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ABSTRACT
Increased severity of diseases caused by Coxsackievirus A10 (CV-A10) as well as a large number of mutants 
and recombinants circulating in the population are a cause of concern for public health. A vaccine with 
broad-spectrum and homogenous protective capacity is needed to prevent outbreaks of CV-A10. Here, we 
evaluated cross-neutralization of prototype strain and 17 CV-A10 strains from related manufacturers in 
mainland China in vitro using 30 samples of plasma collected from naturally infected human adults and 18 
sera samples from murine immunized with the above strains of CV-A10. Both human plasma and murine 
sera exhibited varying degrees of cross-neutralizing activities. Prototype A/Kowalik and sub-genotype C3/ 
S113 were most difficult to neutralize. Among all strains tested, neutralization of S102 and S108 strains by 
18 different sera was the most uniform, suggesting their suitability for detection of NtAb titers of different 
vaccines for avoiding biases introduced by detection strain. Furthermore, among all immune-sera, cross- 
neutralization of the 18 strains of CV-A10 by anti-S110 and anti-S102 was the most homogenous. Anti- 
S102 exhibiting higher geometric mean titer (GMT) in vitro was evaluated for its cross-protection capacity 
in vivo. Remarkably, administration of anti-S102 protected mice from lethal dosage of eight strains of CV- 
A10. These results provide a framework for formulating strategies for the R&D of vaccines targeting CV- 
A10 infections.
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Introduction

Coxsackievirus A10 (CV-A10), a kind of single-stranded RNA 
(ssRNA) virus with non-enveloped icosahedral stereo-symmetric 
structure belonging to the enterovirus (EV) genus of the 
Picornaviridae family of viruses, was first isolated from a patient 
in the USA in the year 1950.1 Since then, CV-A10 has been shown 
to be prevalent in Japan,2 Singapore,3 Finland,4 France,5 

Taiwan,6,7 and Vietnam,8–10 and has been sporadically isolated 
in Norway,11 Thailand,12–14 and India.15 Individuals infected with 
CV-A10 usually suffer from fever, sore throat, hand-foot-mouth 
disease (HFMD), herpangina, onychomycosis,5,16 and occasion
ally exhibit severe symptoms like aseptic encephalitis17 and cardi
opulmonary failure.18 Interestingly, EV-A strains were considered 
to be the main causative agents of HFMD in infants and children. 
Since the introduction of inactivated EV-A71 vaccine in mainland 
China in the year 2015,19 EV-A71-related cases of lethal HFMD 
have declined. However, other HFMD pathogens, such as 
Coxsackievirus A6 (CV-A6) and CV-A10, have become increas
ingly prevalent worldwide, which has led to a change in the 
etiological spectrum of HFMD. Infections caused by CV-A10 

have exceeded EV-A71 and CV-A16 infections in several coun
tries and regions. CV-A10 has become one of the main causative 
agents of HFMD as noted in the outbreaks of 20046 and 20077 in 
Taiwan, 2010 in France,5 and 2012–2013 in Wuhan in mainland 
China.20 More incidences of severe cases of CV-A10 have been 
reported after 2009.21–23 Compounding the situation further, 
recent epidemiological findings have revealed a concerning 
trend of co-circulation of EV-A71, Coxsackievirus A16 (CV- 
A16), CV-A6, and CV-A10 strains, which has aroused numerous 
anxieties in the vaccine industry.

Although vaccination is the most effective method to pre
vent and control CV-A10 outbreaks, variations in the circulat
ing strains pose a challenge to the success of vaccination 
programs. An ideal vaccine candidate should possess the ability 
to elicit a wide spectrum of neutralizing activity, capable of 
stalling the life cycle of different strains circulating in the 
population. The titer of the neutralizing antibodies should be 
sufficiently high to confer protection against different strains. 
To test the cross-neutralizing ability of the antibodies induced 
by vaccines being developed and marketed in China, we col
lected 17 CV-A10 strains from related manufacturers in 
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mainland China. These strains included the main vaccine can
didate strains as well as the candidate strains of CV-A10 
employed for the detection of the neutralizing antibodies. 
Using the prototypical strain A/Kowalik as a reference, the 
susceptibility of the 17 CV-A10 strains to cross-neutralization 
by 30 samples of plasma collected from adults naturally 
infected with CV-A10 was evaluated in vitro. We also inocu
lated murine with the 17 CV-A10 strains and the prototypical 
A/Kowalik strain individually, collected sera samples and 
tested them for their ability to cross-neutralize the 18 CV- 
A10 strains used in this study. Although all samples from 
humans and murine showed cross-neutralization abilities, 
they differed in the amount of cross-neutralization titers.

One standard method of testing the effectiveness of 
vaccines is to estimate the neutralization activity induced 
by the vaccine. However, the neutralization activity varies 
with the type of the ”detection strain” used in the neu
tralization assay. In fact, this is a major issue during the 
comparison of vaccines and it becomes even more pro
nounced when vaccines are compared for their ability to 
provide cross-protection against different strains. In this 
study, we have attempted to use the MAX/MIN ratio 
(ratio of maximum titer of neutralizing antibody to the 
minimum titer) exhibited against each of the CV-A10 
“detection strains” by sera collected from murine inocu
lated with 18 different strains of CV-A10 separately for 
rationalizing the choice of “detection strains.” Two “detec
tion strains,” S102 and S108, showed a low MAX/MIN 
ratio, suggesting they were fairly uniformly neutralized 
by all anti-CV-A10 sera. Furthermore, two CV-A10 
strains, S110 and S102, elicited uniform titers of cross- 
neutralizing antibodies against different CV-A10 variants 
as judged by the MAX/MIN ratio. Sera from murine 
inoculated with one of these strains with high geometric 
mean titer (GMT) and homogenous cross-neutralizing 
capacities was tested for its ability to confer protection 
against lethal challenge of different CV-A10 strains in 
mice. The results highlight the utility of CV-A10 vaccine 
strains that elicit cross-neutralizing activities of fairly 
equal and high proportion against different strains in 

evaluating the effectiveness of the vaccine and the use of 
titer “detection strains” characterized by low MAX/MIN 
ratios against different anti-CV-A10 sera for estimating 
and comparing the titers of neutralizing antibodies elicited 
by different vaccines.

Materials and methods

Cell

Rhabdomyosarcoma (RD) cells were used for virus culture, 
virus titer detection, and neutralizing antibody (NtAb) titer 
detection. MEM solution (Nissui Pharmaceutical Co., LTD.; 
5900) containing 10% (v/v) fetal bovine serum (FBS, Gibco; 
10099141 C), 2 mM L-glutamine (Gibco; 25030081), and 100 
IU/ml penicillin and streptomycin (Cellmax; CPS101.02) was 
used for cell culture; MEM solution containing 2% (v/v) FBS, 
2 mM L-glutamine and 100 IU/ml penicillin and streptomycin 
was used for virus culture, dilution and NtAb titer detection. 
Adjust The pH value of above MEM solution to 7.2–7.4 with 
NaHCO3.

Virus

Prototype A/Kowalik and 17 CV-A10 vaccine candidate strains 
and detection candidate strains were collected, of which pro
totype (A) Kowalik, S101 and S105 were maintained in the 
National Institute for Food and Drug Control (NIFDC). 
Others were gifts from the Institute of Medical Biology 
Chinese Academy of Medical Science, the National Vaccine 
& Serum Institute, the WuHan Institute of Biological Products 
Co., LTD., Minhai Biotechnology Co., LTD., and Sinovac 
Biotechnology Co., LTD. Except for Kowalik, 17 CV-A10 vac
cine and detection candidate strains were isolated from main
land China from 2014 to 2019. The detailed information of 
virus titers and 50% lethal dose (LD50) on RD cells and viru
lence in animals is shown in Table 1. Several strains were 10- 
fold serially diluted with serum-free MEM to 1 × 10−9, and 
1-day-old BALB/c mice were challenged i.p. with 20 μl/mouse 
(5–8 mice/group). Diluents were set up as negative controls. 

Table 1. List of CV-A10 strains.

Name Cell Time Place* Mean of virus titer (lg CCID50/ml) LD50(lg CCID50/ml)

Kowalik RD 1950 USA 7.30 4.80
S101 RD 2014 Fujian Province 8.30 /
S102 Vero 2015 Yunnan Province 8.48 5.83
S103 RD 2016 Jiangsu Province 8.48 /
S104 RD 2016 Jiangsu Province 8.60 1.72
S105 RD 2016 Hubei Province 8.78 0.95
S106 RD 2016 Hubei Province 7.04 /
S107 RD 2017 Guangdong Province 8.00 2.67
S108 Vero 2017 Zhejiang Province 8.30 4.18
S109 RD 2018 Beijing City 8.30 ∞
S110 RD 2018 Beijing City 8.48 1.33
S111 RD 2018 Beijing City 8.60 /
S112 RD 2018 Beijing City 8.30 /
S113 Vero 2018 Hubei Province 7.13 /
S114 Vero 2018 Jiangsu Province 7.70 /
S115 RD 2019 Jiangsu Province 8.60 3.00
S116 RD 2019 Hubei Province 8.30 3.64
S117 Vero 2019 Hubei Province 7.96 /

*Kowalik was isolated from USA, others were isolated from mainland China.
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The health, morbidity, and mortality of suckling mice were 
observed and recorded daily for 21 d, and the LD50 of these 
strains was calculated. Five vaccine candidate strains were 
adapted on Vero cells.

CV-A10 sequences with complete VP1 region were down
loaded from NCBI. Sequences with clear information such as 
isolation time and place were sorted out. Annotated VP1 
region sequences (894 nt) were extracted for cluster analysis, 
and the clustering similarity threshold was set at 0.97. In the 
same isolation year, 1–5 sequences were selected as represen
tative strains from the same sampling country, region, or 
province, and 297 CV-A10 VP1 gene sequences containing 
accurate sampling information were obtained. A phylogenetic 
tree was constructed between the VP1 sequences of 17 CV-A10 
vaccine candidate strains and detection candidate strains col
lected and the curated 297 virus strains. MEGA7 software was 
used for genotyping. Distance less than 0.15 between groups 
was considered as the same genotype, and the distance less 
than 0.08 was considered the same sub-genotype. The repre
sentative sequences of each genotype and 17 CV-A10 
sequences were selected, and the Maximum Likelihood (ML) 
method was used to construct the phylogenetic tree. Firstly, the 
optimal nucleic acid replacement model was calculated as 
TIM2E+R3 using Iqtree 1.6.2 software. Then, the ML tree 
was constructed with the bootstrap value of 1000. We tagged 
the ML tree with Adobe Illustrator CC 2019 23.0 software.

Plasma and sera

Thirty samples of plasma were collected from naturally infected 
people residing in Heze City, Shandong Province of China, by 
Taibang Biologic Group. The samples were collected from 
January to May 2019, preserved and kindly given to us for use 
in this study. Written informed consent was received from 
donors’ guardians. The anti-S101, anti-S105, anti-S109, anti- 
S116, anti-S103, anti-S104, anti-S115, anti-S107, anti-S110, anti- 
S111, anti-S112, and anti-S108 were sera samples collected from 
female Wistar rats aged 6 weeks immunized with respective 
viral strains via intraperitoneal (i.p.) route at a dose of 8.00–8.78 
lgCCID50/ml. Immunizations were performed at weeks 0 and 2, 
and blood samples were collected at week 3, centrifuged at 
13,000 g at 4°C for 15 minutes to obtain sera. The sera were 
stored at −20°C. The anti-S102, anti-Kowalik, anti-S113, anti- 
S106, anti-S114, and anti-S117 murine sera were donated by the 
Institute of Medical Biology Chinese Academy of Medical 
Science, the WuHan Institute of Biological Products Co., 
LTD., and the Minhai Biotechnology Co., LTD. The anti-S102, 
anti-Kowalik, anti-S113, and anti-S106 were obtained as men
tioned above. The anti-S114 and anti-S117 were obtained from 
female NIH mice aged 6 weeks using the same protocol.

Cross-neutralization assay

Thirty naturally infected plasma from healthy people and 18 
sera samples from murine were used for the cross- 
neutralization test with 18 CV-A10 strains. The blood samples 
were diluted at 1:8 with MEM (2% FBS), followed by a 2-fold 

gradient (1:8 to 1:65536). 50 μl of blood samples with different 
dilutions were neutralized with 100 CCID50/ml CV-A10 strains 
at 37°C, 5% CO2 for 2 h, and 100 μl of 1 × 105–1.5 × 105/ml RD 
cells were added. Cytopathic effect (CPE) was observed after 
incubation at 35°C, 5% CO2 for 7 days. The neutralization titer 
was calculated by the Reed-Muench method.

Cross-protection test

BALB/c mice aged 1 day (5–8/group) were challenged by lethal 
doses (50LD50) of 20 μl via i.p., followed by injection with the 
diluted protective serum via i.p. within an hour. After 21 days 
of continuous observation, deaths were recorded to evaluate 
the passive protective effect of serum in vivo.

Statistical analysis

All statistical analyses were performed with GraphPad Prism 
8.02 software. Titers of sera were shown as the largest gradients 
with no CPE in this article. If the titers of neutralizing anti
bodies were negative (titer<8), they were set as 1:4 for calcula
tion purposes. Common logarithmic transformation of the 
NtAb titer raw data was used to calculate the GMT. The 
value of MAX/MIN referred to the ratio of the max value and 
the min value of NtAbs of every strain detected sera or serum 
against strains. The NtAb of each anti-serum against counter
part strain was unified by multiplying a co-efficient and shown 
as 100 eventually, and NtAbs against other strains were con
ducted the same calculation. The LD50 was calculated as 
described by the Reed and Muench method.24

Results

Genotyping

We obtained 17 CV-A10 strains and the prototype A/Kowalik 
strain from institutions and manufacturers involved in R&D 
work in China. These strains were isolated from different 
regions of China between 2014 and 2019 (Table 1). To under
stand the genetic relationship between the CV-A10 strains and 
their counterparts, we performed genotype analysis. For this, 
we first curated CV-A10 sequences containing complete infor
mation on the sequence of the VP1 region from NCBI. A total 
of 297 CV-A10 VP1 gene sequences containing accurate and 
complete sampling information were obtained. A phylogenetic 
tree was constructed between the VP1 sequences of 17 CV-A10 
strains collected by us and the 297 virus strains curated from 
NCBI (Figure 1). The results showed that the 17 strains isolated 
from mainland China during the years 2014–2019 were located 
in the dominant C3 sub-genotype branch. Furthermore, they 
showed 91.04–99.66% identity with each other and 75.28– 
77.18% identity with genotype A. The evolutionary distance 
between sub-genotype C3 and genotypes A, B, C1, C2, D, E, 
and F were 0.282, 0.209, 0.147, 0.070, 0.240, 0.186, and 0.206, 
respectively. Although the evolutionary distance between sub- 
genotypes C3 and C2 is within 0.08, they were located on 
different branches.
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Cross-neutralization ability of plasma from naturally 
infected humans

Thirty samples of plasma collected from naturally infected 
humans living in Heze City of Shandong Province in mainland 
China from January 2014 to May 2019 were used to test whether 
they have cross-neutralizing antibodies. Eighteen CV-A10 

strains were used for NtAb detection. The common sequence 
GU947774 in Lu et al.’s study25 and this study indicated that the 
sub-genotype C3 was prevalent in this region.

The results showed that the neutralization activity of plasma 
from healthy individuals naturally infected with the virus 
against the above strains varied, with GMT of neutralizing 

Figure 1. Genotyping of the 17 CV-A10 vaccine and detection candidate strains used in this study.  
ML tree showed that the 17 CV-A10 strains are of the sub-genotype C3. The names of strains are marked in the figure.
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antibodies against all strains ranging from 14.88 to 124.43. The 
variation within the C3 sub-genotype ranged from 1.00- to 
8.36-fold, and the variation between genotype A and sub- 
genotype C3 ranged from 1.47- to 4.91-fold. As shown in 
Figure 2, the order of GMTs against different strains from 
low to high was as follows: S113 < Kowalik < S109 < S102 
< S101 < S114 < S112 < S104 < S110 < S108 < S106 < S117 
< S107 < S116 < S103 < S115 < S111 < S105, among which 
NtAb GMT for S105 was the highest (GMT = 124.43). 
Furthermore, NtAb GMTs for S113 and Kowalik were the 
lowest at 14.88 and 25.37, respectively; followed by S109 and 
S102 (GMT = 37.28, 42.00, respectively), which indicated that 
the above four strains were the most difficult to be neutralized 
compared with other endemic strains. Particularly, S113 iso
lated in Hubei Province of mainland China in 2018 had similar 
properties with the prototype strain A/Kowalik isolated from 

the United States in 1950. The largest variation among other 14 
strains was 2.96-fold, suggesting a similarity between the 
strains to some extent.

Cross-neutralization competence of murine sera 
immunized with CV-A10 strains

Eighteen samples of serum were collected after inoculating 
murine with 18 CV-A10 strains separately. Each of the anti- 
CV-A10 sera was tested for its ability to cross-neutralize CV- 
A10 strains. The results showed that all strains of CV-A10, 
including the genotype A/Kowalik and the 17 sub-genotype C3 
strains, possessed the ability to elicit cross-neutralizing activ
ities, but to a different extent (Figure 3). GMTs of 18 sera 
detected with 18 strains ranged from 93.52 to 641.35. The 
variation within sub-genotype C3 was 1.00- to 5.48-fold 
(GMTS105/GMTS103 = 1.00, GMTS111/GMTS113 = 5.48), and 

Figure 2. Cross-neutralizing capacity of plasma from humans naturally infected with CV-A10.  
The GMTs of 30 human plasma against various strains of CV-A10 ranged from 14.88 to 124.43. This range narrowed down to 1.00–8.36 when GMTs for only strains of 
sub-genotype C3 were taken into account (shown with black bar). Lastly, the difference between the GMTs for genotype A and sub-genotype C3 strains ranged from 
1.47 to 4.91 folds (shown with blue bar).

Figure 3. Cross-neutralizing capacity of sera from murine immunized with CV-A10.  
The GMTs of 18 murine sera against various strains ranged from 93.52 to 641.35, of which the discrepancy among strains of sub-genotype C3 was 1.00- to 5.48-fold 
(shown with black bar), and the difference between genotype A and sub-genotype C3 was 1.25- and 6.86-fold (shown with blue bar).
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that between genotype A and sub-genotype C3 was 1.25- and 
6.86-fold (GMTS113/GMTKowalik = 1.25, GMTS111/GMTKowalik 
= 6.86). Although the overall trend was similar, there were 
differences between the GMT ranges of murine sera and 
human plasma. Prototype A/Kowalik and sub-genotype C3/ 
S113 were analogous as far as the competence to be neutralized 
by either type of anti-sera. Amongst the C3 strains, S113, which 
has been recently shown to be prevalent in populations, 
showed the lowest propensity to be neutralized with GMTs 
ranging from 2.51 to 8.36 folds lower when compared to other 
strains of sub-genotype C3.

The selection of a uniform viral strain for NtAb detection 
is important for the comparison and evaluation of immuno
genicity of CV-A10 vaccines. In this study, the NtAb titers of 
each anti-serum against counterpart strain were standardized 
by converting them proportionately to 100 for comparison 
while appraising the impacts of each strain for NtAb detec
tion so that the error originating from the different titers of 
each serum could be evaded. As shown in Table 2, GMTs of 
the detective strains ranged from 8.50 to 58.33, and the fold 
was 6.8 over the GMT of Kowalik, which was the lowest, 
followed by S113, indicating that genotype A was hard to be 
neutralized compared with sub-genotype C3. Focusing on 
sub-genotype C3 strains, the GMT of S113 (10.65) was the 
lowest, and that of S111 (58.33) was the highest, which was 5 
times more compared to that of S113. The GMTs observed 
for the strains starting from the highest are as follows: S111 
> S106 > S116 > S115 > S107 > S108 > S105 = S103 > S104 
> S110 > S112 > S117 > S102 > S114 > S109 > S101 > S113 
> Kowalik.

The values of MAX/MIN of each strain against all sera were 
calculated to screen out strains homogeneously reactive to any 
serum. The results demonstrated that MAX/MIN of S113 
(4096.00) was the summit, indicating that the relative discre
pancies in the neutralization of S113 by different sera were the 
most evident, whereas those of S102 and S108 were the lowest, 
which were 170.67 and 227.56, respectively. This meant that 
the latter two strains showed a minimal relative disparity 
between neutralizing titers against all sera, and therefore they 
could be adopted for the detection and appraisal of various 
vaccines originating from different strains.

Cross-neutralizing capacity of sera from CV-A10- 
immunized murine

The cross-neutralization potential of anti-CV-A10 sera was 
studied by using 18 samples of serum collected from murine 
inoculated with CV-A10 strains and 18 CV-A10 strains as 
detection strains. As shown in Table 3, most anti-CV-A10 
sera collected from murine could neutralize all CV-A10 strains. 
Amongst the exceptions, while anti-S107 could not neutralize 9 
out of the 18 CV-A10 strains tested, anti-S103 and anti-S111 
could not neutralize 1 out of 18 strains each. In general, the 
anti-serum obtained after immunizing murine with genotype 
A strain showed cross-neutralization capacity against sub- 
genotype C3 strains, and the anti-sera obtained by immunizing 

murine with sub-genotype C3 strains could neutralize numer
ous strains of the same type. Evidently, anti-S107 
(GMT = 31.40) and anti-S112 (4019.40) were the poorest and 
strongest in terms of GMTs of neutralizing antibodies, 
respectively.

The value of MAX/MIN of each serum against all strains 
was calculated to analyze cross-neutralizing homogeneity. As 
shown in Table 3, MAX/MINs of all strains ranged from 10.67 
to 4096.00, indicating that distinct disparity existed among 
sera. The sequence of MAX/MINs from the lowest to highest 
is as follows: anti-S110 < anti-S102 < anti-S108 < anti-Kowalik 
< anti-S104 < anti-S101 < anti-S109 < anti-S112 < anti-S117 
< anti-S113 < anti-S114 < anti-S106 < anti-S116 < anti-S115 
< anti-S103 < anti-S107 < anti-S105 < anti-S111. The MAX/ 
MINs of anti-S110 and anti-S102 were the lowest with values of 
10.67 and 12.00, respectively, which indicated that the cross- 
neutralization capacity of those two sera was the most homo
genous. The MAX/MINs of anti-S105 and anti-S111 were the 
highest with values of 1024.00 and 4096.00, respectively, sug
gesting that the cross-neutralization ability of those two sera 
apparently varied against different strains. To better visualize 
the cross-neutralization serological data, antigenic cartography 
was further employed to analyze the serological data. The 
results of the analysis showed that genotype A strain could be 
antigenically differentiated from sub-genotype C3 strains 
(Figure 4).

Cross-protective experiments in vivo

Anti-S102 possessing better homogeneity (MAX/MIN = 12) 
and higher GMT than anti-S110 was chosen for demonstration 
of the protective effect of cross-neutralizing antibodies in 
warding off CV-A10 infections in vivo. The anti-S102 serum 
was diluted 16 or 48 folds for validating its cross-neutralizing 
capacity observed in vitro. One-day-old BALB/c mice were 
challenged via i.p. with lethal dosages (50LD50) of Kowalik, 
S105, S116, S115, S107, S110, S108, and S102, separately. 
Diluted anti-S102 were injected via i.p. route within 1 hour of 
the challenge. As shown in Figure 5, 16-fold diluted anti-S102 
showed a protective effect against lethal doses of 8 CV-A10 
strains. The degree of protection conferred by the anti-sera 
varied from 50% to 100%. The protective effect observed 
against lethal doses of different strains in ascending order 
were S107 (50.00%), S115 (50.00%), S110 (66.67%), S105 
(66.67%), S116 (71.43%), S108 (83.33%), S102 (83.33%), and 
Kowalik (100.00%). Thus, anti-S102 showed broad-spectrum 
cross-protective effect in vivo consistent with the results 
in vitro.

Discussion

CV-A10, a neglected pathogen, has been scarcely studied for its 
pathogenicity. A lack of detailed information on the molecular 
mechanisms involved in the progression of the disease has 
hampered vaccine development. Furthermore, the burden of 
infections and the number of strains have been increasing 
steadily. All CV-A10 strains are affiliated to one serotype, but 
they can be divided into several genotypes. However, no 
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uniform standard for this classification has been universally 
acknowledged. The relatively accepted method is based on the 
VP1 whole sequence; a difference of more than 15% in the 
primary sequence of VP1 is regarded as a different genotype, 
which includes A-D genotypes26,27 with the addition of 
E-I genotypes later.21,28–30

Kowalik deemed as the prototype (genotype A) is the first 
isolated strain of CV-A10 in 1950 in America; however, it has 
not been widely prevalent in populations. In the past couple of 
decades, CV-A10 has started to attract attention. Molecular 
epidemiology studies have shown that CV-A10 gene mutation 
occur routinely in regions of prevalence, which has resulted in 
different genotypes being prevalent around the world at differ
ent times, and even in the same place at the same time. In 
America and Oceania, the dominant strains during early out
breaks were classified into genotype A and sub-genotype C1, 
respectively, which eventually converted to sub-genotype C3. 
Similarly, in Africa, genotype E has been replaced by sub- 
genotype C1 and genotype F. Sub-genotypes C2, C3, and 
genotype D were co-prevalent in Europe, even at the same 
time, while genotypes B-F have been found distributed across 

Asia. The early dominant genotype found in mainland China 
was B; but after 2008, sub-genotypes C2 and C3 emerged and 
dominated.

In this study, the 17 vaccine and detection candidate strains 
isolated from HFMD cases in seven regions of mainland China 
like Fujian Province, Yunnan Province, Jiangsu Province, Hubei 
Province, Guangdong Province, Zhejiang Province, and Beijing 
City during 2014–2019, were all classified into sub-genotype C3, 
with the homology in their VP1 sequence ranging from 91.04% 
to 99.66%. The homology between prototype A/Kowalik and 
those strains was between 75.28% and 77.18%, suggesting that 
they are different from genotype A to a large extent.

With such a wide variety of variants circulating in popula
tions and evolving constantly, it is necessary to put counter
measures in place for the prevention and control of outbreaks. 
Ideally, an effective vaccine should provide protection against 
all variants. To work through toward this goal, a number of 
vaccines have been developed in China and several Asia-Pacific 
countries and regions, including CV-A10 monovalent 
vaccines,31,32 CV-A6/CV-A10 bivalent vaccines,33 CV-A6/CV- 

Figure 4. Antigenic map of 18 anti-sera against 18 strains.  
The relative positions of viral strains (blue points) and anti-sera (gray points) were adjusted such that the distances between strains and anti-sera in the map represent 
the corresponding neutralization titers. Outer circles of strains mean standard error. The space between grid lines is 1 unit of antigenic distance, corresponding to a 
2-fold dilution of antiserum in the neutralization assay.
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A10/CV-A16 trivalent vaccines,34 and EV-A71/CV-A16/CV- 
A6/CV-A10 tetravalent vaccines.35 Inactivated and virus-like 
particle (VLP) vaccines have dominated the vaccine develop
ment efforts. Related studies have indicated that monovalent 

inactivated or VLP CV-A10 vaccines can elicit neutralizing 
antibodies, with the titers ranging from 287 to 1149.4 against 
homologous strains, and it slightly reduced against heterolo
gous strains.31,32 For CV-A10 multivalent EV vaccines, no 

Figure 5. Cross-protective effect of anti – S102 against lethal challenge of 8 CV-A10 strains.  
Diluted anti-S102 (16-fold) showed discrepant protective effect against 8 CV-A10 strains, and it ascended from 50% to 100% in the order S107, S115, S110, S105, S116, 
S108, S102, and Kowalik, with protection against S107 and S116 being both 50% and that against Kowalik being 100%.
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obvious interference manifested among different 
pathogens,33,35 showing good protective effect in vivo.33,34 

These results suggest that inactivated and VLP CV-A10 vac
cines and multivalent EV vaccines encompassing CV-A10 have 
excellent immunogenicity and protective efficacy. However, 
there are hardly any reports30 on the evaluation of the cross- 
neutralization capacity of different genotypes of CV-A10 iso
lated from different locations and during different time points. 
This information is critical for the selection of strains for 
formulating the vaccine.

The selection of vaccine strains is a key consideration that 
has a profound impact on the protective effect of the vaccine. 
Besides good immunogenicity, wide-neutralizing spectrum, 
and homogenous reactivity of the elicited NtAbs against 
other strains are crucial. We studied vaccine candidates of 
mainland China for these features. The NtAb GMTs of 18 
sera samples collected from murine immunized with 17 vac
cine strains and the prototype A/Kowalik strain separately were 
measured and characterized for their cross-neutralization 
potential. With the exception of three anti-sera, anti-S107, 
anti-S103, and anti-S111, the rest of the 15 sera could neutra
lize all CV-A10 strains. In a previous study, Zhou et al.31 

showed that NtAb elicited by VLP vaccine originating from 
genotype A/Kowalik could cross-neutralize CVA10/S0148b 
and CVA10/S0273b, which were classified into different geno
types, and sera against VLP vaccine could cross-protect against 
a CVA10/S0148b challenge in vivo. Consistent with those 
results, cross-neutralization activities with high NtAb titers 
could be elicited between genotypes by 15 strains in our 
study. Nonetheless, while anti-S107 could not neutralize 9 out 
of 18 strains, anti-S103 and anti-S111 could not neutralize 1 
out of 18 strains. Interestingly, anti-S107 could robustly neu
tralize its counterpart strain (titer = 1536), indicating a narrow 
cross-neutralizing spectrum for anti-S107, which needs further 
study.

The value of MAX/MIN of each anti-serum against all strains 
was calculated to compare cross-neutralizing homogeneity. The 
sequence of MAX/MINs from low values to high were as follows: 
anti-S110 < anti-S102 < anti-S108 < anti-Kowalik < anti-S104 
< anti-S101 < anti-S109 < anti-S112 < anti-S117 < anti-S113 
< anti-S114 < anti-S106 < anti-S116 < anti-S115 < anti-S103 
< anti- < anti-S105 < anti-S111. Anti-S102 possessing better 
homogeneity (MAX/MIN = 12) and higher GMT than anti- 
S110 was subsequently selected for cross-protection studies 
against eight strains including prototype A/Kowalik in vivo. 
Diluted anti-S102 (16-fold) showed a protective effect against 8 
CV-A10 strains at lethal doses (50LD50), with the protection 
efficiency ranging from 50.00% to 100.00%, demonstrating that 
anti-S102 had broad-spectrum and homogeneous cross- 
protecting capacity in vivo. Previously, EV-A71, another HFMD- 
related pathogen, was studied for cross-neutralizing capacity using 
ten sub-genotype C4 strains and one genotype A/Brcr strain. The 
results revealed that the GMTs of ten sub-genotype C4 strains 
against all immune sera ranged from 762.44 to 6339.12, and GMT 
of prototype/Brcr was 1598.37. The differences in GMTs within 
the strains of sub-genotype C4 ranged from 1.00- to 8.31-fold, and 
the difference between genotype A and sub-genotype C4 was 1.27- 

and 3.97-fold.36 Another study on naturally infected healthy 
adults’ sera showed that the GMTs discrepancy among strains of 
sub-genotype C4 was 1.02- to 2.06-fold, and the difference 
between genotype A and sub-genotype C4 was 1.52- and 2.60- 
fold.37 Similarly, although CV-A10 prototype A/Kowalik preva
lence has not been reported as yet, the prototype strain can 
undergo cross-neutralization as dominant strains regardless of 
the source of the immune sera, human or murine, indicating 
that strains from different genotypes can be cross-neutralized. 
NtAbs of CV-A10 naturally infected healthy adults’ sera can cross- 
neutralize strains of same or different genotypes, more or less, 
similar to EV-A71. These results seem to suggest that a number of 
vaccine strains have the potential to confer cross-protection 
against different strains of CV-A10.

However, the only anti-sera tested in vivo in our study did 
not confer complete protection. A plausible reason for this 
could be that the strains have diverged such that the cross- 
neutralization capacity of the conserved epitopes has chan
ged. Another reason could be the sub-optimal elicitation of 
NtAb GMTs in the preliminary murine studies being reported 
here. A booster dose and or addition of an adjuvant to the 
vaccine strains during inoculation in murine could perhaps 
have elicited a more robust and wider cross-neutralization 
response. Based on previous studies in our laboratory as well 
as related studies31,32,38,39 showing a good correlation of NtAb 
titers against CV-A10 with animal protection for the same 
challenge strain, the results seem consistent with those 
reported for other enteroviruses such as poliovirus and EV- 
A71. But for different challenge strains, the correlation of the 
two was relatively weak. The correlation of cross-protection 
in vivo with cross-neutralization in vitro showed the same 
trend between neutralization titer and protection rate for 
most strains, but some differences existed for strains like 
Kowalik, S107, and S116. Amongst these, the protective effect 
against infections by Kowalik was high, but the neutralization 
capacity was low; whereas the protective effect against S107 
and S116 was relatively low, but the neutralization capacity 
was high. This might be either due to individual variations in 
animal experiments which made accurate quantitation diffi
cult or due to large variations in virulence of different strains 
of viruses in animals. The latter reason is more plausible 
because the animals were challenged uniformly with the 
virus (50 LD50).

Oral administration of CV-A10 strains in animal models is 
the most appropriate route of introducing the virus in the 
animal because of the closer proximity to the route of natural 
infection. However, one-day-old mice are not easy to work 
with and feed. To avoid any discrepancies in dosing, the virus 
was administered via the i.p. route in the current study. Further 
studies on the impact of the route of administration of the virus 
are warranted. The prototype strain, Kowalik, shows only 
75.28–77.18% identity with sub-genotype C3 strains, indicating 
differences in the make-up of the genes and possibly the viral 
proteins that are immunogenic. The results obtained here 
provide initial guidance on combining CV-A10 strains in the 
vaccine preparation for combating the strains prevalent in 
a particular region. However, this idea needs to be tested 
further.
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The results of studies on CV-A10 vaccines produced by 
manufacturers in China and several Asia-Pacific countries 
and regions are difficult to compare because of the differ
ences in the use of vaccine candidates, detection strains, and 
the lack of NtAb standard. Results of our study clearly show 
that the type of detection strain used in the neutralization 
assay can have a major impact on the NtAb titer. How do 
you select a strain for estimating the neutralization titer is 
a key question in vaccine R&D that has escaped scrutiny. 
This question becomes even more pronounced with the 
emphasis shifting on elicitation of cross-neutralizing 
NtAbs capable of conferring protection against all variants 
of the pathogen circulating in the population. What kind of 
strain is best suited to estimate the cross-neutralization 
potential of the immune response elicited by a vaccine? In 
an attempt to answer this question and for screening strains 
that are uniformly susceptible to neutralization, the GMTs 
of NtAbs of each anti-serum against counterpart strain were 
converted proportionately to 100 for comparison when 
appraising the impact of each strain on NtAb detection, so 
that the error originating from the different titers of each 
serum could be minimized. Then, NtAb MAX/MINs of all 
strains against the sera were analyzed with the assumption 
that a lower value represented better homogeneity of 
detection.

Theoretically, for this assumption to hold true, the variants 
need to possess conserved epitopes. This scenario is likely to 
hold true for closely related variants. A change in conserved 
epitopes occurs over a period of time, resulting in a possible new 
genotype or serotype. Assuming that the CV-A10 variants have 
shared epitopes, it should be possible to find a strain that is 
relatively uniformly susceptible to anti-sera generated from 
different CV-A10 strains. Surprisingly, the MAX/MINs ranged 
from 170.67 to 4096.00, indicating that strains affect NtAb 
detection. The large difference in the range of MAX/MIN also 
suggests that there is a difference in the cross-neutralization 
capacity of the epitopes of the variants. But, a smaller number 
for MAX/MIN like 170.67 for some strains perhaps suggests 
that conserved epitopes are more easily detectable in vitro dur
ing neutralization assays in such strains than others. Based on 
the latter assumption, in this study, the NtAb detection discre
pancy for S102 and S108 was the lowest. Therefore, these strains 
can better serve as CV-A10 neutralization antibody detection 
strains by minimizing the bias introduced by detection strains. 
Such strains can assist in the evaluation of vaccines and provide 
a basis for the comparison of different vaccines.

Furthermore, based on the results of our studies, two epi
demic strains and Kowalik should be used to evaluate the 
protection efficacy against a newly emerged variant in vitro 
and in vivo. The Kowalik with the lowest GMT value of relative 
NtAb and S111 with the highest GMT value of relative NtAb can 
be used to evaluate the degree of variation in cross-neutralizing 
competence in vitro. The S107 with the worst protective effect 
and Kowalik with the best protective effect can be used to 
evaluate the degree of variation in cross-protection capacity 

in vivo. If the GMT of relative NtAb or protective effect against 
the new variant is lower than the values mentioned above, then 
the variant should probably be monitored more rigorously.

One of the limitations in this study was the requirement for 
large amounts of sera for performing the tests. Anti-sera were 
obtained from two diverse sources – Wistar rats and NIH mice – 
that were subjected to an identical immunization protocol. 
Similar accommodations have been made in previous studies.40– 

42 So, we considered these two sources of sera as similar in 
properties and that they would have minimal impact on the 
results. However, additional studies are required to ascertain this.

In summary, the results of our study highlight the potential 
of vaccine strains to elicit cross-protective neutralizing antibo
dies. The results provide guidance on the selection of strains 
for vaccines for broadening the coverage of protection against 
variants prevalent in a particular region. Our studies also 
provide an index on selection of detection strains for estimat
ing the NtAb GMTs, which could be a very important con
sideration during the comparison of vaccines. These results are 
likely to assist in the development of effective vaccines for 
combating CV-A10 outbreaks.
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