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Abstract

Human enterovirus 71 (EV71) is the main causative agent of hand, foot, and mouth disease
(HFMD) and is associated with several severe neurological complications in the Asia-Pacific region.
Here, we evaluated that while passive transfer of neutralizing monoclonal antibody (nMADb) against
the VP2 protein protect against lethal EV71 infection in BALB/c mice. Protective nMAb were
mapped to residues [41-155 of VP2 by peptide ELISA. High-resolution structural analysis showed
that the epitope is part of the VP2 EF loop, which is the “puff”’ region that forms the “southern rim”
of the canyon. Moreover, a three-dimensional structural characterization for the puff region with
prior neutralizing epitopes and receptor-binding sites that can serve to inform vaccine strategies.
Interestingly, using hepatitis B virus core protein (HBc) as a carrier, we demonstrated that the
cross-neutralizing EV7 | antibodies were induced, and the VP2 epitope immunized mice serum also
conferred 100% in vivo passive protection. The mechanism of in vivo protection conferred by VP2
nMADb is in part attributed to the in vitro neutralizing titer and ability to bind authentic viral particles.
Importantly, the anti-VP2(aal41-155) antibodies could inhibit the binding of human serum to EV71
virions showed that the VP2 epitope is immunodominant. Collectively, our results suggest that a
broad-spectrum vaccine strategy targeting the high-affinity epitope of VP2 EF loop may elicits
effective immune responses against EV71 infection.

Key words: Human enterovirus 71, cross-neutralizing linear epitope, VP2 EF loop, therapeutic an-
tibodies, epitope peptide vaccine.

Introduction

Human enterovirus 71 (EV71) is a viral pathogen = disease (HFMD)[1, 2]. EV71 infection can also lead to
within the Picornaviridae family and is one of the severe neurological complications such as aseptic
common causative agents of hand, foot and mouth  meningitis, poliomyelitis-like paralysis, and possibly
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acute encephalitis. A significant increase in EV71 ep-
idemics with morbidity and mortality has been re-
ported worldwide, especially in the Asia-Pacific re-
gion[3-5]. EV71-associated cases with high mortality
rates of severe neurological diseases have been re-
ported in Bulgaria in 1975, Hungary in 1978, Malaysia
in 1997, Taiwan in 1998, 2000 and 2001, Australia in
1999, Singapore in 2000 and China in 2008[6-10]. In
2011 and 2012, there have been 1.61 million (including
509 deaths) and 2.19 million (including 569 deaths),
respectively, reported by the Chinese Ministry of
Health. In fact, EV71 is now represented a
pre-eminent neurotropic enterovirus and a threat to
global public health ever since the almost complete
eradication of poliovirus.

EV71 is a small, non-enveloped, posi-
tive-stranded RNA virus, comprising four capsid
proteins VP1, VP2, VP3 and VP4. High-resolution
structural analysis of the mature virus and expanded
natural empty particles shows that the EV71 virion is
structurally similar to other enteroviruses, which has
quasi-T=3 symmetry with 60 copies of each of the
viral structural proteins VP1-VP3 that have
B-sandwich “jelly-roll” folds; VP4 is located on the
inner surface of the capsid. The EV71 virion, like other
enterovirus, has a deep depression in the viral surface
called the “canyon” and thought to be the recep-
tor-binding site[11, 12]. On the outside of the particle,
the loops exposed on the virion surface are important
neutralizing immunogenic sites[13], residues 208-222
(GH loop) of VP1 being the most exposed are part of
an important neutralizing epitope of EV71[14]. In ad-
dition, the residues 141-150 of VP2 was identified as
an EV71 neutralization epitope by Liu et al.[15]. In-
terestingly, a large and highly variable surface loop of
VP2 protein, referred to as the puff region, is also
known to be a major neutralization site in other pi-
cornavirus including poliovirus, coxsackievirus and
rhinovirus. For example, the neutralization site N-Ag
IT of poliovirus type 1 (PV1) is located in the EF loop
and the carboxyl terminus of VP2[16]. The epitopes
identified in coxsackie A9 (CAV9) also present in the
“puft” region of VP2 as compared with poliovirus site
N-Ag II[17]. Notably, this epitope lies in the protrud-
ing hydrophilic loop region exposed on the viral cap-
sid surface, which is essential for understanding the
mechanisms of virus uncoating and infection. It has
been observed that the propeller tip and two-fold axes
position, using the cryo-EM structures of poliovirus
particles, are the site of egress of the N terminus of
VP1 and of the viral RNA. The propeller tip is formed
by the EF loop of VP2 and flanking polypeptide se-
quences from VP1 and VP3[18, 19]. Nevertheless, it
has not been reported yet whether the EF loop of VP2
plays an important role in the dynamic EV71

cell-entry process.

Currently, no effective commercial antiviral
therapies or prophylactic vaccines are available to
combat EV71 infections. The prevention and control
of EV71 has simply relied on public health surveil-
lance and quarantine. Epitope peptides are consid-
ered promising candidates for new-generation vac-
cines as a well-defined immunogenic epitope can
stimulate an effective and specific protective immune
response while avoiding potential undesirable
effects[20]. Moreover, by combining with multiple
epitopes, it may be capable of developing a
broad-spectrum vaccine to prevent a variety of virus-
es posing serious threats to health. Notably, contain-
ing a neutralizing epitope can serve as a promising
vaccine as it can elicit specific antibodies inhibiting
the interaction between the viral capsid protein and
its cellular receptor[14]. Foo et al.[21] have identified
the human CD4* T-cell epitopes within VP1 capsid
protein of EV71 that can induce proliferation of CD4+
T cells, then producing abundant IL-2 and IFN-y upon
stimulation. EV71-neutralizing antibodies elicited by
the synthetic peptide SP70 were able to confer good in
vivo passive protection against homologous and het-
erologous EV71 strains in suckling BALB/c mice[22].
Thus, epitope peptide vaccine is considered a prom-
ising candidate for EV71 prevention and infection
treatment. While the VP2 EF loop (residues 136-150)
are part of a neutralizing epitope of EV71, the epitope
has failed to elicit virus neutralizing antibody re-
sponse in mice[15, 23]. Therefore, the VP2 epitope
remains a lack of deeper evaluation of the in vivo
protection. In view of this, we are interested in de-
veloping a combination epitope peptide vaccine that
possesses neutralizing ability against all EV71 geno-
types, to facilitate the study of potential applications
for preventation and infection treatment.

In this study, we generated an EV71-specific
neutralizing monoclonal antibody (nMADb) (desig-
nated nMAb BB1A5) by immunization with activated
whole virus of EV71 strain 52-3 (Genotype C4). The
anti-VP2 MAb (BB1A5) protected mice against lethal
EV71 infection. Then the nMAb was fully mapped,
and found to target the cross-neutralizing linear
epitope on VP2 capsid protein, spanning amino acids
141-155. In particular, combining with the
high-resolution structures of EV71, we described that
the neutralizing epitope lies in a large and highly
variable surface loop of the VP2 protein, which plays
important role during EV71 uncoating and infection.
We generated a fusion protein with 149 aa of HBc
protein and VP2-epitope, and confirmed this protein
was able to spontaneously assemble into chimeric
HBc particles by electron microscopy. We further
proved that these particles were able to induce high
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titers of VP2-epitope specific serum antibodies, and
cross-neutralizing activity in cell culture. Consistent-
ly, it conferred 100% in vivo passive protection in
suckling BALB/c mice against EV71 infection. Our
results suggest that HBc particles carrying the
cross-neutralizing epitope of VP2 could be a promis-
ing candidate to develop a broad-spectrum vaccine
against EV71.

Materials and Methods

Cell lines, media and viruses.

RD cells were obtained from American Type
Culture Collection (ATCC), cultivated in Minimal
Essential Medium (GIBCO) supplemented with 10%
FBS (PAA) plus 2mM L-glutamine, 100U of penicillin,
and 100 pg of streptomycin per ml, and used for
preparation of EV71 and other enterovirus strains,
titration of those viruses, and neutralization assays.
Those EV71 strains were respectively isolated from
throat swabs and anal swabs of HFMD patients from
the Jiangsu, Taiwan and Academy of Military Medical
Sciences (Table 2). The EV71virions were loaded onto
a 15-50% continuous sucrose gradient, which resulted
in fractions with densities at 20-40% after 3 h ultra-
centrifugation (32,000 x g, SW41Ti rotor, Beckman).
The fractions were collected, and pelleted (100,000 x g
for 2 h), resuspended in PBS. The purified virus was
measured for the protein content using the BCA pro-
tein assay (Bio-Rad), and was stored in a -80°C
freezer.

Serially diluted virus samples (from 10 to 10-10)
were added to RD cells in 96-well plates, and four
wells were used at each dilution. The 96-well plates
were incubated for 7 days at 37°C, 5% CO» and cyto-
pathic effects (CPE) was observed using an inverted
microscope. The 50% tissue culture infectious doses
(TCIDsp) values were measured by determining CPE
and calculated according to the Behrens-Karber
method.

Monoclonal antibodies.

Anti-EV71 specific antibodies were produced by
our laboratory. A group of 6 Female BALB/c mice (6-8
weeks) were immunized subcutaneously with acti-
vated EV71 strain 52-3 (10* to 10° TCIDso) emulsified
in Freund’s complete adjuvant. Two booster doses
with the same 50% emulsion with Freund’s incom-
plete adjuvant were delivered to the mice at two-week
interval. The same antigen in PBS was directly in-
jected into spleen of mice with the highest serum an-
tibody titers against immunogen 3 days prior to cell
fusion. The fusion of spleen cells with mouse myelo-
ma cell was done as described[24]. Fusion of spleno-
cytes with Sp2/0Ag-14 myeloma cells (University of
Pavia, Lombardy, Italy) was performed using meth-

ods described in detail elsewhere[24, 25], with some
modifications. Briefly, hybridomas were selected with
GiBCO RPMI1640 plus hypoxanthine-aminopterin-
thymidine and 20% fatal bovine sera, and superna-
tants were screened by indirect ELISA or neutralizing
test against EV71. Positive clones were further grow
in GiBCO RPMI1640 plus 10% FBS for colonial sepa-
ration. Stable cell lines capable of producing mono-
clonal antibodies were cultured first using 24-well
plates, and then by 100ml cell culture flask for further
amplification. Cells collected from the cell flask were
injected into a mouse abdominal cavity. Ascitic fluid
was extracted from the mouse after 7-10 days. Puri-
fied MAbs were got from ascitic fluid by precipitating
with 50% ammonium sulfate, dialyzing with phos-
phate buffer (PB) at pH 7.4 and purifying with DEAE
column by HPLC. EV7l1-specific monoclonal anti-
bodies were conjugated with horseradish peroxidase
(HRP) by the NalO4 oxidation method followed by gel
filtration chromatography on a Superdex 200HR
column. The purified antibodies were saved at —20°C.

Production of recombinant proteins. (i)
Recombinant EV71 viral proteins.

Viral RNA was extracted from the culture su-
pernatant of the EV71 strain 52-3 infected cells using
Trizol reagent (Invitrogen). The cDNA was synthe-
sized using Superscript III reverse transcriptase
(Invitrogen) with three sets of reverse primers (Table
3). The purified PCR products were restricted by Nde
I and Xho I enzymes (TaKaRa, Japan) and cloned into
the pTO-T7 plasmid vector[26]. The recombinant
plasmids were verified by sequencing. For cloning
and expression experiments, E.coli strains DH5a and
ER2566 (NEB, American) were used. The plasmids to
express recombinant VP proteins were transformed
into E.coli ER2566. After 6 h of induction with 0.2 mM
isopropylthio-p-D-galactopyranoside (IPTG) at 37°C,
cells were centrifuged (9,000 x g for 5 min) and col-
lected in buffer (20 mM Tris-HCl, 5 mM EDTA, 50
mM NaCl, pH 8.0) prior to SDS-PAGE and western
blotting analysis. The recombinant EV71 viral pro-
teins were purified by electroelution combined with
SDS-PAGE. The concentrations of each of the recom-
binant EV71 antigens were determined using a BCA
protein assay, and antigens were saved at —20°C.

(ii) HBc(aal-149) and HBc-VP2(aal41-155).

To express the HBc-VP2(aal141-155) fusion pro-
tein, the VP2(aal141-155) gene was inserted into the
pC149/mut plasmid vector[27] by anneal oligos to
generate a plasmid HBc-VP2(aal41-155) with the
primers (Table 3), which inserted 15 amino acids be-
tween aa 78 and 83 of pC149/mut. Assemble the an-
nealing reaction by mixing 1 pL of each oligowith 48
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pL annealing buffer (100 mM NaCl and 50 mM
HEPES pH 7.4), Incubate the mixture at 90°C for 4
min, and then at 70°C for 10 min. Slowly cool the an-
nealed oligos to 10°C. The annealed oligo inserts can
be used immediately in a ligation reaction. Recombi-
nant HBc-VP2(aa141-155) and pC149/mut were pre-
pared as described previously[27]. Finally, the pro-
teins were determined by high performance liquid
chromatogram (HPLC) (System Gold Nouveau,
Beckman Coulter Ins.) assay.

SDS-PAGE analysis and Western blotting.

The purified recombinant proteins were ana-
lyzed by 12% SDS-PAGE and were stained by Coo-
massie blue. For Western blotting, mouse monoclonal
anti-HBc antibody (Beijing Wantai Biological Medcine
Co.) and nMAb BB1A5 were used. Briefly, the trans-
ferred nitrocellulose membrane was incubated in
blocking solution (5% skim milk in Tris-buffered sa-
line, TBS) for 1 h at 37°C, and washed thrice with
TTBS (0.05% Tween 20 in TBS) followed by incubation
at 37°C for 1 h with anti-HBc or nMAb BB1A5 that
was prediluted to 1:1,000 with blocking solution, and
washed thrice times with TTBS. Protein bands were
reacted in turn with MAb diluted 1:5,000 followed by
alkaline phosphatase (AKP)-conjugated goat an-
ti-mouse IgG (DAKO) and then developed with bro-
mochloroindole phosphate/nitro blue tetrazalium
substrate (BCIP/NBT).

Electron microscopy.

The fusion protein HBc-VP2(aal41-155) and
HBc(aal-149) were analyzed by negative staining
electron microscopy. Briefly, Samples were absorbed
onto a 200 mesh carbon-coated copper grids for 5 min.
Then the grids were washed twice with ddH,O and
air-dried. Specimens were evaluated by JEM-2100HC
electron microscope (JEOL, Tokyo, Japan) at about
25,000 magnification.

In vitro neutralization assay.

RD cell monolayers were prepared at 400,000
cells/ml in MEM (GIBCO) supplemented with 10%
FBS (PAA) and seeded at 40,000 cells per well into 96
well plates (NUNC). Serum samples were
heat-inactivated at 56°C for 30 min. Two-fold serial
dilutions from 1:8 to 1:2,048 were prepared in virus
diluent (MEM). Each sample was challenged with 100
TCIDsp per well of the EV71 strain 52-3. We also used
other five EV71 subgenotype strains (Table 2). After
incubated at 37°C, 5% CO: for 1 h, the serially diluted
samples were incubated with RD cells prepared in 96
well plates. The cultures in the 96-well plates were
incubated at 37°C for 7 days, and the TCIDsy values
were measured by CPE in infected cells. The neutral-
ization titers were read as the highest dilution in over

50% CPE, taken as the average of the triplicates.

Design and synthesis of peptides.

The entire VP2 capsid protein of EV71 strain 52-3
was used as a template to synthesize overlapping
15-mer peptides at MMG Co. (Germany). Each pep-
tide contains 15 amino acid residues with 10 residues
overlapping with the neighboring peptides. The VP2
epitope (residues 136-155) was synthesized to contain
a single alanine substitutions at each amino acid posi-
tion to identify key binding residues recognized by
BB1AS5.

ELISA. The 96-well plates were coated at 4°C
overnight with 1 pg/well of Peptides, HBc(aal-149),
HBc-VP2(aal141-155)and rVP2 in 50 mM carbonate
buffer (pH9.6). After washed with PBS containing
0.05% Tween 20, the plates were blocked with 0.05%
Tween 20 and 1% bovine serum albumin in PBS for 2
h at 37°C. The nMADb BB1AS5 to peptides (1:1,000), the
serum samples using 10-fold dilution series, and the
first dilution was 100-fold, added to the wells, and
were applied for 30 min at 37°C. Horseradish perox-
idase-conjugated goat anti-mouse (GAM-HRP) IgG
antibody was added into each well in a 1:5,000 dilu-
tion, and incubated for 30 min at 37°C. Visualization
was done by incubation with o-phenyl-diamine-2HCI
(10 pg/mL in 5 mM Tris-HCI, pH7.0) for 15 min, and
the reaction was stopped by adding 50 uL of 2 M
H>SO4. The wells were washed 5 times with PBST
(0.05% Tween 20 in PBS) between each step. Absorp-
tion was measured at Asso/s20. The procedure adopted
in virus ELISA is the same as given in peptides and
recombinant antigens ELISA. The procedure adopted
in virus ELISA and competitive ELISA is the same as
given in peptides and recombinant antigens ELISA.
For competitive ELISA, nMAb BB1A5 (10 or 50
pg/well), the serum of mice immunized with
HBc-VP2(aal141-155) and HBc(aal-149) (1:20 dilution)
were added to the wells in blocking solution (final
volume: 50 plL/well), and incubated for 30 min at
37°C. Then the human serum (1:50 dilution) was
added and incubated at 37°C for 30 min. After the
washings, mouse anti-human antibody labeled with
horseradish peroxidase was added to the plates (100
pL/well) at 1:200 dilution in PBS with 1% BSA (bo-
vine serum albumin), and incubated for 30 min at
37°C. The OD value was converted to percentage in-
hibition (PI) wusing the formula: PI (%)
=100-[(ODsample/ ODcontrol) X100]. Where OD of control
well represents the well containing human serum
alone.

Immunofluorescence Assay (IFA)

RD cells were plated onto 13x13 mm glass co-
verslips in 24-well plates and then infected with EV71
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strain JS 52-3. After 12 h cells on the cover glasses
were fixed with 4% paraformaldehyde for 30 min,
permeabilized with PBST (PBS+0.3% Triton X-100) for
10 min and blocked for 1 h with goat serum. Fixed and
permeabilized cells were incubated with nMAb
BB1A5 (1 pg/ml) and HBc-VP2(aal41-155) antisera
(1:200 dilution). After 1 h of incubation at 37°C, cells
were washed and incubated with GAM-FITC for 30
min. Finally, after 5 min DAPI nuclear staining, cells
on the cover glasses were observed using confocal
microscopy (MRC-1024, Biorad, Hercules, CA).

Capture ELISA and quantitative real-time
RT-PCR.

Serial dilutions of JS 52-3 with initial concentra-
tion of 107 TCIDsy were captured by antibody (2
pg/well) coated on microplate and incubated at 37°C
for 2 h. After washings, Viral RNA was extracted us-
ing a QIlAamp Mini viral RNA Extraction Kit (Qi-
agen). All samples were subject to quantification for
viral RNA copies by real-time RT-PCR, as described
previously[28, 29]. An unrelated antibody was used as
negative control. The viral copies of EV71 genome
was indirectly quantified from a DNA plasmid
standard curve by using EV71-VP1. Generation of a
standard curve and the logio values of the viral RNA
copies/ml were analyzed by using the CFX manager
software (Bio-Rad Laboratories, Inc.).

Clinical human serum serum samples

The clinical human serum samples used for this
study were well-characterized samples obtained from
previous study protocols[28]. Each serum sample was
divided into two aliquots prior to testing. One aliquot
was used to detect the viral RNA by RT-PCR. Another
aliquot was used to detect EV71 specific neutralizing
antibody titer (Table 4). All serum samples were kept
in aliquots at —20°C until use.

Mice immunization.

For immunization, five female Special pathogen
free (SPF) BALB/c mice (6-8 weeks) per group were
immunized subcutaneously (s.c.) with a 50% emul-
sion of Freund’s complete adjuvant containing either
100 pg of conjugated recombinant proteins
HBc-VP2(aal41-155) or HBc(aal-149). Three booster
doses in 50% emulsions with Freund’s incomplete
adjuvant were given at two weekly intervals. The
immunized animals were bled at 0, 2, 4, 6, 810,12
weeks for the serological tests, and the serum was
collected and stored at —80°C.

Passive protection test in mice.

Inbred BALB/c mice were obtained from the
Slac Laboratory Animal Co., Ltd., shanghai, China.
All institutional guidelines for animal care and use

were strictly followed throughout the experiments.
Groups of mice (n=11~13) within day 1 after birth
were challenged with 50 puL of EV71 (107 TCIDso per
mouse) intraperitoneally (i.p.). For sera protection, 50
uL of mice HBc-VP2(aal41-155) immunized sera were
administrated i.p. 24 h later, suckling mice from con-
trol groups were given HBc(aal-149) immunized sera.
For antibody treatment, 50 L. of nMAb (BB1A5) was
injected i.p. 24h later at a concentration of 60 pg per
body weight (g), suckling mice from control groups
were given 50 uL of MAb (EV71-X4G1) and PBS .
Every group contained two independent experiments.
Mice were monitored daily for body weight, clinical
illness and death until day 20 post-infection. The
grade of clinical disease was scored as follows: 0,
healthy; 1, lethargy and inactivity; 2, wasting; 3, limb
weakness; 4, hindlimb paralysis; and 5, moribund and
death. The protected mice were healthy throughout
the experiments.

Histopathologic and immunohistochemical
staining.

At day 5 to day 8 post-infection, challenged
mouse were subjected to histopathologic and im-
munohistochemical examination. Brain, spine, heart,
liver, lung, intestines and limb skeletal muscles were
separately harvested after euthanization, and then
fixed by immersion in 4% PBS-buffered formalin for
at least 72 h at room temperature. Fixed tissues were
bisected, embedded in paraffin and sectioned on 4
mm thick. For histopathologic test, tissue sections
were stained with hematoxylin and eosin. Immuno-
histochemical examination was performed by using
Ultrasensitive TMS-P kit (Fuzhou Maixin Biotech-
nology Development Co., Ltd., Fuzhou, China) and
DAB Detection Kit (Streptavidin-Biotin; Fuzhou
Maixin Biotechnology Development Co., Ltd., Fu-
zhou, China) according to manufacturer’s recom-
mendation. The primary antibody, I2D7, was a mouse
anti-EV71 VP1 monoclonal antibody (1 mg/mL,
1:1,000 dilution).

Results

Neutralizing MAb against the VP2 protein
protect mice from EV7I infection.

We assessed the neutralizing (BB1A5) MADb
which reacted specifically with rVP0 and rVP2 anti-
gens, and did not cross-react with other capsids (Fig.
1A, B). The in-house developed BB1A5 was found to
have a cross-genotype neutralizing ability against
EV71 strains of the B3, B4, C2 and C5 subgenotypes
with titers of 1:32 respectively. The in vivo protection
ability was evaluated by a mouse model of EV71 in-
fection using a mouse-adapted EV71 strain
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pSVA-MP4, with which newborn BALB/c mouse in-
fected intraperitoneally (107 TCIDsp) were found to
have neurological manifestations such as limb weak-
ness and limb paralysis prior to death. BBIA5 was
administered intraperitoneally (60 pg/g) respectively
24 hours after challenging. Excitingly, passive transfer
of neutralizing (BB1A5 [IgG2a]) provided significant
protection (100% [P<0.0001]) by contrast to PBS
treated mice (8%). The MAb EV71-X4G1 was a nega-
tive control, which showed a 8% protection rate (Table
1). Being able to react with the rVP2 protein and in
vitro neutralization assay imply that the VP2 antigen
contains a cross-genotype neutralization epitope.

TABLE |. MAb protection of newborn BALB/c mice2

MAD or control Isotype Neutralizing titer Survival(%) P value

PBS 0 1/13 (8)
BB1A5 IgG2a 32 13/13 (100) <0.0001
X4G1 IgG2b <38 1/13 (8)

aNewborn BALB/c mice was infected with 107 TCIDs of pSVA-MP4 as described
above, then the indicated MAbs(60 pg/ g) were passively injected i.p. 24 hours later.
Survival suvey was followed for 20 days, and P values were analyzed by the
log-rank test versus results for PBS-treated mice.
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Fig. 1. Specificity of nMAb BBIAS5 to EV7I antigens. (A) SDS-PAGE analysis of purified EV71 antigens. (B) Western blotting with EV7|-specific nMAb BBIAS. The
amount of viral proteins loaded in each lane was 10 ug. The lanes are as follows: lane M, molecular mass marker; lane |, non-fusion VPO recombinant protein (36 kDa); lane 2,
non-fusion VP| recombinant protein (33 kDa); lane 3, non-fusion VP2 recombinant protein (28 kDa); lane4, non-fusion VP3 recombinant protein (27 kDa). (C) Identification of
neutralization epitopes in the VP2 capsid protein by peptide ELISA. A set of 49 overlapping peptides covering the entire sequences of VP2 (49%15-mer peptides) were used to
coat 96-well plates. Hydrophobicity plots were generated using the Kyte-Doolittle algorithm implemented in Protean (Lasergene, DNAStar Inc., Madison, WI). The VP2-epitope

(peptide aal41-155) is indicated on the plot.
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In vitro characterization of protective MAb.

A set of 49 synthetic peptides consisting of 15
amino acids in length spanning the entire VP2 capsid
protein of EV71 strain 52-3 was prepared for epitope
mapping by peptide ELISA as described in Materials
and Methods. Among these 49 peptides, MADb
(BB1AD5) only reacted with peptides corresponding to
residues 136-155 of the VP2 subunit (Fig. 1C) which
was also identified as an EV71 neutralization epitope
by Liu et al. [15]. In contrast, anti-VP2 MAb was ob-
served to have higher reactivity with peptides
aal41-155 than aal36-150. The Kyte and Doolittle hy-
drophobicity plots of the VP2 capsid protein indicated
that aal41-155 is located within the major hydrophilic
regions of the protein (Fig. 1C). Therefore it is likely to
be in a surface-exposed region. Taken together, these
results reveal that there is a linear cross-genotype
neutralization epitope located within residues 141-155
of VP2. To identify critical amino acid residues within
the binding of BB1A5 to VP2 epitope, alanine (Ala)
substitution studies were performed. The results
presented in Fig. 2 show that the mutation of Thr
(T141A), Glu (E142A), Ser (S144A) and His (H145A)
significantly affected the binding affinity, suggesting
that these residues are the most critical antigenic de-
terminants of the VP2 epitope.

Structural analysis of the cross-neutralizing
epitope of VP2.

The structural studies of epitopes can provide
useful insights into their properties, including anti-
genicity and factors contributing to neutralizing ac-
tivity. Recently, Wang et al.[11] have determined a
high-resolution crystal structures of EV71 (genotype

VP2(an136-155)-G154A AGGTGTEDSHPPYKQTQPAA
VP2(an136-155)-P153A AGGTGTEDSHPPYKQTQAGA
VP2(22136-155)-Q152A AGGTGTEDSHPPYKQTAPGA
VP2(22136-155)-T151A AGGTGTEDSHPPYKQAQPGA
VP2(20136-155)-Q 1504 AGGTGTEDSHPPYKATQPGA
VP2(an136-155)-K149A AGGTGTEDSHPPYAQTQPGA
VP2(2n136-155)-Y148A AGGTGTEDSHPPAKQTQPGA
VP2(22136-155)-P147A AGGTGTEDSHPAYKQTQPGA
VP2(22136-155)-P146A AGGTGTEDSHAPYKQTQPGA
VP2(22136-155)-11454 AGGTGTEDSAPPYKQTQPGA
VP2(a0136-155)-S144A AGGTGTEDAHPPYKQTQPGA
VP2(a2136-155)-D143A AGGTGTEASHPPYKQTQPGA
VP2(22136-155)-E142A AGGTGTADSHPPYKQTQ PGA
VP2(aa136-155)-T141A AGGTGAEDSHPPYKQTQPGA
VP2(22136-155)-G140A AGGTATEDSHPPYKQTQPGA
VP2(a2136-155)-T139A AGGAGTEDSHPPYKQTQPGA
VP2(22136-155)-G138A AGATGTEDSHPPYKQTQPGA
VP2(aa136-155)-G137A AAGTGTEDSHPPYKQTQPGA

VP2(aa136-155)  AGGTGTEDSHPPYKQTQPGA

C4), including the 150S mature virion at 2.3-A resolu-
tion (Fig. 3A) and an expanded form of 825 empty
assembly intermediate at 2.88-A resolution (Fig. 3B).
Through atomic-level descriptions of two different
conformational states of the virus, Wang et al.[11]
have proposed a model for enterovirus uncoating in
which the GH loop of VP1 acts as an adaptor-sensor
for cellular receptor attachment. As shown in Fig. 3D,
the process of expansion results in the appearance of a
large hole (8 x 25 A) at the two-fold axis, disruptin
the pair of VP2 aA helices, and a second hole (7 x 9 A
in size) at the base of the canyon, either of which
might allow egress of the N terminus of VP1 and of
the viral RNA. Notably, the cross-neutralizing epitope
lies in the EF loop (magentas in Fig. 3C), the most
prominent and highly variable surface loop of the VP2
protein is the “puff” region that forms the “southern
rim” of the canyon. As shown in Fig. 3C,D, a separa-
tion similar to that on the VP2 aA helices at the
two-fold axes is observed on the pair of VP2 EF loops,
where Ca movements reach ~4.4 A. What's more, the
VP2 epitope undergoes a major conformational
switch, with residues 148-152 converting from helix
to loop upon expansion, and the Lys149 side chains
reposition to induce the conformational rearrange-
ment (Fig. 3E,F). Interestingly, the VP2 epitope near
the GH loop of VP1 (marine in Fig. 3C) interacts with
the GH loop of VP3 from a neighboring protomer
(firebrick in Fig. 3C), and these epitopes lie in the area
surrounding the second hole. Taken together, the
structural characterization of the EF loop of VP2 re-
veals features that may provide useful insights into
the trigger for the conformational changes associated
with the EV71 uncoating and infection.

0.0

0.5 1.0 1.5

OD.Value

2.0 2.5 3.0

Fig. 2 Identification of antigenic key residue(s) within VP2(aal36-155). Ala scanning (i.e., the substitution of alanine residues (A) for amino acids within the epitope)
were used to determine key amino acids for BBI A5 binding. The binding affinity was measured by peptide-ELISA. Error bars indicate standard error of mean from three individual

experiments.
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A

Fig. 3. Comparison of the cross-neutralizing epitope of VP2 from the mature virion and the expanded particle of Wang et al. [11]. (A) The mature EV71
virion (PDB: 3VBS), VPI, VP2, VP3 and VP4 are drawn in gray, lightblue, lightcyan and lightorange, respectively. (B) The expanded empty capsid (PDB: 3VBU), consisting of VPO
(a precursor protein in which VP4 and VP2 are covalently linked), VP1 and VP3. (C,D) Stereo pictures showing the VP2-epitope between the mature virus and empty particles
and two holes in the expanded structure. The diamond-shaped dimers are bounded by two fivefold and two threefold axes. A two-fold axis is at the center of the diamond. The
pocket factor (purple) is shown as a model of sphingosine and present in VPI. The VPI B-barrel, BC loop and surrounding residues 163-177 of VP| from the “northern” rim of
the canyon are indicated by yellow, orange, and green, respectively. The cross-neutralizing epitopeof VP2 is shown in magentas on the canyon region, together with the GH loop
of VPI (marine) and VP3 (firebrick), lies in the area surrounding the second hole. The pair of VP2 aA helices at the two-fold axis are shown in red. (E,F) Note the large
conformational rearrangement in the Lys 149 side chains of VP2-epitope. C, E, mature virus; D, F, expanded particle. All models were prepared with PyMOL (DeLano Scientific).

Insertion of the cross-neutralizing linear
epitope of EV71 VP2 into HBc protein.

We used a carboxyl-terminally truncated HBc
protein (aal-149) as an immune-enhancing carrier
protein to present the linear cross-genotype neutrali-
zation epitope VP2(aal41-155) as a foreign antigen.
The VP2(aal41-155) gene sequence was inserted into
the DNA sequence that codes for the major immu-
nodominant region (MIR) of HBc(aal-149). The re-
sulting HBc-VP2(aal41-155) fusion protein was effi-
ciently synthesized in E. coli ER2566. As shown in Fig.
4A, densitometric scanning of Coomassie blue stained
gels revealed that the purified fusion protein
HBc-VP2(aal141-155) amounted to more than 95% of
the total protein present, which was sufficiently pure
for immunizations. A band of identical mobility was
detected by Western blotting using mAbs against
HBc(aal-149) and HBc-VP2(aal141-155) (Fig. 4B,C).
Direct confirmation of efficient particle formation was
obtained by negative staining electron microsco-
py(EM). Numerous empty core-like particles with an
average diameter of 30 nm were observed (Fig. 4D,E).
The morphology of the chimeric HBc-VP2(aal41-155)

particles did not differ significantly from that of the
particles formed by HBc(aal-149) protein without
insertion.

Immunization of animals with
HBc-VP2(aal41-155) particles presenting
VP2-epitope.

To investigate the immunogenicity of chimeric
HBc particles, we immunized mice with
HBc-VP2(aa141-155) and HBc(aal-149), respectively,
using Freund’s adjuvant. The mice were immunized
at two-week intervals for four times. We analyzed the
serum by ELISA to identify IgG antibodies directed
against VP2, HBc-VP2(aal41-155) and the carrier
protein HBc. After 2 weeks from the first immuniza-
tion, anti-VP2 antibody was detectable in the serum of
mice immunized with HBc-VP2(aa141-155), and at the
fourth week the titer was around 10° while in the
serum of mice immunized with HBc(aal-149)and ad-
juvant almost no anti-VP2 antibody was detectable
(Fig. 5A). Since we used rVP2 as coated protein of the
ELISA, the anti-VP2 titer actually was the representa-
tive of VP2 epitope specific antibodies in the sera of
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HBc-VP2(aal41-155) immunized mice. So our result
suggests that the chimeric HBc protein carrying a VP2
epitope can induce VP2-epitope specific antibodies in
mice. We also compared the anti-HBc-VP2(aal41-155)
antibodies in different groups (Fig. 5B). Obviously
both HBc-VP2(aa141-155) and HBc(aal-149) induced
high titer of anti-HBc-VP2(aa141-155) antibodies (ac-
tually most of which should be anti-HBc(aal-149)
antibodies as shown in Fig. 5C).

The antisera were also analyzed by an in vitro
neutralization assay to determine their ability to neu-
tralize EV71 strain JS 52-3 replication in RD cells. The
neutralization titers against EV71 were barely de-
tectable (<1:8) in the anti-HBc(aal-149) antisera. In a
time-scale study (Fig. 6A), the HBc-VP2(aal41-155)
antisera resulted in a neutralization titer profile simi-
lar to the antibody titer profile, with neutralization
titers culminating at 8 weeks and persisting for at least
12 weeks. After four immunizations with adjuvant,
the HBc-VP2(aa141-155) induced a neutralization titer
of 1:32 against EV71 replication in RD cells. These
antisera against homologous VP1 of the JS strain ex-
hibited  cross-neutralization  activities  against
wild-type EV71 strains from subgenogroups B3, B4,
C2, C4 and C5 (Table 2). The data showed that
HBc-VP2(aal41-155) induced low neutralization an-
tibody titers and had a potential to be effective against

heterologous EV71 subgenogroups. The neutraliza-
tion titer of anti HBc-VP2(aal41-155) serum was
around 1:32 and 1:64 against EV71 subgenotype
strains (Fig. 6B). The antisera towards the VP2-epitope
were also assayed by ELISA where the wild-type
EV71 strains were individually coated onto the
96-well microtiter plates. A strong positive signal was
obtained when antisera were incubated with the virus
(Fig. 6C). Therefore, HBV core particles-surface dis-
playing VP2-epitope successfully retained antigenic
sites of EV71 and elicited neutralizing antibody re-
sponses and thus may serve as a candidate vaccine for
EV71.

TABLE 2. The information of related enterovirus strains

Virus strain  Genotype  Origin Year Genbank No.
pPSVA EV71 B3 / / /

02203 EV71 B4 Taiwan CDC 2006  JF420549
03149 EV71C2 Taiwan CDC 2008  JF420552
52-3 EV71 C4 Jiangsu CDC 2006  FJ600325

HS8 EV71 C4 AMMS 2008  JF420580
02969 EV71 C5 Taiwan CDC 2008  JF420554

AMMS: Academy of Military Medical Sciences, China
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Fig. 4. Analysis of purified recombinant proteins HBc-VP2(aal41-155) and VLP formation. (A) SDS-PAGE analysis of purified recombinant proteins. Lane M,
molecular mass marker; Lane |: purified HBc-VP2(aal41-155); Lane 2: purified HBc(aal-149). Western blotting with nMAb BBI A5 (B) and mouse monoclonal anti-HBc antibody
(€). Electron microphotographs of HBc-VP2(aal41-155) (D) and HBc(aal-149) (E) particles. Magnification: x25K.
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Fig. 5. Dynamic changes of antibody titer in immunized mice. Two groups of mice, each including 5 female BALB/c mice, were immunized subcutaneously with four
injections of 100 pg of different recombinant proteins on weeks 0, 2, 4, 6 and were bled at 0, 2, 4, 6, 8, 10, and 12 for the serological tests. (A) rVP2 as coated protein to detect
VP2-epitope specific antibodies; (B) HBc-VP2(aal41-155) as coated protein to detect anti-HBc(aal-149) antibodies and VP2-epitope specific antibodies (for rVP2 group); (C)
HBc(aal-149) as coated protein as a control. Each point represents the mean reciprocal logl0 endpoint titers and standard error.
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Fig. 6. Analysis of VP2-epitope specific neutralizing antibodies in immunized mice. EV7| neutralization titers of the antisera were determined by in vitro neutrali-
zation assay. Anti-EV71 IgG of antisera measured by ELISA using purified EV71 subgenogroup strains as coating antigen. (A) Neutralizing antibodies in the sera of immunized
BALB/c mice to EV7| strain JS 52-3 were tested. (B) Cross-Neutralization antibodies titers elicited by HBc-VP2(aal41-155) in mice at 8 post immunization weeks against 6 EV7|
subgenotype strains. (C) Reactivity of antisera (1:500 dilution, 8 post immunization weeks) to wild-type EV71 strains.

High-affinity VP2 epitope immunized mice
serum protect suckling mice from lethal EV71
strain infection.

The efficacy of passive protection of the antisera
induced by the chimeric HBc-VP2(aa141-155) particles
was evaluated by the EV71 mouse model described
above. In the experiment, newborn suckling BALB/c
mice was challenged with pSVA-MP4 (107 TCIDsy)
followed by administing intraperitoneally with the
respective antisera 24 hours later. Groups of mice that
received the anti-HBc-VP2(aal41-155) antisera with
an in vitro neutralizing titer of 1:32 did not display any
symptoms and remained healthy until the end of the
experiment. When the neutralizing antibody titer of
HBc-VP2(aal141-155) antisera was reduced to 1:16, the
survival rate of EV71-infected suckling mice dropped
to 78% and subsequently to 58% when the neutraliz-
ing antibody titer was further reduced to 1:8. While
groups of mice that received anti-HBc(aal-149) anti-
sera developed severe limb paralysis from day 5
post-infection (Fig. 7A) and reached to an average 4
score at day 7 post-infection (Fig. 7B). The final sur-

vival rate was 9.09% (Fig. 7C). To understand the dis-
tribution of virus and the pathological changes after
i.p. inoculation, neonatal mouse with limb paralysis
between day 5 and day 8 post-infection were selected
to undertake hematoxylin and eosin (HE) stain and
immunohistochemistry (IHC) examinations. Alt-
hough both protected group (Fig.8A) and mock group
(Fig. 8B) showed positive stains in intestine, the situa-
tions in brain and limb muscle were quietly different.
IHC results confirmed the presence of EV71-VP1 an-
tigen in the medulla oblongata (Fig. 8C) and limb
muscles (Fig. 8E). In comparison, no positive stain
was found in the medulla oblongata (Fig. 8D) or limb
muscles (Fig. 8F) from protected group. HE examina-
tion of mice from mock control revealed severe ne-
crotizing myositis (Fig. 8G) in the limb muscle com-
pared to normal morphous (Fig. 8H) from protected
group. These results showed that HBc-VP2(aal41-
155)-immunized serum was able to completely protect
newborn mice against lethal EV71 challenge at an in
vitro cross-neutralizing titer of 1:32.
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Fig. 7. In vivo passive protection by anti-HBc-VP2(aal41-155) antisera. Groups of one-day-old suckling BALB/c mice were infected i.p. with pSVA-MP4 (107 TCIDso per
mouse), then HBc(aal-149)-immunized serum, HBc-VP2(aal41-155) immunized serum or adjuvant immunized serum was injected i.p. 24 h later. (A) Representative picture of
hind limb paralysis caused by pSVA-MP4 at day 5 post-infection. The mouse on the right-hand side is an age-matched control from the HBc(aal-149)-immunized group. (B) Health
score of clinical disease and (C) mortality were monitored and recorded daily after infection. Representative results of two independent experiments were shown (n=11). The
Log-rank (Mantel-Cox) test was used to compare the survival rates of mice between HBc(aal-149) or adjuvant group and HBc-VP2(aal41-155) group at day 20 post-infection.

#k p< 0,0001.

Fig. 8. Contrast of pathological changes between HBc-VP2
(aal41-155)-immunized group and HBc(aal-149)-immunized group.
Groups of one-day-old BALB/c mice were innoculated i.p. with 107 TCIDso pSVA-MP4
per mouse, 24 h later, 50 pL HBc(aal-149)-immunized serum or
HBc-VP2(aal41-155)-immunized serum were injected i.p.. Mice were sacrificed and
tissues were collected as described in Materials and Methods. Positive stains occurred
in intestine of both groups (A B, arrow). In protected group, positive stains were
detected in the medulla oblongata (C, arrow) and limb muscle (E, arrow), severe
necrotizing myositis was distributed widely in the limb muscle (G, arrow). In con-
trast, positive stain was absent in the medulla oblongata (D) and muscle (F) of
adjuvant control, and no pathological changes were seen in the limb muscle (H).
Samples of A, B, C, D, E and F were processed by IHC analysis; Samples of G and H
were stained with hematoxylin and eosin. Magnifications, %200.

Binding property of anti-VP2(aal41-155) and
dominance in human serum.

We evaluated the VP2 neutralizing antibodies
for their capacity to bind authentic EV71 virions. On
the whole cell level, IFA was used to test the reactivity
of nMAb BB1A5 and HBc-VP2(aal41-155) antisera
with EV71 strain JS 52-3 infected RD cells. Consist-
ently, the results showed that the VP2 antibodies had
good reactivity with EV71 virus (Fig. 9A). In addition,
Serial dilutions of JS 52-3 with initial concentration of
107 TCIDso were captured by nMAb BB1A5. The dilu-
tion of 102 TCIDs with a viral EV71 copy number of
59.84/ml still generated a detectable signal in the re-
al-time PCR detection assay. Therefore, the nMAb
BB1Ab5 also showed good reactivity with normal EV71
viral particles by capture ELISA(Fig. 9B). These data
demonstrate that the anti-VP2(aal41-155) could bind
normal EV71 virions, explaining its ability to inhibit
virus attachment to cells. In addition, eight human
serum samples from patients with EV71 were positive
for PCR detection and neutralization assay (Table 4).
To investigate the abundance of VP2 epitope in hu-
man serum, we performed competitive ELISA ex-
periments. As seen in Fig. 9C, HBc-VP2(aal41-155)
antisera exhibited 61% inhibiton (P<0.05) by calculat-
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ing the mean PI value, while the HBc(aal-149) anti-
sera showed 30% inhibiton. Neutralizing (BB1A5
[IgG2a]) MADb provided significant inhibition (61%
[P<0.05] ) by contrast to nonrelated monoclonal antibody
(40%). The anti-VP2 MAbs have been shown to block
more than 60% of (EV71-infected) human sera from
binding EV71 virus 52-3, thus VP2 epitope is immu-
nodominant in human and seen as critical for eliciting
a neutralizing EV71 response. The clinical human
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serum samples were also assayed by ELISA where the  positive signal was obtained when human serum
VP2 epitope and EV71 strain JS 52-3 were individually =~ were incubated with VP2(aa141-155) epitope (Fig.
coated onto the 96-well microtiter plates. A strong  9D).
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Fig. 9. Analysis of the affinity of VP2 nMADb against authentic EV71| particles and dominance in human serum. (A) Immunofluorescence assay of JS 52-3 infected
RD cells. (B) The number of RNA genome copies/ml determined by the capture ELISA and TagMan real-time RT-PCR. The logjo values of the viral RNA copies/ml were calculated
through interpolation of the Ct values from the standard curve. Serial dilutions of JS 52-3 with initial concentration of 107 TCIDso were captured by nMAb BBIAS. The dilution
of 102 TCIDso with a viral EV71 copy number of 59.84/ml still generated a detectable signal in the real-time PCR detection assay. These experiments were repeated three times
and a representative result is shown. (C) Competitive ELISA test for anti-VP2 MAbs binding to EV7I virus. The dilution of nMAb BBIA5 (50 or 10 pg/well) and
HBc-VP2(aal41-155) antisera competed with human serum samples for specifically binding to EV71 virus 52-3 coated on the well. The nonrelated monoclonal antibody and
HBc(aal-149) antisera were used as negative positive controls respectively. The anti-VP2 MAbs have been shown to block more than 60% of (EV7 | -infected) human sera from
binding 52-3. (D) Reactivity of human serum (1:100 dilution) to VP2(aal41-155) epitope and EV71 strain ]S 52-3. The clinical human serum samples used were well-characterized
samples (Table 4).

TABLE 3. Oligonucleotide sequences of the primers used

Primer Sequence

EV71-VP1-Forward 5'-CATATGGGAGATAGGGTGGCAGATG-3'

EV71-VP1-Reverse 5'-CTCGAGTTAAAGAGTAGTGATCGCTGTGC-3'

EV71-VP2-Forward 5'-CATATGTCCCCATCCGCTGAGG-3'

EV71-VP2-Reverse 5'-CTCGAGTTATTGCGTGACTGCCTGC-3'

EV71-VP3-Forward 5'-CATATGGGGTTTCCCACTGAGCTG-3'

EV71-VP3-Reverse 5'-CTCGAGTTACTGGATGGTGCCCGTCTG-3!

VP2(aal41-155)-Forward 5'-GATCCACGGAAGATAGTCACCCCCCTTACAAGCAGACTCAACCCGGCGCCG-3!
VP2(aal41-155)-Reverse 5'-AATTCGGCGCCGGGTTGAGTCTGCTTGTAAGGGGGGTGACTATCTTCCGTG-3'

TABLE 4. The PCR detection and neutralization assay of human Discussion
serum samples from patients with EV71

Frequent HFMD epidemics caused by EV71 in-

No. of sera PCR detection Neutralization titer fection have created great public awareness and con-

CAL6 EV71 EV71 CAL6 cerns over the past decade, especially in the

1 - + 1024 0 . e . .
Asia-Pacific region. Despite tremendous research ef-

2 - + 1024 4096 . . . .
3 i . 256 0 forts, there is still a lack of effective vaccines and
4 . + 512 0 treatment strategies against EV71 infections. The
5 - + 256 32 epitope peptide vaccine has represented a promising
6 - + 2048 0 candidate for EV71 as the persistent research about
7 - + 2048 0 effective immunogenic epitopes in recent years. Here
8 - + 2048 0

we have derived with nMAb (BB1Ab), mapped by
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synthetic peptides and found to recognize an epitope
spanning amino acids 141 to 155 within the VP2 cap-
sid protein, enhanced in its immunogenicity by link-
age to the MIR of hepatitis B virus core protein.
Analysis of the serum of immunized mice showed
EV71-neutralizing antibodies response to the VP2
epitope against wild-type EV71 strains from sub-
genogroups B3, B4, C2, C4 and C5. An oral EV71
mouse model was found to cause widely infection to
many organs of mice, especially the CNS, then induce
severe CNS symptoms and death[30]. Further re-
searches have reported the possible pathway of EV71
infection to CNS through neural pathways[31]. Sever
CNS involvement induced by EV71 infection have
made the successful interruption of EV71 infection to
CNS one of the major parts of vaccine protection.
Through the in vivo passive protection assay, we
found that the anti-HBc-VP2(aa141-155) antisera was
not only able to protect the suckling mice from
EV71-related CNS symptoms and death, but also
successful in interrupting the spread of EV71 from the
intestine to muscles and brains.

Despite high titers of specific antibodies gener-
ated by VP2-epitope, the potential for these MAbs to
protect mice against lethal EV71 infection has been
underappreciated. In part, this disregard is due to
previous studies that failed to elicit virus neutralizing
antibody response in mice[15, 23]. Recently, Ye et
al.[32] showed that the possibility of using HBc-based
VLPs for delivery of SP55 and SP70 epitopes of EV71
to achieve enhanced immunogenicity and protection
against EV7linfection in the murine model. Moreover,
they found that the divergent mechanism of neutral-
ization and protection is in part attributed to their
respective ability to bind authentic viral particles. Our
data confirm that HBc-VP2(aal41-155)-immunized
serum confer 100% in vivo passive protection when
the newborn BALB/c mice are challenged with lethal
PSVA-MP4. In contrast, anti-VP2(aal141-155) reacted
with authentic viral particles (Fig. 9). Notably, in vitro
studies of binding property of anti-VP2(aal41-155)
have clearly shown that their attachment-blocking
effect and provided certain foundations in the devel-
opment of VP2(aa141-155) based epitope vaccine.

We have provided a detailed characterization of
the cross-neutralizing epitope of VP2 between the
mature virion and the expanded particle by using the
high-resolution structures of EV71, which is helpful to
understand the mechanisms of antibody-mediated
neutralization and the dynamic process of EV71 entry.
Wang et al[11] have proposed a sensor-adaptor
model in which receptor binding triggers virus un-
coating. For EV71, it has been shown that human
PSGL-1[33], scavenger receptor class B, member 2
(SCARB2)[34] and annexin II (Anx2)[35] are function-

al receptors for EV71 entry, and there may be more
receptor molecules facilitate infection. The latest
studies[36] have shown that EV71 binds to SCARB2
via a canyon or “pocket” region on the viral particle
surface comprising residue GIn-172 and surrounding
residues 163-177 of the capsid protein VP1 (green in
Fig. 3C), and soluble SCARB2 could induce confor-
mational changes of the viral capsid from 160 S to 135
S. Moreover, Anx2 as a cellular adherent factor that
interacts with EV71 via the VP1 B-sheet (yellow in Fig.
3C) and the partial BC loop (residues 97-106) (orange
in Fig. 3C)[35]. To develop a consistent naming of
epitopes, the VP1 p-barrel, BC loop and surrounding
residues 163-177 of VP1, which are part of the exposed
outer capsid surrounding the 5-fold axis and form the
“northern” rim of the canyon, will be defined as site 1.
In the expanded particle, the EF loop of VP2, the GH
loop of VP1 and VP3 lie in the area surrounding the
second hole will be named site 2; and the pair of VP2
aA helices at the two-fold axis will be named site 3.

A previous study revealed that two peptides,
SP55 and SP70, containing residues 163-177 of VP1
and the VP1 GH loop (residues 208-222) observed in
site 1 and 2, respectively, are as efficient as the whole
virion in eliciting neutralizing antibodies against
EV71[14]. In our studies, the cross-neutralizing
epitope of VP2 is located midway between site 1 and
3, adjacent to the VP1 GH loop (residues 208-222) and
is able to confer effective in vivo passive protection
against EV71 strains in suckling BALB/c mice. These
states allow us to propose a multiple receptors medi-
ated model in which SCARB2 or Anx2 may induce the
conformational rearrangement of site 1, which in
turns triggers the expulsion of the pocket factor, and
serve as a primary receptor for the initial expansion of
EV71particles in preparation for further contact with a
secondary receptor; upon expansion, the VP2 EF loop
(site 2) might contribute to a bridge that drives the
separation of the VP2 agA helices while the larger
might also allow the exit of RNA(Fig. 10). Although, it
is still unknown how the conformational changes
trigger release of the viral genome into the cell.

It has been proposed that antibody-mediated
neutralization of picornaviruses can inhibit infectivity
via a number of different mechanisms[37]. Consider-
ation of the results of this study suggests that the
mechanism of EV71 neutralization in vitro might neu-
tralize virions by stabilizing the capsid, which might
then prevent uncoating or conformational changes in
capsid morphology. Notably, neutralizing antibodies
elicited by VP2 epitope may bind to the surface of
EV71, and contact with the south wall of the canyon.
In the process of expansion, VP2 epitope undergoes a
separation, where Ca movements reach ~4.4 A In
addition, the expansion also results in a marked con-
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formational change in the GH loop of VP3 and the
appearance of a second hole[11]. It is possible that
occupancy of the VP2 EF loop overlaps with the GH
loop of VP1 and VP3 where lie in the area surround-
ing the second hole, and may prevents a necessary

Epithelial cell

SCARB2

Anti-VP2 EF loop
mAb

r

conformational change in the site 2. Therefore, the
stabilization of virions by antibodies is probably me-
diated by direct contact with the site 2 or “southern
rim” of the canyon region, and then inhibits the ex-
pansion process of EV71 (Fig. 10).

SCARB2

Blocked

\ )
\ )
=
®
w

Receptors

RNA release

Target cell

Fig. 10. A schematic representation showing the putative protective mechanism of VP2-epitope specific antibodies. According to the structure in Figure 7, a
portion of the capsid is shown to depict the model of EV71 uncoating which we proposed (a-c). The positions of VPI, VP2, and VP3 that form a single protomer are indicated in
relation to the twofold, threefold, and fivefold axes of symmetry of the particle. The positions of the defined site|-3 are indicated by blue dashed lines. The VP| B-barrel, BC loop
and surrounding residues 163-177 of VP| from site | are indicated by yellow, orange, and green, respectively. The EF loop of VP2, the GH loop of VP and VP3, which lie in the
area surrounding the second hole, are indicated in magenta, marine, firebrick, respectively. The pair of VP2 aA helices from site 3 is shown in red. We propose a multiple
receptors mediated model: SCARB2 or Anx2 is widely expressed in epithelial cell lines, which may serve as a primary receptor for the initial expansion of EV7|particles and
induce the conformational rearrangement of site |; upon expansion, the VP2 EF loop (site 2) may contribute to a bridge.PSGL-1 may bind to the site 2 and interact with the
SCARB?2, Anx2 or another unidentified receptor, which act as the possible secondary receptor to facilitate the expansion process. The mechanisms for VP2 antibodies mediated
EV71 neutralization in vitro might neutralize virions by stabilizing the capsid or block the PSGL-1-mediated viral infection process.

It has also been suggested that VP2 antibodies
might neutralize infectivity by interfering with the
attachment of EV71 virions to cellular receptors. A
large number of enteroviruses and rhinoviruses use a
canyon-like feature on their surface to attach to cellu-

lar receptors. Binding into the canyon appears to be
essential for the the uncoating process and the proper
release of RNA into the cytoplasm of the host cell.
Examples are human rhinoviruses and coxsackievirus
A21 in complex with intracellular adhesion mole-
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cule-1 (ICAM-1)[38, 39], poliovirus in complex with
poliovirus receptor (PVR)[40, 41] and coxsackievirus
B3 (CVB3) in complex with coxsackievirus-
adenovirus receptor (CAR)[42]. Previous studies have
demonstrated that the protruded E-F loop region of
VP2, which is especially variable in VP2 of picorna-
viruses, is one of the large contact regions between PV
and PVR and between CVA21 and its receptor
ICAM-1[38]. In addition, the interface between the
virus and the CAR receptor consists of the south rim
of the canyon and belong to the puff region of VP2
between BE and aB[42, 43]. This region forms the part
of neutralizing site 2 for the binding of neutralizing
antibodies in PV[44]. We have shown that Lys149 side
chains reposition plays a critical role in the conforma-
tional rearrangement of VP2 epitope. Because of
Lys149 in the puff was a potential determinant for the
human PSGL-1 interacts with EV71[45], the footprints
of the PSGL-1 and VP2 antibody binding sites may
overlap on the viral surface. In addition, PSGL-1 may
bind to the VP2 EF loop (site 2) and interact with the
SCARB2, Anx2 or another unidentified receptor,
which act as the possible secondary receptor to facili-
tate the early stages of EV71 uncoating and infection.
Therefore, VP2 antibodies are likely to block the
PSGL-1-mediated viral infection process via steric
hindrance (Fig. 10). Further cryo-electron microscopy
(cryoEM) studies of interactions of EV71 with VP2
antibodies and PSGL-1 receptor may provide precise
mechanism of neutralization by VP2 antibodjies.
Hepatitis B virus core (HBc) protein was first
reported as a promising VLP carrier in 1986 and was
one of the most promising delivery vehicles of foreign
epitopes suitable for designing highly immunogenic
vaccines[46]. At present, the malaria vaccine candi-
date ICC-1132 and the flu vaccine candidate
ACAM-FLU-ATM using HBc particles as an immune
vehicle have completed phase I clinical trials[47, 48].
In general, HBc particles not only possess an out-
standing ability to induce strong B cell, T cell and CTL
responses, but also can act as a T-cell-independent
and a T-cell-dependent antigen, which activates B
cells directly[49]. In addition, N- or C-terminal re-
gions, as well as the immunodominant loop in the
MIR region of the HBc protein are accepted widely as
targets for the introduction of foreign epitopes, en-
suring retention and even enhancement of the avidity
for the inserted epitope[50]. Results from our study
demonstrated that the cross-neutralizing epitope of
VP2 inserted into the MIR region of the HBc pro-
tein(aal-149) does not interfere with particle for-
mation, a prerequisite for the high immunogenicity of
HBc fusion products, and can elicit good neutralizing
antibody responses. In further study, we may need to
evaluate various parameters to increase the immu-

nogenicity of the chimeric HBc-VP2(aa141-155) parti-
cles, such as different molecular constructs, adjuvants,
and routes of administration. Specifically, an addi-
tional insertion of EV71-specific T cell or B cell
epitopes into the fusion protein or put other neutral-
izing epitopes of EV71 into the chimeric HBc particles
may improve the protective immunity. On the other
hand, to insert repeats of the VP2 epitope may in-
crease the immune response.

In the absence of a vaccine for EV71, our study
has demonstrated that the in vivo passive protection of
suckling BALB/c mice by antisera raised against the
HBc-VP2(aal41-155) fusion protein offers a potential
therapeutic treatment for EV71 infections. The Fab
region of the mouse anti-VP2(aal41-155) antibody
which recognizes and binds to the cross-neutralizing
linear VP2 epitope can be selected as a potential can-
didate for humanized antibody production. Human
monoclonal antibodies are a promising and rapidly
growing category of targeted therapeutic agents, with
7 approved in the United States, 3 under review by
the FDA, 7 in late-stage development and 81 in ear-
ly-stage  development[51]. The attributes of
broad-spectrum neutralizing activity, target specific-
ity and the ability to activate the immune system
suggest that the continuing promise of therapeutic
antibodies against EV71 infection.
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