to de-
termine the predominance of 8G12-like antibodies in the 
anti-HEV pools during the immune responses elicited 
by HEV infection and vaccine inoculation. Previous-
ly, we obtained sera from volunteers participating in 
our phase-3 clinical trial (NCT01014845) [13]. These 
subjects were randomly assigned to vaccine or placebo 
groups, and sera were obtained at various intervals after 
inoculation. We also obtained sera from patients with na-
tive HEV acute infections. These hepatitis patients were 
identified through Hepatitis E surveillance tests that we 
implemented prior to our clinical trial [13] in order to 
ascertain the prevalence of Hepatitis E and its onset rate 
in the general population. Sera from both the pre-screen-
ing and clinical trial were subjected to well-defined 
anti-HEV IgG titration according to the HEV WHO an-
tibody standards [13]. In addition to these samples, we 
used antibodies raised in rhesus monkeys experimentally 
challenged with a dose of 2-5 × 105 genomic equivalent 
of HEV genotype 1, 3 or 4 (Supplementary information, 
Figure S5G-S5I). 

To first calculate the blocking ratio, we examined 

with four genotypes against mAb 8G12 was tested by ELISA and EC50 was calculated by sigmoid trend fitting. (C) The affinity 
constants of the interaction of E2 proteins with four genotypes against mAb 8G12 were measured by SPR in Biacore 3000. 
(D) Inhibition profiles of mAb 8G12 blocking authentic HEV from infecting the host cell. HEV genotypes 1 or 4 show 1 × 105 
genomic RNA copies in infected vulnerable Huh7 cells in the presence of serial dilutions of mAb 8G12. The inhibition profiles 
of HEV RNA genome copies vs. concentration of mAb 8G12 were fitted to a sigmoid trend to generate the IC50 value. (E) 
Neutralization of HEV infection rate by mAb 8G12 in a Macaques rhesus monkey model. HEV of genotypes 1, 3 and 4 was 
mixed with mAb 8G12 or mAb 13D4 (negative control) and used to inoculate monkeys. Serum and stool samples were taken 
before and weekly after infection to monitor serum levels of alanine aminotransferase (ALT; red bar), shedding of the HEV 
RNA in stool samples (black bar) and HEV IgG/IgM antibody titer (gray histogram). (+) denotes occurrence of virus shedding 
or Hepatitis E disease, (−) denotes a negative event. Also refer to Supplementary information, Figure S5.
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Figure 2 Blocking of naturally acquired anti-HEV by 8G12. The blocking activity of 8G12 against anti-HEV was determined as 
described in Supplementary information, Figure S6. Samples included acute serum samples from 29 patients with confirmed 
diagnosis of hepatitis E; 30 samples each from healthy subjects participating in the control and vaccine groups of a phase 3 
clinical trial (7 and 31 months enrolment in the trial); and acute serum samples from rhesus monkeys challenged with 5.55 × 
105, 2.69 × 105, 4.73 × 105genomic doses of HEV genotype 1 (n = 8), genotype 3 (n = 7) or genotype 4 (n = 7), respectively. 
Each sample was diluted to yield an OD value of 1.0 before use. Blocking activity of the mAb against each serum sample 
(dots) was calculated as 1 − (OD value of mAb treated with sera/OD value of the concurrent untreated control) × 100%. The 
horizontal and vertical lines indicate the median and interquartile range of blocking activity against the different groups of 
samples. Note: (a) anti-HEV IgG levels of the human sera were quantified and expressed in WHO units per mL (WU/ml), as 
previously described [13], and calculated to express the GMC (Geometric Mean Concentration) with standard deviations; (b) 
anti-HEV IgG titer of the monkey sera was defined by maximum dilution titer to make detectability in IgG kit; (c) number of 
months after first p239 vaccine inoculation with a 0, 1 and 6 month immunization program; (d) hepatitis E surveillance was 
implemented before the p239 vaccine phase-3  clinical trial; the subjects acquiring hepatitis E were verified by abnormal ALT 
and simultaneous IgM/IgG seroconversion; (e) subjects in the placebo group who received hepatitis B vaccine and presented 
significantly positive IgG; (f) number of weeks after the challenge with HEV in monkeys. mAb 8G12 blocks HEV reactive pri-
mate sera to p239 by more than 70%, demonstrating the formation of a dominant immune complex in the immune response. 
Refer to Supplementary information, Figure S6 for details of the 8G12 Fab and 8G12-escape p239 mutated proteins.

whether binding of the HEV-reactive sera to p239 could 
be inhibited by mAb 8G12 in a linear, reactive range. In 
blocking assays, we found that mAb 8G12 showed im-
munodominance over human antibodies acquired from 
previous infections or through vaccination. In addition, 
mAb 8G12 dominated over the antibodies generated in 
the sera obtained from challenged rhesus monkeys. We 
found that blocking was more effective in acute sera 
from both human and monkey samples (mean interquar-
tile blocking of 81% for human samples; 85%-90% for 

monkey samples) as compared with that obtained from 
vaccinated and placebo-treated subjects obtained at 7 and 
31 months after the first inoculation (mean interquartile 
blocking of 68%-70%; Figure 2). 

A comparison of the blocking activity among 8G12, 
8C11 and 12A10 using the sera from experimental 
HEV-challenged monkeys shows that mAb 8G12 effi-
ciently blocks the binding of anti-HEV antibodies that 
are produced in response to infection with HEV gen-
otypes 1, 3 or 4, with comparable blocking values of 
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89.4%, 90.7% and 85.7%, respectively. Although the epi-
tope of 8C11 is immunodominant in naturally acquired 
HEV antibodies (mean interquartile blocking of 77.8%, 
73.8% and 67.5% for genotype 1, 3 and 4, respectively), 
it shows a significantly lower blocking rate for genotypes 
3 and 4 as compared with 8G12 (Supplementary infor-
mation, Figure S6). The substantially lower blocking 
activity for 12A10, however, indicates that the epitope 
of 12A10 is not immunogenic in natural HEV infections 
(mean interquartile blocking of 35%-38%), which is 
consistent with the findings of others [26]. Blocking by 

the 8G12 Fab fragment (mean interquartile blocking of 
29%-37%) was also markedly reduced as compared with 
8G12; this could be due to its reduced spatial hindrance 
of blocking as compared with the whole mAb. We also 
used the reduced activity of the 8G12-espcape p239 
mutant with respect to the wild-type p239, to assess the 
exact epitope of binding. The mean epitope reactivity 
of 17%-27% by this mutant (E549A and G591A), indi-
cates the dominance of 8G12’s epitope over other HEV 
antibody binding sites. From these results, we can infer 
that mAb 8G12 most likely binds to a dominant, immu-

Table 1  Diffraction data collection and refinement statistics for 8G12 Fab in complex with E2s
 E2sHEV-1: 8G12 Fab E2sHEV-4: 8G12 Fab
Data collection
Cell parameters (Å, º) a=54.2, b=192.0, c=192.6                              a=56.8, b=89.5,  c=137.7
 β=90.0                                                                β=95.9
Space group P21                                                                        P21

Resolution rangea (Å) 50.0-4.00 (4.07-4.00)                                           30.0-2.30 (2.38-2.30)
Total reflections 101,538                                                                 349,821
Unique reflections 31,821                                                                  61,168
Redundancy 3.2 (2.6)                                                                 5.7 (4.7)
Completeness (%) 90.5 (81.9) 99.8 (99.6)
Overall (I/σI) 5.8 (1.2) 14.3 (2.4)
Rsymb (%) 13.1 (64.1) 8.6 (65.2)
Refinement
Resolution range (Å) 34.0-4.0 30.0-2.3
Reflections 30,302 60,870
Rfactor

c 26.4 18.7
Rfree

d 29.6 24.2
RMSD bond lengths (Å) 0.006 0.008
RMSD bond angles (°) 1.6 1.2
Wilson B-factor (Å2) 92.3 34.7
Average B-factors (Å2) 137.4 53.5
  E2s domain 105.9 41.1
  Variable domain of heavy chain 118.8 48.6
  Constant domain of heavy chain 159.9 59.0
  Variable domain of light chain 131.5 56.4
  Constant domain of light chain 192.5 71.9
Ramachandran Plot
Favored and allowed region (%) 99.0 99.8
Generously allowed regions (%) 0.5 0.2
Disallowed regions (%) 0.5 0
aNumbers in parentheses refer to the highest resolution shell.
bRsym = Σh Σi|I1(h) - <I(h)| / Σh Σi I1(h)
cR factor = Σhkl||Fobs| − k|Fcalc||/Σhkl|Fobs|.
dR free is calculated using the same equation as that for R factor but 6.2% for E2sHEV-1:8G12 Fab and 3.27% for E2sHEV-4:8G12 Fab of reflec-
tions were chosen randomly and omitted from the refinement.
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Figure 3 Crystal structure of the Fab of cross-genotype neutralizing mAb 8G12 in complex with HEV capsid protein E2s do-
main. (A) Cartoon representation shows the dimeric E2sHEV-4:8G12 Fab complex. 8G12 heavy chain (H) and light chain (L) 
are depicted in cyan and yellow, respectively. In the dimeric E2s, one monomer is shown in dark pink and the other in light 
pink. (B) Surface representation for the E2sHEV-4:8G12 Fab complex. (C) Image depicts the electrostatic surface potential of 
the dimeric E2sHEV-4 (red, negative; blue, positive; gray, neutral) with the key residues of the 8G12’s epitope are marked. The 
dimeric E2sHEV-4 is shown in an orientation in which most of the epitopes are visible. More epitopes are from one E2s mono-
mer while only two residues (R542 and T564) from the other monomer (D) Surface representation shows the mapping of the 
epitopes of 8G12 and 8C11 on E2sHEV-1/4. Structure-related figures were prepared using the program PyMol [37].

nogenic site of HEV, which may constitute a major target 
for antibody responses to infection and vaccination in 
humans and primates. 

Crystal structure of immune complexes of genotypes 1 
and 4

Next, we sought to study the details of the 8G12’s 
epitope on E2s at the atomic level to decipher its mecha-
nism of cross-genotype neutralization. The crystal struc-
ture of the immune complex of 8G12 Fab with the E2s of 
genotype 4 (E2sHEV-4) was determined at 2.3 Å resolution 
and refined to an R-factor of 18.7 % (Rfree = 24.2 %; Ta-
ble 1). In the structure, one dimeric E2sHEV-4 bound with 
two 8G12 Fab molecules (Figure 3), which is consistent 
with the analytical ultracentrifugation results (Supple-
mentary information, Figure S7). The E2sHEV-4 dimer had 
a well-defined electron density map that was similar to 
the E2sHEV-4 structure in the absence of the antibody. The 
superposition of E2sHEV-4 in the complex with free E2sHEV-4 
yielded an rmsd of 0.4 Å for all Cα atoms. 

The HEV genotypes 1 and 4 are the most abundant 
genotypes but with different host ranges [27]. Hence, in 
addition to genotype 4, we also sought to determine the 
complex structure of E2sHEV-1:8G12 to verify the conser-
vation of the epitope of 8G12 in these genotypes. Howev-
er, the complex crystals of E2sHEV-1:8G12 diffracted only 
up to 4.0 Å. The structure was determined and refined to 
a final R-value of 26.4 % (Rfree = 29.6%). Nonetheless, 
the complex was reasonably well defined in the electron 
density map, with good stereochemical parameters (Table 
1). In both complex structures, the loop region 138-141H 
of the 8G12 Fab (superscripted H and L represent heavy 
and light chain, respectively) at the opposite side of the 
antibody-antigen interface was not well defined in the 
electron density map, a region that is often found disor-
dered in the Fab structures [28]. The overall structure of 
the immune complexes for genotypes 1 and 4 were very 
similar, and the superposition of the genotype 1 complex 
onto the genotype-4 complex yielded an rmsd of ~0.7 Å 
for 1 146 Cα atoms (one E2s dimer and two Fab mole-
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cules). The interaction details discussed in the following 
sections are based on the high-resolution genotype-4 
complex structure, unless otherwise mentioned.

Interactions between the HEV E2s and 8G12 antibody
In the E2sHEV-4:8G12 structure, ~844 Å2 of the E2s 

dimer surface was buried by the binding of one 8G12 
Fab molecule (calculated by PISA [5]). The 8G12’s 
binding region consisted of the complementarity deter-
mining region (CDR) loops L3, H2 and H3, whereas the 
other CDR loops (H1, L1 and L2) were not involved in 
the interaction. Key interactions between the antibody 

Figure 4 Comparison of the 8G12’s epitope for genotypes 1 and 4. (A) 8G12’s epitope for genotype 1 (blue) and 4 (fluorescent 
pink) are superimposed with the background of the 8G12 molecular surface. (B) and (C) show enlargements of the E2s loop 
region (aa 589-592) for genotypes 4 and 1, respectively, with interacting residues from 8G12. (D) and (E) show an enlarge-
ment of the region surrounding residue E549 for genotype 4 and 1 respectively. Sample electron density (2Fo-Fc) maps con-
toured at 1σ above the mean are shown for E2sHEV-1/4 residues.
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(8G12) and antigen (E2s) were mediated by 17 hydro-
gen-bonding contacts (≤ 3.2 Å) involving the main-chain 
and side-chain atoms (Supplementary information, Table 
S1). In addition, several van der Waals interactions were 
observed between E2s and 8G12 Fab. Notably, the heavy 
chain of the antibody was mainly involved in these in-
teractions, which accounted for ~58% of the total buried 
area of E2s at the interface. 

The immune complex structures of genotypes 1 and 4 
revealed identical 8G12-interacting residues. The 8G12’s 
epitope is located at the E2s dimerization region (Figure 
3), which is consistent with the cross-neutralization prop-
erty of 8G12 for all genotypes. 8G12 Fab interacts with 
both monomers of the E2s dimer. It shows more interac-
tions with one monomer, and interacts with the second 
monomer through two hydrogen-bonding contacts and 
hydrophobic/van der Waals interactions (Supplementary 
information, Table S1 and Figure S4C). Notably, we have 
shown that E2s dimerization is essential for HEV infec-
tion [11], and it is also worth mentioning that the epitope 
of the genotype 1-preferred neutralizing mAb 8C11 on 
E2sHEV-1 is located in the groove region, an entirely dif-
ferent site [17] (Figure 3D).

Following sequence analysis, we found that the 
8G12’s epitope was highly conserved among all four 
genotypes, with the exception of residue 590, which is 
a serine residue in genotype 4 but an alanine residue in 
the other genotypes (Figure 4A and Supplementary in-
formation, Figure S8). It is worth noting that the residue 
at this position makes hydrogen-bonding contacts with 
the light chain of mAb 8G12 through the main-chain 
amide group. Thus, the serine/alanine substitution in this 
position is unlikely to alter the interaction. The overall 
high structural and sequence conservation at the E2S 
dimerization region, and the observed interactions with 
the mAb 8G12 provide the structural basis for cross-gen-
otype neutralization by 8G12. 

Validation of the key interactions
We next sought to verify the importance of key inter-

acting residues of the E2 domain using structure-based 
mutagenesis for both genotypes 1 and 4. Six residues — 
E479, R542, E549, T553, K554, T564 — were mutated 
and binding with mAb 8G12 was determined by western 
blotting and analytical ultracentrifuge (AUC) experi-
ments. We observed that point mutations E549A and 
K554A in the E2 domain from both genotypes complete-
ly abolished its binding with mAb 8G12, with no detect-
able bands on the immunostained membranes (Figure 5A 
and 5B), and no formation of immune complexes in the 
AUC analysis (Figure 5C, 5D and Supplementary infor-
mation, Figure S9). 

Next, we investigated the role of flexibility versus ri-
gidity at a loop region (G589-S590-G591-P592) that lies 
in close contact with 8G12 by main-chain interactions 
(Figure 4B and 4C). This was accomplished by mutating 
flexible Gly residues to Ala (G589A and G591A), which 
is small but rigid, and by mutating the rigid Pro residue 
to the relatively less rigid Ala (P592A). We found that 
G589A and P592A mutants showed reduced binding to 
8G12 whereas G591A mutant showed a complete loss of 
binding (Figure 6A and 6C); this loss-of-binding might 
be due to the differences in flexibility or systematic con-
formational changes. It has been previously shown that 
G591 and P592 are essential epitopes for the neutraliz-
ing antibody MAB272, and the double mutant, G591A 
and P592A, in the context of HEV VLPHEV-3 exhibits no 
binding to Huh7 cells [9].

Subsequently, we created mutations on 8G12’s epi-
tope of HEV VLP p239HEV-1 or p239HEV-4 and tested their 
binding to 8G12 by serial dilution and ELISA. The 
ELISA profiles of the wild-type (WT) p239HEV-1/4 were 
similar, and demonstrated the cross-genotype reactivity 
of 8G12 determinants. Three mutants — T553A, G589A 
and P592A — showed decreased reactivity against 
mAb 8G12, with higher EC50 values as compared with 
the WT p239. Consistent with the results observed for 
mutations on E2 (see Figure 5), three other mutants — 
E549A, K554A and G591A — were almost undetectable 
by 8G12, even at high Ab concentrations (Figure 6B 
and 6D), indicating that these residues play an essential 
role in the antibody-antigen interaction (Supplementary 
information, Table S1); this is also consistent with our 
structural observations. Of these important epitopes, 
E549 is the only residue that is in close contact with both 
the heavy and light chains of 8G12, and makes four hy-
drogen-bonding contacts (≤ 3.2 Å) (Figure 4D and 4E; 
Supplementary information, Table S1) and several van 
der Waals interactions; K554, on the other hand, forms 
salt bridges with the light chain residue E93L.

Cell binding analysis of HEV virus-like particle (VLP) 
mutants

The ORF2 construct p239 (aa 368-606) forms VLPs 
that specifically absorb and penetrate the host cell. There 
are two important sites on p239 that are involved in vi-
rus attachment to the host cell: (i) aa 423-438, the linear 
epitope of mAb 12A10 [29]; and (ii) Arg512, the most 
important residue of the conformational epitope of mAb 
8C11 [17]. Previously, we reported that the combined 
mutation of these two sites, ∆12A10-8C11 (R512A), 
causes almost complete abrogation of host cell pene-
tration [17]. To further identify the key residues of the 
8G12’s epitope, we generated p239 mutants harboring 
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Figure 5 Mutagenesis of the E2s:8G12 interaction interface. (A-B) The mutants and wild-type E2 (A, genotype 1; B, genotype 4) 
were subjected to non-reducing SDS-PAGE and western blotting with the neutralizing mAb 8G12 to study the effects of these 
mutations on E2s-8G12 interaction. The lanes marked with H indicate heated samples under reducing conditions (samples 
were heated up to 100 °C for 3 min) whereas the lanes marked with N indicate samples under non-reducing conditions (samples 
were diluted in 0.1% SDS, in the absence of β-mercaptoethanol (BME) and were not heated). (+) denotes dimerization or re-
activity with 8G12, (−) denotes monomer or loss of the respective property. (C-D) Sedimentation velocity (SV) was utilized to 
detect the mAb 8G12 binding of E2HEV-1 and E2HEV-4. The c(s) profile of E2HEV-1/E2HEV-4 and its mutants, mAb 8G12 alone, and 
the antigen-antibody mixture are denoted as black, red and cyan solid curves, respectively. The molar ratio of E2HEV-1/E2HEV-4 
or its mutant versus mAb 8G12 was 5:1, so that the antigen was in surplus.
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Figure 6 Mutagenesis of the p239:8G12 and p239:12A10 interaction interfaces, and key mutations of p239 affecting binding 
to Huh7 cells. (A, C, E) The mutants and wild-type p239 (A and E, genotype 1; C, genotype 4) were subjected to non-reduc-
ing SDS-PAGE and western blotting with the neutralizing mAb 8G12 or mAb 12A10 to study the effects of these mutations on 
p239:8G12 and p239:12A10 interactions. The 12A10 mAb was previously shown to recognize the linear sequence KGIAIPH-
DIDLGESR (aa 423-438) of HEV ORF2 [29]. The lanes marked with H indicate heated samples under reducing conditions 
(samples were heated up to 100 °C for 3 min) while the lanes marked with N indicate samples under non-reducing conditions 
(samples were diluted in 0.1% SDS, in the absence of β-mercaptoethanol (BME) and were not heated). All lanes in E were 
run under reducing conditions. (+) denotes dimerization or reactivity with 8G12 or 12A10, (−) denotes monomer or loss of the 
respective property. (B, D) Interaction of the mutants and wild-type p239 (B, genotype 1; D, genotype 4) against mAb 8G12 
was tested by enzyme-linked immunosorbent assay and EC50 was calculated by sigmoid trend fitting. (F) Binding of p239 and 
its mutants to Huh7 cells, as detected by western blotting. Endogenous β-tubulin served as a loading control. Single mutants 
p239-E549A, p239-G591A and p239-D430A retained the cell binding as compared with the wild-type p239. However, the 
double mutant p239-E549A-G591A caused a significant decrease in cell binding, and the triple mutant p239-D430A-E549A-
G591A completely abrogated binding. (−) denotes the absence of the blocking mAb (8C11), (+) denotes the presence of this 
blocking mAb. Please also see Supplementary information, Figure S10. (G) Schematic bar representation of various ORF2 
constructs.
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Table 2  The amino acids recognized by the neutralizing antibodies and those confirmed to be involved in virus-host interactions  
     mAb      Key aa of the epitope region          Method used to identify  Location of the epitope Genotype          Reference
Based on mutation/truncation studies to test antibody binding
8C11             E479, Y485, D496, R512,             Crystal Structure combined        Groove region                         1                       [17]           
                     K534, H577, R578                         with mutation assay

8G12             E549,K554,G591                          Crystal Structure combined        Dimerization region                 1 & 4               this study
                                                                            with mutation assay

12A10           Linear epitope 423-438                 Mutation assay                            M domain                                1                       [29]

8H3               E479,Y485,I529, K534                 Mutation assay                           Groove region                          1                       [11]

MAB1323    S487, S488, T489, P491,               Density fractionation assay        Dimerization region                 3                       [9]
                     N562,T564    

MAB272      D496, T497, G591, P592               Density fractionation assay        Groove region                          3                       [9]

Fab224         E479,K534,Y485, I529                  Mutation assay                           Groove region                          1                       [32]

HEV#4         Linear epitope 578-607                  Truncation binding assay           Dimerization region                 1                       [33]
and HEV#31                                                                                                           and groove region  

Based on cell binding assay
4 mAbs      T489, P491, Y561, N562,              Binding to host cell                     Dimerization region                3                       [9]
                      T564, T585, T586                         model assay 
                        
8C11      T497, R512, H577, R578               Binding to host cell                    Groove region     1           [17]      
                                                                            model assay

8G12      E549, K554, G591              Binding to host cell                    Dimerization region                1 & 4                this study
                                                                             model assay   

12A10      D430 and L433                             Binding to host cell                     M domain                                1           this study
                                                                             model assay  

combined mutations in the 8G12 and 12A10 binding sites 
and tested their penetration and entry into vulnerable 
Huh7 cells. We selected residues for which the mutants 
showed no binding to their respective antibody, including 
E549, K554 and G591 of 8G12’s epitope (Figure 6A-
6D) and D430 and L433 of 12A10’s epitope (Figure 6E). 
Notably, the double mutant p239 (E549A and G591A), 
as well as the triple mutant p239 (E549A, K554A and 
G591A) showed significantly reduced binding to the host 
cell (Supplementary information, Figure S10A). Further, 
when we introduced the D430A mutation of 12A10’s 
epitope (such as 12A10 (D430A)-8G12(E549A-G591A); 

Figure 6F and Supplementary information, Figure S10B), 
we observed complete disruption of host cell penetration. 
Thus, combining mutations in 8C11’s or 8G12’s epitope 
with those of the 12A10’s epitope completely abrogates 
host-cell penetration.

Discussion

Viral entry is the earliest step in virus infection, with 
some viruses making contact with host cells through 
virus attachment or virus adsorption to cell-surface mem-
brane receptors. The virus adsorption region (AR) is 
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defined as the virus surface region that directly interacts 
with its complementary receptor on host cells. Previous-
ly, it was reported that dimerization of the protruding 
region (E2s domain) is a prerequisite for HEV virulence 
and plays an important role in the host-virus interaction 
[9-11, 17]. Therefore, it seems reasonable to propose that 
the AR is located, at least in part, near the dimerization 
region and includes the identified epitope region of these 
mAbs. Thus, not surprisingly, the mAb 8G12 targets this 
dimerization region and neutralizes HEV across all geno-
types.

 Here we also revealed that all three epitope sites (of 
mAb 8C11, 8G12 and 12A10) are essential for the inter-
action of the virus with host cells. Mutating the 12A10’s 
epitope in combination with either 8G12’s or 8C11’s epi-
tope can abolish the interaction with the host and prevent 
infection. Although the 12A10’s epitope is important, 
we found that its mutation alone is insufficient to pre-
vent host cell penetration. Thus, to completely prevent 
infection, a combination of 12A10 with 8G12 or 8C11 is 
likely required. 

Previous studies have explored the receptor binding 
site of pORF2 of HEV, although the cell receptor for 
HEV has not yet been identified [10, 29]. The E2 domain 
of HEV is homologous to the receptor-binding domain 
of Norovirus in the Caliciviridae family, for which the 
blood-group trisaccharides act as cell receptors [10]. The 
superposition of these two structures suggests that trisac-

charides might locate on the top of the HEV protruding 
spike (E2 domain) between the loops created by aa 549-
566 and aa 583-593. Notably, these two loop regions are 
potential sugar-binding sites, implicating that they might 
have important functional roles in cell receptor binding. 
In the present study, we show that mutations at residues 
on p239 within this potential receptor-binding region 
(E549A, K554A and G591A) lead to a significant loss of 
binding to host cells (Supplementary information, Fig-
ure S10). In addition, mutation of residue N562 in this 
region to Gln has been shown to result in loss of HEV 
infectivity in both cultured cells and rhesus macaques 
[30]. Meanwhile, this residue was also reported to be one 
of the several essential residues for host cell interaction 
[9]. To have a better spatial view of all the key epitope 
sites, i.e., the potential receptor binding sites, we mapped 
all the residues that have been shown to be involved in 
binding to the host cell (Figure 7, Table 2 and Supple-
mentary information, Figure S11) on the surface of T = 
3 virion-sized particle [31] (Figure 7A) and T = 1 HEV 
VLP [9, 10, 32] (Figure 7B). Interestingly all of these 
residues within E2 domain are located either in the di-
merization region or in the groove region. It suggests the 
involvement and importance of these two regions of E2 
domain in the virus-host interactions. In addition the lin-
ear epitope of 12A10 especially the residue D430 present 
in the M domain also plays a key role in the virus-host 
interaction.

Figure 7 Putative host-binding site on the surface of HE virus-like particle (VLP). (A) the molecular surface representation of 
the T = 3 virion-sized particle (PDB code 3IYO) and (B) the T = 1 VLP (PDB code 2ZTN). The 2-fold, 3-fold and 5-fold axes of 
the icosahedral lattice are denoted as solid oval, triangle and pentagon, respectively. (C) The front view and (D) the side view 
of a dimeric subunit of the construct (aa 112-608) is shown. The monomers are colored in dark and light pink. The key resi-
dues on the epitopes of 12A10, 8C11 and 8G12, which are crucial for the viral infection, are labeled and highlighted in blue, 
yellow and green, respectively.
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Here we show that the mAb 8G12 neutralizes HEV 
infection in the cell model and confers HE disease pro-
tection in our rhesus monkey model. The neutralization 
in vivo manifested as a postponement of the onset of 
virus shedding, a decrease in the virus amount, and, pre-
sumably, protection against the subsequent development 
of acute hepatitis, although the HEV infection was not 
completely suppressed at the high-dose virus challenge 
(HE disease model). This observation is similar to our 
previous studies with mAb 8C11-pretreatment [18] and 
p239 vaccination [19], which also did not completely 
block the HEV infection in HE disease model. However 
the 8C11 pretreatment and p239 vaccination exhibited 
complete HEV-infection protection against a 3-log lower 
virus challenge (HEV infection model). Collectively, our 
findings suggest that the mAb 8G12 could completely 
block the infection of HEV genotypes 1 and 4 in an in-
fection model used in this study and the disease model 
study will be the subject of future analyses. 

Our structural studies of mAb 8G12 identified the 
dimerization region of the E2s domain as one of the key 
interacting regions of the antibody. Indeed, we show 
this region to be immune predominant and a site for 
cross-genotype neutralization. In HEV biology, dominant 
antibodies are elicited by the conserved 8G12 epitope 
during the immune response, and this dominance may 
account for there being one major serotype of HEV. 
The current p239HEV-1 vaccine only targets genotype 1, 
although it showed protection against heterogeneous 
HEV-induced disease in the clinical trial data [13]. The 
8G12-interacting region could be exploited, preserved 
and/or combined with epitopes for other neutralizing 
mAbs such as 8C11 and 12A10 for the development of 
more potent HEV vaccines (Figure 7, Table 2 and Sup-
plementary information, Figure S11). Moreover, the mAb 
8G12 binding assay will benefit the quality assessment 
of the current vaccine p239HEV-1 and the surveillance of 
potential 8G12-escape HEVs. This might also be adopted 
to monitor any immune escape from the current vaccine 
protection. Overall, the current study advances our un-
derstanding of effective immune responses against HEV 
and provides important information for vaccine design 
and improvement.

Materials and Methods

Construction and antibody preparation
The E2s, E2 and p239 genes of HEV were cloned as previ-

ously described [12, 17]. All mutated constructs were generated 
with site-directed PCR reactions. pTO-T7 expression plasmid 
and E. Coli ER2566 strain were used for protein expression. The 
8G12 Fab was obtained by papain digestion and purified with 
DEAE-5PW (TOSOH Bioscience, Tokyo, Japan). A schematic bar 

diagram of HEV ORF2 constructs is shown in Figure 6G.

Protein purification, crystallization and structure determi-
nation

The HEV E2s were purified as previously described [11]. The 
E2s:8G12 (ratio of 1:1.5M) was kept at 37 °C for 2 h and purified 
by G5000PWxl (TOSOH) and concentrated to 8 mg/ml. The crys-
tallization condition for E2sHEV-1:8G12 was 12% PEG 5000 and 0.05 
M NaH2PO4, whereas that for E2sHEV-4:8G12 was 14% PEG 1500. 
Crystals were grown using hanging-drop vapor diffusion meth-
od at 21 °C. For both crystals, 30% glycerol supplemented with 
reservoir condition was used as a cryo-protectant and data was 
collected at 100 K at Shanghai Synchrotron beam line 17U. Data 
sets were processed by HKL2000 [34]. The structures were solved 
by molecular replacement with PHASER [35]. The models were 
built using COOT [36], refined by CNS [37] and PHENIX [38], 
and analyzed by PROCHECK [39]. For E2sHEV-1:8G12 structure, 
the NCS restrains were applied during refinement. There are 0.5% 
residues of E2sHEV-1:8G12 complex in the disallowed region such 
as E2s residues A477, V503, A575 and H577 and the rest from 
8G12, most of them located in the loop regions. This might be due 
to the limitation of the data set. The structure-related figures in this 
manuscript were prepared using the program PyMol [40].

Neutralization assay on HEV-infection cell model
Approximately 1 × 105 genomic equivalent of genotype 1 or 

4 virus was mixed with serially diluted aliquots of mAbs or PBS 
at 37 °C for 30 min and added to triplicate cultures of Huh7 cells. 
The infected cultures were incubated at 37 °C for 60 min, and then 
washed three times with PBS. The cells were harvested and then 
tested for the HEV RNA content. The HEV RNA genome was 
extracted by a robot Biomen NX (Beckman, CA, USA). Real-time 
RT-PCR was performed with the following primers designed using 
the sequence with the DDBJ accession number D11092: JVHEVF 
(forward; 5261-5278 nt of HEV genome), 5′-GGTGGTTTCTGG-
GGTGAC-3′; JVHEVP (probe 1; 5283-5300 nt) FAM-TGATTCT-
CAGCCCTTCGC-TAMRA; and JVHEVR (reverse, 5311-5328 
nt) 3′-AGGGGTTGGTTGGATGAA-5′. RNA content in cultures 
infected with the mAb-treated virus was expressed as a percentage 
of that in the control cultures infected with untreated virus. The in-
hibition profiles were fitted to a sigmoid trend to generate the IC50 
value. The IC50 for mAb 8G12 was used to estimate the applied 
amount of mAbs to pretreat HEV in the subsequent animal experi-
ments.

Animal study
A total of 15 Macaques rhesus monkeys were used during 

screening. The monkeys showed no detectable HEV IgG/IgM in 
serum at 1:10 dilution using ELISA kits (Wantian, Beijing, Chi-
na); no ALT abnormality in the serum, as determined using an 
ALT-ELISA kit (Maker Biotechnology, SC, China); and no detect-
able RNA in stool samples, as determined by RT-PCR. 

Two monkeys per group were inoculated with six combinations 
of HEV from genotypes 1, 3 and 4 that had been mixed and pre-in-
cubated at 37 °C for 2 h with mAb 8G12 or mAb 13D4 in a 1:2 (v/
v) ratio. The mAb 13D4 served as a control as it is directed against 
the H5N1 flu and therefore should be non-neutralizing against 
HEV genotypes. Each monkey intravenously received 1 500 µl (500 
µl virus extraction solutions, 1 000 µl mAb of 5 mg/ml) of the cor-
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responding inoculant mixture. The virus stocks were purified from 
stool and bile samples from each challenged monkey. The final 
copies of the RNA genome for genotypes 1, 3 and 4 were 5.55 × 
107/500 µl, 2.69 × 107/500 µl and 4.73 × 107/500 µl, respectively. 
Because HEV genotype 2 mainly prevails in Africa and Mexico, 
we were unable to work with this genotype due to the geographic 
limitations. However, we used a recombinant E2 protein of HEV 
genotype 2 in the antigenicity assay. Notably, E2s genotype 2 
shares 86%-92% sequence identity with other genotypes (Supple-
mentary information, Figure S8). 

Prior to the experiment, three monkeys were inoculated with 
500 µl inoculum of 5.55 × 105, 2.69  105, 4.73 × 105 genomic 
RNA copies of HEV genotype 1, 3 or 4, respectively, to check the 
virulence of the virus in developing Hepatitis E. The sera from 
these three monkeys were serially diluted to measure the block-
ing profile of mAbs 12A10, 8C11 and 8G12, as well as the 8G12 
Fab and the 8G12’s epitope reactivity of the 8G12-escape p239 
mutant (harboring two point mutations at E549A and G591A) as 
compared with the WT p239 along the virus life cycle; this includ-
ed assessment of infection, Hepatitis E development and convales-
cence. Stool samples were collected before inoculation and twice 
per week for 15 weeks after inoculation. Samples were assayed for 
HEV virus genomes by above-mentioned RT-PCR and levels of 
ALT, anti-HEV IgM or IgG by ELISA.

BIAcore biosensor analysis
CM-5 sensor chips were coated with a carboxylated dextran 

polymer matrix, where the goat anti-mouse antibody Fc fragment 
(GAM-Fc) was amine coupled (BIAcore 3000, GE). The carboxyl 
groups on the dextran surface were activated with 35 µl of a 1:1 
(v/v) solution of N-hydroxysuccinimide and N-ethyl-N-(3-dieth-
ylarninopropyl) carbodiimide for 7 min. The GAM-Fc was diluted 
with 10 mM sodium acetate (pH 5.0) to a final concentration of 60 
µg/ml for coupling. Eventually, one flow cell of a chip was coated 
with 13 000 RU (resonance units) of the GAM-Fc, whereas the 
other flow cell was left uncoated and blocked as a control. The af-
finity measurements of mAb 8G12 binding with different antigens 
were initiated by passing HBS (10 mM HEPES, pH 7.4 and 150 
mM NaCl) over the sensor surface for 100 s at 10 µl/min, followed 
by injection of 10 µg/ml of mAb 8G12 at 30 µl/min for 3.3 min, 
and then injections of serially diluted antigens at 30 µl/min for 3.3 
min. Every measurement on the BIAcore 3000 biosensor was per-
formed three times and the individual values were used for affinity 
constant fitting to produce the mean affinity constant with measure 
error evaluation.

ELISA assay
ELISA was performed to weight the genotype-common 

reactive nature of mAb 8G12, to monitor the IgG/IgM response 
in experimental monkeys, and to monitor the inhibition ratio of 
mAb 8G12 against human/monkey serum, based on genotype-
specific antigens. In brief, the antigen (E2, p239, or 8G12-escape 
p239 mutant harboring E549A and G591A mutations; 100 ng 
per well) was coated in a 96-well microplate and then incubated 
at 37 °C for 30 min along with (i) serial dilutions of mAb 8G12 
for 8G12 reactivity evaluation; (ii) serial dilutions of the sera of 
monkeys for antibody response monitoring; (iii) 10 µg per well 
of mAb 12A10, 8C11, 8G12 and 8G12 Fab with a predetermined 
dilution of human/monkey serum (producing 1 OD reading in 

a serial diluted pre-test ELISA) for 30 min at 37 °C for mAb 
blocking ratio against pAb test; or (iv) serial dilutions of the free-
form of mAb 8C11 or 8G12 for cross-blocking ratio calculations. 
Wells were then incubated with HRP-conjugated goat anti-mouse 
(GAM; for mAb), goat anti-human (GAH; for human/monkey 
serum) secondary antibody (DAKO, Glostrup, Denmark) or 
HRP-conjugated mAb 8C11/8G12 (producing 1 OD reading in a 
serial diluted pre-test ELISA) for 30 min at 37 °C. Subsequently, 
100 µl tetramethylbenzidine substrate was added and the plates 
incubated for 10 min at 37 °C. The reaction was stopped by the 
addition of 50 µl of 2 M H2SO4, and the OD was measured using 
the microplate reader (Sunrise, Tecan) at 450 nm with a reference 
wavelength of 620 nm (measurement range: 0-4.0 OD at 400 
to 750 nm). IC50 or EC50 was calculated at the half-point of the 
curve by polynomial fitting. The blocking ratio of the mAbs or 
Fab against serum was the resultant OD ratio of the sera binding 
to coated antigens with and without pretreatment. The percentage 
of 8G12’s epitope reactivity among monkey sera was calculated 
by the increase in the EC50 for the 8G12-escape p239 mutant 
as compared with that of WT p239; i.e., % 8G12 reactivity = 
(1-EC50[wild-type]/EC50[8G12-escape]) × 100%.

Analytical Ultra-Centrifugation (AUC)
Sedimentation velocity was used to monitor the binding of the 

antigen and mAb in a neutral solution, as previously described [17]. 
The experiments were conducted at 20 °C on a Beckman XL-A 
AUC equipped with absorbance optics and an An60-Ti rotor. All 
samples were diluted to ~1.0 OD at 280 nm in a 1.2-cm light path 
in a buffer comprising 20 mM HEPES, pH 7.5, and 150 mM NaCl. 
The rotor speed was set to 50 000 rpm for E2 protein, 40 000 rpm 
for mAb 8G12, and 30 000 rpm for the immune complex. E2 or 
mutated proteins and mAb 8G12 were mixed at a 5:1 molar ratio 
and incubated at 37 °C for 1 h to permit the interaction to occur, 
if existent. The sedimentation coefficient was obtained with c(s) 
method using the Sedfit software kindly provided by Dr Schuck P 
(National Institutes of Health, Bethesda, MA, USA).

Binding assay on VLP-based cell model
Human hepatoma Huh7 cells were incubated at 37 °C for 1 h 

in the presence of (i) p239 or its mutants (20 µg) and (ii) p239 or 
its mutants (20 µg) pre-incubated with neutralizing mAb 8C11 
(200 µg) as a blocking mAb control. The cells were then harvested 
and lysed with lysis buffer (20 mM KOH-HEPES buffer, pH 8.0, 
0.2 mM EDTA, 5% glycerol, 250 mM NaCl, 0.5% NP-40, 0.25% 
sodium deoxycholate, 1 mM DTT and protease inhibitors). The 
samples were separated by SDS-PAGE and transferred onto nitro-
cellulose membranes, as previously described. After transfer, the 
membranes were immersed for 30 min in blocking solution (5% 
non-fat milk in PBS, pH 7.45) and washed in PBS containing 0.1% 
Tween 20 (PBST). Subsequently, membranes were incubated with 
primary antibody (4A6, which recognizes the linear epitope HEV 
ORF2 aa 443-457) and washed three times with PBST. Alexa 
Fluor 680-conjugated mouse anti-β-tubulin and rabbit anti-α-tu-
bulin (Invitrogen) or HRP-conjugated GAM (for mAb; DAKO) 
were then added and the reaction signals were examined by Image 
Quant LAS4000mini (GE).

Accession numbers
The coordinates and structure factors for both E2sHEV-1:8G12 
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and E2sHEV-4:8G12 complexes have been deposited in the Protein 
Data Bank (accession numbers 4PLK and 4PLJ).
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