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ABSTRACT
Coxsackievirus A16 (CA16), a main causative agent of hand, foot, and mouth disease (HFMD), has become a serious
public health concern in the Asia-Pacific region. Here, we generated an anti-CA16 monoclonal antibody, DMA2017,
derived from an epidemic strain CA16. Surprisingly, although DMA2017 could not neutralize the original and
circulating CA16 strains in vitro, the passive transfer of DMA2017 (10 μg/g) could protect suckling mice from a lethal
challenge with CA16 in vivo. Then, we confirmed the protective effect of DMA2017 relies on the Fc-dependent
effector functions, such as antibody-dependent cellular cytotoxicity (ADCC). The linear epitope of DMA2017 was
mapped by phage display technique to a conserved patch spanning residues 143–148 (NSHPPY) of the VP2 EF-loop
of CA16. DMA2017 could inhibit the binding of the antibodies present in the sera of naturally infected children to
CA16, indicating that the epitope of DMA2017 is immunodominant for CA16. Our results confirm, for the first time,
that a potential preventive and therapeutic effect could be mediated by a non-neutralizing antibody elicited against
CA16. These findings bring a hitherto understudied protective role of non-neutralizing antibodies during viral
infections into the spotlight and provide a new perspective on the design and evaluation of CA16 vaccines.
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Introduction

Coxsackievirus A16 (CA16) belongs to the Enterovirus
genus of the Picornaviridae family and is a major cau-
sative agent of hand, foot, and mouth disease (HFMD)
[1]. Each year seasonal outbreaks of HFMD are
reported globally [2]. The disease is prevalent in
young children, particularly in those under five years
of age [3]. CA16 is a single, positive-stranded RNA
virus with a capsid of icosahedral symmetry. CA16
has been classified into three genogroups and several
subgroups (A, B1a, B1b, B2a, B2b and C) based on
phylogenetic analyses of the VP4 or VP1 gene [1,4].
B1 and B2 constituted the major epidemic strains in
recent years [5,6].

CA16 was first isolated in 1951 [7]. Large outbreaks
associated with CA16 have been reported worldwide,
including in Australia, England and Wales, Singapore,

India and China [8]. Most CA16-associated HFMD
infections present mild symptoms, such as skin rash,
mucosal blister and fever [9]. However, recent clinical
data have shown that CA16 infections can lead to
severe neurological complications and even lethal
myocarditis [10]. Enterovirus 71 (EV71) is another
major pathogen of HFMD. The coinfection of CA16
and EV71 causes more severe complications of the
nervous system, worse conditions, longer duration
and even higher critical illness transfer rates [11].
Concerningly, there are no effective therapeutics or
vaccines available for protection against CA16
infections.

Neutralizing antibody titer is a recognized key indi-
cator of the efficacy of vaccines against enteroviruses.
In the evaluation of enterovirus vaccines, more atten-
tion is often paid to neutralizing antibodies, and the
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role of non-neutralizing antibodies is ignored. How-
ever, in the development of CA16 vaccines by some
manufacturers, antibodies induced by the CA16 vac-
cine with low neutralizing titer showed protective
effects in animals. Moreover, previous research in
our laboratory has found that poorly neutralizing
polyclonal antibody elicited by circulating strains of
CA16 could prevent a lethal challenge [12]. Similar
instances of non-neutralizing antibodies conferring
protection have also been reported for West Nile
Virus (WNV), flaviviruses, alphaviruses, rhabdo-
viruses, and coronaviruses [13]. Therefore, whether
the evaluation of neutralizing antibodies can ade-
quately reflect the effectiveness of the CA16 vaccine
has become one of the key issues, which hindering
the evaluation and development of the CA16 vaccine.
To address this issue, we first developed a monoclonal
antibody DMA2017 against CA16, which could pro-
tect 100% suckling mice from the lethal challenge of
CA16 in vivo. These findings highlight important
roles for non-neutralizing antibodies during the
course of viral infections and raise a new perspective
on the design as well as evaluation of CA16 vaccines.

Materials and methods

Cells, virus, monoclonal antibody and human
serum

Human muscular rhabdomyosarcoma (RD) cells were
cultivated in Minimal Essential Medium (MEM,
THERMO) supplemented with 10% fetal bovine
serum (FBS) at 37°C in 5% CO2 atmosphere. All Cox-
sackievirus A16 (CA16), including G10, 190, 731,
BJCA08 and 523/Enterovirus 71(EV71) were grown
in RD cells (Supplementary Table 1). The anti-CA16
monoclonal antibody DMA2017 was produced and
purified by Autobio company with the purified
NIFDCK02/CA16. Seven human sera were collected
from healthy children aged 12–35 months in Jiangsu
in 2012. Among them, 5403, 5407, 7137 and 6807
were the convalescent serum samples after CA16 natu-
ral infection with neutralizing antibody (NT) titers of
1536, 1024, 1536 and 768, respectively. By contrast,
5406, 6776 and 6850 with NT titers <8 served as the
negative serum samples. Written informed consent
was received from all donors’ guardians involved in
our study.

Production of DMA2017

CA16 was propagated and concentrated from virus-
infected RD cells, emulsified in complete Freund’s
adjuvant at a column ratio of 1:1. Healthy female
BALB/C mice aged 6–8 weeks were immunized subcu-
taneously with a dose of 10 μg/mouse. The mice have
boosted twice at 21 days intervals with CA16 in

incomplete Freund’s adjuvant. After the final injec-
tion, splenocytes from the immunized mice were
fused with Sp2/0-Ag-14. Antibodies against CA16 in
hybridoma supernatant were screened by enzyme-
linked immunosorbent assay (ELISA). Positive wells
were cloned at least twice. Ascetic fluid produced
from a single clone of positive cells was purified by
protein A chromatography (GE Healthcare). The
eluted antibodies were desalted by Sephadex G-25 to
obtain purified DMA2017.

Neutralization assays

An in vitro neutralization assay was performed to test
the ability of DMA2017 to neutralize CA16. Briefly,
RD cells were seeded at 2 × 104 cells per well into
96-well plates (Corning). DMA2017 (1 mg/mL) was
serially diluted in a 2-fold dilution from 1:8 to
1:16,384 and incubated with 100 cell culture infective
dose 50% (CCID50) of CA16 at 37°C for 2 h. The
virus/MAb mixtures were added into starvation cells
and then incubated at 37°C for 7 days. The neutraliz-
ation titer was defined as the highest dilution with over
50% cytopathic effect. Each assay was repeated three
times under identical conditions.

Evaluation of in vivo protective effect of
DMA2017 in vivo

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. Suckling mice were used to find out whether
the anti-CA16 DMA2017 could confer protection
against CA16 infections. All groups of newborn
BALB/c mice (n = 5) were challenged with BJCA08/
CA16 (54 CCID50). Then, five groups were injected
intraperitoneally (i.p.) with serially 5-fold diluted
CA16 DMA2017 (10–0.016 μg/g, respectively), and
one control group was treated with the same volume
of Minimal Essential Medium (MEM). To further
explore the protective mechanism, the Fab and F
(ab’)2 segment were acquired by papain(Thermo,
20341) and pepsin(Thermo, 20343). 10 μg/g Fab, F
(ab’)2, DMA2017 and PBS were injected intraperitone-
ally (i.p.) to protect suckling mice from BJCA08/CA16
attack. Mice were monitored for survival and severity
of clinical symptoms for 21 days. The grade of clinical
disease was scored as follows: 0, healthy; 1, wasting/
inactivity; 2, forelimb weakness; 3, hind legs paralysis;
4, quadriplegic; 5, moribund and death.

Histology and immunohistochemistry
analysis

To further characterize the protective effect of
DMA2017, two groups of newborn mice (n = 5) were
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challenged i.p with CA16 BJCA08(54 CCID50). At day
1 post-infection, one group was administered
DMA2017 (10 μg/g per body weight), while the
other group was given MEM medium. In the control
group, the mice were challenged by MEM instead of
CA16. After 7 days, the animals were euthanized,
and tissues including brain, kidney, spinal cord,
heart, liver, lung, intestine and limb muscle were col-
lected and fixed in 4% paraformaldehyde for at least 2
days. Hematoxylin and eosin (HE) as well as immuno-
histochemistry (IHC) staining were performed as
described in a previous study[14]. Primary antibody
against the VP1 region of CA16 was used at 1:32,000
dilution.

SDS-PAGE and Western blot analysis

BJCA08/CA16 was used to identify which capsid
protein DMA2017 could bind. Proteins were resolved
by SDS-PAGE and electro-blotted onto nitrocellulose
membranes (Bio-Rad). The BJCA08/CA16 was sub-
jected to 4-20% SDS-PAGE. The membrane was
blocked in 5% blotting grade milk (diluted with
PBS), and incubated in DMA2017 solution for 1 h, fol-
lowed 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 min in 0.1% Tween-20 (diluted in
TBS), and developed with ECL Western Blotting Sub-
strate reagent (ThermoFisher), followed by color
development with Amersham imager 600 (General
Electric Company).

To detect the effect of enzyme digestion, the
DMA2017 and digestion products Fab and F(ab’)2
were subjected to 12% non-reduced SDS-PAGE. The
resulting gel was stained using Coomassie blue.

Viral RNA extraction and RT-PCR assay

Two groups of newborn mice were challenged i.p with
BJCA08 (54 CCID50). At day 1 post-infection, one
group was administered DMA2017 (10 μg/g per
body weight), while the other group was given
MEM. In the health control group, the mice were
only challenged by MEM. After 7 days, three mice of
all groups were euthanized, and tissues including
blood, brain, kidney, spleen, heart, liver, lung, intes-
tine and limb muscle were collected. Blood and hom-
ogenized tissues were harvested for RNA by a Mag
Max viral isolation kit (Applied Biosystems,
A52990). According to the instructions of the One-
Step RT–PCR kit (Takara, RR096A), cDNA was syn-
thesized from RNA by reverse transcription at 42°C
for 5 min and 92°C for 10 s, followed by 40 cycles of
95°C for 5 s and 60°C for 30 s (Applied Biosystems,
QuantStudio). Real-time quantitative PCR (RT–
PCR) assays were performed using the following

CA16-specific primes: forward primer, 5′-CACCTC-
CAAGCGAATGACCT-3′ and reverse primer 5′-
ATCCATGCCCTGACGTGTTT-3′.

Epitope mapping

The Ph.D.-12 Phage Display Peptide Library Kit
E8110S used for epitope mapping was purchased
from New England Biolabs. Panning was carried out
by incubating 2 × 1011 phage-displayed peptides on a
plate coated with 20 μg DMA2017 followed by block-
ing with casein at 37°C for 1 h. Next, 4 × 1010 phage
library was added and incubation was carried out for
1 h at room temperature. Unbound phage was washed
away using TBST (0. 5% Tween 20 in PBS), and the
specifically bound phage were eluted by adding
BJCA08/CA16. Then, the eluted phage were amplified
and taken through addition amplification cycles to
enrich the pool in favor of binding sequences. After
three rounds, individual clones were characterized
by DNA sequencing.

ELISA

Plates were individually coated with 50 μg/mL of each
synthetic peptide in coating buffer (0.1M NaHCO3,
PH8.6) and incubated overnight at 4°C. After the
end of the incubation period, the plates were blocked
with casein at 37°C for 1 h. Then 1 μg/mL DMA2017
was added. After 1 h incubation at 37°C, the binding
of the DMA2017 to the immobilized peptides was
detected by anti-mouse IgG-HRP conjugate, followed
by color development with TMB substrate. The bind-
ing efficiency was estimated by reading the absorbance
at 450/630 nm on a spectrophotometer (Bio-Rad). The
procedure adopted for performing binding ELISA and
competitive ELISA was the same as described above
for peptides ELISA. For binding ELISA, an excess of
CA16 polyclonal antibody was coated on plates and
incubated with different viruses at 5 × 104 CCID50/
mL at 37°C for 1 h. Then DMA2017 was added
(0.625 μg/well) and the plates were incubated for
30 min at 37°C. For competitive ELISA, the 96-well
plates were coated at 4°C overnight with CA16.
Human serum was 2-fold serially diluted (1:10–
1:20480) and added to the plates. Plates were incu-
bated at 37°C for 60 min. After this DMA2017 was
added (0.0625 μg/well) and the plates were incubated
further for 60 min at 37°C. Binding of DMA2017
was estimated in the assays by anti-mouse IgG-HRP
conjugate, followed by color development with TMB
substrate. The absorbance value (A450nm/630nm) was
converted to percentage inhibition (PI) using the for-
mula: PI (%) = (1-ODsample/ODDMA2017) *100%. The
ODDMA2017 represents the well-containing
DMA2017 alone.
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ADCC reporter bioassay

The ADCC effect of DMA2017 was measured accord-
ing to the protocol of Murine FcγRIII ADCC Bioassay
(CS1779B06) from Promega. In briefly, 293 T expres-
sing CA16 P1 was taken as the target cell and Jurkat
expressing murine FcγRIII receptor as effector cell.
DMA2017 or a none CA16 antibody as control was
diluted in two-fold series and added into 96 well
plate in triplicate. 75,000 cells per well of the effector
cell and 12,500 cells per well of target cell were
added to the plate, then the plate was cultured in 37°
C, 5% CO2 cell culture incubator for 24 h. In the
next day, add 100μL of Bright-Glo™ reagent (E2620,
Promega) to each well and incubate 2 min, then the
luminescence was measured.

Homology analysis

To investigate the conservation of the DMA2017 epi-
tope among CA16 strains, sequence alignment of the
amino acids spanning residues 143–148 of the VP2
from different CA16 strains was performed. A similar
primary sequence analysis was also performed
between CA16 and EV71 strains.

Structural analysis

Based on the published crystal structure of the capsid
of CA16, the location of the epitope was analyzed
using Chimera.

Statistical analysis

The data statistical analyses were performed using
Graphpad prism version 9. P < 0.05 was considered
as statistical significance. The health scores were
shown as means. The significant differences of survival
rate were analyzed by Log-rank (Mantel–Cox) tests.
The significant differences of health score and viral
load were analyzed by pair T-tests.

Result

Generation and characterization of monoclonal
antibody DMA2017

To produce antibodies against CA16, hybridomas
were generated by fusing spleen cells collected from
mice inoculated with the CA16 KX02 strain with
myeloma cells. Antibodies against CA16 present in
the supernatant of the hybridomas were screened by
ELISA. Amongst 23 antibodies identified, DMA2017
was selected for further characterization, with best
protection efficiency (Data not shown). The ability
of DMA2017 to bind A, B1, B2 and C subgenotypes
of CA16 was tested. The results showed that

DMA2017 could bind different subgenotypes of
CA16 (Figure 1(A)). The natural CA16 empty particle
contains proteins VP0, VP1, and VP3. In mature virus,
VP0 undergo autocleavage to produce VP2 and VP4.
Results of the Western blot analysis revealed that
DMA2017 recognized VP2 as indicated by a band at
28 kDa. The antibody also recognized the precursor
protein VP0, as indicated by a band at around
40 kDa (Figure 1(B)). Taken together, the results of
SDS-PAGE and Western Blot suggested that the linear
epitope of DMA2017 was located on VP2.

The neutralizing ability of DMA2017

Different CA16 viral strains covering A, B1, B2 and C
subgenotypes were used for detecting the neutralizing
ability of DMA2017. Anti-CA16 neutralizing MAb
NA11F12 was used as a positive control [15]. The
titer of DMA2017 for neutralizing strains belonging
to the CA16 A, B1, B2 and C subgenotypes and
EV71 were below 1:8, suggesting that DMA2017
could not neutralize CA16 and EV71 (Table 1).

Non-neutralizing DMA2017 could protect
mice from CA16 lethal attack

Groups of newborn BALB/c mice were challenged i.p.
with BJCA08/CA16 (GenBank no. JXe81738) 54
CCID50/mouse. Test groups were administered serially
diluted DMA2017 (10–0.016 μg/g), while the control
groupwas givenMEMatday 1post-infection. Inactivity
occurred in the control group treated with Minimal
Essential Medium (MEM) at 5 days post-infection,
and the symptoms worsened gradually to forelimb
weakness, followed by paralysis of hind legs and quad-
riplegic, eventually leading to death at 7–11 days post-
infection. In the high dose group, all the mice that
received 10 μg/g DMA2017 survived and were healthy,
showing no clinical symptoms of infection. The results
of survival rate and health score showed statistically sig-
nificant difference (P<0.01) between 10 μg/gDMA2017
treatment group and control. In contrast to the highest
dose group, the survival rate of mice treated with 2 μg/g
of DMA2017 reduced to 20%, and all the mice of other
groups (0.4, 0.08 and 0.016 μg/g) showed inactivity and
quadriplegia as the disease progressed; eventually lead-
ing to their death (Figure 2). There was no significant
difference between the treatment dose lower than 10
μg/g group and the control group (P > 0.05). The
median effective dose (ED50) was calculated by Reed
and Munch method to be 3.65 μg/g.

Viral load changes in DMA2017-treated
mice infected with CA16

As shown in Supplementary Figure 1, CA16 viruses
could be detected in all tissues and blood of MEM-
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treated group. The virus was ubiquitous in all tissues,
such as the heart (107.97 copies/mg), liver (109.53

copies/mg), spleen (107.97 copies/mg), lung (108.84

copies/mg), kidney (108.37 copies/mg), brain (107.54

copies/mg), intestine (106.92 copies/mg), leg muscle
(1011.24 copies/mg) and blood (106.61 copies/mg).
However, CA16 viruses were undetected in the mice
of DMA2017-treated group and control group. The
viral load of DMA2017-treated group and MEM-trea-
ted group showed significant differences (P < 0.0001).

Pathological changes in DMA2017-treated
mice infected with CA16

To monitor the effectiveness of the treatment of
DMA2017, HE staining and IHC assays were per-
formed mice from control (MEM-treated) and
DMA2017-treated groups. Inflammatory cell infiltra-
tion was observed in the brain (Figure 3(f)) and
severe necrosis was found in the heart (Figure 3(d))
and limb muscles (Figure 3(e)) in the MEM-treated
group. Positive CA16 antigen was found in the
heart, limb muscle and brain in MEM-treated mice
(Figure 4(d–f)). However, no pathological change
and CA16 antigen were detected in DMA2017-trea-
ted mice (Figures 3 and 4(g–i)). These results show
that the treatment of 10 μg/g DMA2017 was able to
protect mice from CA16-induced histopathology,
paralysis and death.

Fc is essential for the protection of
DMA2017 against CA16 infection

Antibody-dependent protection against viruses is
facilitated by two main functions, as follows: Fab-
mediated virus neutralization and Fc-dependent effec-
tor functions. Given the non-neutralization character-
istic of DMA2017, we speculated that the protective
effect is related to Fc fragment. The F(ab’)2 and Fab
fragments of DMA2017 which lack Fc were generated
by enzyme digestion (Figure 5(A)) and subjected to
CA16 challenge experiment. The mice treated with
intact DMA2017 survived, but all the mice received
F(ab’)2 and Fab of DMA2017 developed waste, limb
paralysis and died (Figure 5(B)). As shown in Figure
5(B,C), there are statistical difference in the survival
rate and health score of the DMA2017 group com-
pared to the PBS group, Fab group and F(ab’)2
group (all P<0.01). These results indicate DMA2017
without Fc lost its protection against CA16 infection,
indicating the Fc fragment is essential for DMA2017
protection. Fc fragment could mediate verities of
mechanism, among which antibody-dependent cellu-
lar (ADCC) effect plays an important role in the pro-
tection of antibodies against viral infection. To figure
out if the ADCC effect accounts for the protection of
DMA2017 against CA16, we first measured the
ADCC activity of DMA2017. As shown in Figure 5
(E), with the increase of DMA2017 concentration,
the RLU value also increased. The ED50 of
DMA2017 was 26.39 μg/mL. Consistent with our con-
jecture, Fc fragment is essential for DMA2017 protec-
tion, which could be through the ADCC effect.

Epitope mapping of DMA2017

The positive phage clones binding to the DMA2017
were selected from the PhD.12 phage library. In the

Table 1. Neutralization titers of DMA2017 against four CA16
subgenotypes and EV71. Note: NA11F12 is a known CA16-
neutralizing antibody.

MAb

Neutralization titer against

A/CA16 B1/CA16 B2/CA16 C/CA16 EV71

DMA2017 <8 <8 <8 <8 <8
NA11F12 12288 12288 12288 1536 <8

Figure 1. Characterization of DMA2017. (A) Characterization of the binding ability of DMA2017 with A, B1, B2 and C subgenotypes
of CA16. (B) SDS-PAGE analysis of CA16 and Western blotting of CA16 bound with DMA2017.
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panning process, the enrichment of phage was mon-
itored by determining the yield of phage (number of
phages eluted/number of phages applied). After three
rounds of selection, an approximate 370,000-fold
increase in the number of eluted phages was
observed (Supplementary Table 2). We randomly
picked 12 individual clones after the third round of
panning to test the specific interaction of the pep-
tides with DMA2017. Sequencing of the peptides
helped us deduce the amino acid sequences of the
selected polypeptides that bound DMA2017. As
shown in Supplementary Table 3, the alignment of
the sequences revealed a number of conserved resi-
dues in the selected peptides. Nine out of twelve
clones have a conserved PPY sequence. In addition,

two clones share a very similar PPW sequence.
There is only one amino acid residue difference;
however, Tyr and Trp are both aromatic amino
acids with similar chemical characteristics. Notably,
we found the conserved PPY signature sequence
recognized by DMA2017 in VP2, encompassing resi-
dues 146-148.

To further characterize the epitope of DMA2017,
we tested the ability of TGNENSHPPYATT (residues
139–151 of VP2) to bind DMA2017 using ELISA,
with YEPATFPPYYVR (the most frequent phage
clone) and GSGSGSGSGSGS as positive control and
negative control, respectively. The results showed
that TGNENSHPPYATT could bind DMA2017 with
a high affinity (Figure 6(A)). Based on these results,

Figure 3. Histological examination results. In the group of health control and DMA2017 treated, no histological change was
observed in the heart, brain and limb muscle. (d) In the MEM-treated group of mice, myocardial cell necrosis occurred in the
heart. (e) MEM-treated mice exhibited severe muscle fiber necrosis in the limb muscle (arrow). (f) In the brain of mice, eosinophilic
neuronal necrosis was observed occasionally. All the pathological changes are indicated by arrow. Representative images are
shown at a magnification of 200×. Scale bar: 200 μm.

Figure 2. Protection efficacy of DMA2017 against CA16 challenge in suckling mice. (A) Groups of mice (n = 5) were infected with
54 CCID50 BJCA08/CA16. One day post-challenge, the mice were treated with different doses of DMA2017 (10, 2, 0.4, 0.08 and
0.016 μg/g) via intraperitoneal route. The asterisk indicates significant differences at **P < 0.01 and ***P < 0.001. (B) Clinical symp-
toms of mice were monitored and recorded for 21 days.
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the epitope of DMA2017 is probably located on VP2
spanning the region 139TGNENSHPPYATT151.

In order to identify the minimum effective epitope
of DMA2017, we proceeded to screen synthetic pep-
tides that could interact with DMA2017 by ELISA. A
total of 20 overlapping peptides corresponding to the
sequence of VP2 126-151aa were synthesized (GL

Biochem, Shanghai). Each peptide contained 15
amino acids with 14 residues overlapping with the
adjacent peptides. As shown in Figure 6(B),
DMA2017 interacted with peptides P7-P16, but not
with P1-P6, P17-P20. There is a common stretch of
sequence SHPPY between P7 and P16. While deleting
the Asn143 of P15, the binding affinity declined

Figure 4. Immunohistochemical results. An anti-CA16 VP1 antibody was used to detect CA16 antigen. Numerous viral antigen
positive reactions were observed in the heart, limb muscle and brain (arrows) in the MEM-treated mice. In contrast, no viral anti-
gen was observed in the heart, limb muscle and brain of the health control and DMA2017-treated mice. Representative images are
shown at a magnification of 200×. Scale bar: 200 μm.

Figure 5. The Fc fragment is essential for DMA2017 against CA16 infection. (A) SDS-PAGE of Fab and F(ab’)2. Groups of mice (n = 6)
were infected with 54 CCID50 BJCA08/CA16. The mice were treated with 10 μg/g of DMA2017, Fab, F(ab’)2 or PBS via intraper-
itoneal route. (B)The survivorship curve of each group. (C) Clinical symptoms of mice were monitored and recorded for 21 days. (D)
Weight change of each group. (E) DMA2017 mediated the ADCC between Murine FcγRIII Jurkat cell and CA16 P1 expressing 293 T.
The asterisk indicates significant differences at **P < 0.01 and ***P < 0.001.
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significantly from 1.543 to 0.339. Taken together, the
motif NSHPPY is the defined minimal epitope for
DMA2017.

We evaluated the conservation of the NSHPPY epi-
tope among CA16 and EV71 viruses. Analysis of 17
sequences from different CA16 and EV71 isolates cov-
ering all subgenotypes demonstrates that the epitope
recognized by DMA2017 is conserved among CA16
strains. Interestingly, as shown in Figure 6(C), there
is a two amino acid difference between the putative
epitopes of CA16 and EV71: D/N (143) and S/T
(144). N (143) was found in all CA16 strains and
EV71-A isolate BrCr, while the D was limited to
most EV71 strains. S (144) was conserved in CA16
strains and most EV71 strains. However, the substi-
tution of T (144) was reported in EV71-C4 China
strains.

The mature CVA16 virus particle contains VP1∼4.
The structure of monomer structure of the mature
CA16 marked with color is shown in Figure 6(D).
The location of the epitope is marked in hot pink.
By comparing with Figure 6(E), the epitope was
located at the EF loop of VP2, which is known to par-
ticipate in virus expansion and genome release,
together with the GH loop of VP1.

Competitive ELISA of DMA2017 against
human sera

Protection in mice may not reflect a protective effect in
humans. To further investigate the relative affinities of

DMA2017 and antibodies present in human sera, we
performed competitive ELISA assays. Four CA16-
positive and three CA16-negative human serum
samples from CA16-infected patients confirmed by
neutralization assay were used in the study. As
shown in Figure 7, DMA2017 could block almost
80% of the interaction of CA16-positive human sera
with CA16. The inhibition obviously decreased with
increasing serial dilution of the four CA16-positive
sera. In contrast, the control groups using CA16-nega-
tive human sera showed the highest inhibition of
about 25%. The difference in inhibition between
CA16-positive and CA16-negative human sera indi-
cated that DMA2017 recognizes immunodominant
epitopes, and the epitope bound by DMA2017 is
abundant in CA16-infected humans.

Discussion

CA16 and EV71 are the main causative agents of
HFMD. Prophylactic EV71 vaccines have been suc-
cessfully developed by three companies (Beijing
Vigoo Biological, Sinovac Biotech Co. Ltd, Institute
of Medical Biology) in China [3]. However, the alter-
nating as well as co-circulation of CA16 and EV71
makes it difficult to control the epidemic of HMFD.
Therefore, many companies have carried out CA16
monovalent or multiple vaccines research and devel-
opment. Most of them are still at the stage of clinical
trials [17]. The poorly neutralizing polyclonal anti-
bodies against CA16 circulating strains and their

Figure 6. NSHPPY is the minimal epitope recognized by DMA2017. (A) DMA2017 could bind the peptide 139TGNENSHPPYATT151
located on the capsid protein VP2. (B) Assessing the interaction of individual peptides with DMA2017 by ELISA. (C)Alignment of
VP2 amino acid sequence (143-148) of the different CA16 and EV71 subgenotypes. (D)An enlarged protomer of the mature CVA16
particle. Different parts of the capsid are colored as follows - VP1, blue; VP2, green; VP3, red; VP4, yellow. The epitope is shown in
hot pink. (E) VP2 EF-loop, BC-loop and HI loop are signed (black arrows) [16]. The epitope of DMA2017 is located in EF-loop (red
arrow).
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uncanny ability to confer protection against a lethal
challenge were unearthed during this stage, giving
rise to questions regarding the regulatory guidelines
promulgated on the design and evaluation of the per-
formance of vaccines that put emphasis on the elicita-
tion of neutralizing antibodies by vaccines for
approval [18–20].

Neutralizing antibody titer is a major indicator to
evaluate the protective efficacy of many vaccines. In
the middle of the last century, studies have discovered
and confirmed the existence of neutralizing antibodies
against enteroviruses [21–23]. These antibodies were
primarily used for identifying and classifying entero-
viruses. Then, with the development and application
of enterovirus vaccine, large number of clinical and
animal experiments have demonstrated the corre-
lation between the neutralizing antibodies and protec-
tive effect of vaccines, and consequently a protective
threshold has been established [24,25]. In recent
years, many studies have shown that CA16 could
induce neutralizing antibodies which could protect
mice from lethal CA16 attack. For example, anti-
CA16 MAb 8C4 and NA11F12 could protect mice
from CA16-induced diseases, with differing protective
efficacies [15,26]. Some studies believed that although
the antiviral activity of these anti-stem antibodies in
vivo and in vitro is generally less potent than that of
anti-head antibodies, they can exert better protective
efficacy in vivo by cooperating with non-neutralizing
antibodies [27]. However, there are very few studies
suggesting that non-neutralizing antibodies against
enteroviruses could play a role in protection against
the viruses. As a result, the role of non-neutralizing
antibody is ignored in the surveillance of epidemic
and CA16 vaccine development and evaluation.

In this study, based on cell culture neutralization
assays, we found that a DMA2017 could not neutralize
different CA16 strains covering A, B and C subgeno-
types. However, 10 μg/g DMA2017 could fully protect
suckling mice from lethal CA16 challenge in vivo.
Beyond neutralization, Abs mediate an array of
additional antiviral functions via their ability to inter-
act with Fc-domain receptors (FcR) found on all

innate immune cells [28]. When the Fc fragment
was removed, the DMA2017 could not protect mice
from CA16 attack. It indicated that the non-neutraliz-
ing antibodies work in conjunction with other
immune processes via Fc-mediated, like antibody-
dependent cellular cytotoxicity (ADCC) or phagocyto-
sis (ADCP) to clear CA16. Antibodies bound to anti-
gen interact with Fcγ-receptor-bearing immune
effector cells, such as macrophages or NK cells,
through Fc region cross-linking that triggers clearance
of the antigen-expressing cells [29]. In our study,
DMA2017 could mediate ADCC, which measured
Jurkat effector cells. These findings indicated the Fc
of DMA2017 play an important role in the clearance
of CA16 infections in vivo. Indeed, there are numerous
instances where even the most potent neutralizing
MAbs are significantly compromised in their ability
to confer antiviral protection in vivo when Fc-FcγR
interactions are abrogated; conversely, MAbs with
poor neutralizing activity in vitro assays can provide
robust antiviral protection in vivo, suggesting that
antiviral protection of these MAbs are dependent on
activating FcγR engagement [30]. Broadly neutralizing
anti-H1 MAbs targeting the HA stalk required Fc-
FcγR interactions to protect from a lethal HINI infec-
tion by FcRγ−/−mice and FcγR knock-out mice [31].
When Fc function is ablated by the introduction of the
LALAmutations, the therapeutic protection of MR228
is lost in mice, which is a non-neutralizing anti-Mar-
burg virus MAb [32]. Therefore, the role of poorly
neutralizing antibodies and Fc-mediated effectors
should be emphasized in the development and evalu-
ation of vaccines.

VP1 is believed to contain important epitopes
among VP1∼4 capsid proteins [33]. Researchers
have successfully identified six CA16 neutralizing
liner epitopes within the VP1 protein. Anti-epitope
antisera could neutralize CA16 strains, with titers ran-
ging from 8∼64 [34]. The epitope of DMA2017 has
been identified by phage display and peptide ELISA.
Sequential deletions of the VP2 capsid protein were
used to exactly map the epitope to amino acids 143–
148 of VP2 (NSHPPY), which is located on VP2 EF

Figure 7. Competitive ELISA of DMA2017 against human sera. The DMA2017 competed with four sera from convalescent children
after CA16 natural infection with NT titers 1536, 1024, 1536 and 768, respectively. Three CA16-negative human sera were used as
control with NT titer <8. NT represents the neutralization titer of human sera.
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loop and is the “puff” region that forms the “southern
rim” of the canyon according to the high-resolution
crystal structure of CA16[16]. In the atomic structure,
the VP2 epitope appeared to lie close to VP1 GH loop,
and it was exposed on the surface of CA16 EF loop of
VP2, which has been shown to participate in the
release of RNA in conjunction with the GH loop of
VP1 and VP3 during CA16 infections [35–37].

Because EV71 and CA16 have the closest genetic
relationship among enteroviruses, we conducted a lit-
erature search of EV71 studies on similar epitopes
[38]. Several studies have shown that similar epitopes
in VP2 of EV71 containing residues 136–150 or 141–
155 were identified as neutralizing epitopes [39, 40].
And the good protection effect of aa141-155 has
been proved, but a MAb (7C7) with shorter epitope
mapped to amino acids 142–146 (EDSHP) had neither
neutralizing activity nor protective ability [41]. It is
indicated that this region of VP2 is a key epitope-
related region for both CA16 and EV71. Moreover, a
similar phenomenon has been observed for influenza
virus where a non-neutralizing MAb 65C3 epitope is
close to the epitope recognized by a neutralizing
MAb 65E5 [42]. The reasons underpinning the ability
of an epitope to influence neutralizing need to be
further researched.

To understand the conservation of the exact VP2
epitope (NSHPPY), blast analysis was carried out
among different genotypes of CA16 and EV71. The
results showed that it was conserved among all geno-
types of CA16. However, two single amino acid vari-
ations between CA16 and EV71 family: D (143) was
found in most EV71 strains, while the N (143) was
limited to CA16 and EV71-A isolate BrCr. T (144)
substitution was only reported in EV71-C4 China
strains. In other studies, anti-EV71-B5 serum could
not detect VP2 protein in the EV71-C4 strain, and
anti-EV71-C4 serum contained no antibodies against
VP2 [40]. The mutation of serine (144) to threonine
(144) in EV71 epitope confers a loss of VP2 antigeni-
city on EV71-C4 strains. In conclusion, this epitope is
conserved in CA16 subgenotypes, and there are two
amino acids variation in EV71.

In recent years, several CA16 inactivated and
recombinant vaccines have been researched and devel-
oped. A vaccine effective against CA16 and other
HFMD pathogens is necessary for controlling
HMFD in the future. In this study, we first found
out that a non-neutralizing monoclonal antibody of
enterovirus CA16, DMA2017, could protect mice
from lethal attack in vivo via Fc-dependent ADCC.
The epitope of CA16 was located on aa143-148 of
VP2 capsid, which was conserved among different
genotypes of CA16. More importantly, DMA2017
could inhibit the binding of the serum of naturally
infected healthy children to CA16, which suggested
that the epitope of DMA2017 is immunodominant

for CA16 infection. This study suggests that routine
single neutralizing antibody assessment may lead to
incomplete assessment of humoral immunogenicity
and highlights the need to bring non-neutralizing
MAbs into evaluation of CA16 vaccines, and proposes
the potential of VP2 EF loop as a target site for the
development of a vaccine against both CA16 and
EV71.
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