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ABSTRACT

Coxsackievirus A16 (CA16) has caused worldwide epidemics of hand, foot and mouth disease (HFMD),
particularly in infants and pre-school children. Currently, there are no vaccines or antiviral drugs
available for CA16-associated disease. In this study, a CA16-specific monoclonal antibody (MADb)
NA11F12 was derived with an epidemic CA16 strain (GenBank no. JX127258). NA11F12 was found to
have high cross-neutralization activity against different CA16 subgenotypes but not EV71 using RD cells.
The neutralizing titers of NA11F12 ranged from 1:1024 to 1:12288 against A, B1, B2 and C subgenotypes
of CA16 and was less than 8 against EV71 strain. In the neonatal mouse model, a single treatment of
NA11F12 showed effective protection with a dose- and time-dependent relationship against lethal
challenge by CA16 strain (GenBank no. JX481738). At day 1 post-infection, administering more than
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0.1 pg/g of NAT1F12 could protect 100% newborn mice from mobility and mortality challenged by  therapeutic effect

CA16. With dose of 10 pg/g of NAT1F12, a single administration fully protected mice against CA16-
associated disease within 4 days post-infection. And there were 80% and 60% mice protected by
administering NA11F12 at day 5 post-infection and day 6 post-infection when the control mice had
shown clinical symptoms for 1- and 2-day, respectively. Immunohistochemical and histological analysis
confirmed that NA11F12 significantly prohibited CA16 VP1 expression in various tissues and prevented
CA16-induced necrosis. In conclusion, a CA16-specific MAb NA11F12 with high cross-neutralization
activity was identified, which could effectively protect lethal CA16 challenge in mice. It could be
a potential therapeutic MAb against CA16 in the future.

Introduction used to distinguish different types of CA16 viral particles.'
No therapeutic MADb against CA16 has been reported.

In this study, we characterized a CA16 monoclonal anti-
body (MADb) NAI11F12 with high neutralization activity
in vitro and efficacy in vivo, which could be a potential ther-

apeutic MAb against CAl6-associated diseases.

Coxsackievirus Al6 (CA16), belonging to the Enterovirus
genus in the Picornaviridae family, is one of the major
pathogens responsible for hand, foot and mouth disease
(HEMD).! Outbreaks of HFMD caused by CA16 have been
reported worldwide since 1957, such as Vietnam,? India,’
Singapore,” and China.”” Although most CA16 infections
are self-limited and cause mild symptoms in infants and
children under five years old, severe complications such as
myocarditis, aseptic meningitis, pneumonia and death have
been increasingly describe.® However, there is no effective
treatment and prevention agent available against CAIl6-

Result

In vitro cross-binding and cross-neutralizing abilities of
MAb NA11F12

We produced a MAb NA11F12 by immunizing with the pur-

associated diseases.

MAbs are recognized as one of the effective ways to pre-
vent and treat virus-inducing infectious diseases. Related
reports have proved that MAbs against EV71, one of the
main pathogen of HFMD, could provide effective
protection.g'11 However, due to the negligence of CA1l6,
only several MAbs against CA16 were reported, which were

ified 190/CA16. Immunofluorescence Assay (IFA) showed spe-
cific binding ability of NA11F12 with CAl6-infected cells, but
not uninfected cells (Figure 1A). Enzyme-linked immunoreac-
tion (ELISA) was used to further explore the potential binding
ability of NA11F12, the results showed that NA11F12 could
cross-bind different CA16 subgenotype strains but not EV71.
(Figure 1B). A 32 kDa band indicated that NA11F12 could
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Figure 1. The cross-binding and cross-neutralizing abilities of MAb NA11F12. (A) Immunofluorescence assay of the MAb NA11F12 against the CA16-infected RD cells.
Uninfected RD cells were used as the negative controls. The secondary antibody was FITC-conjugated anti-mouse (green). The nuclei were stained with DAPI (blue).
(B) NAT1F12 (6.25 pg) bound specifically with CA16 strains (5 X 10*CCID™®) covering A, B1, B2, C subgenotypes but not EV71 by ELISA. (C) The positive bands of MAb
NA11F12 reacted with A, B1, B2, C subgenotypes CA16 strains were found at about 32 kDa. (D) Neutralizing titers of MAb NA11F12 against CA16 covering A, B1, B2,
C subgenotypes by neutralization assay. The Bonferroni’s Multiple Comparison Test was used to compare the difference of the neutralizing titer. **The neutralizing
titer against EV71 was significant difference with other groups, p < 0.05. *The titer against CA16 C subgenotype was significant difference with other CA16

subgenotypes, p < 0.05.

identify a linear epitope on VP1 protein by Western Blot
(Figure 1C). NA11F12 could neutralize CA16 but not EV71
by neutralization assay. The neutralizing titers of NA11F12
against CA16 strains, covering the A, B, C subgenotypes,
were higher than 1:1028. The titer against EV71 was significant
difference with other groups (p < 0.05). The titer against CA16-
C subgenotype was significant difference with other CA16
subgenotypes (p < 0.05) (Figure 1D). These results demon-
strated that NA11F12 was a good candidate for testing in
animals.

Dose-dependent effect of NA11F12 in vivo

To figure out the effect of different treatment dosage of NA11F12
at day 1 post-infection, groups of newborn BALB/c mice were
injected i.p with serially diluted NA11F12 (10 pg/g-0.001 pg/g,
respectively). Inactivity occurred in the controlled group treated
with Minimal Essential Medium (MEM) at 5 days post-infection,
and the symptom changed to forelimb weakness, followed
with hind legs paralysis and quadriplegic, and died terminally at
7-11 days. In contrast, 10 pg/g, 1 pg/g and 0.1 ug/g dose of
NAI11F12 could fully protect mice against CA16 challenge with
no visible clinical symptoms, whereas the 0.01 ug/g dose group
could prevent 80% mice from paralysis and death compared with

control group (all p < 0.01). Although all mice in the minimal dose
(0.001 pg/g) group died, the time of presenting clinical symptom
and death were delayed from day 5 to 7 and day 7 to 9 post-
infection, respectively. The median effective dose (EDs,) was
calculated by Reed and Munch method to be 0.0042 pg/g
(Figure 2).

Time-dependent effect of NA11F12 in vivo

Different treatment times were studied to further evaluate the
efficacy of NA11F12. After challenged by BJCA08/CA16, mice
were treated i.p. with NA11F12 (10 pg/g) at day 1, 2, 3,4, 5, 6
or 7 post-infection. The results showed that symptoms emerged
in the control group as early as day 5 post-infection and
aggravated to limb paralysis from day 6 post-infection. All the
control mice died within 11 days post-infection, while the mice
that received NA11F12 at day 1, 2, 3, 4 post-infection were
totally healthy. However, treatment at day 5 or 6 post-infection
could protect 80% or 60% mice from death respectively, indi-
cating a significant treatment effect compared to the control
group (all p < 0.05) (Figure 3). And 20% mice could be
protected by treatment with NA11F12 at day 7 post-infection,
when the mice began to die in the control group. These results
show that NAI11F12 was able to fully protect mice from
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Figure 2. In vivo treatment of NA11F12 at different doses after CA16 infection. One-day-old BALB/c mice were i.p. challenged with 54CCIDso/mouse BJCA08/CA16
and then i.p. treated with different doses of NA11F12 ranking from 10 pg/g to 0.001 pg/g (10-fold serial dilutions) at 1 day post-infection(DPI). The control mice were
treated with Minimal Essential Medium (MEM, THERMO). Survival rates and health scores were monitored daily for 20 dpi. The Log-rank (Mantel-Cox) test was used to
compare the survival of mice between each group and control group at 20 days of post-infection. **p < 0.01, *p < 0.05.
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Figure 3. In vivo treatment of NA11F12 at different times after CA16 infection. Mice were challenged i.p. with 54CCIDso/mouse BJCA08/CA16 and then treated with
NA11F12 at different days post-infection from day 1 to day 7. The control mice were treated with Minimal Essential Medium (MEM, THERMO). Survival rates and
health scores were monitored daily for 20 dpi. The Log-rank (Mantel-Cox) test was used to compare the survival of mice between each group and control group at

20 days of post-infection. **p < 0.01, *p < 0.05.

CAl6-induced paralysis and death within 4 days post-infection,
which was very close to the time when the control mice began
to present visible symptoms.

Histological and immunohistochemical staining

To confirm the treatment effect of NA11F12, hematoxylin and
eosin (H&E) staining and immunohistochemistry (IHC)
examinations were performed. Compared to the normal mor-
phology of NA11F12-treated mice, inflammatory cell infiltra-
tion was observed in the brain and severe necrosis was found
in the heart and limb muscles in the MEM-treated group.
Positive CA16 antigen was found in the heart, limb muscle
and brain in MEM-treatment mice. In contrast, no patholo-
gical symptom change was observed in the NA11F12-treated
group and health control group (Figure 4). NA11F12 was able
to fully protect mice from CA16-induced morbidity and mor-
tality within day 4 post-infection. These results show that the
treatment of MAb NA11F12 was able to protect mice from
CA1l6-induced paralysis and death.

Discussion

CA16 and EV71 are the major pathogens of HFMD, which
usually cause skin rash, herpes and fever in infants and chil-
dren under 5 years old. Besides these common symptoms,
central nervous system symptoms may appear in some
patients, such us aseptic meningitis, brainstem encephalitis,
neuronal pulmonary edema, and heart failure.>'>'* It is uni-
versally accepted that severe HFMD is mainly caused by EV71

and mild cases are relevant to CA16 with wider epidemic.'>'°

However, severe symptoms caused by CA16 have been
reported in recent years,'”” and mixed infection of CA16 and
EV71 often causes more severe symptoms and elongates
course of disease.'"® Currently, there is no available effective
method to treat and prevent CAl6-related infections.
Therefore, it is urgent to carry out researches in these aspects.

The first MAb OKT3 was approved by FDA in 1986 for
therapy rejection reaction (www.fda.gov). Since then, charac-
terized by low toxicity and high specificity, monoclonal anti-
bodies have gained increasing attention and been approved
for clinical use for diseases, such as cancer, autoimmune
diseases, and inflammation, as well as in the infectious
diseases.'” In the previous studies, passive transfer of specific
neutralizing-MAbs could reduce corresponding virus-
inducing severity, such as Venezuelan equine encephalitis,20
West Nile virus (WNA),?! influenza,”'° Dengue Virus'! and
EV71. Especially for EV71, another main member of
Enterovirus genus, three neutralizing MAbs (nMAbs) could
protect mice from lethal EV71 challenge at different time
post-infection. Among them, an EV71-VP1 and EV71-VP2
epitope-targeted nMAD could protect mice from lethal EV71
challenge at day 1 post-infection.”'® Another conformational
nMAb CT11F9 was effective in preventing 100% mice from
EV71-induced morbidity and mortality within three days
post-infection, after which the mice began to show visible
illness."" These nMAbs provided potential treatment tool for
HFEMD caused by EV71.

There has been few reported studies on CA16 MAbs, Liu
et al. discovered that the anti-CA16 MAb 8C4 (10 pg) was
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Figure 4. Histological examination and immunohistochemical results of in vivo study. One-day-old mice were i.p challenged with lethal doses of BJCAO8/CA16
(54CCIDsy), then i.p. treated with 10 pg/g NA11F12 or MEM at day 1 post-infection. (A) Dynamic changes of clinical symptoms in newborn mice model. Uninfected
CA16 mice (Health control) (left), MEM-treated mice (middle) and NA11F12-treated (right) in each picture. MEM-treated mice showed visible clinical symptoms: (a)
waste, (b) hind legs paralysis, (c) quadriplegic (arrows). (B) HE staining of different tissues from BALB/c neonatal mice. Positive reactions were observed in heart, brain
and limb muscle tissues by H&E staining. Infected mice (grades 4-5) exhibited severe inflammation in heart and limbs and cranial nerve necrosis (arrows). In contrast,
no histological change was observed in the mice of health control group and NA11F12-treated group. Magnificationx100 (a, b, e, g, h), Magnificationx200 (c, d, f, i).
(C) IHC staining of different tissues from BALB/c neonatal mice. Positive reactions were observed in heart, brain and limb muscle tissues by IHC straining. Numerous
viral antigen-positive reactions were observed in the heart, limb muscle and brain (arrows) in the infected mice. In contrast, no viral antigen was observed in the
mice of health control group and NA11F12-treated group. Magnificationx100 (a, b, c, €, g), Magnificationx200 (h, i), Magnificationx400(d, f).

effective in partially preventing CA16-inducing death at 1 day ~which was separated in Taiwan in 2007. NA11F12 not only
post-infection.”” In this study, we produced an anti-CA16 showed a high neutralization activity in vitro, but also could
MAb NA11F12 by immunizing an epidemic strain 190, protect mice from lethal CA16 challenge with a good



dose- and time-depended effect, respectively. NA11F12 at
>0.1 pg and 0.01 pg could preventing 100% and 80% mice
from mobility and mortality caused by CA16 challenge,
respectively. 100% mice could be protected by therapy with
NA11F12 within four days post-infection, after which the
mice began to show visible illness. It was interesting that
80%, 60% and 20% mice could be protected by therapy with
NAI11F12 at 5, 6 and 7 days post-infection respectively.
Compared with the significant damage and CA16-VP1 anti-
gen in brain, heart and limb muscles in mice of the MEM-
treatment group, no damage and CA16-VP1 antigen were
found in the mice treated with NA11F12.

CA16 has been grouped into the genotype A, B and
C according to the differences in VP4 nucleotide sequence.*
Since 1990s, the main epidemic strains have belonged to the
B and C subgenotypes.** It has been demonstrated that circulat-
ing CA16 virus is a group of complex recombinant viruses
involving multiple type A HEVs, including coxsackievirus A4
(CA4), CA16 and EV71.%> There was >20% genetic difference
between GI10 prototype strain and the current epidemic
strains.”® Besides the difference of nucleotide sequence, there
were great differences in the antigenicity of different circulating
strains.”” In the recent study,”® Yao et al. first discovered that
anti-sera from ten circulating strains had different neutralizing
abilities against G10 and these epidemic strains, in which these
antisera  could neutralize G10 with higher titer
(GMT:69.3-210.7) but not ten epidemic strains(GMT < 8).
These results indicated the epidemic strains were not easy to
be neutralized, compared with the original strain G10. In this
study, NA11F12 could not only neutralize G10 but also epi-
demic strains covering the B1, B2 and C subgenotypes, with
high neutralization titers at 4096, 12288, 12288 and 1024 respec-
tively. Therefore NA11F12 could be used as a potential ther-
apeutic MAb for CA16 infection.

Vaccines are the most effective means of preventing infec-
tious diseases. To prevent the outbreaks of HFMD in recent
years, EV71 vaccines developed by three companies (Beijing
Vigoo Biological, Sinovac Biotech Co. Ltd, and Institute of
Medical Biology) have been approved on the market since
2015. Several companies and academic institutions launched
projects to develop monovalent or bivalent HFMD vaccine
against CA16.”” However, there are many challenges in CA16
and multivalent vaccine development, such as the low immu-
nogenicity of CA16 and the difficulty of CAl6 epidemic
strains to be neutralized. In our study, NA11F12 could cross-
bind and cross-neutralize different A, Bl, B2 and
C subgenotypes. NA11F12 had no activity in neutralizing
and binding with EV71, which shared 80% sequence identity
in capsid proteins with CA16,>® indicating its specificity to
CALlS6. Further study on the neutralizing epitope of NA11F12
would be significant for the understanding of CA16 virus and
the development of CA16 vaccine.

In conclusion, we produced a CA16-specific MAb NA11F12
with high cross-neutralizing titers against different CA16 sub-
gentypes, which could protect 100% mice from lethal CA16
challenge. NA11F12 could be used as a potential therapeutic
MAD against CA16 infection. Our findings played a positive role
in the development of CA16 vaccine and better understanding
of CA16. However, only CA16 C subgenotype (BJCA08/CA16)
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was used as the challenge strain to evaluate NA11F12 in new-
born mice. More subgenotypes and epidemic strains should be
used to evaluate the protective effect of NA11F12 in vivo. It
would lay the foundation for further humanized antibody and
clinical trial studies.

Materials and methods
Cells and viruses

Human muscular rhabdomyosarcoma (RD) cells and mouse
myeloma cells (Sp2/0-Ag-14) were cultivated in MEM
(THERMO) with 10% fetal bovine serum, 1% L-glutamine,
1% penicillin and 1% streptomycin at 37°C. Viruses including
BJCAO08/CA16, G10/CA16, 731/CA16 and 190/CA16 strain
were grown in RD cells. As a control, 523/EV71 strain was
also grown in RD cells (Table 1). All viruses were titrated for
the 50% cell culture infectious dose (CCIDsy) in RD cells.

Production of anti-CA16 monoclonal antibody

To obtain the anti-CA16 MAb NA11F12, BALB/c mice were
immunized with the purified 190/CA16 (GenBank no.
JX127258), a CA16 whole virus isolated from China in 2007,
emulsified in complete Freund’s adjuvant and subcutaneously
boosted twice at 2-week intervals with CA16 in incomplete
Freund’s adjuvant. After final injection, splenocytes from the
immunized mice were fused with Sp2/0-Ag-14. Antibodies
against CA16 in hybridoma supernatant were screened by
ELISA and neutralization assay. Positive wells were cloned at
least twice. Ascetic fluid produced from a single clone of
positive cells was purified by precipitating with 50% ammo-
nium sulfate using protein chromatography (GE Healthcare)

Immunofluorescence assay (IFA)

RD cells were plated onto glass coverslips in 24-well plates and
then infected with CA16. After incubating at 37°C for 12 h, cells
were fixed with 4% paraformaldehyde for 30 minutes without
light, followed by permeating with wash solution (PBS + 0.3%
Triton X-100) for 10 minutes, and blocked with goat serum
for 1 h. Pretreated cells were incubated with MAb NA11F12
(3 pug/mL) at 37°C for 1 h. After washing with wash solution,
cells were incubated with fluorescein isothiocyanate-conjugated
goat anti-mouse second antibody (GAM-FITC) at 37°C for
30 minutes and co-strained with 4',6-diamidino-2-phenylindole
(DAPI) for 5 minutes. The results were obtained using a fluor-
escent microscopy (Axio Imager Z2, Zeiss).

Neutralization assay

An in vitro neutralization assay for CA16 was performed.
Briefly, RD cells were seeded at 2 X 10* cells per well into

Table 1. CA16 and EV71 strains.

GenBank No. Virus Type Genotype
uU05876 G10 CAl6 A
JX127258 190 CA16 B1
KF924762 731 CAl6 B2
JX481738 BJCAO08 CA16 C
EU753397 523 EV71 c4




2348 R.DU ET AL.

96-well plates (Corning). NA11F12 (1 mg/mL) was serially
diluted in a 2-fold dilution from 1:8 to 1:16,384 and incubated
with an equal volume of CA16 (100 CCIDs) at 37°C for 2 h.
The virus/MADb mixtures were added into starvation cells and
then incubated at 37°C for 24 h. The neutralization titer was
defined as the highest dilution in over >50% CPE. Each assay
was processed independently three times.

Capture ELISA assays

ELISA was conducted to measure the immunoreactivity of
NA11F12 with EV71 and CA16 inactivated virus. Briefly, 96-
well microtiter plates (Corning) were coated with anti-EV71
or CA16 polyclonal antibody overnight at 4°C. After washing
with wash solution (0.05% Tween 20 in PBS), the plates were
blocked with casein at 37°C for 1h. 5 x 10*CCID5, CA16 and
EV71 viruses were added for 1h, and then 6.25 ug MAb
NA11F12 (diluted with PBS) was added and incubated for
1h at 37°C. Goat anti-mouse antibody labeled with horserad-
ish peroxidase (HRP) was added to the plates (1:10000 dilu-
tion) and incubated at 37°C for 1h. The wells were washed
5 times with PBST between each step. Visualization was
achieved by adding 100 ul HRP substrate for 10 minutes at
room temperature, followed by 50 pl 2M H,SO,4. The OD
value (A450/630) was measured by a microplate absorbance
spectrophotometer (Bio-Rad). Each assay was processed inde-
pendently three times.

Western blot analysis

Total proteins of CA16 and EV71 were used to analyze the
immunoreactivity with NA11F12 and identity which capsid
protein NA11F12 could bind. Proteins were resolved by SDS-
PAGE and electro-blotted onto nitrocellulose membranes (Bio-
Rad). Membrane were blocked in 5% blotting grade milk
(diluted with PBS), and incubated in primary antibody solution
for 1 h, followed by incubation in HRP-conjugated goat anti-
mouse IgG at 1:10,000 dilution (Dako Cytomation) for
another hour. The membranes were washed three times for
5 minutes in 0.1% Tween-20(diluted in TBS), and developed
with ECL Western Blotting Substrate reagent (ThermoFisher),
followed by color development with Amersham imager 600
(General Electric Company)

In vivo study in mice

All animal experiments were carried out in accordance with the
guidelines of the National Institute for Food and Drug Control
for the Care and Use of Laboratory Animals. In order to
evaluate the antiviral efficiency of NA11F12, a clinical isolate
(BJCA08/CA16) from a patient with HFMD was chosen as
challenge strain, which had been used to establish a CA16
neonatal mouse model in the previous study.”’ Newborn
BALB/c mice were challenged intraperitoneally (i.p.) with
BJCA08/CA16 (GenBank no. JXe81738) 54CCIDsy/mouse,
and serially diluted NA11F12 (10 pg/g-0.001 pg/g) and MEM
medium were inoculated at day 1. The mice in control group
were treated with MEM. Each group (n = 5) contained two
independent experiments. To further prove the protective effect

Table 2. Grading score for clinical symptoms of CA16 infected mice.

Clinical sign(s) Grade

Healthy
Wasting/Inactivity
Forelimb weakness
Hind legs paralysis
Quadriplegic
Moribund and death

nnhwWN-—=O

of NA11F12, NA11F12 (10 pg/g per body weight) was given
at day 1, 2, 3, 4, 5, 6, or 7 post-infection. In all experiments, the
mice were monitored daily for body weight and clinical symp-
toms until day 20 post-infection. The grade of clinical disease
was recorded as follows: 0, healthy; 1, wasting/inactivity; 2,
forelimb weakness; 3, hind legs paralysis; 4, quadriplegic; 5,
moribund and death (Table 2).

Histology and immunohistochemistry analysis

Another two groups of newborn mice (n = 5) was challenged i.p.
with CA16 BJCAO08. At day 1 post-infection, the text group was
given NA11F12 (10 pg/g per body weight), and another group
was given MEM medium. The mice in control group were
unchallenged by CA16. After 7 days, the animals were eutha-
nized, and tissues including brain, kidney, spinal cord, heart,
liver, lung, intestine and limb muscle were collected, and then
fixed in 4% paraformaldehyde for at least 2 days. Hematoxylin
and eosin (HE) and immunohistochemistry (IHC) staining were
performed as in a previous study.”" Primary antibody against the
VP1 region of CA16 was used at 1:32,000 dilution.

Statistical analysis

Data statistical analyses were performed using GraphPad
Prism version 5, and p < 0.05 was considered as statistical
significance. The health scores were shown as means.

Abbreviations

CAl6  Coxsackievirus A16

HFMD Hand, foot and mouth disease
MAb monoclonal antibody

EV71 Enterovirus 71

nMAb  neutralizing Mab

DPI days of post-infection

RD Human muscular rhabdomyosarcoma

MEM  Minimal Essential Medium
CCIDs, 50% tissue culture infectious dose
ELISA  enzyme-linked immunoreaction
ip Intraperitoneally

HE hematoxylin and eosin

IHC immunohistochemistry

EDs the median effective dose

IFA Immunofluorescence Assay
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