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ABSTRACT

Hepatitis E virus (HEV) is responsible for epidemic and sporadic acute hepatitis cases, especially in
developing countries. Hepatitis E has become a vaccine-preventable disease in recent years with the
development of a licensed vaccine. Most functional and neutralizing monoclonal antibodies (mAbs) are
known to be highly sensitive to antigen conformation. In this study, a similar approach was used to
characterize the conformational sensitivity of antibodies in human or mouse serum samples.
Interestingly, comparative binding analysis using different antigen forms showed that the antibodies
in the sera of naturally infected individuals, of human vaccinees and from mice immunized with the HEV
p239 vaccine all exhibited a strong preference to particulate antigens over the monomeric form of the
truncated capsid protein. The degree of discriminating the two test antigens is similar for serum samples
to that for the well-characterized murine mAbs. A functional assay for assessing the inhibition of subviral
particle cell entry by antibodies was used to determine the functional titers of anti-HEV antibodies in
mouse sera. A good correlation was observed between the functional and binding titers in mouse sera
determined using two different methods. This result supports the continued use of the enzyme-linked
immunosorbent assay as the primary serological assay assuming that the coating antigen contains
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conformational and native-like epitopes, as in the case for HEV p239.

Introduction

Hepatitis E virus (HEV) causes an annual 35 million symp-
tomatic and asymptomatic infection case worldwide, result-
ing in more than 70,000 deaths." The average mortality rate
is between 0.2% ~ 0.4%, while pregnant women infected with
HEV may have a case fatality rate of 10% ~ 25%.> HEV
infection usually presents as an acute, self-limiting form of
liver inflammation and extrahepatic manifestations such as
neurological and renal disease.” However, acute hepatitis can
progress to chronic hepatitis, cirrhosis, liver failure and
acute-on-chronic liver failure.” HEV infection with under-
lying chronic liver disease may lead to a higher mortality rate
of up to 75%.* Thus, hepatitis E has become a serious threat
to public health and has received significant attention.>
HEV is a quasi-enveloped, single-stranded, positive-sense
RNA virus that is approximately 27 ~ 34 nm in diameter.”
The HEV genome consists of three discontinuous and par-
tially overlapping open reading frames (ORFs), ORF1, ORF2,
and ORF3, among which ORF2 encodes a structural protein
(pORF2) constituting the viral capsid that is comprised of 660
amino acids (aa).® Immunodominant epitopes have been
found in the E2s domain (aa 459-606) and can form tight
homodimers. This region was also shown to be essential for
viral-host interaction.” The 66 aa extension toward the
N-terminus from the E2s domain appears to stabilize the
dimeric structure of E2 (aa 394-606), rendering it a useful

diagnostic agent.'” However, several pivotal amino acids
(T564, V598, A599, L601 and A602) have been identified to
be involved in E2 dimerization."' The mutant protein in this
study, named p213 (aa 394-606), appeared in the monomeric
form, as the Thr residue was mutated to Ala (T564A) in dimer
interface regions."' Moreover, the additional 27 aa extension
toward the N-terminus from the E2 domain results in the
formation of multimeric p239 particles (aa 368-606), render-
ing this construct more suitable as a vaccine candidate with
substantially enhanced immunogenicity.'”'> The HEV p239
vaccine was shown to be well tolerated and protected against
HEV infection with an efficacy of 100% (95% CI: 72.1% ~
100%) after three vaccine doses.'> The HEV p239 vaccine with
the trade name Hecolin® was commercialized for human use
in China in 2012.">'* Another vaccine with p459 virus-like
particles (VLPs) as an antigen showed high efficacy [95.5%
(95% CI: 85.6% ~ 98.6%)] against HEV infection in a phase II
trial (Figure 1(a)). However, given some obstacles,
GlaxoSmithKline (GSK) halted the development of this
vaccine."”

The mAbs recognizing conformational epitopes against
ORF2 have been raised as probes to study the critical epitopes
and understand the humoral immune response to HEV
ORF2-based vaccines.'® Comprehensive epitope mapping
and clustering have been used to develop a tool box with
representative mAbs recognizing conformational and linear
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Figure 1. Characterization of the different truncated versions of HEV pORF2. (a) Schematic representation of different truncated versions of HEV pORF2. The E2s
protein (aa 459-606), the shortest version of the dimer form, harbors the major neutralizing epitopes.!” The p213 peptide (aa 394-606) existed in
a monomeric form due to Thr residues being mutated to Ala (T564A)." p239 (aa 368-606) is the vaccine antigen in Hecolin® in a particulate form." p495
(aa 112-608), which can form VLPs with icosahedral symmetry, is used in the other HEV vaccine that has been tested in a phase Il clinical trial."® (b) Schematic
representation of p239 particle and p213 monomer evolution. p239 and p213 were used for subsequent analysis. The caveat is particulate p239 and
monomeric p213 differ in size by 26-aa. (c) The retention times in SEC-HPLC for p239 and p213 were 13.7 min and 18.2 min, respectively. The mutant p213
peptide exists as a monomer with an apparent MW of ~20 kDa. The MW of p239 particles was estimated to be ~3200 kDa.'® (d) Differential scanning
calorimetry (DSC) profiles of the p239 particle and p213 monomer. The melting transitions of the p239 particle and p213 monomer were estimated at peak
Tm values of 73.79°C and 67.61°C, respectively. (e) SDS-PAGE analysis of p239 particles and p213 monomers. Lanes marked with “N” indicate the sample under
non-reducing conditions (in the absence of B-mercaptoethanol and not heated). Lanes marked with “D” indicate the sample under reducing conditions (mixed
with B-mercaptoethanol and heated at 100°C for 10 min). (f) The morphologies of the p239 particle and p213 monomer were detected by transmission
electron microscopy (TEM). The scale bar was 100 nm.

epitopes.'®'” Among these mAbs, several broad neutralizing
mAbs (8Cl11, 8G12 and 9F7) recognize conformational neu-
tralizing epitopes in the dimerization region on ORF2 and can
protect rhesus macaques from HEV challenge.'" Thus,
these critical mAbs are usually used for the quality analysis
and immune response assessment of vaccines. Previous stu-
dies showed that high immunoreactivity of convalescent sera
from HEV-infected patients was demonstrated for recombi-
nant pORF2, particularly to dimeric antigens, but not to
monomeric antigens, indicating that reactive epitopes are
conformational.*>*' The presence of these epitopes may be
important for developing immunity to HEV infection. These
findings led to the very intriguing question of whether most
neutralizing antibodies elicited by the HEV p239 vaccine can
recognize similar epitopes, like these critical mAbs, and

answering this question would greatly increase our under-
standing of the protective mechanism of HEV vaccines.

In this study, we analyzed the characteristics of the human
immune response, primarily assessing the behaviors of the
elicited anti-HEV antibodies that were induced by the native
virus and the HEV p239-based vaccine. The representative
murine mAbs recognizing conformational neutralizing epi-
topes were analyzed quantitatively with respect to their bind-
ing preferences for particulate vs. monomeric capsid protein
antigens. This index of preferential binding to a particulate
antigen over the monomeric antigen was used to compare the
properties of well-characterized mAbs to the binding proper-
ties of murine and human serum samples. In addition, the
correlation between the binding titers and functional titers of
antibodies in vaccine-immunized mouse sera was observed,
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confirming that practice of using direct-binding ELISA as
a primary serological assay, such a simple and straightforward
assay can be used to assess HEV vaccine immunogenicity.

Materials and methods

Cell lines, monoclonal antibodies (mAbs), recombinant
HEV antigen and other reagents

HepG2 cells were purchased from American Type Culture
Collection (ATCC, Rockville, MD, USA). HEV capsid protein-
specific mAbs (8Cl11, 8Gl12, 9F7, 3A11, 12A10, 16D7) were
obtained in our laboratory as previously described.'>'®" The
recombinant p239 antigen and p213 antigen were expressed in
an E. coli system as previously described elsewhere.'”
Allophycocyanin (APC)-conjugated streptavidin and a goat
anti-mouse polyclonal antibody conjugated with horseradish
peroxidase (HRP) were purchased from Invitrogen (Waltham,
MA, USA). 3,3',5,5"-Tetramethylbenzidine (TMB) liquid sub-
strate was purchased from Innovax (Xiamen, Fujian, China).
Biotin labeling of p239 was performed according to the proto-
cols of Molecular Probes (Grand Island, NY, USA).

Serum samples

In each prefilled syringe, the HEV p239 vaccine Hecolin®
(Innovax, Xiamen, China) contains 30 pg of the purified
antigen adsorbed to 0.8 mg of aluminum hydroxide sus-
pended in 0.5 mL of buffered saline.” The vaccine was admi-
nistered intramuscularly in 3-dose regimens at months 0, 1
and 6. Vaccine-immunized human sera were collected one
month after the last immunization.”"> The convalescent
patient sera were obtained from Huashan Sub-Hospital of
Fudan University in Shanghai.

Balb/C female mice, aged 6 weeks, were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai,
China). The 32 Balb/C mice were divided randomly into two
groups. The mice in the two groups were injected with three
doses intramuscularly in the thigh at interval of 2 weeks (Week
0, 2, 4) with 0.5 pg and 1.0 ug doses of the vaccine in 0.1 mL,
respectively. Serum samples were collected prior to injection
and then collected every week after the first immunization.

Differential scanning calorimetry (DSC)

DSC analyses of p239 and p213 were performed using
a MicroCal VP-DSC instrument (GE Healthcare, Northa
mpton, MA, USA). Protein samples (0.2 mg/mL) were measured
at a heating rate of 1.5°C/min using a scanning temperature that
ranged from 10°C to 90°C. The software program MicroCal
Origin 7.0 (Origin-Lab Corp, Northampton, MA, USA) was
used to calculate the melting temperatures (Tm) based on the
melting curves.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

Polyacrylamide gels comprising 12% acrylamide in the separ-
ating gel and 5% acrylamide in the stacking gel were used.

Protein samples were mixed with equal volumes of loading
buffer (100 mmol/L Tris-HCI pH 6.8, 200 mmol/L -
mercaptoethanol, 4% sodium dodecyl sulfate, 0.2% bromo-
phenol blue and 20% glycerol). Sample mixtures were heated
at 100°C for 10 min and subsequently loaded onto the separ-
ating gel. For the non-reducing SDS gel, the buffer contained
only 0.1% SDS and no (B-mercaptoethanol, and the sample
was not boiled.

Size exclusion chromatography-high-performance liquid
chromatography (SEC-HPLC)

p239 and p213 were subjected to size analysis under native
conditions at a neutral pH of 7.4. These proteins were sepa-
rated by chromatography using a Agilent 1200 HPLC system
(Agilent Technologies, Santa Clara, CA, USA) with an analy-
tical TSK Gel PW5000x] 7.8 mm x 300 mm column (TOSOH,
Tokyo, Japan) after column equilibration and conditioning in
phosphate buffer saline (PBS). The flow rate was maintained
at 0.5 mL/min, and the protein signals in the eluents were
detected at 280 nm.

Enzyme-linked immunosorbent assay (ELISA)

Briefly, p239 and denatured p213 (100 ng/well) were coated on
96-well microplates. For denatured p213, the antigen was trea-
ted with dithiothreitol in carbonate buffer (pH = 9.6) and dried
overnight at 37°C to achieve denaturation on the solid surface in
96-well microtiter plates. The plates were blocked with assay
dilution buffer (PBS containing 0.5% casein, 2% gelatin and
0.1% proclin) for 2 h. The wells were then incubated with two-
fold serial dilutions of sera or mAbs for 1 h at 37°C. After five
washes, an HRP-conjugated goat anti-mouse IgG antibody was
added for 1 h at 37°C. After five washes, TMB (100 pL/well) was
added for 15 min at 37°C. The reaction was stopped by the
addition of 50 uL of 2 mol/L H,SO,, and the absorbance was
read at 450 nm (reference, 620 nm) using an automated ELISA
reader (TECAN, Minnedorf, Switzerland).

The cutoff value was defined as the average of that of the
negative control mice plus three times the standard
deviation.”” The binding titer of vaccine-immunized mouse
sera was expressed as the endpoint titer, which was defined as
the highest dilution reaching an absorbance value equal to or
higher than the cutoff value. The ratio of absorbance values at
450 nm (particle/monomer) at a serum dilution of 1:160 or
1:20 represents the fold change in the immunoreactivity of
serum against particles and monomers. The binding activities
of mAbs to particles and monomers are expressed as the
median effective concentration (ECsg, ng/mi). ECsg is defined
as the antibody concentration for 50% maximal binding. The
ratio of ECs values (ECso, monomer/ECso, particle) represents the
fold change in the binding activity of a mAb to particles and
monomers. Data analysis was performed using GraphPad
Prism 7.0 (GraphPad Software, San Diego, CA, USA).

In vitro functional titers assay of mouse sera

The functional titers of pooled mouse sera from multiple mice
for blocking the cellular entry of subviral particles (p239) were



assessed using a previously described flow cytometry neutra-
lization assay.”> Briefly, mixtures of biotin-conjugated p239
(2.0 pg/mL) and two-fold serial dilutions (beginning with
a dilution of 1:5) of sera were added to a 96-well culture
plate seeded with HepG2 cells (5 x 10* per well) and then
incubated at 37°C for 30 min. After washing three times, the
cells were reincubated with a 1:100 dilution of allophycocya-
nin-conjugated streptavidin for 30 min. The cells were then
washed with PBS and subjected to flow cytometry (Beckman
Coulter, Cary, NC, USA). The mock-adsorbed cells were
treated equally and used for background. The percentage of
positive cells was measured.

The functional titers of mouse sera are expressed as the
neutralization titer (NTsg), defined as the dilution required to
inhibit 50% of p239 particles from cellular entry. According to
the binding titers obtained in Week 11, the sera of two
different dose groups (0.5 pg and 1.0 pg) were divided into
three grades (high, medium and low levels). Sera at the same
level were mixed in equal volumes.

Statistical analysis

Statistical analyses of correlations in the data obtained from
the ELISA-based assay and cell-based assay were performed
using GraphPad Prism 7.0 (GraphPad Software, San Diego,
CA, USA). Four-parameter logistic fit curve-fitting was per-
formed for the direct-binding ELISA to derive ECs, values.

Ethics statement

All animal studies were conducted in strict accordance with the
Guide for the Care and Use of Laboratory Animals of the National
Research Council of the National Academies. The experimental
procedures and animal use and care protocols were carried out in
accordance with the guidelines of the Xiamen University
Institutional Committee for the Care and Use of Laboratory
Animals and were approved by the Committee on Ethical Use of
Animals of Xiamen University. The study with samples from
individuals was carried out in accordance with Chinese rules and
regulations for the protection of human subjects. Written
informed consent was obtained from each subject.

Results
Characterization of recombinant HEV capsid proteins

The different truncated versions of HEV pORF2 were over-
expressed, and they were found to spontaneously form var-
ious types of protein assemblies, with one specific truncation
and the mutation construct, the truncated viral capsid protein
remains as the monomeric form in aqueous solution. The
particulate and monomeric antigens were used to assess the
preferential binding behaviors of antibodies in naturally
infected patient sera and HEV p239 vaccine-immunized sera
from humans and mice. The assembled forms of different
truncated versions of HEV pORF2 were characterized for
their assembly status, and their expected assembly forms
were also confirmed prior to experiments for antigenicity
assays (Figure 1). The p239 peptide (HEV p239), the antigen
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in the licensed vaccine Hecolin®, can self-assemble into
a particulate form with a total of 239 amino acids (aa
368-606) (Figures 1(a,b)). To assess the binding properties
of different antibodies, a monomeric form of the capsid pro-
tein was designed and expressed. p213, a shorter truncated
version of pORF2 with a total of 213 amino acids (aa
394-606), was demonstrated to exist as a monomer by mutat-
ing Thr residues to Ala (T564A) (Figure 1(b))."! The retention
times in SEC-HPLC for p239 and p213 were 13.7 min and
18.2 min, respectively (Figure 1(c)); this reflects the much
smaller molecular size of p213 compared with that of p239
in solution. In DSC thermograms, a 6.8°C change in the
melting temperature (Tm) was discernible between p239 and
p213 (Figure 1(d)), supporting the notion that the monomeric
p213 has a much less ordered structure than p239. Aside from
the high-order structures, the molecular weights of the pro-
tein monomers were not that different. Under non-reducing
SDS-PAGE conditions (Figure 1(e)), p239 proteins presented
predominantly as homodimers with a molecular mass of ~45
kDa, whereas p213 proteins presented as monomers with
a molecular mass of ~20 kDa. Both proteins became mono-
meric after denaturation under more stringent denaturing
conditions (Figure 1(e) Lane D). Finally, in negative-stain
transmission electron microscopy, p239 presented as particles
with a range of diameters of 20 ~ 30 nm. No particles were
observed in the transmission electron microscopy (TEM)
images for p213 (Figure 1(f)), confirming that p213 existed
in the monomeric form in aqueous solution.

Strong preferential binding to conformational epitopes of
human anti-HEV antibodies

To determine the characteristics of immune responses induced
by natural virions and the HEV p239 vaccine, sera from natu-
rally infected patients and vaccine-immunized humans were
tested against particulate and monomeric antigens, respectively.
The comparative binding assays yielded a quantitative index of
binding to particulate vs. monomeric antigens for a given test
sample. The fold change in the immunoreactivity of sera against
particles and monomers was expressed as the ratio of absor-
bance values at 450 nm (particle/monomer) in parallel experi-
ments run under otherwise identical conditions. The
immunoreactivities of the naturally infected patient sera at
dilutions of 1:160 and 1:20 were more than ~10- to 20-fold
and ~5- to 10-fold higher than the immunoreactivity against the
monomeric antigen, respectively (Figures 2(a,c)). Similarly, the
immunoreactivities of sera from vaccinees at dilutions of 1:160
and 1:20 against the particulate antigen were more than ~10- to
20-fold and ~5- to 10-fold higher than the immunoreactivity
against the monomeric antigen, respectively (Figures 2(b,c)).
Furthermore, the endpoint titers were derived for all the test
samples. The binding titers for particulate antigen were approxi-
mately ~15- to 25-fold higher than those for binding to the
monomeric antigen in parallel experiments (Table S1).
Therefore, naturally infected patient sera and vaccine-
immunized human sera showed comparable preference for
binding the particulate antigen over the monomeric antigen,
supporting the notion that the p239 antigen mimics the con-
formational epitopes on virions with high fidelity.
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Figure 2. The immunoreactivities of naturally infected patient sera and vaccine-immunized human sera against particles and monomers. The sera showed different
immunoreactivities against the particle (black curve) and monomer (red curve) forms. The fold change in the immunoreactivity of sera against particles and
monomers was expressed as the ratio of absorbance values at 450 nm (particle/monomer) at a serum dilution of 1:160. (a) Naturally infected patient sera. (b)
Vaccine-immunized human sera. (c) Fold changes in the immunoreactivities of naturally infected patient sera and vaccine-immunized human sera at 1:20 and 1:160

dilutions against particles and monomers.

Conformational sensitivity of murine mAbs

A panel of mAbs with non-overlapping recognizing epitopes is
a critical asset in the epitope characterization of vaccine antigens
and in the characterization of elicited antibodies in vaccine-
immunized human or animal sera. Six murine mAbs were

analyzed with respect to their conformational sensitivity using
the previously mentioned particulate and monomeric antigens
in parallel as plate-coating antigens. Three of the mAbs (8Cl1,
8G12 and 9F7) are functional, neutralizing antibodies that recog-
nize three independent conformational antigenic sites on the



HEV capsid (Table S2). In addition, 3A11 and 16D7 recognize
linear non-neutralizing epitopes, whereas 12A10 recognizes
a linear neutralizing epitope. The binding activities are expressed
as ECsq values (ng/mL; a smaller ECsy value is indicative of
higher binding activity) (Table S1 and S2). The fold change in
the binding activities of mAbs to particles and monomers was
expressed as the ratio of ECs, values (ECso, monomer/ECso, particle)
or relative binding activity. The mAbs (12A10, 3A11, and 16D7)
targeting surface linear epitopes presented comparable binding
activities to particulate and monomeric forms (Figure 3(a)). By
contrast, the mAbs (8G12, 8C11 and 9F7) targeting conforma-
tional epitopes demonstrated a ~20- to 90-fold higher preferen-
tial binding to the particulate over the monomeric antigen
(Figure 3(b)). The degree of discrimination for 8C11 was higher
than that of 8G12 and 9F7, coupled to the fact that 8C11 can
capture the authentic HEV virions in solution efficiently,'® sug-
gesting that the structural requirement for the 8C11 epitope on
the viral capsid is highly stringent.

Conformation-sensitivity of antibodies elicited by 3-dose
immunization in mice

Although the mouse model is widely used in vaccine potency
evaluation, existing discrepancies in the immune response
between mice and humans could not be overlooked. To further
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study whether the HEV p239 vaccine is capable of eliciting
antibodies targeting conformational and neutralizing epitopes
in mice, 32 mice were immunized with a 3-dose regimen using
the HEV p239 vaccine to mimic vaccination procedures in
humans (Figure 4(a)). The anti-HEV binding titers of mouse
serum samples were monitored using HEV p239 as coating
antigen (Fig. S1). The mouse sera in Week 9 and 10 were used
to evaluate the immunoreactivity against particulate and mono-
meric antigens (Figures 4(b,c)). Similar to the results above,
notably different binding activities of mouse sera to particulate
antigen over monomeric antigen were observed. A strong pre-
ference of immunoreactivity to particulate antigen over mono-
meric antigen was demonstrated in the vaccine-immunized
mouse sera. Specifically, the immunoreactivity of mouse sera at
a dilution of 1:160 against particle was ~5- to 15-fold higher than
that against monomer based on absorbance values in ELISA.
Using endpoint titers, the mouse sera showed a ~ 40- to 130-fold
difference with particulate antigen vs. monomeric antigen as
coating antigen (Figure 4(c) and Table S1). The extent of pro-
minent preference for binding conformational epitopes of
mouse sera is comparable to those of the functional mAbs
8C11 and 9F7 (> 50- and ~90-fold), whereas the relatively
moderate fold change of ~10- to 20-fold in the binding titers of
human sera is similar to that of the mAb 8G12 (~20-fold)
(Figure 4(c)).
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Figure 3. The binding activities of six representative murine mAbs to particles and monomers. (a) mAbs recognizing linear epitopes (3A11, 12A10 and 16D7) to
particles (black curve) and monomers (red curve). (b) mAbs recognizing conformational epitopes (8C11, 8G12, and 9F7) to particles (black curve) and monomers (red
curve). The neutralizing mAb 8C11 showed more pronounced (>50-fold higher) preferential binding to the particulate over the monomeric antigen than the other

two mAbs (8G12 and 9F7) tested in the same comparative study.
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Figure 4. The immunoreactivities of vaccine-immunized mouse sera against particles and monomers. (a) The 32 Balb/C mice were divided into two groups and
immunized intramuscularly at three doses at an interval of two weeks (Week 0, 2, 4) with 0.5 pug and 1.0 pg of the p239 protein, respectively. Serum samples were
collected once a week (weeks 0-12). (b) The immunoreactivities of sera pooled from multiple mice against particles (black curve) and monomers (red curve). Sera
from mice in the same group were mixed at equal volumes. S-a and S-b represent the serum samples from mice at Week 9 administered doses of 0.5 pug and 1.0 pg,
respectively; S-c and S-d represent the serum samples from mice at Week 10 administered doses of 0.5 ug and 1.0 pg, respectively. The fold change in the
immunoreactivity was expressed as the ratio of absorbance values at 450 nm (particle/monomer) at a mouse serum dilution of 1:160. (c) The fold changes in the
reductions of binding activities of vaccine-immunized human sera, mouse sera and murine mAbs to particulate vs. monomeric antigens. The left y-axis depicts the
ratio of the endpoint titer (particle/monomer), which represents the fold changes in the reductions of the activities of vaccine-immunized human sera and mouse
sera. The ratio of ECso values (ECso, monomer/ECso, particte) represents the fold change in the reduction of mAb activity. The right y-axis depicts the ratio of absorbance

values at 450 nm (particle/monomer) at a serum dilution of 1:160.

Correlation between binding titers and functional titers

Recently, a cell-based assay was developed for a surrogate
assessment of the functionality of anti-HEV antibodies by
measuring the efficiency of viral neutralization.> The
assay is based on fluorescence-labeled p239 for the mea-
surement of cell entry (Figure 5(a)). The binding titers
(endpoint titers) and functional titers (NTsy) of mouse
sera are summarized in Table S3. A good correlation was
observed between the binding titers and functional titers,
with a Pearson’s correlation coefficient of 0.9117
(Figure 5(b) and Fig. S2). Therefore, the binding activ-
ities of antibodies in mouse sera, as reflected to the
binding to epitopes on recombinant HEV p239, made

a measurable contribution to the serum functional activity
in response to HEV.

Discussion

The recombinant HEV capsid protein, or pORF2, can sponta-
neously assemble into virus-like or subviral particles. These parti-
culate antigens were shown to have antigenic properties similar to
those of the capsid of the infectious virus based on immunochem-
ical and structural studies.”"** The native virus capsid and p239
particle share certain common antigenic determinants, especially
the conformational determinants associated with its particulate
form. Regarding the two truncated HEV recombinant proteins of
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Figure 5. The correlation between binding titers and functional titers. (a) The flow cytometry neutralization assay was used to evaluate the functional titers of
vaccine-immunized mouse sera based on fluorescence-labeled p239 for the measurement of cell entry.”> The functional titer was expressed as NTso, which was
defined as the dilution required to inhibit 50% of p239 particles from cellular entry. (b) The binding titer was plotted against the corresponding functional titer for
the same set of pooled sera. The sera were divided into three grades (high, medium and low levels) based on the binding titers of mouse sera at Week 11; sera at the
same level were mixed at equal volumes. All data listed in Table $3 were used for Pearson correlation assay between the binding titers and functional titers. The
correlations between binding titers and functional titers were assessed by Pearson correlation analysis. The correlation coefficient was calculated using GraphPad

Prism 7.0.

ORE?2 used in this study, particulate p239 and monomeric p213
share a common region (aa 394-606) that encompasses linear
epitopes (aa 394-495) and immunodominant conformational epi-
topes (aa 495-606)."" The antigenic activity of p239 particles is
related to their tertiary and quaternary structures. The conforma-
tional epitopes are comprised of multi-peptide segments folded in
proximity to form a given epitope. In contrast, a linear epitope is
based on a linear peptide with a stretch of a continuously arranged
series of amino acids comprising the primary structure of the
monomeric peptide, as demonstrated by p213.

The strong preference for binding to the conformational
epitopes in p239 (over monomeric p213) is indicative that in
hepatitis E human convalescent serum samples are predomi-
nantly the functional and conformation-sensitive antibodies
induced by persistent and chronic infection. This observation
is consistent with a previously reported phenomenon in which
convalescent patient sera reacted well with predominantly
pORF2 dimers, not monomers, in dot blot or Western blot
assays, whereas the serum samples from the acute phase were
less discriminating.”>*"** Since acute patient sera should con-
tain both IgM and IgG molecules capable of binding to dimers
and monomers, the convalescent serum immune response
post maturation should consist of primary IgGs with further
affinity maturation.”*>*® The IgGs should be more focused
on the more immunodominant epitopes on the pORF2 capsid
protein after an affinity maturation process. These clinically
relevant epitopes, mapped to the minimal unit of dimers on
the viral capsid, are the structural features that diagnostic
agents (for measuring meaningful titers in serum) and vaccine
antigens (for eliciting functional titers via immunization)
should mimic faithfully for the native virions.

Using the vaccine antigen HEV p239 (in a licensed vac-
cine), we showed that the vaccine-immunized human sera
tested strongly preferred the particulate antigen over the

monomeric antigen, highly similar to the convalescent
serum samples regarding the degree of discrimination
between conformational vs. linear epitopes. The data strongly
suggest that the overall conformation and fine-epitope struc-
tures in the recombinant vaccine antigen are largely the same
as those of the native virion capsid. Sera from both naturally
infected and vaccine-immunized humans failed to show sig-
nificant binding activity to the monomeric antigen p213,
indicating that only a very small portion of antibodies were
directed toward the unfolded monomeric capsid protein. This
result is indicative of a successful antigen design and biopro-
cessing during vaccine development using HEV p239 as the
antigen in this HEV prophylactic vaccine.

In general, the neutralizing and immunodominant epitopes
on viral antigens are generally conformational epitopes. Thus,
the immunogenic structure of a viral protein, mimicking that of
the native virions, is essential for the antigen design and devel-
opment of prophylactic vaccines.***” Related immunochemical
tools, such as mAbs with non-overlapping recognizing epitopes,
are critical for the epitope characterization of vaccine antigens
and the characterization of antibodies elicited by vaccines.******
More importantly, because of the importance of the 8C11 and
8GI12 epitopes (Figure 6(a)), these functional and neutralizing
mAbs were used in the assays to assess vaccine antigen integrity
and stability."” " The broad neutralizing antibodies (8Cl11,
8G12, 9F7) showed strong preferential binding to the particulate
over the monomeric antigen. The degree of discrimination for
these murine mAbs was also similar to that of the human sera
(from naturally infected or vaccinated individuals) or mouse sera
(with 3-dose immunization). Specifically, 8G12 could signifi-
cantly block the binding of HEV convalescent sera as well as
HEV p239 vaccine-immunized human sera to the vaccine
antigen.'” These data suggest that the neutralizing antibodies
in sera elicited by the HEV p239 vaccine, showing comparable
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Figure 6. Epitopes of HEV ORF2 recognized by mAbs and the different methods of HEV virus neutralization by functional antibodies. (a) HEV pORF2 and a schematic
representation of mAb binding sites localized within the HEV capsid protein. 12A10, 16D7, and 3A11 are the mAbs recognizing the linear epitopes located in aa
423-438, aa 428-442, and aa 443-457, respectively. 8C11, 8G12 and 9F7 are the mAbs recognizing the conformational epitopes located in aa 459-606. (b) The

different methods of HEV virus neutralization by functional antibodies.

the degree of conformational preference on viral capsid antigen
with mAbs (8C11, 8G12, 9F7), should play key roles in fending
oft HEV infection.

While it is critically important to measure the virus neu-
tralization efficiency in sera samples from vaccinees, there is
no convenient way to measure the functional activity of HEV
neutralizing antibody. The conventional methods are not only
laborious but are also restricted by the limited HEV infection
efficiency in vitro.® The pseudovirus system is also infeasible
for assessing the functionality of anti-HEV antibodies.** As
a surrogate functional assay, a cell-based assay was developed
for assessment of the functionality of anti-HEV antibodies
based on fluorescence-labeled p239 to detect the antibody

blocking of virus/subviral particle entry into cells.”” This
p239 blocking assay was shown to be highly specific and
sufficiently sensitive to evaluate the functional antibodies in
sera.”*! Good correlation was observed between the binding
titers and functional titers of antibodies in mouse sera, indi-
cating that the convenient ELISA-based assay with HEV p239
as coating antigen might be used as a primary serological
assay for assessing functional antibodies after immunization
with a vaccine. Interestedly, Thones et al.** also showed
a good correlation between antibody results obtained from
enzyme-linked immunosorbent assays and neutralization
assays for sera from human papillomavirus (HPV) VLP-
immunized mice.



Prophylactic vaccines confer protection against viral infec-
tion by inducing effective functional antibody titers. There are
several potential mechanisms by which functional antibodies
could prevent or suppress viral infection (Figure 6(b)).”* They
can directly block virus attachment to target cells by interfering
with virus-receptor interactions (attachment). They could also
block conformational changes and the requisite interactions
between the viral and endosomal membranes required for
fusion (cellular entry). Moreover, the antibodies can also pro-
hibit virus uncoating, leading to the inhibition of RNA release.
Protection from virus infection was conferred by such an
efficacious prophylactic vaccine,'> based on the recombinant
version of the sole capsid protein of the virions.

Recently, Yin et al.> reported that a secreted form of the
ORF2 protein (ORF2%) was observed and characterized in
HEV-infected rhesus macaque or patient serum. ORF2®
exhibits substantial conformational epitopes overlapping
with the capsid protein and could induce immune response
generated  conformational  neutralizing  antibodies.”
Importantly, both HEV antigen (ORF2®) and nucleic acids
(HEV RNA) showed long-term persistence (5 ~ 7 weeks) in
the serum or urine samples from HEV-infected monkeys
and humans.***> ORF2® antigen remained in HEV-infected
patient sera, raising the possibility of decoying, leading to
partial or full depletion of neutralizing antibodies in the
convalescent and acute sera.”>® Thus, hepatitis E patients
may be re-infected at a later time. ORF2°® antigen in HEV-
infected patient sera could reduce the protective efficiency
after vaccination with HEV vaccine. Therefore, further char-
acterization of ORF2S, particularly on the kinetics of ORF2S
clearance, should be of clinical importance.

In summary, vaccination with the HEV p239 vaccine can
confer protection from HEV infection. This protection mainly
depends on the elicitation of functional antibodies recogniz-
ing conformational neutralizing epitopes. The generation of
functional antibodies is dependent on the correct antigen
conformation and native-like epitope presentation on the
VLP surface in the vaccines. Similar to the conformation-
sensitive nature of some functional murine monoclonal anti-
bodies, a strong preference for binding to a well-assembled
particulate capsid antigen over a monomeric form was
observed for viral infection- or vaccination-induced antibo-
dies in humans. This is another line of evidence that recom-
binant p239 in a licensed vaccine harbors clinically relevant
and highly conformation-sensitive epitopes. Using a series of
mouse sera, a good correlation was observed between ELISA-
based binding titers and cell-based functional titers, confirm-
ing that the convenient direct-binding ELISA with properly
folded proteins as coating antigens can be used as the primary
serological assay for assessing vaccine immunogenicity.
Future efforts should be invested to analyze correlation
between the functional and binding titers in human serum
samples from vaccines to further support the use of ELISA as
high throughput assays for clinical studies.
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