
RESEARCH PAPER

Poorly neutralizing polyclonal antibody in vitro against coxsackievirus
A16 circulating strains can prevent a lethal challenge in vivo
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ABSTRACT
Neutralizing antibodies (NTAbs) is a major criterion for evaluation the immunogenicity of many vaccines,
for example, poliovirus and EV71 vaccine. Here, we firstly discovered that polyclonal antibodies induced
by inactivated CVA16 vaccine and lived CVA16 virus have poor ability to neutralize circulating CVA16
strains in vitro. However, the passive transfer of poorly neutralizing polyclonal antibodies can protect
suckling mice from lethally challenged with circulating strains in vivo. In addition, the obvious dose
response was found between the titer of antibodies and the survival rate. Interestingly, poorly neutralizing
polyclonal antibodies against circulating CVA16 strains, have good ability to neutralize prototype strain
G10 in vitro. Between G10 and circulating CVA16 strains, there are total 47 variant sites in capsid, which are
near the interface of VP1, VP2, and VP3, and close to 2-fold axis. Based on the structure of CVA16, the
obvious structural changes were observed in residue 213 of VP1 GH loop, residue 139 of VP2 EF loop, and
residues 59, 182 and 183 of VP3 GH loop. What we found may provide a new sight for the development of
CVA16 vaccine.
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Introduction

Hand, Foot, and Mouth Disease (HFMD) is a common infec-
tious disease. It usually affects infants and children under 5 years
old.1 HFMD epidemics have occurred in western pacific region
and caused major threats to public health. Enterovirus 71 (EV-
A71) and Coxsackievirus A16 (CVA16) are the major etiological
agents of HFMD in mainland China revealed by national
HFMD surveillance data collected since 2008.2 Prophylactic EV-
A71 vaccines developed by three companies (Beijing Vigoo Bio-
logical, Sinovac Biotech Co. Ltd, Institute of Medical Biology)
have all shown good efficacy in phase III clinical trials, which
will greatly decrease the EV-A71-associated HFMD incidences
in the future.3,4,5 Unfortunately, these vaccines have no protec-
tion against CVA16-associated HFMD. Therefore, several vac-
cine companies and academic institutions launched projects to
develop CVA16 monovalent or bivalent vaccine.6 But there are
many challenges in CVA16 vaccine development, and it would
be a long way to go before clinical trial.7

The prototype of CVA16 is G10 strain, which was firstly
isolated in South Africa in 1954. The CVA16 is a single-
stranded RNA (ssRNA) virus with nonenveloped icosahedral
capsid. CVA16 is belonged to Picornavirus. The capsid of
CVA16 comprises 60 copies of viral proteins (VP1-4). VP1,
-2, and -3 are arranged with pseudo T D 3 symmetry on the
outside of the capsid, while their N-terminal extensions and

VP4 are in the interior and may interact with the RNA
genome. The VP1 GH loop and VP3 GH loop, which was the
immunodominant epitope, might be involved in interactions
with virus receptor SCARB2.8 In addition, the EF loop of VP2
was also a neutralizing epitope.9

Humoral immunity is an essential component for protection
against lethal infection. Therefore, the ability to stimulate pro-
duction of neutralizing antibodies (NTAbs) is a major criterion
for evaluation the immunogenicity of many vaccines. Cyto-
pathogenic effect assay was widely used to test the NTAb titer
in vitro.10,11 Moreover, the virus challenge and protection was
also important assay in vivo for evaluating efficacy of vaccine.12

However, some study, for example, showed that anti-WNV
(West Nile Virus, WNV) antibodies with poor in vitro neutral-
izing abilities can mediate in vivo protection in mice.13

In the study, we firstly discovered that antibodies induced by
inactivated CVA16 vaccine and lived CVA16 virus have poor
ability to neutralize circulating CVA16 strains in vitro. However,
the passive transfer of poorly neutralizing polyclonal antibodies
can protect suckling mice from lethally challenged with circulat-
ing strains in vivo. Interestingly, poorly neutralizing polyclonal
antibodies against circulating CVA16 strains, have good ability
to neutralize prototype strain G10. What we found may provide
a new sight for the development of CVA16 vaccine.
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Results

Antibodies induced by lived virus against circulating
CVA16 strains

The rats were immunized with 10 live CVA16 strains sepa-
rately and the cross neutralizing protection of serum samples
was evaluated between G10 and circulating CVA16 trains.
The result showed that all anti-rat sera could neutralize G10
with high titer, varying from 1:69.3 (95% CI: 1:39.7–1:101.8)
to 1:210.7 (95% CI: 1:131.5–1:300.5). For the other circulating
CVA16 strains, these polyclonal antibodies can not neutralize
them in titer 1:8 (Table 1). In addition, Vero and RD cell were
both used in these neutralization tests and similar results
were obtained.

Antibodies induced by inactivated vaccine against
circulating CVA16 strains

In mice experiment, the polyclonal antibodies induced by inac-
tivated vaccine can neutralize S1 strain with titer below 1:8. In
contrast, The polyclonal antibodies can neutralize G10 with
titer 1:43.2 (95% CI: 1:24.6–1:62.6), which is significantly
higher than S1 strain (Fig. 1a).

In goat experiment, 3 serum samples, from goats immunized
with 3 formalin inactivated CVA16 vaccines respectively, could
neutralize S-1 and S-5 strains with titer below 1:32. In contrast,
the 3 serum samples could neutralize G10 with titers varying
from 1:256 to 1:3072 (Fig. 1b).

In rabbit experiment, 3 serum samples, from rabbits immu-
nized with 3 formalin inactivated CVA16 vaccines, could neu-
tralize S-1 and S-5 strains with titer below 1:8. In contrast, the
3 serum samples could neutralize G10 with titers varying from
1:512 to 1:16384. (Fig. 1c).

Human convalescent sera against circulating
CVA16 strains

Ten convalescent serum samples from patients infected with
CVA16 were collected. The neutralizing titers of human serum
samples against S5 and G10 were 1:5.5 (95% CI: 1:3.9–1:6.8)
and 1:467.2 (95% CI: 1:313.5–1:645.7), respectively. All serum
samples failed to neutralize S1 strain. The neutralizing titers
against G10 is significantly higher than against circulating
strains (Fig. 1d).

Anti-CVA16 existing in immunized serum samples

The result of ELISA showed that the titer of anti-CVA16 in
mice sera were more than 1:1000, and the titers of anti-CVA16
in rat sera were 1:1000 to 1:10000 (Fig. 1e). The western blot-
ting proved that the immunized sera could bind to VP1 and/or
VP2 of CVA16 (Fig. 1f). These results confirmed that anti-
CVA16 were existed in the immunized sera.

Maternal antibodies protects suckling mice from challenge
with circulating strains in vivo

To investigate whether the polyclonal antibodies could protect
CVA16 infection in vivo, suckling mice were used in this study.
In high dose group (0.5 mg/0.5ml/mouse), the neutralizing
titers of maternal mouse against G10 were 1:17.5 (95% CI:
7.8–25.1), 1:12.8 (95% CI: 4.6–19.0), 1:14.7 (95% CI: 5.8–21.7)
at indicated 3 time points, respectively. The survival rate of
suckling mice was 100%. In middle dose group (0.125 mg/
0.5 ml/mouse), the neutralizing titers of maternal mice were
1:7.0 (95% CI: 3.6–9.6), 1:6.0 (95% CI: 3.5–7.8), 1:5.0 (95% CI:
3.4–7.2) at indicated 3 time points. The survival rate of suckling
mice was 60%. In the low dose group (0.031 mg/0.5ml/mouse),
all the suckling mice died within 10 days and the neutralizing
titers of maternal mice were below 1:4 (Fig. 2). These results
indicated that the maternal antibodies elicited by CVA16 vac-
cine with poor neutralizing activity in cell culture assay could
protect suckling mice from challenge with circulating CVA16
strains in vivo.

Passive protects suckling mice from challenge
with circulating strains in vivo

The serial diluted immunized sera, which were from mice, goat,
rat, and human, were mixed with CVA16 virus, respectively.
Neonatal BALB/c mice were challenged intraperitoneally with
mixture. As shown in Fig. 3a-3d, anti-CVA16 antibodies can
protect suckling mice from lethal challenge. In addition, the
obvious dose response was found between the titer of antibod-
ies and the survival rate. The ED50 were 9.6, 6.3, 12.6 and 4.9
for mice, goat, rat, and human antibodies, respectively.

Structural variations between G10 and circulating
recombinant CVA16 strains

The neutralizing ability of polyclonal antibodies to G10 and cir-
culating CVA16 strains was different, which probably rose
from structural differences on the surface of the viruses. Based
on the protein sequence alignment, there are 47 variant sites in
P1 region between G10 and circulating stains, including 24 var-
iant sites in VP1 region, 12 sites in VP2, 13 sites in VP3. These
different sites were distributed in 4 functional regions: VP1 GH
loop, VP2 EF loop, VP3 GH loop and VP1 N terminal (Fig. 4).

These variant sites were mainly distributed at the interface
of VP1, VP2 and VP3 (Fig. 5a), which were far away from
3-fold axis (Fig. 5b) and 5-fold axis (Fig. 5c), but were close to
2-fold axis (Fig. 5d). It worth to note, the GH loop residues
213, 215, 217 of VP1, together with residues 149, 252 of VP2,
were close to the 2-fold axis (Fig. 5d).

Table 1. The cross neutralizing titer of live virus immunized sera.a

Neutralizing Strains

Anti Sera S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 G10�

Anti-S1 <8 <8 <8 <8 <8 <8 <8 <8 <8 <8 69.3(39.7–101.8)
Anti-S2 <8 <8 <8 <8 <8 <8 <8 <8 <8 <8 210.7(131.5–300.5)
Anti-S3 <8 <8 <8 <8 <8 <8 <8 <8 <8 <8 146.8(96.7–203.3)
Anti-S4 <8 <8 <8 <8 <8 <8 <8 <8 <8 <8 151.2(96.3–214.2)
Anti-S5 <8 <8 <8 <8 <8 <8 <8 <8 <8 <8 164.9(117.0–217.6)
Anti-S6 <8 <8 <8 <8 <8 <8 <8 <8 <8 <8 188.8(141.4–279.3)
Anti-S7 <8 <8 <8 <8 <8 <8 <8 <8 <8 <8 143.8(80.5–218.1)
Anti-S8 <8 <8 <8 <8 <8 <8 <8 <8 <8 <8 112.5(68.1–101.4)
Anti-S9 <8 <8 <8 <8 <8 <8 <8 <8 <8 <8 156.8(116.1–201.8)
Anti-S10 <8 <8 <8 <8 <8 <8 <8 <8 <8 <8 122.7(76.6–174.8)
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To further examine the structural variation between G10
and circulating strains, the structure of G10 was remodeled
using homology modeling based on the published crystal struc-
ture of CVA16 (PDB: 5C4W). The obvious changes were
observed in residue 213 of VP1 GH loop, residue 139 of VP2
EF loop, and 59,182,183 of VP3 GH loop (Fig. 6). Among these
variant sites, the residues side chains of the length and/or
charge were changed significantly.

In addition, the VP3 GH loop is close to the VP1 GH loop of
an adjacent protomer and likely forms a single antigenic site.8

In particular, the residue 213 of VP1 and the residue 183 of
VP3, which the side chains of the length and/or charge were
changed significantly, are close to each other (Fig. 6a). These
variants may change the interaction between VP1 GH loop and
VP3 GH loop. Furthermore, VP3 GH loop and the residue 59,
60, together with the VP1 GH loop of adjacent protomer,
formed a cavity and residues 182 and 183 of VP3 GH loop
were located at the bottom of the cavity, while residues 213–
220 of VP1 GH loop and 59, 60 of VP3 surrounded them
(Fig. 6b). In one protomer, the VP2 EF loop is close to VP1 GH
loop (Fig. 6c) and residues 59, 60 of VP3 (Fig. 6d).

Discussion

NTAbs is a major criterion for evaluation the immunogenicity
of EV71 and poliovirus vaccine. According to our previous

studies on EV-A71,14,15 anti-CVA16 antibodies were induced
by live CVA16 strains in rat. Based on cell culture neutraliza-
tion assay, the neutralizing titer of antibodies was tested. Unlike
to the EV71, the result showed that sera have poor neutralizing
activities to circulating CVA16 strains. Moreover, anti-CVA16
antibodies were induced by formalin inactivated CVA16 strains
in different animals, including mice, goat and rabbit, also have
poor neutralizing activities against circulating CVA16 strains.
However, the results of ELISA and WB proved the high titer of
anti-CVA16 antibodies were existed in sera.

More interestingly, the results from convalescent serum
samples from CVA16 infected patients were consistent, which
led to the assumption that the anti-CVA16 neutralizing anti-
bodies could not protect CVA16-infection. However, in our fol-
low-up study on anti-CVA16 seropositive population, no cases
with CVA16-caused disease were found (data unpublished).
Moreover, there was no report on CVA16 re-infection caused
diseases in people according to the epidemiologic data. This
might indicated that anti-CVA16 antibodies, although with
poor neutralizing activity in cell culture, could prevent CVA16-
caused diseases in vivo. In our study, the results indicated that
the maternal antibodies elicited by CVA16 vaccine with poor
neutralizing activity in cell culture assay could protect suckling
mice from challenge with circulating CVA16 strains in vivo.
Moreover, the results of passive protection proved further that
the anti-CVA16 antibodies can protect suckling mice from

Figure 1. (a) Using the G10 and circulating strains (S1 strain) to test the neutralizing titer of antibodies induced by inactivated CAV16 vaccine produced by S-1 strain in
mice. (b) Using the G10 and circulating strains (S1 strain and S5 strain) to test the neutralizing titer of antibodies induced by inactivated CAV16 vaccine produced by S1,
S5 and S9 strain in goats. (c) Using the G10 and circulating strains (S1 strain and S5 strain) to test the neutralizing titer of antibodies induced by inactivated CAV16 vaccine
produced by S1, S5 and S9 strain in rabbit. (d) Using the G10 and circulating strains (S1 strain and S5 strain) to test the neutralizing titer of antibodies in 10 convalescent
sera from CVA16 infected patients. (e) Using ELISA to test the anti-CVA16 antibodies exist sera. The sera were diluted in 1:1000. (f) Using the WB to test anti-CVA16 anti-
bodies exist in the sera.
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lethal challenge. In addition, the obvious dose response was
found between the titer of antibodies and the survival rate in
maternal and passive proteciton.

Poorly neutralizing antibodies have been reported on
flaviviruses,16,17 alphaviruses,18 and rhabdoviruses.19 Although
the mechanism of protection in animals remained uncharacter-
ized, complement C1q and activating Fcg receptors might con-
tribute to in vivo protection.20 However, relevant studies in
enterovirus, such as Polio and EV-A71 have been not reported.
We firstly discovered and proved that anti-CVA16 antibodies,
though with poor neutralizing activity in cell culture, could pre-
vent CVA16-caused diseases in vivo. The mechanism in
CVA16 need to be studied further.

The neutralizing ability of antibodies to G10 and circulating
strains was different, which presumably rose from structural
differences on the surface of these viruses. Between G10 and
circulating CVA16 strain, there are total 47 variant sites, which
are near the interface of VP1, VP2, and VP3, and close to
2-fold axis. It is thought that the 2-fold axis is the channel for
poliovirus to release RNA.21 Compared to 80S-like structure of
EV-A71, the CVA16 135S structure has larger 2-fold axis chan-
nel, which may facilitate the movement of VP1 N terminus to
exit the capsid at the 2-fold axis channel.8

The variant sites were distributed within 4 functional regions,
including VP1 GH loop, VP2 EF loop, VP3 GH loop and VP1 N
terminal. The VP1 GH loop is an “adaptor-sensor” for cellular

Figure 2. Maternal transfer antibody protects suckling mice from challenged with circulating recombinant strain in vivo. The neutralizing titer against G10 of maternal
mice was tested in 3 time point: suckling mice born, challenge and end of observation. The � indicates high dose group (0.500 mg); the &indicates middle dose group
(0.125 mg); the~ indicates low dose group (0.031 mg); the! indicates PBS group.

Figure 3. Passive protects suckling mice from challenge with circulating strains in vivo. The sera were from mice (a), goat (b), rat (c), and human (d). The ED50 were 9.6,
6.3, 12.6 and 4.9 for mice, goat, rat, and human antibodies, respectively.
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receptor attachment,22 which is the important neutralizing epi-
tope of CVA16 and EV-A71.23,24 The VP1 and VP3 GH loops
both undergo large conformation changes during uncoating, and
this area might be involved in SCARB2 binding.8 The EF loop of

VP2 is observed as an immunodominant epitope in CVA16 and
EV-A71.9The VP1 N terminus of picornavirus, although in the
interior of capsid, may take part in the membrane-association-
catalysed process in 2-fold axis.25,26

Figure 4. The variant amino acid sites in the structural protein of P1 region between G10 and circulating recombinant strains from 1997 to 2013 in Asia. VP1 GH loop
(208–222), VP2 EF loop (136–150), VP3 GH loop (177–186) and VP1 N terminal (1–80) are the important functional region for CVA16. The※ indicates the sites on the sur-
face of virus. CHN indicates mainland China; MAL indicates Malaysia.

Figure 5. The distribution of surface variant sites between G10 and circulating recombinant strains. (a) Asymmetric units of capsid are viewed from top and side. The
indicates 5-fold axis; the ~ indicates 3-fold axis, the indicates 2-fold axis. Capsid proteins are shown in green, cyan, and magenta for VP1, VP2 and VP3. The variant
amino acids sites are shown in blue. These variant sites are mainly distributed in the interface of VP1, VP2 and VP3. (a) The view of distribution of variant sites in 5-fold
axis. (c) The view of distribution of variant sites in 3-fold axis. (d) The view of distribution of variant sites in 2-fold axis. 1820 indicates the residue 182 of an adjacent
protomer.
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Salt bridge, charge interactions and hydrogen bond
formed by side chain play important roles in antigen-anti-
body interactions.27,28 Between G10 and circulating strains,
the obvious side chain and charge changes were observed in
residue 213 of VP1 GH loop, residue 139 of VP2 EF loop,
and 59,182,183 of VP3 GH loop. These changed residues in
immunodominant epitope may disturb the binding for neu-
tralizing antibody.

The CVA16 are common in Chinese Mainland.29 Recently,
inactive and recombinant CVA16 vaccine was developed. Both of
the vaccines have faced similar challenges, including how to
screen the vaccine candidate strains and how to evaluate immu-
nogenicity of vaccine. We firstly discovered that antibodies
induced by inactivated CVA16 vaccine and lived CVA16 virus
have poor ability to neutralize circulating CVA16 strains in vitro.
However, the poorly neutralizing polyclonal antibodies can pro-
tect sucklingmice from lethally challenged with circulating strains
in vivo. Our studies indicated that the prototype, G10 strain,
might be used to detect the neutralizing antibodies titer before
proper circulating CVA16 strain screened. What we found may
provide new sight for development of CVA16 vaccine.

Materials and methods

Ethics statement

All animal experiments were carried out in accordance with the
guidelines of the National Institutes for Food and Drug Control
Committee for the Care and Use of Laboratory Animals and
were approved by the National Institutes for Food and Drug
Control Laboratory Animal Management Ethics Committee.
Written informed consent was obtained from the donor for use
of the human samples. Ethics committee approval was obtained
from the Ethic Committee of Jiangsu Provincial Center of Dis-
ease Control and Prevention. All experimental protocols were
approved by the National Institutes for Food and Drug Control.

Virus strains isolate and culture

CVA16 virus used in this study included prototype strain G10
and circulating strains. The circulating CVA16 virus were iso-
lated from HFMD patients infected with CVA16. The patients
were from 9 regions including south, middle and north of
China, 2008 to 2011. Confluent cell cultures were seeded in
microplate wells and inoculated with 100 ml of maintenance
medium and 50 ml of pharyngeal swab samples. The cell culture
were then incubated at 37�Cin 5% CO2 and observed for 7 days
to check for cytopathic effects. A blind passage was performed
once if no cytopathic effect was observed by the end of the
observation period. These isolates were stored at ¡80�C.

Preparation of inactivated CVA16 vaccines

Inactivated CVA16 vaccine was prepared from Vero cells
infected with CVA16. Briefly, lysate of CVA16-infected cells
was treated with formaldehyde (1:4000) to inactivate the virus;
the inactivated virus was subsequently purified by sucrose gra-
dient ultracentrifugation. The final CVA16 vaccine was pre-
pared by mixed purified CVA16 bulk with an equal volume of
aluminum adjuvant.

Lived CVA16 virus induced NTAb in mice

Ten live CAV16 strains, including S1 to S10 strain, were used to
evaluate cross protection of serum samples between G10 and
circulating CVA16 viruses. Female BALB/c mice aged
6–8 weeks were divided 10 groups (n D 8). Each group was
immunized different live CVA16 virus by intramuscularly
injection and boosted with the same dose at interval of 2 weeks.
Two weeks after last immunization, serum samples were pre-
pared and used to analyze neutralization. Eleven strains,
including G10 and S1 to S10 were used to test the neutralizing
titer for serum samples.

Figure 6. The adjacent variant sites are displayed in the structure. (a) VP1 GH loop and VP3 GH loop, (b) VP1 GH loop, VP3 GH loop and residue 59, 60 of VP3, (c) VP1 GH
loop and VP2 EF loop, (d) VP2 EF loop and residue 59, 60 of VP3. The structure of circulating recombinant strain colored in golden, G10 colored in cyan. 2200 indicates the
residue 220 of an adjacent protomer.
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Inactivated CVA16 vaccine induced NTAb in mice, goat
and rabbit

Female BALB/c mice aged 6–8 weeks were used for the immu-
nogenicity studies. Five mice were immunized with inactivated
CAV16 vaccine produced by S-1 strain (1.0 mg/0.5ml/mouse)
and boosted with the same dose at interval of 2 weeks. Two
weeks after last immunization, serum samples were prepared
and used to analyze neutralization. The G10, S1 strains were
used to test the neutralizing titer for serum samples.

In goat experiment, inactivated CVA16 vaccine were diluted
to 15 mg/ml. Using 3 vaccines, produced by S1, S5 and S9
strain, 3 goats were immunized with 2ml intramuscularly,
respectively. Three goats were boosted 3 times with the same
dose at an interval of two weeks. Two weeks after last immuni-
zation, serum samples were prepared and used to analyze neu-
tralization. The G10, S1 and S5 strains were used to test the
neutralizing titer for serum samples.

Likely, in rabbit experiment, inactivated CVA16 vaccine
were diluted to 15 mg/ml. Using same 3 vaccines, produced by
S1, S5 and S9 strains, 3 rabbits were immunized into the back
with 2ml by multiple sites subcutaneous injection, respectively.
The rabbits were boosted 3 times with the same dose at an
interval of two weeks. Two weeks after last immunization,
serum samples were prepared and used to analyze neutraliza-
tion. The G10, S1 and S5 strains were used to test the neutraliz-
ing titer for serum samples.

The NTAb of convalescent sera from CVA16 infected
human

Ten convalescent sera from CVA16 infected human were col-
lected. The G10, S1 and S5 strains were used to test the neutral-
izing titer for the 10 convalescent sera.

Maternal immunization and virus challenge in vivo

Fifteen female BALB/c mice aged 6–8 weeks were divided into
three groups and immunized CVA16 vaccine with three doses
(0.5 mg/0.5ml/mouse, 0.125 mg/0.5ml/mouse, and 0.031 mg/
0.5ml/mouse) by intraperitoneal injection. PBS was used as a
negative control. Immunized female mice were allowed to mate
2 weeks after 2nd booster injection. On the 7th postnatal day,
CVA16 strain was administered intracranially to 20 newborn
suckling mice at 20 times the median lethal dose (LD50). The
suckling mice were then observed for 14 days, recording death
rate. The anti-CVA16 titer against G10 in maternal mice were
tested in 3 time points: suckling mice born, challenge (0 day) and
end of observation (14 day). Three independent experiments
were performed. The virus strain, CVA16-CLS used for challenge
was mice-adapted strain prepared by Sinovac Biotech Co. Ltd

Passive immunization and virus challenge in vivo

The serial diluted immunized sera (1:4, 1:8, 1:16, 1:64), which
were from mice, goat, rat, and human, were inactivated at 56�C
for 30 minutes and then mixed with CVA16 virus in 37�C for
1 hour. Twenty 7 day old BALB/c mice were injected intraperito-
neally with each mixture. The suckling mice were then observed
for 14 days, recording death rate. The ED50 were calculated.

Virus neutralizing assay

Cytopathogenic effect assay was performed as described to evalu-
ate neutralizing antibody (NTAb) titers. Blood samples were
inactivated at 56�C for 30 minutes, serially diluted from 1:4, and
mixed with equal volumes of 100 median tissue culture infective
doses (TCID50) of virus. After incubation at 37�C for 2 hours,
RD or Vero suspension was added to the mixture. The cultures
were then incubated in CO2 incubators for 7 days at 35�C. Cyto-
pathogenic effect was observed under a light microscope.

Antibody measurement Enzyme-linked immunosorbent
assay (ELISA)

Anti-CVA16 IgG titers were determined by endpoint titer
ELISA. Briefly, The 96-well microtiter plates were coated
with bicarbonate coating buffer (pH 9.6) containing 1 mg/
ml of CVA16 antigen produced by S-1 strain. The coated
plate was then incubated with 100 ml/well of serial diluted
serum sample at 37�C for 1h, and followed by incubating
HRP-conjugated secondary antibody at 37�C for 30 min. A
total of 100 ml of tetramethylbenzidine dihydrochloride
(TMB) was added for incubation for 15 min at room tem-
perature. Finally, the absorbance at 450 nm was recorded
using an ELISA plate reader. Endpoint titer was reported as
the highest serum dilution that had an absorbance � 0.105
OD unit above the blank.

Western blotting analysis

Western blotting was performed as follow: inactivated
CVA16 produced by S-1 strain was separated on 12% poly-
acrylamide gels and transferred onto PVDF membranes;
membranes were then detected with the anti-CVA16 mice
sera or rabbit sera and HRP-conjugated anti-mice or anti-
rabbit IgG antibody.

Structural analysis and homology modeling

Based on the published crystal structure of CVA16 (PDB
ID: 5C4W), the variant amino acids between G10 and
recombinant strains were analyzed by PyMOL (ver-
sion:1.8.4.0). A three-dimensional structural model of G10
was generated by homology modeling with the crystal struc-
ture of CVA16 (PDB ID: 5C4W) as the template, using the
SWISS-MODEL (http://swissmodel.expasy.org/). The UCSF
Chimera (1.10.2) was used to make comparison of the
structures.

Abbreviations
CVA16 Coxsackievirus A 16
EVA71 Enterovirus A 71
HFMD
NTAbs Neutralizing Antibodies
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