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Abstract

utilized as promising therapeutic drug candidate.

Background: Enterovirus A 71 (EV71) is a neurotropic virus that may lead to acute flaccid paralysis, encephalitis,
cardiopulmonary failure or even death. No vaccine and defensive drug controlling EV71 is currently available, novel
and efficient antiviral drug or vaccine is therefore urgently needed. 3pP°! (RNA-dependent RNA polymerase (RdRp))
has been an important target for anti-EV71 drug development.

Methods: A panel of monoclonal IgG antibodies (mAbs) against EV71 3D were generated by traditional cell
fusion methods. And the antibody affinity and specificity to EV71 3DP° were evaluated by Enzyme-linked
Immunosorbent Assay (ELISA), Indirect Fluorescent Assay (IFA) and Western blotting. Antiviral activities of
these antibodies were also determined in vitro and in vivo.

Results: Two mAbs towards EV71 3DP°' were able to effectively suppress EV71 replication in Vero-1008 cell when
intracellarly delivered. And they also dampened the RNA polymerase activity of 3DP°' in vitro. More importantly, these
mAbs provided partial protection in EV71-challenged neonatal murine challenge model.

Conclusions: These results showed that two of mAbs against EV71 3D inhibited EV71 replication and could be
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Background

Enterovirus A 71 (EV71) mainly infects children under
the age of 5years old, occasionally causing damage in
neuron system [1]. Sporadic cases of EV71 infection ap-
pear throughout the world, primarily in Southeast Asian
countries [2]. As the major causative agent of hand, foot
and mouth disease (HFMD), EV71 contains a single
plus-strand RNA genome of approximately 7kb in
length. During viral infection, four capsid proteins (VP1,
VP2, VP3 and VP4) are translated, among which VP1
plays dominant role during viral acquisition and dissem-
ination. While viral non-structural proteins (2AP*°, 2 BC,
2B, 2C, 3AB, 3A, 3B (VPg), 3CDP™, 3C”™, and 3DP°)
manage immune escape, precursor protein cleavage,
and progeny virus maturation [3]. Particularly, 3DP°!
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directs uridylylation of 3B and replication of viral
genome RNA [4].

Currently, no specific vaccine or drug is available for
preventing EV71 infection. Monoclonal antibody (mAb)
has been demonstrated promising for preventing from
virus infection [5]. Many EV71-neutralizing murine
mAbs have been generated by hybridoma technique
using SP70 peptide [6], inactivated virus particle [7], live
virus [8], or recombinant virus-like particles (VLPs) [9]
as immunogens. However, all the above mentioned
mAbs are specifically against viral capsid protein VPI1.
Few mAbs against non-structural protein of EV71 has
been studied in detail. Our recent study on throat swab
specimens from clinically confirmed EV71-infected
out-patient children showed the antibody response after
EV71 infection was not only against viral structural
proteins such as VP1 and VP2, but also against non-
structural protein 3DP". Furthermore, the EV71 infec-
tion of the children correlated with their preexisted IgG
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against EV71 induced in former infection [10]. We won-
dered whether the antibody against non-structural pro-
tein 3DP° in the course of EV71 infection has antiviral
function. Here in this report, we developed a panel of
EV71 3DP°-specific mAbs, and characterized their anti-
viral activities in vitro and in vivo.

Results

Generation of mAbs against 3DP°' of EV71

We generated mAbs against 3DP® by traditional hybrid-
oma method and obtained a panel of mAbs against
EV71 3DP°. We achieved three mAbs 3A12, 2A10 and
7A6G1, and the property of each mAb was summarized
in Table 1. 3A12 and 7A6G1 are IgG1 subtype with typ-
ical heavy chains about 50 kD and light chains about 27
kD, while 2A10 is IgG2a subtype with typical heavy
chains about 50 kD and light chains about 24 kD
(Fig. 1a). Ratio of each mAb heavy chain(HC)/light
chain(LC) was close to 2 (Additional file 1: Figure S1).
Specificities of the mAbs were identified with EV71-in-
fected Vero-1008 cells by IFA using the mAbs as pri-
mary antibodies. The serum from 3DP°l-immunized
mice was used as positive control here. The mAb 5G10
which is specific to Salmonella flagellin severed as
negative mAb control [11]. The result showed the
EV71-specific green florescent signals were mostly lo-
cated in cytoplasm (Fig. 1b). Mean fluorescence intensity
(MFI) of each virus infected cell was about 5000
(Additional file 2: Figure S2). Cell lysate of EV71-infected
Vero-1008 cell was subject to Western blotting assay, a
clear 51 kD band of 3DP* and a 55 kD band of cleaved
3CDP protein could be detected, while a 70 kD band of
3CDP (a precursor of 3DP°Y) could also be detected
(Fig. 1c) as similar as reported previously [12].

Identification of the regions recognized by the mAbs

To identify the recognized epitopes recognized by the dis-
tinct mAbs, three recombinant 3DP® proteins with serial
C-terminal truncations were prepared for Western blotting
assay (Fig. 2a). 3A12 showed binding ability to all the three
truncated proteins and the intact 3DP* protein. 2A10
showed binding ability to all the proteins but truncated in
C-terminal 120-462 amino acid, while 7A6G1 to none of
the three truncated proteins but only the intact 3DP* (Fig.
2b). The result suggested that the 3A12 recognized 3D in

Table 1 Charateristics of mAbs IgG against EV71 3DP°

mAbs IgG subtype  Recognized ~ ELISA  IFA Western blot
region (AA)

3A12 IgG1 1-120 +++ ++

2A10 lgG2a 121-250 +++ +++

7A6G1  IgGl 360-462 +++ +++  +

AA amino acid
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1-120 amino acid of 3DP*! N-terminal, 2A10 recognized in
120-250 amino acid, and 7A6G1 recognized in C-terminal
360—-462 amino acid (Fig. 2¢).

In vitro inhibition abilities of the mAbs

Inhibition abilities of the mAbs were rapidly evaluated in
an RdRp-mediated RNA elongation system (Fig. 3a), in
which antibody binds to RdRp, the RNA elongation
would be blocked. When mAbs 3A12 or 2A10 engaged
with 3DP?, the elongated RNA band almost disappeared,
however the applications of 7A6G1 and 5G10 did not
significantly inhibit the quantity of elongated RNA
(Fig. 3b). 5G10 served as an irrelative antibody control.
Therefore, mAbs 3A12 and 2A10 remarkably inhibited
the RNA elongation compared with 7A6G1 and 5G10.

Antiviral capacity of the intracellular mAbs

In order to demonstrate whether intracellular mAbs
could inhibit viral replication, antiviral capacity of mAbs
were evaluated in EV71-infected cell. It was observed
that over 80% cell were transfected with mouse IgG
upon DOTAP (data not shown). After transfection with
mAbs (3A12, 2A10, 7A6G1 or 5G10), EV71-infected
cells were taken photographs at 24-h, it was observed
that 3A12 and 2A10 resulted in less CPE when com-
pared with 7A6G1 and 5G10 (Fig. 4a). And the
EV71-infected samples were subjected to test the viral
titer. Among those applied antibodies, 3A12 or 2A10-
transfected Vero-1008 produced about 2000 PFU of
EV71 per well, which was significantly lower than
7A6G1 or 5G10-transfected cells (p<0.01) (Fig. 4b).
However, without the application of DOTAP both the
3A12 and 2A10 could not suppress the production of
EV71 (Fig. 4b).

Furthermore, it was demonstrated whether antibody-me-
diated intracellular inhibition is dose-dependent. Based on
the same method, EV71-infected Vero-1008 were trans-
fected with mAbs 2A10 or 5G10 at increasing dose, subse-
quently the viral production decreased accompanying the
increasing quantity of mAb 2A10 (Fig. 4c). Without trans-
fection process, 3A12 and 2A10 could almost not interrupt
viral propagation (Additional file 3: Figure S3). In summary,
3A12 and 2A10 intracellularly neutralize 3DP*" and inhibit
viral replication in a dose-dependent manner.

Our IFA results also showed that majority of 3DP*
proteins (RdRp) located in cytoplasm and nuclear of
EV71-infected cells (Fig. 1b). Extracellular 3A12 and
2A10 with molecular weight about 150 kD were barely
able to pass through the cell membrane into cytoplasm
in vitro. Only by intracellularly delivering by using pro-
tein transfection reagent DOTAP could 3DP°-specific
mAbs exert antiviral function.
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Fig. 1 Characteristics of IgG mAbs against EV71 3D a SDS-PAGE for mAbs 3A12, 2A10, 7A6G1. b Reactivity of indicated mAbs (3A12, 2A10, and
7A6G1) with EV71-expressed 3DP by IFA. ¢ Western blot for mAbs IgG (lane 1, 3A12; lane 2, 2A10; lane 3, 7A6GT1; lane 4, 5G10; and lane 5, positive
antibody control). 3DP°-immunized mice serum was used as positive antibody control. MAb 5G10, which was specific for Salmonella flagellin, served
as negative antibody control
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An in vivo evaluation of antiviral efficacy of the mAbs

To identify whether the 3DP°-specific mAbs could exert
antiviral function in vivo, neonatal ICR mice i.p. received
mAbs and were then challenged as described in

Methods. Briefly, five ICR mice with 12 days’ pregnancy

A were purchased and housed individually. At that time,
I, W—20 A each pregnant mouse was randomly allocated to differ-
2 50 AA ent treatment groups (3A12, 2A10, 7A6G3, 5G10, and
: —W)AA 462 AA PBS) in a single-blind manner. Subsequently, 13, 11, 11,
3Dpol 9, and 10 neonatal mice were given birth in the corre-
sponding broods respectively. Therefore 54 neonatal
B mice were totally delivered and included in the in vivo
3A12 2A10 7A6G1 study. After challenge, all the neonatal mice in control
«a) 1 2 3 4 12 3 4 12 3 4 group develop typical EV71 clinical syndrome including
55— " ' - limb weakness and paralysis (Fig. 5a and b) which were
40— & calculated in a double-blind manner as previously de-
o scribed [11]. After observation for 16 days, five and three
38— - - mice still survived in those groups received injection of
el 3A12 and 2A10, respectively. Thus 3A12 (5/13, 38.5%)
: and 2A10 (3/11, 27.3%) provided significantly higher
C protection efficacy then 5G10 (0/9, 0%) (p<0.01)
3Dpol (Fig. 5c¢). Interestingly, although 7A6G1 finally did
120 250 360 462(AA) npt cqnfer protection for mice,‘it prolonged the sur-
vival time for the challenged mice.
3A12 2A10 7A6G1 . .

Fig. 2 Identification of regions recognized by 3DP°-specific mAbs. a DISCUSSIPn . .
The intact 3D°°' protein and three C-terminal truncated proteins of Our earlier clinical data showed that EV71-infected co-
3D were shown in the schematic diagram. b Truncated 3D°°' horts had IgG antibodies against both structural and
were used to identify mAb domains by using Western blot. ¢ 3A12- non-structural protein. It was not known that whether the

recognized region covers 1-120 amino acid of 3D, 2A10 in 120-250,
and 7A6GT1 in 360-462, respectively

IgG against viral polymerase 3DP°' might exert antiviral
activity. In the current study, we focused on neutralization
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capacity of the mAbs against the 3DP* and its possible
mechanism for neutralization in vitro.

VP1,VP2, and VP3 jointly form a heterologous trimer,
which plays critical role in the early step of virus attach-
ment during the viral life circle. VP4 is the smallest capsid
protein embedded in viron, which therefore are believed
not likely to be involved in virus attachment process.
Among the three outer capsid proteins, VP1-induced

antibody was most likely associated with immune protec-
tion against EV71 infection. In addition, it was revealed
that VPl-derived SP70 peptide was able to elicit
antibody-associated immune protection. However, there
appeared very few reports regarding VP2, VP3 and
VP4-induced immune protection for EV71linfection.

The antibodies exert antiviral function presumably
through distinct mechanisms. Firstly, antibody suppresses
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Fig. 4 MAbs intracellularly inhibit EV71 replication. a Representative CPE on Vero-1008. b Indicated mAbs 3A12 and 2A10 inhibit EV71 replication
when intracellularly delivered. c Indicated mAbs intracellularly inhibiting EV71 replication is dose-dependent. Three independent experiments were
performed in duplicate, and the representative data were presented
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Fig. 5 Kaplan-Meier analysis of antiviral efficacy of EV71 3DP°-specific mAbs on ICR neonatal mice. a A neonatal mouse infected with EV71/MAV-
VR exhibited limb paralysis (indicated by arrows). The virus inoculated mice were monitored daily for (b) clinical score and (c) survival for a period
of 16 days. Clinical scores were graded as follows: 0, healthy; 1, reduced mobility; 2, limb weakness; 3, paralysis; 4, death. The number of mice in
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EV71 replication probably via disturbing polymerase activ-
ity of 3DP°. EV71 3DP® (RdRp) directs novel viral RNA
genome elongation and duplication. There are several
functional domains on 3DP, including template RNA en-
trance tunnel, catalytic domains for adding NTP, catalytic
domains for uridylylation of 3B, NTP entrance tunnel,
and even the sumolyzation domains [13]. Masking any of
the above domains may block the function of 3DP, sup-
press RNA genome replication and even inhibit viral
reproduction. The mAbs 3A12 and 2A10 binding to 1-
250 amino acids (Fig. 2c) of 3DP® possibly interrupted the
polymerase on important domains. Secondly, the Fc por-
tion of IgG could participate in the antibody-mediated
neutralization in vivo. Li et al., demonstrated the neonatal
FcRn receptor is critical for protection efficacy of IgG
against HSV-1 infection in mouse model [14]. FcRn-KO
mice significantly decrease the protection efficacy when
challenged. While FcRn is an IgG Fc domain-specific re-
ceptor in most epithelial cell managing IgG transcytosis.
Thus the IgG Fc fragement is considered essential in the
in vivo protection of the mAbs. In another example, intra-
cellular TRIM21 (an E3 ligase) was demonstrated as a cru-
cial molecule for neutralizing virus. TRIM21 is an
intracellular Ig Fc receptor including IgM, IgG and IgA
[15]. Therefore, IgG Fc should be involved in the antiviral
process through distinct mechanisms in vivo. The mecha-
nisms of in vivo antiviral activity of antibody likely in-
cluded, but not lest, antibody-dependent cell-mediated

cytotoxicity (ADCC) and intracellular 3DP* activity inhib-
ition. Ebola virus GP-specific mAb was not able to inhibit
virus infection in vitro, however showed significant anti-
viral capacity in vivo, indicating multiple underlying
mechanisms. Our data showed 7A6G1 was able to bind
EV71 3D (Fig. 1), but failed to prohibit 3DP* polymer-
ase activity in RNA elongation in vitro (Fig. 3). Therefore
we deduced in vivo 7A6G1 ADCC effect provided transi-
ently suppression of EV71 replication, rather than
complete viral clearance. Actually, the exact in vivo mech-
anism by which 3DP°-specific mAbs neutralize the RdRp
and suppress the viral replication needs further verifica-
tion and elucidation.

The mAbs could become novel drug prototype for
treating EV71 infection. Several literatures reported the
potential applications of anti-3DP® small molecule
drugs. For instance, Ribavirin (1-B-D-ribofuranosyl-
1,2,4-triazole-3-carbox-yamine) is a conventional nucleo-
side analogue that targets the RdRp of Picornaviruses
with relatively higher IC5q 266 uM [16]. Recently, a
piperazine-containing pyrazolo pyrimidine derivative,
DTriP-22, and aurintricarboxylic acid (ATA), were iden-
tified to inhibit the viral replication by specifically inter-
fering 3DP°! function of RNA initiation and elongation
[17, 18]. Since each of the mentioned small molecule
drugs for EV71 caused cell damage at dosage used, it
could be a concerned issue for further application of
those small molecule drugs. Our result showed 3DP°-
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specific antibody could strikingly suppress the virus rep-
lication in vitro, but without cell damage at applied con-
centration (data not shown), therefore it implied the
antibodies had safety advantage in anti-EV71 drug devel-
opment. Actually, 3DP°! has been considered as a critical
target for anti-EV71 drug development in recent years.
Single-chain antibodies against a plant viral RNA-
dependent RNA polymerase confers virus resistance
[19, 20]. Cell penetrable human monoclonal ScFv spe-
cific to NS5B polymerase (RdRp) interferes of HCV
replication [19, 20]. Therefore, upon the modification
and/or humanization these mAbs could be more po-
tential candidate fighting virus infection.

Taken together, the mAbs (3A12 and 2A10) bind to
3DP°! protein and inhibit its RNA elongation activity in
vitro, and most importantly we demonstrated their anti-
viral efficacies in EV71-challenge neonatal mice model.
It implies that modified antibodies (3A12 and 2A10),
such as scFv, murine-human chemeric or humanized
IgG, could be used as a promising therapeutic drug,
more importantly the 3DP°' may also be a potential
anti-EV71 vaccine component.

Conclusions

EV71 3DP°Lspecific antibodies showed antiviral activities
in vitro and in vivo. Thus antibody against nonstructural
protein could be utilized as potential therapeutic drug
after rational design and optimization.

Methods

Cell, virus, antibody and protein

Vero-1008 was grown and maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma-Aldrich, MO,
USA) supplemented with 10% heated-inactivated fetal
bovine serum (Gibco, Life Technologies Corp., Calif,
USA), 100 pg/ml streptomycin and 100 IU/ml penicillin
(Sigma-Aldrich, MO, USA) at 37°C with 5% CO,. A
BrCr strain of EV71 was provided by Dr. H Wang in
Wuhan Institute of Virology (WIV), Chinese Academy
of Sciences (CAS). A mouse-adapted EV71 (EV71/
MAV-VR) used in this study was kindly provided by Dr.
Z Huang in Key Laboratory of Molecular Virology and
Immunology, Institut Pasteur of Shanghai, Shanghai
Institutes for Biological Sciences, CAS, China [21]. The
BrCr and MAV-VR EV71 strains have the same 3DP
amino acid sequence. For clarification, EV71/MAV-VR
was only used in the challenge experiment, while the
rest EV71 mentioned in this study represent EV71 BrCr
strain. A purified recombinant 3DP®" protein was pro-
vided by Dr. P Gong in WIV, CAS [22].

Animals
BALB/c aged 6-8 wks and pregnant ICR mice were pur-
chased from Beijing Laboratory Animal Research Center
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and housed under specific pathogen free (SPF) condi-
tions in the Animal Center of WIV, CAS, China.

Generation of mAbs against EV71 3DP°

IgG mAbs against EV71 3DP® were developed by trad-
itional hybridoma technique as previously described
[23]. In brief, 5-wk-old female SPF BALB/c mice were
immunized subcutaneously with 100 pug of 3DP°! at 2-wk
interval. Four wks after the last booster and 3 days be-
fore cell fusion, the mice were boosted with 200 ug of
3DP°. Three days later, murine splenocytes were har-
vested and fused with SP2/0 using 50% polyethylenegly-
col (Sigma-Aldrich, MO, USA). Hybridoma culture
supernatants were preliminarily screened by EV71 3DP*!
protein using ELISA. The positive hybridoma cells were
cloned by a limiting dilution and the stable hybridoma
clones were injected into liquid paraffin-pretreated ab-
dominal cavities of BALB/c mice. Subsequently, the
mAbs were harvested and purified from the ascite with
an antibody purification kit according to the manufac-
turer’s specifications (NAb™ Protein A/G Spin Kit,
Thermo Scientific, IL, USA). This mouse study was ap-
proved by the ethics committee of life science and re-
search in Wuhan Institute of Virology (WIV), Chinese
Academy of Sciences (CAS) (No. WIVA(09201502).

Immunofluorescence assay (IFA)

Vero-1008 cells were seeded into 24-well tissue culture
plates (Costar Corning Inc., NY, USA) at a concentration
of 1 x 10° cells per well. When the cells reached approxi-
mately 80% confluence, culture medium was removed
and then cells were washed three times with sterile PBS
(pH 7.4) and incubated with EV71 (MOI=0.1) for 1 h at
37°C. After removal of supernatant, fresh medium was
added and cultures were incubated at 37 °C. At 24 h of
post infection, the infected cells were fixed with absolute
methanol and processed for indirect immunofluores-
cence assay (IFA) using purified mAbs, followed by
fluorescein isocyanate-conjugated goat anti-mouse IgG
for confirming antibody specificity against EV71. Fluor-
escent images were examined under a fluorescent
microscope.

Immunoblotting

The EV71-infected Vero-1008 were separated by SDS-
PAGE and then electrophoretically transferred to PVDF
membrane (GE Healthcare, PA, USA). The membrane
was blocked for 1h at RT with blocking solutions
containing 5% Bovine Serum Albulmin (BSA) in TBS
(20 mM Tris-HCI (pH 7.5), 150 mM NaCl), and then in-
cubated overnight with purified mAbs at 4°C. After
washing with T-TBS (TBS + 0.05% Tween 20), the mem-
brane was incubated for 45min with HRP-conjugated
anti-mouse IgG (Jackson ImmunoResearch Laboratories,
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PA, USA). After washing with T-TBS, the membrane
was developed by treatment with ECL Western Blotting
Detection Reagents (Boster, Wuhan, China). A house
keeping protein B-actin was also detected as control.

EV71 infection and mAbs IgG transfection

Vero-1008 cell was seed in 24-well plate 1 x 10° cell per
well culturing for 24h, and was infected with EV71
(MOI =0.1). Three hrs later, EV71-infected were trans-
fected with IgG using Liposomal Transfection Reagent
DOTAP (Roche, Basel, Switzerland) as previously de-
scribed [24]. Briefly, 15 ul of DOTAP was incubated with
10pul of purified IgG (5pug/well) for 20min in
serum-free medium. After incubation, 500 uI DMEM
medium and mixture was added. Twenty-four hrs
later, virus-infected cell were taken pictures and under-
gone three freeze-thaw circles, and were subject to deter-
mine the viral titers.

Plaque assay

A series of 1:10 dilutions were made by mixing 15 pl of
EV71-infected cell with 135 pul of DMEM. One hundred
microliters of each dilution were seeded to individual
wells of 24-well plate containing confluent Vero-1008
cells (2x10° cells/well). The plate was incubated at
37 °C with 5% CO, for 1h before the layer of 2% me-
thyl cellulose was added. After 4 days of incubation at
37°C with 5% CO,, the cells were fixed in 3.7% for-
maldehyde and then stained with 1% crystal violet.
Plaque numbers were recorded after washing the
plates with tap water [25].

RdRp-mediated RNA elongation assay in vitro

In 10 pl reaction system containing 50 mM HEPES, 75
mM KCl, 5 mM MgCl,, 4 mM TCEP, 300 uM NTP, and
4uM RNA Complex, the 5pg functional 3DP* was
added, and the system maintained at 22.5 °C for 30 min,
finally the reaction was terminated with RAB. RNA spe-
cies were resolved by 15% polyacrylamide/7 M Urea gel
electrophoresis and visualized by Stains-All staining [26].
RNA elongation activity of 3DP°' could be assessed based
on the appearance of elongated RNA band.

In vivo evaluation of antiviral efficacy of mAbs

The protective efficacy of the mAbs was evaluated by an
in vivo assay as previously described [21]. Pregnant ICR
mice maintain under SFP condition. Five groups of neo-
natal ICR mice at 1day of age were inoculated i.p. with
50 pug of mAb/mouse (50 pl) respectively, followed by i.p.
inoculation with 3.55x 10° TCIDs, of EV71/MAV-VR
(50 ul) at 24 h later. The challenged mice were moni-
tored daily for survival and clinical score for 16 days.
Clinical scores were graded as follows: 0, healthy; 1, re-
duced mobility; 2, limb weakness; 3, paralysis; and 4,
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death. Mice that lost more than 35% of the control mice
(PBS treated group) body weight were euthanized and
counted as dead. All the mice were observed for 16 days
and euthanized by injection with ketamine mixture.
Mice were euthanized by injection (i.m.) with 15 pg/50 ul
of ketamine mixture (79.3% Ketaject, 17.5% Atropine, and
3.2% Acepromazine) per gram mice body weight. The
EV71/MAV-VR challenge study was approved by the ethics
committee of life science and research in Wuhan Institute
of Virology (WIV), Chinese Academy of Sciences (CAS)
(No. WIVA09201504).

Statistical analyses

Kaplan-Meier survival curves were used to display
mortality data, and log rank analyses were performed
to determine statistical significance between different
groups. * indicates value of p <0.05, ** indicates value
of p<0.01.

Additional files

Additional file 1: Figure S1. Ratio of mAb heavy chain(HC)/light chain(LC).
a Optical densitometry of antibodies were calculated with IMAGE J tool. The
optical densitometry of 3A12 heavy chain was defined as 100. Each
densitometry of antibody HC/LC was evaluated based on the 3A12
heavy chain. b Ratio of each mAb heavy chain(HC)/light chain(LC)
was close to 2. (JPG 35 kb)

Additional file 2: Figure S2. Mean fluorescence intensity (MFI) of virus-
infected cells. Vero-1008 was infected with EV71 at MOl =0.01. At 48 h of
infection, cells were harvested, followed by fixation and permeation.
Virus-infected cells were incubated with mAbs, subsequently subject to
FACS analysis. MFI of each mAb-treated cell was ~ 5000. MAb 5G10
(against bacterial flagellin) served as an irrelative control. (JPG 21 kb)

Additional file 3: Figure S3. EV71 3DP°-specific mAbs were unable to
extracellularly neutralize virus. One hundred PFU of EV71 incubated with
5 ug of mADb, at 1 h incubation mixture was added to Vero-1008 in 24-
well plate. At another 2 h incubation, culture was removed and then cells
were cultured by incomplete DMEM containing 1% CMC, followed by
additional culture for 3 d. Finally, cell plaques were visualized and counted after
crystal violet staining. EV71 3DP°-specific mAbs were unable to extracellularly
neutralize virus as the 5G10 irrelative control. Monoclonal antibody (mAb) D5
towards VP1 with neutralization capacity served as positive control. MAb 5G10
against flagellin acted as an irrelevant mAb control. (JPG 26 kb)
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AA: Amino acid; CPE: Cytopathic effect; EV71: Enterovirus A 71; HFMD: Hand,
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dependent RNA polymerase

Acknowledgements

The authors thank Xuefang An and Fan Zhang in the Core Facility for
technical support of the Wuhan Institute of Virology for their kind help
in animal experiments.

Funding

This work was supported by grants from Wuhan Institute of Virology (WIV)
“One-Three-Five” Strategic Programs, Hubei Provincial Natural Science
Foundation of China 2018CFB449, and the National Natural Science
Foundation of China (No. 81202381).

Availability of data and materials
All data generated or analyzed during this study are included in this article.


https://doi.org/10.1186/s12865-019-0288-x
https://doi.org/10.1186/s12865-019-0288-x
https://doi.org/10.1186/s12865-019-0288-x

Li et al. BMC Immunology (2019) 20:6

Declarations
None to declare.

Authors’ contributions

Conceived and designed the experiments: YL, HY. Performed the experiments:
YL, JY, XQ. Analysed the data: YL, HY. Wrote the paper: YL. All authors read and
approved the final manuscript.

Ethics approval

Animal studies were performed according to Regulations for the Administration
of Affairs Concerning Experimental Animals in China (1988), and the Guidelines
for Animal Care and Use, the ethics committee of life science and research in
Wuhan Institute of Virology (WIV), Chinese Academy of Sciences (CAS) (permit
number WIVA09201502 and WIVA09201504).

Consent for publication
All the authors have read and approved the paper for publication.

Competing interests
All authors declare that they have no conflicts of interest.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Mucosal Immunity Research Group, State Key Laboratory of Virology, Wuhan
Institute of Virology, Chinese Academy of Sciences, Wuhan 430071, People’s
Republic of China. “University of Chinese Academy of Sciences, Beijing
100049, China.

Received: 23 June 2018 Accepted: 14 January 2019
Published online: 22 January 2019

References

1. McMinn P, Stratov |, Nagarajan L, Davis S. Neurological manifestations of
enterovirus 71 infection in children during an outbreak of hand, foot, and
mouth disease in Western Australia. Clin Infect Dis. 2001;32(2):236-42.

2. Chua KB, Kasri AR. Hand foot and mouth disease due to enterovirus 71 in
Malaysia. Virol Sin. 2011;26(4):221-8.

3. Thibaut HJ, De Palma AM, Neyts J. Combating enterovirus replication: state-
of-the-art on antiviral research. Biochem Pharmacol. 2012;83(2):185-92.

4. SunY,Wang Y, Shan C, Chen C, Xu P, Song M, Zhou H, Yang C, Xu W, Shi
PY, et al. Enterovirus 71 VPg uridylation uses a two-molecular mechanism of
3D polymerase. J Virol. 2012,86(24):13662-71.

5. Marasco WA, Sui J. The growth and potential of human antiviral monoclonal
antibody therapeutics. Nat Biotechnol. 2007;25(12):1421-34.

6. Li X, Mao C, Ma S, Wang X, Sun Z, Yi Y, Guo M, Shen X, Sun L, Bi S.
Generation of neutralizing monoclonal antibodies against enterovirus 71
using synthetic peptides. Biochem Biophys Res Commun. 2009;390(4):
1126-8.

7. Chang GH, Luo YJ, Wu XY, Si BY, Lin L, Zhu QY. Monoclonal antibody
induced with inactived EV71-Hn2 virus protects mice against lethal
EV71-Hn2 virus infection. Virol J. 2010;7:106.

8. Chang HW, Liu CC, Lin MH, Ho HM, Yang YT, Chow YH, Chong P, Sia C.
Generation of murine monoclonal antibodies which cross-neutralize human
enterovirus genogroup B isolates. J Virol Methods. 2011;173(2):189-95.

9. Ku Z ShiJ, Liu Q Huang Z. Development of murine monoclonal antibodies
with potent neutralization effects on enterovirus 71. J Virol Methods. 2012;
186(1-2):193-7.

10. Xue J, Li Y, Xu X, Yu J, Yan H, Yan H. EV71 infection correlates with viral I9G
preexisting at pharyngo-laryngeal mucosa in children. Virol Sin. 2015;30(2):1-8.

11. LY, Liu F, Han C, Yan H. Monoclonal antibody that blocks the toll-like
receptor 5 binding region of flagellin. Hybridoma (Larchmt). 2012,31(1):60-2.

12.  Kiener TK, Lim XF, Jia Q Meng T, Chow VT, Kwang J. Characterization of a
monoclonal antibody against the 3D polymerase of enterovirus 71 and its
use for the detection of human enterovirus a infection. J Virol Methods.
2012;180(1-2):75-83.

13. Wu Y, Lou Z, Miao Y, Yu Y, Dong H, Peng W, Bartlam M, Li X, Rao Z.
Structures of EV71 RNA-dependent RNA polymerase in complex with

20.

22.

23.

24.

25.

26.

Page 8 of 8

substrate and analogue provide a drug target against the hand-foot-
and-mouth disease pandemic in China. Protein Cell. 2010;1(5):491-500.
Li Z Palaniyandi S, Zeng R, Tuo W, Roopenian DC, Zhu X. Transfer of IgG in
the female genital tract by MHC class I-related neonatal fc receptor (FcRn)
confers protective immunity to vaginal infection. Proc Natl Acad Sci U S A.
2011;108(11):4388-93.

Bidgood SR, Tam JC, McEwan WA, Mallery DL, James LC. Translocalized IgA
mediates neutralization and stimulates innate immunity inside infected
cells. Proc Natl Acad Sci U S A. 2014;111(37):13463-8.

Li ZH, Li CM, Ling P, Shen FH, Chen SH, Liu CC, Yu CK. Ribavirin reduces
mortality in enterovirus 71-infected mice by decreasing viral replication.

J Infect Dis. 2008;197(6):854-7.

Chen TC, Chang HY, Lin PF, Chern JH, Hsu JT, Chang CY, Shih SR. Novel
antiviral agent DTriP-22 targets RNA-dependent RNA polymerase of
enterovirus 71. Antimicrob Agents Chemother. 2009;53(7):2740-7.
Urbinati C, Chiodelli P, Rusnati M. Polyanionic drugs and viral oncogenesis: a
novel approach to control infection, tumor-associated inflammation and
angiogenesis. Molecules. 2008;13(11):2758-85.

Thueng-in K, Thanongsaksrikul J, Jittavisutthikul S, Seesuay W, Chulanetra M,
Sakolvaree Y, Srimanote P, Chaicumpa W. Interference of HCV replication by
cell penetrable human monoclonal scFv specific to NS5B polymerase. MAbs.
2014;6(5):1327-39.

Boonrod K, Galetzka D, Nagy PD, Conrad U, Krczal G. Single-chain antibodies
against a plant viral RNA-dependent RNA polymerase confer virus resistance.
Nat Biotechnol. 2004;22(7):856-62.

Ye X, Ku Z, Liu Q, Wang X, Shi J, Zhang Y, Kong L, Cong Y, Huang Z.
Chimeric virus-like particle vaccines displaying conserved enterovirus 71
epitopes elicit protective neutralizing antibodies in mice through divergent
mechanisms. J Virol. 2014;88(1):72-81.

Lu G, Gong P. Crystal structure of the full-length Japanese encephalitis virus
NS5 reveals a conserved methyltransferase-polymerase interface. PLoS Pathog.
2013,9(8):1003549.

Li'Y, Hou L, Ye J, Liu X, Dan H, Jin M, Chen H, Cao S. Development of a
convenient immunochromatographic strip for the diagnosis of infection
with Japanese encephalitis virus in swine. J Virol Methods. 2010;168(1-2):
51-6.

Yang J, Zhang E, Liu F, Zhang Y, Zhong M, Li Y, Zhou D, Chen Y, Cao Y,
Xiao Y, et al. Flagellins of Salmonella Typhi and nonpathogenic Escherichia
coli are differentially recognized through the NLRC4 pathway in macrophages.
J Innate Immun. 2014,6(1):47-57.

Shang B, Deng C, Ye H, Xu W, Yuan Z, Shi PY, Zhang B. Development and
characterization of a stable eGFP enterovirus 71 for antiviral screening.
Antivir Res. 2013,97(2):198-205.

Gong P, Peersen OB. Structural basis for active site closure by the poliovirus
RNA-dependent RNA polymerase. Proc Natl Acad Sci U S A. 2010;107(52):
22505-10.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Results
	Generation of mAbs against 3Dpol of EV71
	Identification of the regions recognized by the mAbs
	In vitro inhibition abilities of the mAbs
	Antiviral capacity of the intracellular mAbs
	An in vivo evaluation of antiviral efficacy of the mAbs

	Discussion
	Conclusions
	Methods
	Cell, virus, antibody and protein
	Animals
	Generation of mAbs against EV71 3Dpol
	Immunofluorescence assay (IFA)
	Immunoblotting
	EV71 infection and mAbs IgG transfection
	Plaque assay
	RdRp-mediated RNA elongation assay in vitro
	In vivo evaluation of antiviral efficacy of mAbs
	Statistical analyses

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Declarations
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

