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ABSTRACT Coxsackievirus A10 (CVA10) is one of the major pathogens associated
with hand, foot, and mouth disease (HFMD). CVA10 infection can cause herpangina
and viral pneumonia, which can be complicated by severe neurological sequelae.
The morbidity and mortality of CVA10-associated HFMD have been increasing in re-
cent years, particularly in the pan-Pacific region. There are limited studies, however,
on the pathogenesis and immunology of CVA10-associated HFMD infections, and
few antiviral drugs or vaccines have been reported. In the present study, a cell-
adapted CVA10 strain was employed to inoculate intramuscularly 5-day-old ICR mice,
which developed significant clinical signs, including reduced mobility, lower weight
gain, and quadriplegia, with significant pathology in the brain, hind limb skeletal
muscles, and lungs of infected mice in the moribund state. The severity of illness
was associated with abnormally high expression of the proinflammatory cytokine in-
terleukin 6 (IL-6). Antiviral assays demonstrated that ribavirin and gamma interferon
administration could significantly inhibit CVA10 replication both in vitro and in vivo.
In addition, formaldehyde-inactivated CVA10 whole-virus vaccines induced immune
responses in adult mice, and maternal neutralizing antibodies could be transmitted
to neonatal mice, providing protection against CVA10 clinical strains. Furthermore,
high-titer antisera were effective against CVA10 and could relieve early clinical symp-
toms and improve the survival rates of CVA10-challenged neonatal mice. In sum-
mary, we present a novel murine model to study CVA10 pathology that will be ex-
tremely useful in developing effective antivirals and vaccines to diminish the burden
of HFMD-associated disease.

IMPORTANCE Hand, foot, and mouth disease cases in infancy, arising from coxsacki-
evirus A10 (CVA10) infections, are typically benign, resolving without any significant
adverse events. Severe disease and fatalities, however, can occur in some children,
necessitating the development of vaccines and antiviral therapies. The present study
has established a newborn-mouse model of CVA10 that, importantly, recapitulates
many aspects of human disease with respect to the neuropathology and skeletal
muscle pathology. We found that high levels of the proinflammatory cytokine inter-
leukin 6 correlated with disease severity and that ribavirin and gamma interferon
could decrease viral titers in vitro and in vivo. Whole-virus vaccines produced im-
mune responses in adult mice, and immunized mothers conferred protection on ne-
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onates against challenge from CVA10 clinical strains. Passive immunization with
high-titer antisera could also improve survival rates in newborn animals.

KEYWORDS HFMD, coxsackievirus A10, mouse model, antiviral, vaccine

Human enteroviruses (EVs) are positive-stranded RNA virus members of the genus
Enterovirus within the family Picornaviridae, order Picornavirales, and comprise four

species: EV-A, EV-B, EV-C, and EV-D (1). Coxsackievirus A10 (CVA10) belongs to species
EV-A, which currently consists of 16 serotypes: 11 serotypes of coxsackievirus group A
and 5 serotypes of EV (2, 3). In general, fatal cases of CVA10 infection have rarely been
reported, as enterovirus A71 (EVA71) and CVA16 were the major epidemic strains prior
to 2010 (4). However, numerous outbreaks of CVA10 have occurred during recent years
in different geographic regions, such as China (5–8), Finland (9), and France (10). Clinical
data demonstrated that CVA10 infections are commonly mild and self-limiting; how-
ever, a small proportion of children experience severe complications, such as, menin-
gitis, encephalitis, acute flaccid paralysis, and neurorespiratory syndrome (11, 12). At
present, due to the lack of effective antiviral drugs, CVA10 infection with severe
complications is mainly treated with symptomatic and supportive therapy. Due to the
recent increase in the incidence and severity of CVA10 infection, it is vitally important
to understand the pathogenesis associated with this agent and to develop therapeutic
drugs and vaccines (13).

In the present study, we established an animal model of CVA10 infection using
5-day-old neonatal mice in which the rapid proliferation of CVA10 was associated with
clear pathology. Employing this model, we investigated the correlation between the
expression of virus-induced inflammatory cytokines and disease severity and the
antiviral effects of different drugs and therapeutic antibodies. Finally, we evaluated
the immunoprotective effect of candidate CVA10 formaldehyde-inactivated whole-
virus vaccines inoculated through different infection routes.

RESULTS
Establishment of a mouse model of CVA10 infection. Five-day-old neonatal mice

were inoculated with CVA10 strain TA151R (Fig. 1) at different doses (1.0 � 102, 1.5 �

103, and 2.25 � 104 50% tissue culture infective doses [TCID50] via the intramuscular
[i.m.], intraperitoneal [i.p.], and intracerebral [i.c.] routes, respectively). Clinical signs,
such as reduction in movement, appeared 5 to 6 days after low-dose inoculation (1.0 �

102 TCID50), and the maximum clinical score was 3 (rounding to the nearest whole
number) (Fig. 2A to C). At 9 to 10 days following low- dose inoculation (1.0 � 102

TCID50), recovery and weight gain were observed (Fig. 2D to F), and the final survival
rates were 70%, 80%, and 100% (Fig. 2G to I) for the mice inoculated via the i.m., i.p.,
and i.c. routes, respectively. These results suggest that the low infection dose (1.0 � 102

TCID50) is unsuitable for 5-day-old neonatal Institute of Cancer Research (ICR) mice.
Mice infected with 1.5 � 103 TCID50 via the i.c. route did not show typical neurological
symptoms (i.e., single or double hind limb paralysis), and only transient neonatal
myasthenia gravis was observed. The average clinical score was 1.75 (Fig. 2C), and the
survival rate was 60% (Fig. 2I). At the same dose, the mice inoculated via the i.m. and
i.p. routes began to show clinical symptoms 3 days after inoculation, and the symptoms
gradually worsened over time. The clinical score was 4 or 5 at 6 or 7 days after
inoculation, with typical neurological symptoms (Fig. 2A and B). Compared with the
control group, the body weight of the mice in the other two groups decreased by
28.71% and 19.19% (Fig. 2D and E). However, the clinical scores of the mice inoculated
via the i.p. route had large variation and uneven distribution. The high dose (2.25 � 104

TCID50) of CVA10 resulted in rapid disease onset in the neonatal mice and a short
survival time (Fig. 2G to I), especially in the group inoculated via the i.m. route, where
all the mice were dead 6 or 7 days after inoculation (Fig. 2G). This result indicated that
the high dose (2.25 � 104 TCID50) was also not suitable for the establishment of the
CVA10 model. An intermediate dose (1.5 � 103 TCID50) of CVA10 was administered to
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mice of different ages (3, 7, and 9 days) via the i.m. route, and the 3-day-old mice had
high clinical scores and short survival times (Fig. 2J and K); the 7- and 9-day-old mice
had low survival rates of 10% and 20% (Fig. 2L), respectively. Finally, the neonatal
murine model of CVA10 infection was established by inoculating 5-day-old mice with

FIG 1 Phylogenetic tree based on the complete genome sequences of coxsackievirus A10 strains identified worldwide. Phylogenetic
analysis of the four strains from Shandong Province and other strains (n � 56, including strains from China, Vietnam, and the United
States) revealed that the four strains belonged to the same lineage (lineage E) and shared �98% homology with viruses circulating in
China between 2010 and 2015. The maximum likelihood method was used to construct the phylogenetic tree, with 1,000 bootstrap
replicates. Only strong bootstrap values (�70%) are shown. The scale bar represents the number of nucleotide substitutions per site. �,
TA151R strain used to establish the neonatal mouse model of CVA10 infection; �, three clinical strains of CVA10 (WH21R, QD102R, and
HZ302R) isolated from different regions of Shandong Province. CHN, China; VNM, Vietnam.
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FIG 2 Determination of the optimal inoculation route, dosage, and age. Five-day-old ICR mice (n � 10 per group) were i.c., i.m., and i.p.
inoculated with different doses of CVA10 strain TA151R (1.0 � 102, 1.5 � 103, and 2.25 � 104 TCID50/mouse, respectively). Control animals
were inoculated with medium. All the mice were monitored daily for clinical symptoms (A to C and K), body weight (D to F and J), and
survival rates (G, H, and L) until 14 days postinfection. Mice at 14 and 21 days of age did not develop any significant clinical signs (data
not shown). Control animals were administered NS. The data represent the mean values of the results of 10 repeat experiments.
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1.5 � 103 TCID50 of CVA10 via the i.m. route. The average clinical score was 4 to 5, and
the mice died 8 to 9 days after inoculation. In this model, the disease onset time and
mortality rates were stable and had good reproducibility.

Pathology and IHC. Hematoxylin and eosin (H&E) and immunohistochemistry (IHC)
staining of the major tissues were performed 5 days after CVA10 inoculation in order
to determine the pathological changes and antigenic distribution in tissues derived
from the CVA10-infected neonatal mice. The results showed that the virus had strong
tropism to the skeletal muscle and lung tissues (Fig. 3). Viral replication was associated
with serious pathological damage, loose fiber, and massive necrosis, accompanied by
large numbers of lymphatic infiltrates, muscle bundle fracture, and fibrosis (Fig. 3A). In
addition, the lungs showed interstitial fibrosis and inflammatory hyperemia, which are
typical clinical manifestations of severe interstitial pneumonia in neonates (Fig. 3B),
with the virus diffusely distributed throughout the lung (Fig. 3J). In the brain tissue, the
neurons and glial cells showed diffuse edema, and the nucleus was not completely
lysed (Fig. 3C); the virus was mainly present in the cerebral cortex (Fig. 3K). Compared
with EVA71 and CVA16 infections, CVA10 showed myocardial fiber dissolution and
increased numbers of inflammatory cells, with focal fatty change (Fig. 3D) and detect-
able viral antigen (Fig. 3L). The other organs of the infected mice, such as liver, intestine,
kidney, spleen, and lymph nodes, were also examined, but no significant histological
changes or viral antigens were observed (data not shown).

CVA10 viral loads in organs of 5-day-old mice. After inoculation with TA151R (240
50% lethal doses [LD50]) in 5-day-old mice, the virus loads at different time points and
organs showed significant differences (P � 0.05) at 1, 3, 5, and 7 days postinfection
(dpi). The viral loads indicated high viral replication in the early stages, and the viral

FIG 3 H&E and IHC analyses of infected 5-day-old mice after i.m. challenge with a lethal dose (240 LD50) of CVA10 strain
TA151R. (A to D) Infected mice (clinical grades, 4 and 5) exhibited severe necrosis in the contralateral hind limb muscle (A),
lung (B), brain (C), and heart (D) tissue. (E to H) No histological changes were observed in the corresponding tissues of the
mock-infected mice. (I to L) The IHC analysis indicated that the viral antigen was diffusely distributed in affected tissues: hind
limb muscle (I), lung (J), brain (K), and heart (L). (M to P) Results for noninfected mice were used as a control: hind limb muscle
(M), lung (N), brain (O), and heart (P). Magnification, �400 (K and O); �200 (others). All experiments were repeated three times.
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loads reached a maximum at 7 days after inoculation (Fig. 4). Viral loads were compa-
rable in brain, lung, and heart tissues and in peripheral blood at 1 dpi and increased to
6 to 7 logl0 copies/mg (ml) at 3 dpi. The onset time of viremia was correlated with
clinical manifestations in the neonatal mice, including behavioral changes and de-
creases in body weight. At 7 dpi, the viral titers in lung tissues were as high as 7.7 logl0

copies/mg, and the rapid viral proliferation was associated with severe pulmonary
alveolar damage and large numbers of lymphocytic infiltrates, consistent with the
pathological changes of viral pneumonia. In the early stage of infection, the viral load
in skeletal muscles was an order of magnitude higher than that in other tissues, with
significantly higher viral loads in the later stages than in other tissues, with the notable
exception of brain tissue, which also had comparably higher viral loads at later time
points (Fig. 4). In contrast, the virus was not detected in the intestines in the early stage
of infection, and even during the late stages of infection, the viral load was �4 logl0

copies/mg.
Expression of inflammatory cytokines in the peripheral blood of neonatal mice

infected with CVA10 strain TA151R. After the 5-day-old ICR mice were infected with
a lethal dose of TA151R, the expression of inflammatory cytokines in the peripheral
blood was determined at different time points (Fig. 5). Compared with the negative-
control (NC) group, inflammatory cytokines were highly expressed in the experimental
group (Fig. 5). In particular, the expression of gamma interferon (IFN-�) and interleukin
6 (IL-6) increased sharply (2,031 pg/ml and 2,028 pg/ml, respectively) and maintained
a high level, although expression decreased slightly in the late stage of infection (Fig.
5A and B). The expression of IL-10 also increased initially, with a peak of 32.49 pg/ml,
followed by a decrease from this maximum (Fig. 5C). The expression of IL-18 reached
a peak of 212.80 pg/ml in the early stage (1 dpi) and maintained a high level of
expression at all examined time points (Fig. 5D). The expression of IL-13 increased
rapidly to 39 pg/ml in the early stages and then decreased to normal levels (less than
the theoretical limit of detection of the assay, 1.17 pg/ml) at 4 dpi (Fig. 5E). In contrast,
the expression of tumor necrosis factor alpha (TNF-�) did not show noticeable changes
in the early stages of infection (Fig. 5F), and the expression level increased only in the
later stage of infection. Finally, there was no detectable expression of IL-1� and IL-4
(data not shown). These results indicate that IL-6 and IFN-� may be important factors
in the immune response following CVA10 infection.

FIG 4 Mean tissue viral loads in CVA10-infected mice. Five-day-old ICR mice were i.m. inoculated with
CVA10 strain TA151R (240 LD50). The viral loads in brain, lung, heart, muscle, intestine, and blood from
the infected mice were quantified by RT-qPCR. Samples were collected at the indicated times. The results
represent the mean virus load (log10 copies) per milligram of tissue or per milliliter of blood and SD (three
mice per group).
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In vitro and in vivo inhibition of CVA10 replication by cytokines and ribavirin.
To assess the antiviral activities of drugs, antiviral assays were first performed on
rhabdomyosarcoma (RD) cells. The RD cells were treated with IFNs and ribavirin 1 h
after CVA10 infection. The growth of the RD cells was monitored by a cell counting kit
8 (CCK-8) assay, and the inhibitory rate on viral replication was calculated. Our results
showed that the in vitro antiviral effects of ribavirin (20 �g), the type I interferons
IFN-�1b (125 U) and IFN-�2a (125 U), and the type II interferon IFN-� (25 U) were
highest, with inhibitory rates of 31.73%, 24.7%, 23.89%, and 24.24% (Fig. 6A), respec-
tively. In contrast, the in vitro antiviral effects of IFN-� (12.5 U), IFN-�1 (125 ng), and
IL-1� (1250 U) were weaker, with inhibitory rates of 13.62%, 3.69%, and 5.65%,
respectively. There was no detectable antiviral effect of IL-6 (12.5 U) compared to the
control group. Furthermore, the viral load of CVA10 in the supernatant of the ribavirin,

FIG 5 Peripheral cytokine/chemokine expression levels in neonatal mice infected with CVA10 with severe disease
and in mock-infected controls were compared. The levels of IFN-� (A), IL-6 (B), IL-10 (C), IL-18 (D), IL-13 (E), and
TNF-� (F) in plasma of 5-day-old ICR mice i.m. inoculated with lethal doses of TA151R (240 LD50) at 1 to 7 dpi were
determined using mouse ELISA detection kits. IL-1� and IL-4 expression was not detected (data not shown). The
data are shown as means and standard deviations and are representative of the results of at least 3 independent
experiments. One-way analysis of variance (ANOVA) with a Newman-Keuls multiple-comparison test was used to
compare the cytokine expression levels of neonates with severe disease and those of mock-infected animals. ***,
P � 0.001; n.s., not significant.
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IFN-�1b-, IFN-�2a-, IFN-�-, and IFN-�-treated RD cells was lower (�2 � 108 genome
copies per ml) (Fig. 6B) than the viral load (�1.2 � 109/ml) in the IFN-�1-, IL-1�-, and
IL-6-treated RD cells.

In vivo protection experiments were performed next, and after administration of a
lethal dose of CVA10 (240 LD50) via the i.m. route, therapeutic doses of ribavirin and
IFNs were also injected by the intravenous (i.v.) route. The results showed that treat-
ment of mice with different drugs had markedly different effects on survival rates (Fig.
6C and D). The survival rate of the mice in the ribavirin-treated (100 �g) group was 60%,
and the survivors gradually recovered 8 days after treatment. All the mice treated with
IFN-�2a (666.75 U) died (Fig. 6C), with no signs of recovery in the treated versus control
groups. The protective rates of IFN-� (833.25 U) and IFN-�1 (1125 U) were 70% and 50%,
respectively. In the IL-6-treated (1,000 U) group, the onset of symptoms occurred earlier
than in the untreated group, with a shorter survival time (all the mice died by 6 dpi)
(Fig. 6C), indicating that not only did IL-6 not have an antiviral effect, it increased the
mortality rate.

Passive and active immunizations with the CVA10 antibody. The antibody titers
of the CVA10 antiserum were measured by microneutralization assay. The titers of
CVA10 (geometric mean titer [GMT], 2,048) were obtained by administering 2-fold serial
dilutions of the CVA10 antiserum to RD cells. To evaluate the protective effect of the
CVA10 antisera on the mice by passive immunization, 5-day-old mice were i.m. inoc-
ulated with 50 �l of 10-fold serially diluted antiserum (1:10 to 1:10,000), followed by
inoculation with a lethal dose of TA151R (240 LD50). Mice mock treated with normal
saline (NS) began to show symptoms of hind limb paralysis at 5 dpi and died at 8 dpi.

FIG 6 In vitro antiviral effects of ribavirin, IFN-�1b, IFN-�2a, IFN-�, IFN-�, IFN-�1, IL-1�, and IL-6 on CVA10. (A) RD cells were
treated with different drugs for 4 h and then infected with CVA10 strain TA151R (MOI � 0.001). After culturing for 24 h, the
viral inhibition rate was evaluated using a CCK-8 assay. (B) At 8-h intervals after RD cells were infected with TA151R, 100 �l
of culture medium from each experimental and control group was taken out, and viral loads in the supernatant were
determined by RT-qPCR. (C and D) Virus loads were expressed as logl0 copies per milliliter, and statistical analysis was
performed using one-way ANOVA with a Newman-Keuls multiple-comparison test. Clinical symptoms (C) and survival rates (D)
were recorded daily after 5-day-old ICR mice (n � 10 per group) were i.m. challenged with lethal doses of TA151R (240 LD50)
until 12 dpi. Within 1 h postinoculation, each mouse was i.m. injected with the indicated cytokines. The data shown are
expressed as means and SEM and are representative of at least 3 repeated experiments. The Mantel-Cox log rank test was used
to compare the survival rates of pups between drug treatment groups and the medium control group. *, P � 0.05; **, P � 0.01;
***, P � 0.001; n.s., not significant.
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In contrast, there were no clinical signs in the mice treated with the 10-fold-diluted
CVA10 antiserum (Fig. 7A), and body weight was not significantly different from that of
the control group, indicating the CVA10 antiserum could provide 100% immunopro-
tection to the infected mice (Fig. 7B). One hundredfold-diluted CVA10 antiserum could
relieve the clinical signs, with a final protection rate of 50%. However, highly diluted
(1:1,000 and 1:10,000) CVA10 antisera did not provide immunoprotective effects, and all
the mice died at 9 to 10 dpi.

Furthermore, 8-week-old female mice were immunized twice with the candidate
CVA10 inactivated vaccines and the control medium, respectively. After delivery, lethal
doses of CVA10 clinical isolates were inoculated into the 5-day-old neonates by the i.m.
route. There was no significant increase in body weight in the negative-control group.
The clinical symptoms began to appear at 4 dpi, and all the mice died at 7 to 10 dpi
(data not shown). In contrast, in the experimental group, the neonatal mice rapidly
increased in body weight and did not show any clinical signs, with a final survival rate
of 100%.

Evaluation of the therapeutic effects of CVA10 antiserum. To further evaluate
the therapeutic effects of the CVA10 antiserum, neonatal mice with early- and late-
onset disease, following a lethal dose of TA151R, were i.m. inoculated with different
concentrations of the CVA10 antiserum. CVA10 antisera with higher dilution ratios
afforded decreased levels of protection to the neonatal mice in the early stages of
infection. The 10- and 100-fold-diluted CVA10 antisera deferred further development of
the clinical syndromes in the neonatal mice (Fig. 8A), although some mice had transient
hind limb paralysis. The clinical syndromes of �40% of the neonatal mice were
improved (decreased clinical scores), and the final survival rates were 100% and 60%
(Fig. 8B), respectively. However, there was no decrease of the clinical signs in the
neonatal mice treated with the 1,000- and 10,000-fold diluted CVA10 antisera, and the
mice died at 7 or 8 dpi, with no significant difference between the experimental group
and the nonintervention group.

There was no therapeutic effect of the CVA10 antiserum in the neonatal mice with
late-stage disease, with single hind limb or double hind limb paralysis in the dying mice
(Fig. 8C and D). A range of dilutions of CVA10 antiserum (1:1, 1:10, and 1:100) could not
prevent the progression of disease. There was also no significant difference in the
progression of the clinical signs and the time of death in the neonatal mice between
the experimental group and the positive-control group, and all the mice died 5 or 6
days after the antiserum intervention (Fig. 8C and D).

DISCUSSION

Establishment of a sensitive and reproducible animal model of CVA10 infection is
critical for antiviral drug screening, vaccine development, and pathogenesis studies.

FIG 7 Passive immunization with anti-CVA10 serum protected neonates against CVA10 challenge in vivo. First, 5-day-old
ICR mice (n � 10 per group) were i.m. inoculated with 240 LD50 of TA151R. Within 1 h after inoculation, each mouse was
i.m. inoculated with 50 �l of 10-fold serially diluted mouse anti-CVA10 serum (10- to 10,000-fold dilutions) and negative
serum. The clinical symptoms (A) and survival rates (B) were then monitored and recorded daily after inoculation with
CVA10 until 14 days after inoculation. The Mantel-Cox log rank test was used to compare the survival of pups between the
antiserum groups and the medium control group at 14 days postinfection. ***, P � 0.001.

A Neonatal Model of Coxsackievirus A10 Infection Journal of Virology

July 2017 Volume 91 Issue 13 e00333-17 jvi.asm.org 9

http://jvi.asm.org


The development of inactivated EVA71 vaccines is based on neonatal mouse and
cynomolgus monkey models of viral infection (14–16). We have also shown that
inactivated whole-virus vaccines were able to protect neonatal mice against coxsacki-
evirus A6 infection (17). Therefore, inactivated vaccines have become the preferred
choice for the prevention and control of CVA10-associated hand, foot, and mouth
disease (HFMD) epidemics. A recent study reported that cell-adapted CVA10 strains
could induce high titers of neutralizing antibody against homologous or heterologous
CVA10 strains in vitro and in vivo, providing immunoprotection in infected neonatal
mice (18). In the present study, we extend these findings by employing an animal
model of CVA10 infection to investigate disease pathogenesis. After the 5-day-old
neonatal mice were i.m. inoculated with CVA10 at a dose of 1.5 � 103 TCID50, the virus
was transmitted systematically from the inoculation site to several organs, including the
central nervous system, lung, and skeletal muscle. Increased viral titers in blood and
tissues were associated with the development of neurological symptoms, especially in
hind limb muscles and lungs, and all the mice died 9 days after CVA10 infection. These
results provide immunohistochemical and pathological evidence of CVA10 infection,
which will be employed for further development of antivirals and vaccines and for
pathological studies of CVA10-associated disease.

The expression of inflammatory cytokines was examined in order to identify factors
that might be associated with the immunopathology seen in severe disease. Cerebro-
spinal fluid (CSF) IL-1�, IL-6, IL-8, and IFN-� levels have been found to be significantly
elevated in patients with pulmonary edema and encephalitis, with evidence of a strong
correlation between proinflammatory cytokine production and clinical severity in
EVA71 infections (19–21). Moreover, there were certain relationships between high
levels of cytokine expression and increased blood vessel permeability (22). Similarly, our
data showed that 3 days after inoculation with the CVA10 clinical strain TA151R,

FIG 8 Therapeutic treatment with CVA10 antiserum reduces morbidity and mortality of neonatal mice against CVA10
challenge in vivo. Five-day-old ICR mice (n � 10 per group) were i.m. inoculated with 240 LD50 of TA151R, which yielded a
100% mortality rate. Mice in early (grade, 1 or 2) and late (grade, �3) infection stages were selected (n � 10 per group) and
intravenously injected with diluted CVA10 mouse antisera (1- to 10,000-fold dilutions, respectively). Clinical symptoms (A) and
survival rates (B) of the mice in early stages of infection and clinical symptoms (C) and survival rates (D) of the mice in late
stages of infection were recorded daily after inoculation with CVA10. The Mantel-Cox log rank test was used to compare the
survival of pups between the antiserum groups and the medium control group. ***, P � 0.001.
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5-day-old neonatal mice had increased expression of blood IL-6 and IFN-�, showing a
trend similar to that in the peripheral blood of children with HFMD (23). Abnormal
expression of IL-6 may activate other immune cells and promote the release of
inflammatory factors, leading to multiple-organ dysfunction syndrome through cas-
cade pathways (24). In the present study, a high level of IL-6 in the peripheral blood of
neonatal mice not only did not inhibit the replication of CVA10, but was associated with
more severe clinical signs, with an average survival time 2 days shorter than that of the
control group. Similar phenomena have also been observed in the CVA6 mouse model
(17). In contrast, administration of anti-IL-6 neutralizing antibodies after the onset of
clinical symptoms successfully improved the survival rates and reduced the clinical
scores of the EVA71-infected mice (21). Collectively, these observations support the
view that proinflammatory cytokines, especially IL-6 induced upon CVA6 infection, play
prominent roles in the disease process. Although the high level of IFN-� induced by
CVA10 infection is involved in the innate immune clearance of the virus, it can also
potentially lead to decreased IL-4 secretion in Th2 cells, resulting in an imbalance of the
IFN-�/IL-4 ratio, which is associated with severe immunopathology (25).

The nucleoside analogue ribavirin is a broad-spectrum antiviral drug and has been
widely used for the treatment of viral hepatitis, lower respiratory tract infections,
measles, and other viral infections (26, 27). We found that ribavirin significantly inhib-
ited CVA10, with in vitro inhibition and in vivo protection rates of 32% and 60%,
respectively. It has also been reported that interferon is effective against picornaviruses
(EVA71 and theilovirus) and plays an important role in viral pathogenicity and tissue
tropism (28, 29). Huang et al. attempted to treat EVA71-induced HFMD with IFN-� and
found that IFN-�1b reduced the time to defervescence, healing times of typical skin or
oral mucosal lesions, and EVA71 loads in children with HFMD (30). We found that IFN-�
had no inhibitory effect on CVA10 replication in vivo, although the antiviral effect was
significant in vitro. In contrast, the in vivo antiviral effect of IFN-�1 was much greater
than that observed in vitro, with an in vivo protective efficacy of 50% and a significantly
shortened disease duration. Surprisingly, pretreatment with a clinically therapeutic
dose of IFN-� significantly increased the survival rate of the infected mice, up to 70%.
The protective effect of IFN is highly correlated with the administration time (31). For
example, when EVA71-infected mice were administered IFN at 3 dpi, the clinical
symptoms of the neonatal mice were not relieved but deteriorated further. This may
have been due to exacerbated IFN-�-induced immune pathological damage (32).

The pathology associated with CVA10 infection progressed rapidly when severe
complications and neurologic symptoms occurred. Our results showed that high
antibody titer levels could relieve the clinical symptoms of neonatal mice in the early
stages of infection and increase the survival rates of neonatal mice. However, admin-
istration of higher dilutions of CVA10 antibody could not prevent the development of
the syndromes (grade, �3) in late-onset disease with single or double hind limb
paralysis, and the course and severity of the disease were not significantly different
from those of the control group; all the mice died at 10 dpi. In combination with the
pathological changes and high viral loads in the tissues in the late stage of infection,
severe inflammation and irreversible damage to various tissues and organs, such as
nervous system destruction, neuronal necrosis, skeletal muscle fiber necrosis, and
muscle bundle fracture, were found. Therefore, for neonatal mice with severe condi-
tions, antibody therapy may be insufficient; symptomatic, supportive therapy and
antiviral drug treatment should also be used.

It should be noted that 5-day-old mice are immunologically naïve, and the central
nervous system is not yet mature. Although they have advantages in simulating severe
cases of human infections with enteroviruses, it would be preferable to study patho-
genesis in adult animals. In fact, we also performed infection experiments on older
neonates (14 and 21 days); however, they did not show significant clinical symptoms,
and all the challenged animals survived (data not shown). Therefore, adult transgenic
mice that express the viral receptors (33) or adult AG129 mice deficient in type I and II
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IFN receptors (34, 35), which are susceptible to enteroviruses, should be considered
candidate animals in future studies.

In conclusion, we have established a sensitive and reproducible model of CVA10
infection. Using this model, we investigated the pathology of CVA10 infection and
revealed a relationship between abnormal expression of IL-6-induced inflammatory
cytokines and high mortality. Ribavirin and IFN-� had the strongest in vivo and in vitro
antiviral effects, and the survival rates of neonatal mice were significantly improved.
Importantly, a formaldehyde-inactivated vaccine could induce immune responses, and
also, maternal antibody could be transferred to neonatal mice. The maternal antibody
provided cross-protection against challenge with lethal doses of CVA10 clinical isolates
in the neonatal mouse model. Furthermore, when administered during early disease
onset, CVA10 antiserum alleviated, and even reversed, disease in neonatal mice.
Therefore, this mouse model of CVA10 infection provides a reliable tool for anti-CVA10
drug screening and vaccine development to develop therapies and prophylactic ap-
proaches to reduce the morbidity and mortality associated with HFMD.

MATERIALS AND METHODS
Ethics statement. The experimental animals were outbred, specific-pathogen-free ICR mice [certif-

icate no. SCXK (Beijing) 2012-0001]. The feeding and processing of the animals were subject to the
guidelines of the Technical Committee on Laboratory Animal Science of the Standardization Adminis-
tration of China, and the study was carried out in accordance with the approved guidelines of the Ethics
Committee of Taishan Medical College (permission no. 2016061).

Viruses and cells. RD cells (ATCC CCL-136) were cultured in minimum essential medium (MEM)
(HyClone) containing 10% fetal bovine serum (FBS) (Gibco) at 37°C under 5% CO2. CVA10 clinical strains
(TA151R, WH21R, QD102R, and HZ302R) were isolated from fecal samples from 2- to 4-year-old patients
who presented with HFMD in different cities of Shandong Province during 2015. The CVA10 viruses were
serially passaged three times in RD cells, and the titers were determined by a TCID50 assay. Total RNA was
extracted, and the complete viral genomes were sequenced by standard methods.

Mouse infection experiments. To evaluate the pathogenicity of the TA151R strain in neonatal mice
under different experimental conditions, an animal model of infection was established based on a
two-factor analysis of variance, with the infective dose and the inoculation method as the two inde-
pendent factors (three levels for each factor). For each inoculation dose and inoculation route experi-
ment, 5-day-old neonatal mice were inoculated with different doses (1.0 � 102, 1.5 � 103, and 2.25 �
104 TCID50/mouse) and also by different inoculation routes: i.c., i.m., and i.p., respectively. For age-
dependent susceptibility assays, the susceptibility to CVA10 was compared for mice of different ages (3,
7, 9, 14, and 21 days), each inoculated by the i.m. route with a dose of 1.5 � 103 TCID50. The body weight,
clinical signs, and survival rates of the mice were monitored for 14 dpi. The grade of clinical disease was
scored as reported previously (36), and scoring was carried out as follows: 0, healthy; 1, lethargy and
inactivity; 2, hind limb weakness; 3, single limb paralysis; 4, double hind limb paralysis; and 5, death. The
control mice were healthy throughout the experiments. The LD50 was calculated using the Reed and
Muench formula (37).

Histopathologic and immunohistochemical staining. Five-day-old ICR mice were i.m. inoculated
with the CVA10 clinical strain TA151R (240 LD50) or uninfected culture medium. Tissue samples of brain,
heart, lung, intestines, and contralateral hind limb skeletal muscles from control and CVA10-infected
mice (grades, 4 to 5; n � 3) were dehydrated and embedded in paraffin according to procedures
described previously (38). A microtome was used to generate 4-�m sections for histopathological
examination, which were stained with hematoxylin and eosin.

Immunohistochemistry was performed using an avidin-biotin-immunoperoxidase technique as de-
scribed previously (39). Briefly, tissue sections were dewaxed, dehydrated, and microwaved for 20 min at
99°C in a citrate buffer. Polyclonal mouse anti-CVA10 antibody (1:200 dilution; Abcam) was applied for
2 h at 37°C. A secondary biotinylated goat anti-mouse immunoglobulin G (1:1,000 dilution; Abcam)
antibody was added, followed by avidin-biotin-peroxidase complex and 3,3=-diaminobenzidine tetrahy-
drochloride (Beyotime) chromogen. Tissues were counterstained with hematoxylin. The primary antibody
was replaced by Tris-buffered saline or normal mouse serum in duplicate IHC assays and used as a
negative control.

Virus loads in postchallenge mouse tissues. After inoculation of 5-day-old mice with lethal doses
(240 LD50) of TA151R via the i.m. route, tissues and blood samples (blood, brain, heart, lung, intestines,
and contralateral hind limb skeletal muscles) from experimental mice (n � 3 per time point) were
collected at 1, 3, 5, and 7 dpi and from control mice (n � 3) at the same time points. Total RNA was
extracted from individual tissue/blood samples from infected mice and controls using TRIzol reagent
(TaKaRa), and cDNA was generated by reverse transcription (RT) using random-hexamer primers and
Moloney murine leukemia virus (MMLV) reverse transcriptase (TaKaRa), according to the manufacturer’s
instructions. The cDNA was then used for real-time PCR with a GoldStar TaqMan Mixture kit (CWBIO) and
primers F-CA (5=-CCTGAATGCGGCTAATCC-3=) and R-CA (5=-TTGTCACCATWAGCAGYCA-3=) and a hydro-
lysis probe (5=-FAM [6-carboxyfluorescein]-CCGACTACTTTGGGWGTCCGTGT-BHQ1 [black hole quencher
1]-3=) (40) in the ABI 7500 Fast System. Real-time PCR thermocycling reactions were as follows: 3 min at

Zhang et al. Journal of Virology

July 2017 Volume 91 Issue 13 e00333-17 jvi.asm.org 12

http://jvi.asm.org


95°C, followed by 40 cycles of 95°C for 15 s and 55°C for 35 s. The target amplicon amplified by the
primers F-CV and R-CV was inserted into the pMD18-T plasmid, producing the plasmid pMD18-T-CV,
which was used as a standard for absolute quantification of CVA10 copy numbers, with virus loads
expressed as logl0 copies/mg of tissue or logl0 copies/ml of blood. The standard curve was generated
from serially diluted pMD18-T-CV (ranging from 102 to 1010 copies/�l) by linear regression. The 95%
confidence interval of the negative-control values determined in various organs and tissues was
regarded as the reference value for methodological sensitivity (0 copies/mg or ml).

Cytokine assays. After inoculation of 5-day-old mice with lethal doses (240 LD50) of TA151R via the
i.m. route, peripheral blood was collected at 1, 2, 3, 4, 5, 6, and 7 dpi from the experimental and control
groups and centrifuged for 10 min at 800 � g at 4°C. Sera were frozen at �80°C until further examination.
The levels of cytokines IL-1�, IL-6, IL-18, IFN-�, and TNF-�; that of the anti-inflammatory cytokine IL-10;
and those of the chemokines IL-4 and IL-13 were measured using mouse cytokine enzyme-linked
immunosorbent assay (ELISA) kits (Multisciences Biotechnology) according to the manufacturer’s instruc-
tions. The mean values of the replicates were used for statistical analysis.

In vitro and in vivo studies of antiviral inhibitory activities. After the RD cells were inoculated with
CVA10, the inhibitory effects of different drugs on CVA10 replication in vitro were measured using a
CCK-8 kit (Multisciences Biotechnology), following the manufacturer’s instructions. The RD cells were
placed in 96-well plates (5 � 103 cells/well) and incubated overnight. When �80% confluent, the
monolayers were infected with TA151R at a multiplicity of infection (MOI) of 0.001. After adsorption of
CVA10 for 1 h, the supernatant was discarded and the RD cells were treated with the following
concentrations of drugs: ribavirin, 20 �g; IFN-�2a, 125 U; IFN-�, 12.5 U; IFN-�, 25 U; IFN-�1, 125 ng; IL-1�,
1,250 U; and IL-6, 12.5 U. MEM was used as an NC. Four hours after treatment, the supernatant was
discarded, and 500 �l of MEM containing 2% fetal bovine serum was added to each well. The cells were
incubated at 37°C under 5% CO2 for 36 h. The supernatant was discarded, and the cells were washed with
phosphate-buffered saline (PBS) three times. After adding 200 �l of 10% CCK-8 solution, the cells were
incubated for 1.5 h, and the absorbance of each cell was measured at 450 nm using a microplate reader
(ELX-800; Biotek). The untreated RD cells were regarded as a reference, with 100% growth activity. The
MEM-treated cells were used as a negative control. The ratio of growth activities was calculated by
comparing the absorbances (optical density [OD]) of the cells in the control group and the reference
group as follows: SP% � (A � A1)/(A2 � A1) � 100%, where SP represents the survival rate of the
drug-treated RD cells and A, A1, and A2 are the OD values of cells in the experimental group, the reference
group, and the negative-control group, respectively. After the RD cells were treated with TA151R for 48
h, the viral loads of the supernatants in the experimental and reference groups were determined by
RT-quantitative PCR (qPCR) every 8 h. The mean values of the replicates were used for statistical analysis,
and virus loads were expressed as logl0 copies per milliliter.

In order to further examine the antiviral activities of the drugs in the neonatal mice, an in vivo
antiviral assay was carried out. A lethal dose of TA151R (240 LD50) was injected into the 5-day-old mice
via the i.m. route. After 1 h of inoculation, different doses of the drugs were injected into the mice of the
experimental group by the i.v. injection route, while NS was injected into the mice of the control group.
The clinical signs and mortality were monitored and recorded daily until 14 dpi.

Preparation of formaldehyde-inactivated CVA10 strain TA151R whole-virus vaccines and de-
termination of anti-CVA10 antibody titers. An inactivated CVA10 suspension with a formaldehyde
concentration of 1:4,000 (vol/vol) was prepared by mixing 37% formaldehyde with CVA10 strain TA151R
(1.1 � 107 TCID50/ml). Ten milliliters of the suspension was mixed with Freund’s adjuvant or Freund’s
complete adjuvant (Sigma) in equal volumes to produce an emulsion. The viral emulsion was then
incubated at 37°C for 3 days (41). Ultrasonic emulsification was employed to prevent the formation of
virus aggregates as follows: 2 ml of antigen-adjuvant mixture (1:1) was fully emulsified using sonication
for 5 s at 5-s intervals a total of 8 times in an ice bath. No viable virus was detected after repeated RD
cell culture and blind passage for up to 3 weeks. Eight-week-old adult ICR mice were inoculated with 50
�l of inactivated TA151R emulsion by the i.m. route. Blood of adult mice was collected 10 days after two
immunizations with an interval of 2 weeks. The CVA10 antiserum was separated by centrifugation at
4,000 � g for 10 min at 4°C and stored at �80°C until analysis.

The GMT of the neutralizing antibody in the CVA10 antiserum was determined by in vitro micro-
neutralization assays as described previously (18) with slight modifications. Briefly, the anti-CVA10 serum
samples were 10-fold serially diluted (1:10 to 1:10,000) using MEM containing 2% FBS. Fifty microliters of
diluted serum was mixed with 100 TCID50 of CVA10 strain TA151R in 96-well plates and incubated at 37°C
for 1 h. Then, 5.0 � 103 RD cells were added to each well of the 96-well plate and cultured at 37°C under
5% CO2. Three days later, the cells were inspected for cytopathic effect (CPE). Neutralization titers were
determined as the highest serum dilution that could fully protect cells from CPE.

Effects of passive immunization and maternal antibody on 5-day-old neonatal mice. In order to
study the protective effects of passive immunization, the CVA10 antiserum after 10-fold serial dilution
(1:10 to 1:10,000) was injected into 5-day-old neonatal mice by i.v. injection (n � 10), while the same
volume of NS was injected into the mice of the control group. After 24 h, a lethal dose of TA151R (240
LD50) was inoculated into the mice in both groups by the i.m. route. The clinical signs and survival rates
were monitored and recorded daily until 14 dpi.

To study the immunoprotective effects of maternal antibodies, neonatal mice were subcutaneously
inoculated with 200 �l of Freund’s complete adjuvant-inactivated CVA10 emulsion at 8 weeks of age, and
the immune response was then boosted by inoculation with 200 �l Freund’s adjuvant-inactivated CVA10
emulsion 2 weeks later. The female and male mice were mated after the first immunization, and the dams
delivered 7 to 10 days after the second immunization. Mice in the control group were immunized with
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the same volume of NS. A lethal dose (240 LD50) of TA151R and the CVA10 clinical isolates WH21R (240
LD50), QD102R (240 LD50), and HZ302R (240 LD50) (Fig. 1) were i.m. injected into the mice in the
experimental group (n � 10) and the control group (n � 10). The clinical signs and survival rates were
monitored and recorded for 14 dpi, and the immunoprotective effect of the maternal antibody on the
neonates was evaluated.

Therapeutic effect of CVA10 antiserum on CVA10-challenged neonatal mice. In order to study
the therapeutic effect of the CVA10 antiserum on the infected neonatal mice, a lethal dose of TA151R
(240 LD50) sufficient to induce 100% mortality was first administered to the 5-day-old neonatal mice by
the i.m. route. The infected neonatal mice were quarantined. The neonatal mice with clinical scores of �3
and �3 were selected as the early and late treatment groups (n � 10 in each group), respectively. The
CVA10 antiserum at different dilution ratios was administered by i.v. injection to the neonatal mice in the
early and late treatment groups. The dilution ratios of the CVA10 antiserum were 1:10 to 1:10,000 and
1:1 to 1:100 for the early and late treatment groups, respectively. The body weight, clinical signs, and
survival rates of the mice were monitored and recorded daily between 7 and 11 days posttreatment (dpt)
to evaluate the therapeutic effect of the antiserum on the neonatal mice.

Statistical analysis. All statistical analysis was performed with GraphPad Prism version 5.0 (GraphPad
4 Software, San Diego, CA, USA). The frequencies of survival and mortality in treated mice versus control
mice were assessed using Fisher’s exact two-tailed test. The results were expressed as means and
standard deviations (SD) of the means. Differences in the mean tissue viral titers, serum cytokine
concentrations, and TCID50s were determined using a two-tailed Mann-Whitney U test or Kruskal-Wallis
test. The LD50 was calculated by the Reed and Muench method (37). A P value of �0.05 after two-tailed
t testing was regarded as significant.

Accession number(s). The complete viral genome sequences have been submitted to GenBank
(accession numbers KY272007 to KY272010).
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