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Monoclonal neutralizing antibodies against EV71 screened from
mice immunized with yeast-produced virus-like particles
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Periodic outbreaks of hand, foot and mouth disease (HFMD) occur in children under 5 years old,
and can cause death in some cases. The C4 strain of enterovirus 71 (EV71) is the main pathogen
that causes HFMD in China. Although no drugs against EV71 are available, some studies have
shown that candidate vaccines or viral capsid proteins can produce anti-EV71 immunity. In this
study, female BABL/c mice (6—8 weeks old) were immunized with virus-like particles (VLPs) of
EV71 produced in yeast to screen for anti-EV71 antibodies. Two hybridomas that could produce
neutralizing antibodies against EV71 were obtained. Both neutralizing mAbs (D4 and G12) were
confirmed to bind the VP1 capsid protein of EV71, and could protect > 95% cells from 100 TCID,,
EV71 infection at 25 pg/mL solution (lowest concentration). Those two neutralizing mAbs identified
in the study may be promising candidates in development for mAbs to treat EV71 infection, and
utilized as suitable reagents for use in diagnostic tests and biological studies.
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INTRODUCTION

Hand, foot and mouth disease (HFMD) is an infec-
tious disease that has shown outbreaks in the Asia-Pacific
region in recent years, especially in mainland China (Ho
et al., 1999; Fujimoto et al., 2002; Singh et al., 2002;
Baek et al., 2009; Zhang et al., 2009; Chatproedprai et
al., 2010). HFMD often occurs in children under the age
of five, causing mouth pain, loss of appetite, fever, and
sores or ulcers in patients’ hands, feet and mouths; it can
cause neurological complications in some cases (Lee
et al., 2009). Severe progression of HFMD can lead to
death (Chonmaitree et al., 1981). HFMD is caused by 20
types of enteroviruses; enterovirus 71 (EV71) is the most
common pathogen (Lee et al., 2009; Wong et al., 2010).
EV71 belongs to the enterovirus group of the family
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Picornaviridae (Wong et al., 2010).

No effective therapeutic approaches or vaccines
against HFMD are currently available. Live virus (Chang
et al., 2011), inactivated virus (Chang et al., 2010), and
recombinant VP1 protein (Wu et al., 2001; Chen et al.,
2006; Sivasamugham et al., 2006; Chen et al., 2008; Li
et al., 2009; Zhou et al., 2015) have been used to produce
anti-EV71 antibodies. EV71 virus-like particles (VLP)
are hollow viral particles that contain only the capsid
proteins (VPO, VP1, and VP3) but lack viral nucleic ac-
ids, and which cannot replicate autonomously (Liu et al.,
2011). VLPs are a new type of immunogen that can be
used to develop antiviral antibodies (Roldao et al., 2010;
Li et al., 2013); they possess complete epitopes, but are
much safer than inactivated virus or viral proteins alone.

In this study, highly purified EV71-VLPs produced in
yeast were used to immunize mice to generate hybrid-
omas for screening anti-EV71 antibodies. Two hybrid-
omas, which produced antibodies that could effectively
bind to EV71 were identified. Furthermore, the antiviral
capability of those two monoclonal neutralizing antibod-
ies was evaluated.
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MATERIALS AND METHODS

Antigens, immunization of mice, and hybridoma
generation

The EV71-VLPs were produced in yeast and were
provided by Shanghai Zerun Biotech Co., Ltd (Shanghai,
China). The female BALB/c mice (aged 6—8 weeks)
used in the immunization experiments were purchased
from the Hubei Provincial Center for Disease Control
and Prevention. One group of three mice was immunized
subcutaneously with 20 pg of EV71-VLPs mixed with an
equal volume of complete or incomplete Freund’s adju-
vant (for primary and booster injections, respectively) at
weeks 0, 2, and 4. Blood samples from each mouse were
collected from the tail artery at week 6 and their capacity
to bind EV71 was determined through ELISA. The mouse
with the highest titer was boosted with a double dose at
week 6. Splenocytes were isolated from this mouse and
fused with SP,, myeloma using PEG solution to gener-
ate hybridomas. After two weeks, hybridoma cells that
could produce EV71-specific antibodies were screened
by ELISA. Briefly, 20 ng of inactivated EV71 virus was
coated on 96-well ELISA plates and incubated overnight
at 4 °C. Then the plates were washed with PBST three
times, incubated with 100 uL of PBST containing 5%
non-fat milk for 1 h, washed with PBST three times, in-
cubated with 100 puL of hybridoma culture supernatant for
1 h, washed with PBST three times, incubated with 100
uL of anti-mouse IgG secondary antibodies conjugated
with horseradish peroxidase for 1 h, washed with PBST
three times, and incubated with 100 uL of chemilumines-
cent substrate. After color development, the reaction was
stopped by addition of 100 pL of 2 mmol/L H,SO, and
the absorbance was measured at 450 nm.

Cells, culture medium, and viruses

Human rhabdomyosarcoma (RD) cells were cultured
in DMEM (Dulbecco Modified Eagle Medium) supple-
mented with 100 mL/L fetal bovine serum (FBS, Gibco
BRL), 100 pg/mL of penicillin, and 100 pg/mL of strep-
tomycin. SP,, cells were cultured in RPMI-1640 medium
supplemented with 10% FBS, 100 pg/mL of penicillin
and 100 pg/mL of streptomycin. Hybridoma cells were
cultured in RPMI-1640 medium supplemented with 10%
FBS, 100 pg/mL of penicillin, 100 pg/mL streptomycin,
and HAT supplement (50%). The titers of EV71 strain C4
(China Center for Type Culture Collection (CCTCC) No.
GDV103, PopSet No. KC954663.1) were determined
using RD cells, which were expressed as the 50% tissue
culture infectious dose (TCIDs,), according to the Karber
method.

Antibody purification
Antibodies were purified from cell culture superna-
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tants using Protein A+G Sepharose™ (GE Healthcare),
according to the manufacturer’s instructions.

Characterization of purified antibodies by ELISA

Concentrations of proteins or antibodies were mea-
sured by the Bradford method. Twenty nanograms of VP1
protein, inactivated EV71 virus, or PBS were coated on
96-well ELISA plates and incubated overnight at 4 °C.
Purified mAbs (0.5 pg/well) were applied and incubated
at 37 °C for 1 h, followed by administration of an an-
ti-mouse IgG secondary antibody and the chemilumines-
cent substrate. Finally, the absorbance was measured at
450 nm.

SDS-PAGE and Western blot

Proteins samples (5 pg of VLPs, 10 pg of purified
mAb, or 5 pg of inactivated EV71 virus) were loaded
into a 10% SDS-polyacrylamide gel for electrophoresis.
Samples were stained with Coomassie blue or transferred
to PVDF membrane. For Western blot analysis, the mem-
brane was successively immersed in 5% BSA at 4 °C,
incubated for 1 h with purified mAbs (1.6 mg/mL) or a
VP1-specific antiserum, washed with TBST three times,
incubated with anti-mouse IgG secondary antibodies
conjugated with horseradish peroxidase, and washed in
TBST a further three times. Finally, the proteins were vi-
sualized using SuperSignal West Pico Chemiluminescent
Substrate.

Neutralization assay

The neutralization concentration of purified mAb (1.6
mg/mL) was determined using a plaque reduction assay
and a TCID;, reduction assay in RD cells. RD cells were
cultured in 96-well plates overnight until 70% conflu-
ence. Antibodies were serially diluted two-fold with
DMEM containing 2% FBS. One hundred microliters of
EV71 virus containing 100 TCID,, was mixed with 100
pL of diluted mAb. After incubation at 37 °C for 1 h,
the mixtures were added to the RD cells. After 6 days of
culture, the lowest neutralization concentration was eval-
uated by observing the appearance of cytopathic effects
(CPE).

RESULTS

Characterization of EV71-VLPs produced in
yeast

The physical structure of the EV71-VLPs was deter-
mined using transmission electron microscope (TEM)
analysis at the instrument center of the College of Life
Sciences, Wuhan University. TEM images of negative-
ly stained samples showed the presence of intact VLPs
(Figure 1A), which had an icosahedral structure and
which were morphologically similar to EV71 virus par-
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Figure 1. Virus-like particles were characterized using TEM examination (A) and SDS-PAGE (B). (A) Images of
VLPs were analyzed by TEM at 160,000%x magnification. The VLPs were approximately 30 nm in diameter and
were morphologically similar to empty particles of EV71. (B) SDS-PAGE assay demonstrated the presence of three
EV71 capsid proteins (5 pg VLPs): VPO (38 kDa), VP1 (36 kDa), and VP3 (27 kDa) in the VLPs.
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Figure 2. Relative titer of mAbs reacted with different antigens and specificity testing of mAbs. (A) The purified anti-
EV71 antibodies (10 pg per lane) were analyzed by SDS-PAGE. Lane M, protein size standards; Lane 1, mAb
from G12 hybridoma cells (mAb G12); lane 2, antibodies from D4 hybridoma cells (mAb D4). (B) Triplicate samples
(20 ng/well of VP1 protein, inactivated EV71 virus, or PBS) were added to a 96-well ELISA plate. Purified antibody
(0.5 pg/well) was applied and incubated at 37 °C for 1 h, followed by an anti-mouse IgG secondary antibody.
Anti-HBsAg mAb and PBS were used as the negative control and the blank control, respectively. The average
OD,s5, + standard showed the relative titer. (C) Five micrograms of inactivated EV71 virus was resolved using a
10% SDS-PAGE gel, followed transfer to a PVDF membrane, probing with mAb D4, G12, HBsAg mAb, or VP1-
specific antiserum and incubated with anti-mouse 1gG horseradish peroxidase-conjugated secondary antibodies.
Uninfected RD cells were used as the negative control.
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ticles (Wang et al., 2012). The SDS-PAGE assay showed
the presence of three major structural proteins, VPO (38
kDa), VP1 (36 kDa), and VP3 (27 kDa), of EV71 in the
VLPs (Figure 1B). Thus, VLPs produced in yeast are of
good quality and can be used as immunogens.

Screening of hybridomas that secrete anti-EV71
antibodies

The supernatant of the hybridoma cell culture was as-
sayed by ELISA to evaluate its ability to bind to inactivat-
ed EV71 virus. The neutralization capacity of the positive
supernatants was determined by an in vitro neutralization
assay. Following four rounds of ELISA and neutralization
assay screening, two hybridomas (D4 and G12) that could
produce anti-EV71 antibodies that showed a strong re-
action with the above antigens and that could effectively
inhibit EV71 infection were identified.

Purity, titer, and specificity of anti-EV71
antibodies

The purity and integrity of the antibodies that were pu-
rified from the supernatant of the hybridoma D4 or G12
cell cultures with protein A+G Sepharose™ were ana-
lyzed by SDS-PAGE. The heavy chain (55 kDa) and light
chain (25 kDa) molecules of both antibodies (mAb D4
and G12) were as expected (Figure 2A, lanes 1 and 2).

The D4 and G12 mAbs were then analyzed with
ELISA to determine their relative titers with different
antigens (VP1 protein, inactivated EV71 virus, or PBS).
As shown in Figure 2B, both purified mAbs reacted with
the VP1 protein and the inactivated EV71 virus, but the
anti-HBsAg negative control and the PBS blank control
showed no significant reactivity with the antigens.

The specificity of the D4 and G12 mAbs were evaluat-
ed by Western blot analysis. Comparison of VP1-specific
antiserum with control anti-HBsAg showed that both
purified mAbs could react with VP1 of EV71 positively
and specifically (Figure 2C).

Neutralizing effect of anti-EV71 D4 and G12
mAbs

The neutralizing effect of the purified antibodies was
tested using an in vitro neutralization assay. EV71 (100
TCID,) was incubated with serially diluted antibodies,
followed by infection of RD cells. Uninfected RD cells
were used as negative controls and infected RD cells
with PBS were used as positive controls. As shown in
Table 1, the lowest mAb concentration that could protect
> 95% cells from CPE was 25 pg/mL. In contrast, RD
cells infected with the virus alone showed severe CPE
that resulted in cell rounding, aggregation, and flotation
(Figure 3A).

Uninfected RD cells grew normally (Figure 3B). As
shown by the plaque reduction and TCIDj, assays, pre-
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Table 1. Neutralization capacity of purified mAbs to inhibit
CPE

mAb concentration (ug/mL) D4 G12
1600 T T
800 T T
400 + +
200 + +
100 + +
50 + +
25 + +
12.5 - -
6.25 - -

“+” indicates mAbs could protect > 95% of cells from EV71
infection; lack of protection is shown as “-”

Figure 3. Effect of mAbs treatment on EV71-induced
CPE. Cells were photographed at 6 days post-infection.
(A\) Infected RD cells incubated with PBS. (B) Uninfected
RD cells. (C) pretreated EV71 with 25 pg/mL of mAb
G12. (D) Pretreated EV71 with 25 pg/mL of mAb D4.

treatment of the virus with the lowest concentration an-
ti-EV71 antibodies (25 pg/mL of G12 or D4) protected
> 95% of cells from CPE development (Figure 3C, mAb
G12; Figure 3D, mAb D4). Thus, the two purified anti-
bodies have EV71-neutralizing effects.

DISCUSSION

Neutralizing antibodies against EV71 have been pro-
duced in mice immunized with live virus (Chang et al.,
2011), inactivated virus (Chang et al., 2010), or recom-
binant VP1 protein (Wu et al., 2001; Chen et al., 2006;
Sivasamugham et al., 2006; Chen et al., 2008; Li et al.,
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2009; Zhou et al., 2015). Live or inactivated virus can
produce a high level of immunogenicity and protection.
However, the safety of these treatments is controversial.
Although the immunogenicity of recombinant VP1 pro-
tein is limited, due to a lack of sufficient epitopes, SP70
(VP1 208-222 aa) produces effective antibodies against
EV71 but with a low neutralizing titer.

Virus-like particles (VLPs) are composed of viral cap-
sid proteins, but lack the complete virus genome. VLPs
have the same morphology and structure as viral capsid
proteins. The immunogenicity of VLPs is usually sim-
ilar to that of the live or inactivated virus but stronger
than that of a single viral protein; their safety is as high
as that of single protein antigens. Therefore, VLPs have
become a crucial material for development of therapeutic
approaches and vaccines against viruses (Roldao et al.,
2010). Li et al. (2013) reported that EV71-VLPs, which
were produced by expressing the P1 and 3CD proteins in
a yeast cell expression system, could efficiently induce
robust humoral and cellular responses in mice. IgG titer
and cytokine (IFN-y, IL-2, IL-4, and IL-6) levels were
significantly increased. In addition, serum from immu-
nized mice appeared to neutralize EV71.

In our study, we used highly purified EV71-VLPs gen-
erated in yeast to stimulate mice for screening of neutral-
izing antibodies against EV71. Both ELISA and Western
blot analyses showed that the neutralizing antibodies
secreted from two strains of hybridoma cells (G12, D4)
could effectively recognize EV71 capsid proteins and
showed anti-EV71 capacity. Both antibodies could pro-
tect > 95% of cells from 100 TCIDs, EV71 infection in
25 ug/mL solution. The results demonstrated that VLPs
of EV71 can elicit the production of neutralizing anti-
bodies in mice, and those two neutralizing mAbs may be
promising candidates in development for mAbs to treat
EV71 infection, and utilized as suitable reagents for use
in diagnostic tests and biological studies.
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