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ABSTRACT Hand, foot, and mouth disease (HFMD) is a global health concern. Fam-
ily Picornaviridae members, particularly enterovirus A71 (EVA71) and coxsackievirus
A16 (CVA16), are the primary etiological agents of HFMD; however, a third enterovi-
rus A species, CVA6, has been recently associated with epidemic outbreaks. Study of
the pathogenesis of CVA6 infection and development of antivirals and vaccines are
hindered by a lack of appropriate animal models. We have developed and character-
ized a murine model of CVA6 infection that was employed to evaluate the antiviral
activities of different drugs and the protective efficacies of CVA6-inactivated vac-
cines. Neonatal mice were susceptible to CVA6 infection via intramuscular inocula-
tion, and the susceptibility of mice to CVA6 infection was age and dose dependent.
Five-day-old mice infected with 1055 50% tissue culture infective doses of the CVA6
WFO057R strain consistently exhibited clinical signs, including reduced mobility, lower
weight gain, and quadriplegia with significant pathology in the brain, hind limb skel-
etal muscles, and lungs of the infected mice in the moribund state. Immunohisto-
chemical analysis and quantitative reverse transcription-PCR (qRT-PCR) analyses showed
high viral loads (11 log,,/mg) in skeletal muscle, and elevated levels of interleukin-6
(IL-6; >2,000 pg/ml) were associated with severe viral pneumonia and encephalitis.
Ribavirin and gamma interferon administered prophylactically diminished CVA6-
associated pathology in vivo, and treatment with IL-6 accelerated the death of neo-
natal mice. Both specific anti-CVA6 serum and maternal antibody play important
roles in controlling CVA6 infection and viral replication. Collectively, these findings
indicate that this neonatal murine model will be invaluable in future studies to de-
velop CVA6-specific antivirals and vaccines.

IMPORTANCE Although coxsackievirus A6 (CVA6) infections are commonly mild and
self-limiting, a small proportion of children may have serious complications, such as
encephalitis, acute flaccid paralysis, and neurorespiratory syndrome, leading to fatali-
ties. We have established a mouse model of CVA6 infection by inoculation of neona-
tal mice with a CVA6 clinical isolate that produced consistent pathological out-
comes. Here, using this model of CVA6 infection, we found that high levels of IL-6
were associated with severe viral pneumonia and encephalitis, as in an evaluation of
antiviral efficacy in vivo, IL-6 had no protective effect and instead accelerated death
in neonatal mice. We demonstrated that, as antiviral drugs, both gamma interferon
and ribavirin played important protective roles in the early stages of infection, with

May 2017 Volume 91 Issue 9 e02450-16 Journal of Virology

PATHOGENESIS AND IMMUNITY

L)

Check for
updates

Received 20 December 2016 Accepted 21
February 2017

Accepted manuscript posted online 1
March 2017

Citation Zhang Z, Dong Z, Wei Q, Carr MJ, Li J,
Ding S, Tong Y, Li D, Shi W. 2017. A neonatal
murine model of coxsackievirus A6 infection
for evaluation of antiviral and vaccine efficacy. J
Virol 91:e02450-16. https://doi.org/10.1128/
JV1.02450-16.

Editor Julie K. Pfeiffer, University of Texas
Southwestern Medical Center

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Dong Li,
dli@tsmc.edu.cn, or Weifeng Shi,
shiwf@ioz.ac.cn.

Z.Z.and Z.D. contributed equally to this work.

jviasm.org 1


http://orcid.org/0000-0002-8717-2942
https://doi.org/10.1128/JVI.02450-16
https://doi.org/10.1128/JVI.02450-16
https://doi.org/10.1128/ASMCopyrightv1
mailto:dli@tsmc.edu.cn
mailto:shiwf@ioz.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.02450-16&domain=pdf&date_stamp=2017-3-1
http://jvi.asm.org

Zhang et al.

increased survival in treated neonatal mice challenged with CVA6. Moreover, active
and passive immunization with the inactivated vaccines and anti-CVA6 serum also
protected mice against homologous challenge infections.

KEYWORDS CVA®6 infection, coxsackievirus, murine model, enterovirus

uman enteroviruses (EVs) are major pathogens in pediatric infectious disease and

are classified into four species, EV-A to EV-D (1). Coxsackievirus A6 (CVA6) is a
member of species EV-A, which currently comprises 16 serotypes, including 11 sero-
types of coxsackievirus group A and five serotypes of EV (2-5). Prior to 2009, there were
few reports of CVA6 epidemics and EV A71 (EVA71) and CVA16 were the major
causative agents of hand, foot, and mouth disease (HFMD) worldwide. During the
intervening years, large-scale outbreaks of CVA6 have been documented in Asia-Pacific
regions, including Taiwan in 2009-2010 (6), Japan in 2011 (7), Thailand in 2012 (8), and
Singapore in 2016 (9), where CVA6 even supplanted EVA71 and CVA16 as the predom-
inant circulating serotype and was notably associated with severe illness and even
fatalities (10, 11). In addition, in Europe and North America, CVA6 also caused sporadic
infections from 2011 to 2015 (12-14), and cocirculated with CVA10 and CVB4 (15). In
particular, CVA6 has become the predominant circulating serotype in mainland China
(16-22). CVAG6 clusters into five branches (lineages A to E), with two sublineages, E1 and
E2 (23). Before 2011, lineage D, E1, and E2 strains cocirculated in Asia and Europe (6, 12,
24). Since 2008, E2 strains have become dominant and were responsible for HFMD
outbreaks worldwide (23). Phylogenetic analysis based on the entire VP1 coding region
of CVA6 showed that the epidemic strains in China and Finland belonged to the same
clade (25). These findings indicate that the new CVA6 E2 sublineage circulates world-
wide and has become one of the primary pathogens associated with HFMD.

In addition, most non-EVA71/CVA16 HFMD cases have caused only mild self-limiting
symptoms (11). Clinical data indicate that symptomatic CVA6 infections do not occur in
adults and are associated with a more severe disease course in children (26) than
classical HFMD cases (13, 27). In addition, CVA6 infections could cause herpangina and
onychomadesis during convalescence (28, 29). Recent reports have shown that CVA6
infections could also lead to serious acute complications in the central nervous system
(CNS), such as aseptic meningitis, brainstem encephalitis (BE), and acute flaccid paral-
ysis (30-33). Furthermore, coinfection with EVA71 and CVA6 was associated with
serious CNS complications, and exacerbated disease (21, 34). Because of the disease
severity associated with CVA6-associated infection, it represents a serious challenge to
HFMD control, necessitating the development of new antivirals and prophylactic
vaccines (23).

The type |, I, and Il interferons (IFNs) are produced by leukocytes, fibroblasts,
activated T lymphocytes, and NK cells in response to viral infection, which leads to the
induction of antiviral pathways within hours. Therapeutically, IFN-a/ has been used for
the treatment of hepatitis C virus infection and certain tumors (35). Yang and coworkers
have shown a therapeutic effect of murine IFN-B on CVA16 infection in newborn mice
(36). Liu et al. also found that IFN-« and IFN-w play important roles in the control of
EVA71 infection and replication, improved survival rates, and decreased the tissue viral
titers in Institute of Cancer Research (ICR) mice after a virus challenge (37).

Currently, the pathogenesis of CVA6-associated HFMD is unclear. Furthermore, no
licensed CVA6 vaccines are currently available and there are no effective anti-CVA6
drugs. In the present study, we established a neonatal mouse model of CVA6 infection
for CVA6 vaccine and antiviral research and development. Furthermore, we used this
model to explore the relationships among viral titers, inflammatory cytokines in differ-
ent tissues, and disease severity and pathology. We also evaluated the efficacy of an
inactivated CVA6 vaccine and antivirals in the control of CVA6 infection in a neonatal
mouse model.
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RESULTS

Establishment of a neonatal mouse model of CVA6 infection. Five-day-old ICR
mice were divided into nine experimental groups and one negative-control group (n =
10 per group). The mice in three experimental groups were intramuscularly (i.m.),
intraperitoneally (i.p.), and intracerebrally (i.c.) inoculated with an infective dose of 10#
50% tissue culture infective doses (TCIDs), respectively. The average weights of the
mice in the experimental groups infected with 104 TCID,,, of CVA6 strain WFO57R were
not significantly different from those of the mice in the negative-control group (P >
0.05, Fig. 1A to C). The mice showed transient symptoms with average clinical scores
of <3 (Fig. 1D to F, mean value rounded to the nearest whole number), and the survival
rates of the mice inoculated via the i.m., i.p., and i.c. routes were 30, 50, and 100%,
respectively (Fig. 1G to I). These results indicated that 10* TCID,,, was unsuitable for the
evaluation of CVA6 infection in the 5-day-old mouse model. The mice infected with
10°5 TCIDs, via the i.c. pathway did not show a decreased average weight (Fig. 1A to
C) but did show transient myasthenia, with an average clinical score of 2 (Fig. 1D to F).
The average weights of the mice infected with 10> TCIDs, through the i.m. and i.p.
routes were significantly decreased at 9 days postinfection (dpi) by 51.47 and 22.42%
(Fig. 1A to C), respectively, compared with the negative-control group. However, at this
dose, there was a large variance and uneven distribution of clinical scores of the
individuals treated via i.p. administration. Therefore, 105> TCID,, and 5-day-old mice
were selected as the respective target dosage and age for infection as they began
exhibiting clinical scores of 2 at 5 dpi (Fig. 1D to F). The average weight dropped
rapidly, and the survival time was short for the mice infected with 107 TCID,,, of CVA6
via the i.m., i.p., and i.c. routes; hence, this dose was unsuitable for antiviral studies. We
inoculated mice of different ages (3, 7, and 9 days) with 10>> TCIDy, i.m. The results
showed that although the 3-day-old mice had obvious postinoculation symptoms and
high clinical scores (Fig. 1J and K) and they were short-lived (Fig. 1L); the mortality rates
of the 7- and 9-day-old mice were low and no clinical incidents or deaths were
observed because of their older age (Fig. 1K and L). The average clinical scores of the
5-day-old mice i.m. inoculated with 10°>-> TCID5, were 4 to 5, and all died between 6 and
11 dpi. The Mantel-Cox log rank test found that there was a statistically significant
difference between the survival rates of 5-day-old mice and those of mice in the other
age groups (P < 0.001). Therefore, 105> TCID5, was suitable for the i.m. inoculation of
5-day-old mice and the time of disease onset and mortality rate were stable and had
good reproducibility.

Pathological changes in infected mice after an i.m. challenge with a lethal dose
of CVAG6. Although the time of disease onset was age and dosage dependent, the
course of morbidity was very similar, with a slow progressive weight gain, followed by
neurological symptoms, paralysis, and finally death. We inoculated 5-day-old mice with
WFO57R via i.m injection and analyzed the histopathological changes through
hematoxylin-and-eosin (H&E) staining and immunohistochemical (IHC) analysis when
the clinical scores reached the maximum (grade 5). Tissue samples taken from the
brains, hearts, lungs, and hind limb skeletal muscles of mice at 5 dpi were subjected to
pathology analysis. The results showed that there were multiple organ injuries and
inflammatory responses in mice at later stages of infection. The encephalitis symptoms
present in infected mice were similar to the neurological symptoms in humans; in the
later stages of infection, inflammatory edema was present in the brain parenchyma (Fig.
2A). IHC analysis confirmed the presence of CVA6 antigen in the neural cells (Fig. 2B)
and also indicated differences from CVA16 antigen, with no obvious pathological
change or viral antigen found in the neurocytes of the brain. Severe viral myocarditis
was observed, with myocardial lysis, microvesicular steatosis, capillary leak, and hypoxia
in red blood cells at 5 dpi (Fig. 2E). At the same time, there was viral pneumonia,
presenting as edema, sclerosis, and general lymphocytic infiltration in the lung paren-
chyma and the alveoli (Fig. 2I). The results showed that the hind limb skeletal muscle
fibers exhibited severe necrosis and rupture (Fig. 2M); IHC analysis indicated that the
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FIG 1 Body weights, clinical symptoms and survival rates of mice in the inoculation route-, dosage-, and age-dependent
experiments. Five-day-old ICR mice (n = 10 per group) were i.c., i.m., and i.p. inoculated with different doses of WFO57R
(104, 10%5, and 107 TCID;o/mouse), respectively. The LDy, was calculated as 1.02 X 103 TCID,,/mouse. A 105
TCID5o/mouse (310 LD,,) challenge dose and the i.m. inoculation route were chosen. In addition, ICR mice (n = 10 per
group) were i.m. inoculated with WFO57R (10> TCID;,/mouse) at 3, 7, or 9 days of age, respectively. Control animals
were administered culture medium instead of virus. The body weight (A, B, C, and J), clinical symptoms (D, E, F, and
K), and survival rates (G, H, |, and L) were monitored and recorded daily after inoculation with CVA6 until 12 dpi. The
Mantel-Cox log rank test was used to compare the survival rates of pups in different groups. Data represent the mean
results of 10 mice * the standard error of the mean. NC, negative control.
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FIG 2 Histopathologic and IHC analyses of tissues from CVA6-infected neonatal mice. Five-day-old SPF ICR mice
were i.m. inoculated with 310 LDy, of the WFO57R strain or mock infected with MEM. Mice with grade 5 clinical
symptoms infected with WF057R exhibited cerebral edema (A); severe myocardial lysis, microvesicular steatosis,
capillary leakage, and hypoxia in red blood cells in the heart tissue (E); alveolar shrinkage and viral pneumonia in
the lung tissue (I); and severe necrosis and loose muscle fibers in the hind limb muscle (M). IHC analysis indicated
that the viral antigen was diffusely distributed in all of the isolated tissues (B, F, J, and N); there was no detectable
antigen detected in the control group treated with the culture medium (D, H, L, and P). No histological changes
were observed in brain, heart, lung, or hind limb muscle tissue samples of mock-infected mice (C, G, K, and O).
Magnifications: B and D, X400, other panels, X200. All experiments were repeated three times.

viral antigen was diffusely distributed in the skeletal muscle fibers (Fig. 2N), and the
viral titer was extremely high (11 log,, copies/mg). This was in agreement with the
pathological injury to the lower limbs and with the clinical signs. Intestinal congestion
and lymphocytic infiltration were observed during the late stage of infection (5 dpi), but
intestinal necrosis was not. No pathological changes or viral antigen was detected in
the spleens of WF057R-infected ICR mice. There were also no observable pathological
changes or antigen detectable in the control group treated with the culture medium
(Fig. 2C, D, G, H, K, L, O, and P).

Tissue viral loads in CVA6-infected mice. The viral loads in 5-day-old mice that
were i.m. inoculated with 10>> TCID,, were measured at 1, 3, and 5 dpi. The results
showed that the viral loads differed significantly among tissues (Fig. 3). In general, there
was a rapid increase in the viral load following infection from days 1 to 3 in all tissues
in the early period and the rate of increase diminished by 5 dpi. The viral load in blood
was <3 log,, copies/ml at 1 dpi; however, it increased to a maximum of 6.8 log,,
copies/ml at 3 dpi. The time course of the viremia corresponded to the clinical
presentation of the mice (including lethargy and weight loss). The viral loads in the
heart and lungs reached 7 log,, copies/mg at 5 dpi. In the skeletal muscles, the viral
loads reached 11 log,, copies/mg, 2 to 4 orders of magnitude greater than those in the
other tissues and organs at all time points. This observation was consistent with the
pathological changes and IHC staining results, indicating that CVA6 strain WFO57R has
strong muscle tissue tropism. The trend of the viral loads from 1 to 5 dpi in the different
tissues of mice infected i.m. with 107 TCID5, was similar to that of those infected with
10%> TCIDs,, but the viral load was 1 to 2 log,, copies/mg greater (data not shown).

Cytokine levels in the peripheral blood of CVA6-infected mice 1 to 5 dpi. The
expression of inflammatory cytokines in the peripheral blood was measured at 1 to 5
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dpi in 5-day-old ICR mice infected with CVA6 strain WFO57R following infection with a
lethal dose (310 50% lethal doses [LDs,)). The results showed that in the early stage of
CVAG6 infection, the expression of the cytokines IFN-y, tumor necrosis factor alpha
(TNF-a), IL-6, IL-10, IL-13, and IL-18 in the peripheral blood was significantly greater
than that in the negative-control group (P < 0.0001, Fig. 4). The expression levels of IL-6
and IFN-y showed an extremely sharp increase and peaked at 2,000 pg/ml, with a
pattern of increase followed by a decrease in expression during the course of infection
(Fig. 4A and B). The IL-10 expression level peaked at 39 pg/ml in the early period of
infection (at 2 dpi) and then gradually decreased (Fig. 4C). IL-13 was also highly
expressed in the early period, but the expression level dropped rapidly on subsequent
days (Fig. 4D). In the later period of infection (at 5 dpi), the TNF-« level increased and
reached 100 pg/ml (Fig. 4E). The expression of IL-18 in the entire infection course was
not significantly different from that in the negative-control group (Fig. 4F). No IL-13 or
IL-4 expression was detected (data not shown). These results showed that IL-6 and
IFN-y may be the major factors in early inflammatory responses during CVA6 infection
in neonatal mice and that TNF-e, IL-10, and IL-13 may play important roles in the
process of severe immunopathological injury.

Protective efficacy of IFNs and ribavirin against a CVA6 challenge in vitro and
in vivo. To further characterize the antiviral effects of IFNs and ribavirin, we examined
whether rhabdomyosarcoma (RD) cell lines were protected from CVA6-induced cell
death in vitro. The cells were pretreated with IFN-a1b (125 U), IFN-a2a (125 U), IFN-B
(12.5 U), IFN-y (25 U), IFN-A1 (125 U), IL-1B (1,250 U), and IL-6 (12.5 U) for 4 h before
infection with CVA6 strain WFO57R. Viral infections resulted in an easily discernible
cytopathic effect (CPE) in RD cells, including necrosis and monolayer detachment,
which decreased following pretreatment with different IFNs and ribavirin by inhibition
of viral replication. The inhibitory effect on the rate of viral replication in RD cells was
measured by Cell Counting Kit-8 (CCK-8) assay. The inhibitory rates of IFN-a1b, IFN-a2a,
IFN-B, IFN-vy, and IFN-AT were 30.98, 27.37, 16.69, 25.34, and 3.20%, respectively, after
CVAG infection at 48 h postinfection (hpi) in vitro (Fig. 5A). The results showed that both
type | IFNs (IFN-a1b and IFN-«2a) had higher antiviral activities than the type Il and IlI
IFNs (IFN-y and IFN-A1) in vitro. As reflected by a decreased inhibition rate (Fig. 5A), the
survival rates of IFN-A1-, IL-1B-, and IL-6-treated cells were lower following CVA6
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FIG 4 Expression of plasma proinflammatory cytokines in neonatal ICR mice infected with CVA6. The levels of IL-6 (A), IFN-y
(B), IL-10 (C), IL-13 (D), TNF-« (E), and IL-18 (F) in the plasma of 5-day-old ICR mice i.m. inoculated with a lethal dose of WFO57R
(310 LDs,) at 1, 2, 3, 4, and 5 dpi, were determined with individual mouse ELISA detection kits. No IL-1/3 or IL-4 expression was
detected (data not shown). Data represent the mean results of three experiments *+ the standard error of the mean. NC,

negative control.

infection than those of cells treated with type | and Il IFNs (P < 0.05). Furthermore,
results of dynamic monitoring showed that the viral loads at 32, 40, and 48 hpi in the
IFN-a1b, IFN-a2a, IFN-B, IFN-y, and ribavirin intervention groups were significantly
lower than those in the control group (Fig. 5B). Taken together, the results indicated
that, compared to other IFNs and ribavirin, the type IIFNs (IFN-a1b and IFN-«2a) had
higher antiviral activities against CVA6 in vitro in the early infection period.

IFNs and ribavirin were next employed in in vivo protection experiments. Five-day-
old mice inoculated with lethal doses of CVA6 strain WF057R were injected with
therapeutic doses of cytokines or ribavirin, respectively. The clinical symptoms of the
mice were under active observation, and the mortality rates were determined. The
control group that received no treatment showed obvious symptoms (Fig. 5C) and died
in a short time. Unexpectedly, in contrast to the strong antiviral effect in vitro (the
inhibition rate peaked at 30.98%), the antiviral activity of IFN-a2a against CVAG6 in vivo
was weak and the survival rates of the intervention mice were not significantly different
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of variance with Newman-Keuls multiple-comparison test); n.s., not significant; NS, negative serum.

from those of the nonintervention mice after inoculation with lethal doses (Fig. 5D).
However, the clinical score of the IFN-y- and ribavirin-treated groups was 2 and
decreased at 8 dpi after inoculation (Fig. 5C), with final survival rates of 80 and 60% (Fig.
5D), respectively. Not only did treatment with IL-6 fail to have a protective effect, but
it accelerated the deaths of neonatal mice (Fig. 5D), with a rapid onset of clinical
symptoms and high clinical scores. By quantitative reverse transcription (qRT)-PCR, we
did not detect viral RNA in the tissues of mice recovering from illness. The results
suggested that IFN-y and ribavirin afforded protection against lethal doses of virus
in vivo.

Protective efficacy of virus antiserum and maternal antibody against a CVA6
challenge in vivo. First, microneutralization assays of CVA6 antiserum collected on day
7 after two immunizations with inactivated CVA6 strain WF057R were performed. The
CVA6 antiserum in minimum essential medium (MEM) was 2-fold serially diluted in
cultured RD cells in vitro, which were then inoculated with 100 TCD, of virus. The viral
antibody geometric mean titer (GMT), defined as the highest serum dilution at which
at least two of the three replicates were CPE negative, was 1,024. To evaluate the
protective efficacy of the neutralizing antiserum, 50 ul of the anti-CVA6 serum at
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FIG 6 Passive immunization with CVA6 antiserum protected pups against a CVA6 challenge in vivo. First, 5-day-old ICR mice (n = 10 per group) were i.m.
inoculated with 310 LD, of strain WF057R. Within 1 h of inoculation, each mouse was i.m. inoculated with 50 ul of 10-fold serially diluted (10- to 10,000-fold)
mouse CVA6 antiserum or negative serum (NS). Clinical symptoms (A) and survival rates (B) were then monitored and recorded daily for 12 days after inoculation
with CVA6. The Mantel-Cox log rank test was used to compare the survival of the pups in each antiserum group and that of the pups in the medium control
group at 12 dpi.

dilutions of 1:10, 1:100, 1:1,000, and 1:10,000 or the negative serum was passively
transferred into suckling mice, followed by i.m. inoculation with 310 LD, of CVA6. After
the challenge, the mice that received negative serum exhibited disease at 3 dpi (grade
3), and finally all died by 9 dpi (Fig. 6A). In contrast, the majority of the mice given the
lower dilutions of anti-CVA6 serum (1:10 to 1:100) were either completely or partially
protected from paralysis and a fatal outcome, with survival rates of 100 and 60%,
respectively (Fig. 6B). No protective effect was found at dilutions of 1:1,000 to 10,000,
and at 10 dpi, all of the mice in these groups were dead. A 630-fold dilution of CVA6
antiserum can neutralize virus and protect 50% of the experimental animals (50%
effective dose | [ED5ol] = 1.63) in the in vivo passive immunization test.

Second, we determined whether the maternal antibody induced by our CVA6
vaccine candidate could protect neonatal mice from a challenge with lethal doses of
other CVA6 genotype E2 strains. Inactivated CVA6 strain WF057R and culture medium
were used to i.m. immunize female adult mice three times at 1-week intervals, and they
were allowed to mate 1 h after the first injection. The female mice delivered pups 5 to
10 days after the third inoculation. After delivery, the pups were i.m. challenged on day
5 with lethal doses of CVA6 clinical strain WFO57R (310 LD,), WH15066 (300 LDs),
DYO0O3R (300 LDs,), DYOO5R (300 LDs,), or LWO3R (300 LDs,). The neonatal mice born
to unimmunized mothers in the four groups started to die an average of 9 days after
virus inoculation, almost no weight gain was observed, and all were dead by 11 dpi
(data not shown). In contrast, newborn mice born to dams immunized with inactivated
WF057R had the fastest weight gain and were without clinical symptoms (Fig. 7A).
Newborn mice of mothers immunized with the vaccine candidate had a 100% survival
rate after inoculation with different local strains of CVA6 (Fig. 7B). These results
suggested that our inactivated CVA6 vaccine candidate offers high efficacy and broad-
spectrum cross-protection against diverse CVAG6 isolates in the neonatal mouse model.

Therapeutic effect of CVA6 antiserum. To confirm the therapeutic effect of the
CVAG6 antiserum on disease incidence, we treated neonatal mice with differing disease
severities (in early or late stages) via i.v. injection with a serum dilution series (1:1, 1:10,
and 1:50). The results of this treatment experiment showed that the clinical symptoms
in the early stages (grade 1 to 2) gradually disappeared, the clinical score concomitantly
decreased (Fig. 8A), and there was a gain in body weight in the treated group. The
protective indices of antiserum at different dilutions (1:1, 1:10, and 1:50) were 100, 100,
and 40% (Fig. 8B), respectively. Overall, 10 mice in every treated group had clinical
symptoms such as transient paralysis of the hind limbs during treatment; >40% of
them recovered. Ten neonatal mice (grade >3) exhibited nervous system involvement
with paralysis of one or both hind limbs and even death, which indicated a lack of
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FIG 7 Maternal immunization with inactivated whole-virus CVA6 antigen protects pups against lethal challenge doses of various CVA6
strains. Eight-week-old female ICR mice (n = 4 per group) were i.m. injected twice 2 weeks apart with 50 ul of the formaldehyde-
inactivated CVA6 vaccine or medium. The mice were allowed to mate after the first immunization. Mice immunized with MEM were
used as controls. The pups were i.m. challenged with lethal doses of the following CVA6 strains: WF057R (310 LD,), WH15066 (300
LDs,), DYOO3R (300 LD,), DYOO5R (300 LD,,), and LWO3R (300 LD,) on postnatal day 5. The body weights, clinical symptoms (A), and
survival rates (B) of the challenged pups were monitored as described above until 12 days after inoculation. The Mantel-Cox log rank
test was used to compare the survival of pups in each antiserum group and that of the pups in the medium control group at 12 dpi.

efficacy of the antiserum treatment compared to that in the untreated group. The
neonatal mice in the treated group were all dead at 9 to 11 dpi (Fig. 8B). A 43-fold
dilution of anti-CVA6 serum can neutralize virus and protect 50% of the experimental
animals (EDgll = 23.81) in the in vivo therapeutic test.

DISCUSSION

Several animal models have been developed for the evaluation of EVA71 and CVA16
vaccine candidates (38-43). Because of the upsurge in epidemic HFMD attributable to
CVAG6 in the last 5 years, there is an urgent need to investigate alternative models. Yang
and coworkers have recently published a CVA6 murine model (44) for the study of
vaccines and pathogenic mechanisms. The two CVA6 murine models, however, differ in
a number of important respects, i.e., the dose and route of inoculation, the ages and
strains of the laboratory mice employed, and also, critically, the viral strain employed.
First, we tested three different inoculation routes, i.c., i.m., and i.p., and selected i.m.
inoculation to construct the mouse model. In comparison, Yang et al. also tried three
different inoculation routes, i.c,, i.p., and intragastric, and used the i.p. route (44).
However, we found that i.m. inoculation was superior to i.p. inoculation in that mice
inoculated i.p. had significant variations in clinical scores and times of death. On the
contrary, the clinical outcomes of mice treated via the i.m. route were more consistent.
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FIG 8 Therapeutic effect of the administration of CVA6 antiserum on symptoms and survival rate of neonatal mice in vivo. Five-day-old
ICR mice were i.m. inoculated with 310 LD, of WF057R, which result in a 100% mortality rate. The mice in early (grade 1 to 2) and late
(grade >3) infection stages were selected and divided into six experimental groups (n = 10 per group). The mice in the experimental
groups were i.v. injected with 50 ul of different dilutions (1-, 10-, and 50-fold) of mouse CVA6 antiserum and negative serum (NS),
respectively. Their clinical symptoms (A) and survival rates (B) were then monitored and recorded daily for 12 days after inoculation with
CVA6. The Mantel-Cox log rank test was used to compare the survival of the pups in each antiserum group and that of the pups in the
medium control group at 12 days postinoculation.
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Second, compared to the BALB/c strains employed by Yang and colleagues (44), ICR
neonatal mice are more susceptible to CVA6 infection. For example, 5-day-old BALB/c
mice inoculated with 10> or 10° TCIDs, of CVAG6 i.p. have a survival rate of 100%, with
a clinical score of 0 (44). In contrast, 100% of the 5-day-old ICR neonatal mice inoculated
with CVA6 by the same i.p. route died by 11 dpi and furthermore, the mice had clinical
symptoms (grade 5). Third, 5-day-old neonatal mice were also used in our study, as
opposed to the 1-day-old mice employed in the previous work. Finally, the strains we
employed were isolated in 2013 to 2015, coincident with the upsurge in CVA6-
associated disease, and were genetically highly related to other prevalent Chinese CVA6
circulating strains (>98% identity). In contrast, the CVA6 strain employed by Yang et al.
was isolated in Taiwan in 2007 (45) and the homology between this strain and the
prevalent strains circulating in China over the same period was 91%. All of the five
Shandong CVAG6 strains employed in the present study are highly virulent in in vitro and
in vivo pathogenicity experiments and are associated with HFMD in children, as is the
Taiwanese strain, and further work is required to investigate strain-specific differences
in pathogenicity.

Pathological sectioning and IHC tests showed that CVA6 had a strong tropism for
musculoskeletal tissues and proliferated rapidly therein, which was associated with
muscle necrosis and muscle bundle rupture. This could be one of the direct causes of
limb paralysis in neonatal mice, and this pathological feature was similar to that
previously reported for EVA71 and CVA16 (40, 41). The lethal edema of the cardiac
tissues in the late infection time period could be an accelerating factor in the death of
CVA6-infected mice. This observation was in agreement with the investigation of severe
clinical cases of patients who died of myocardial pathology (46). In addition, there was
only limited hyperemia and lymphocytic infiltrates in the gastrointestinal regions, and
no necrosis was observed, which is an additional differentiating feature compared to
reports of EVA71 animal models (47, 48) and this distinguishing clinical feature might
be attributable to the infection pathway.

Inoculation of CVA6 strain WFO57R by the i.m. and i.p. routes produced extremely
high viral titers in skeletal muscles of >10 and 7 log,, copies/mg, respectively, that
were significantly greater than those in other organs (2 to 4 log,, higher titers),
indicating that hind limb muscle is the most active site of viral replication. Lin et al.
found that the muscle cells in EVA71 receptor hSCARB2 transgenic mice have the
greatest loads of EVA71 (4.5 X 10° PFU), whereas the muscle tissues in the non-
receptor-expressing mice had only basal replication of EVA71 (49). Similarly, CVA16
titers were found to be highest in muscle tissues of neonatal mice (107 log,,/mg) (42).
Via the i.m. inoculation route, infection of leukocytes may infiltrate the brain paren-
chyma, and also, retrograde transmission up peripheral motor nerves that highly
innervate skeletal muscles leads to systemic infection, as seen in an i.m. model of EVA71
encephalomyelitis (50, 51). Inoculation by the i.m. route produced more severe path-
ological T lymphocyte tissue infiltration, potentially resulting in abnormal expression of
systemic inflammatory cytokines/chemokines, leading to neuropathology during viral
infection (52).

The role of viral versus immunological factors in CVA6 pathogenesis has been
extensively discussed; it has been proposed that overwhelming virus replication com-
bined with the induction of massive quantities of proinflammatory cytokines contrib-
utes to the severity of viral infection (53, 54). Indeed, high levels of several cytokines/
chemokines were associated with human BE and pulmonary edema in EVA71 infections
in previous studies (55-58). Similarly, our data showed that 3 days after mice were
inoculated with CVA6, there was a dramatic increase in IL-6 and IFN-vy levels in the
peripheral blood, which was similar to that seen in humans, accompanied by injuries
likely due to rapid viral replication. These factors were potentially the major causes of
severe viral pneumonia and encephalitis, and in mice, IL-6 was reported to be patho-
genic in bacterial sepsis and meningitis, as well as during influenza infection (59).
Indeed, anti-IL-6 antibody-treated mice displayed less tissue damage than untreated
EVA71-infected controls and an absence of vascular pathology (47). As for the similar-
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ities between HFMD BE patients and the neonatal mouse model, notably, after neurons
were infected with the virus, the IFN-y expression level was increased, potentially
leading to inhibition of IL-4 secretion by Th2 cells and thereby causing an imbalance in
the IFN-/IL-4 ratio. The inflammatory and immunologic overresponses that occurred
when clearing virus-infected cells were the leading factors associated with severe cases
(53, 60, 61). The mechanism(s) of specific immunologic injury in CVA6-infected neurons
merits further investigation.

Thus far, there is no effective treatment regimen for HFMD and only i.v. immuno-
globulin has been licensed as an anti-EVA71 therapy; however, its efficacy is undemon-
strated (58, 62). In the present study, ribavirin suppressed viral replication to extremely
low levels in vitro (<5%) with a 60% survival rate in vivo and significantly shortened the
duration of the disease. Similarly, groups pretreated with a clinically therapeutic dose
of IFN-a2a (1,250 U/ml) showed suppression of CVA6 replication in vitro but antiviral
activity in vivo was completely absent. Unlike the in vitro tests, IFN-y showed antiviral
efficacy and promoted an increase in the survival rates of infected 5-day-old mice. Our
observations are not in agreement with studies on other EV species A members,
possibly reflecting serotype-specific differences; for example, early administration of
IFN-a2a in the treatment of EVA71-induced CNS infection can reverse injury to the
nervous system (63). However, the likely participation of cytokines in the pathological
process in the early stage of infection engenders caution in use of cytokine therapy.
McConnell (64) has reported a vast difference in the protective effects of therapy if IFN
is given at different times. If IFN therapy is started 3 days after EVA71 infection, it
exacerbates clinical symptoms in neonatal mice. Therefore, cytokine therapy should
potentially only be applied in the early stages of viral infection. Nonetheless, far more
extensive studies of clinical efficacy and safety evaluations are needed to determine if
ribavirin or IFN antiviral therapies can be used singly or in combination for the
treatment of severe CVA6 infections.

Immunization is considered to be the most effective tool with which to control
HFMD epidemics. However, experimental EVA71 and CVA16 vaccines could not induce
heterologous cross-protection against infection with CVA6 (38). It is important for the
development of a CVA6 vaccine to verify that anti-CVA6 serum has protective functions
in vivo similar to those of EVA71 and CVA16 antisera. In the present study, high
neutralizing titers (GMT = 1,024) were achieved shortly (1 week) after two immuniza-
tions at weeks 8 and 10. We used this immunization schedule to vaccinate adult female
mice to determine if candidate vaccines can induce sufficiently high levels of expres-
sion of protective neutralizing antibodies and whether immunized adult female mice
can transfer protective neutralizing antibodies on to their progeny. The same strategy
has been successful in evaluating the protective efficacy of inactivated CVA16 vaccine
candidates in mice (41), in which CVA16 neutralizing titers were obtained within a
2-week immunization schedule. Indeed, our results showed that immunization with
inactivated CVA6 could elicit virus-specific protective antibody responses in mice.
Furthermore, the CVA6 antiserum was able to inhibit the CPE induced by CVA6 in vitro;
0- and 100-fold dilutions of antisera were also both able to provide mice 100%
protection against a lethal viral challenge, indicating that neutralizing antibodies may
play an essential role in in vivo protection.

Our data demonstrate that the CVA6 antiserum neutralized four clinical isolates from
different local regions and a mouse-adapted CVAG strain, suggesting that the antiserum
may strongly neutralize currently circulating E2 genotype strains. However, more CVA6
clinical isolates and genotypes need to be examined to determine the extent of
neutralization by the CVA6 antiserum. The CVA6 antiserum did not neutralize EVA71
and CVB4 (Fig. 9), and reciprocally, antiserum against inactivated EVA71 or CVB4 did not
appear to neutralize CVA6 (unpublished data). These results underscore the likely need
for separate antigens for CVA6, EVA71, and CVB4 vaccines or, alternatively, to consider
whether a CVA6-derived antigen should be combined with the corresponding EVA71
and CVB4 antigens to formulate a trivalent vaccine for protection against different
HFMD agents.
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FIG 9 Examination of heterologous cross-protection of CVA6 antiserum. EVA71 or CVB4 pretreated in vitro with CVA6
antiserum showed no reduction in CPE in RD cells. RD cells (5 X 103/well) were plated on 96-well plates, grown overnight
to >80% confluence, and then separately primed with 50 ul of CVA6 antiserum (neutralizing antibody GMT = 1,024) for
2 h before the addition of 50 ul of fresh medium containing 100 TCID,, of EVA71 and CVB4 (MOl = 0.01). One-hundred-
microliter volumes of culture medium were taken from the experimental and control groups at 24 and 48 hpi, and then
the viral loads in the supernatant were determined by qRT-PCR to evaluate the effects of CVA6 antiserum on EVA71 (A)
and CVB4 (B) replication. Virus loads are expressed as the number of copies per milliliter of cell supernatant. n.s., not

significant.

The pathology associated with CVA6 infection progressed rapidly when severe
complications and neurologic symptoms occurred. Conceivably, antibody treatment of
CVA6-associated HFMD in the early stages could ameliorate disease severity. The data
in the present study demonstrated that a 10-fold dilution of CVA6 antiserum was able
to provide 100% protection in neonatal mice with grade 2 clinical scores following a
challenge and also to prevent symptoms and disease severity from progressing.
However, no protective effects or diminution of disease severity could be provided to
neonatal mice with paralysis of the one or both hind limbs. On the basis of the murine
infection model, the nervous system in neonatal mice (grade >3) exhibiting severe
injury and systemic inflammatory responses has already been damaged by cerebral
edema (Fig. 2A). The viral burden was >10 log,, copies/mg in the hind limbs, with
apparent necrosis of skeletal muscle fibers and fracture (Fig. 2M). Therefore, it is likely
difficult for neonatal mice to recover from severe disease. Following early intervention
with therapy in mice challenged with CVA6, the outcome was significantly different
from that in the nontreated group (P < 0.005), with the animals receiving treatment
recovering without discernible sequelae.

On the basis of these findings, we conducted a thorough pathological analysis of the
vaccinated neonatal mice. We paid special attention to the study of the immunologic
injury in the vaccinated animals after a challenge. The results showed that when the
histopathology was examined at different challenge time points, no changes were
observed in the major organs, except for scant inflammatory cell infiltrations in the
lungs and the bronchus. The results strongly suggested that the immunoprotection in
the vaccinated ICR mice could lead to complete suppression of viral proliferation, hence
affording protection against infection-induced pathological injury.

In conclusion, we have employed a clinical isolate to develop a CVA6 neonatal
mouse model for evaluation of the therapeutic effects of different antivirals and the
protective efficacies of vaccines. This model was demonstrated to be both robust and
reproducible in terms of survival rates. Pathological observations, IHC staining, and
quantitative reverse transcription-PCR (qQRT-PCR) revealed that the CVA6 WF057R strain
had a strong tropism for skeletal muscle and lung tissues, causing severe necrosis. Our
data indicate that both IFN-y and ribavirin can afford protection in the early stages of
infection of neonatal mice challenged with lethal doses of CVA6. High levels of IL-6
were likely the major cause of severe viral pneumonia and encephalitis, as in an in vivo
evaluation of antiviral efficacy, IL-6 offered no protection and instead accelerated death
in neonatal mice. Using an antiserum protection study, a maternal antibody protection
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study, and the antibody therapeutic test, we demonstrated that the specific CVA6
neutralizing antibody inhibited circulating CVA6 clinical isolates and showed the pro-
tective efficacy of a CVA6 vaccine in neonatal mice. Immediate CVA6 antiserum therapy
should be considered for CVA6 cases following an early indication of neurological
involvement.

MATERIALS AND METHODS

Ethics statement. Specific-pathogen-free (SPF) ICR mice (Charles River Lab Animal Technology Co.,
Ltd., Beijing, China; permission no. SCXK [Jing] 2012-0001) were employed to develop an animal model.
The animal experiments described here were approved by the Taishan Medical College Administrative
Committee for Laboratory Animals (permission no. 2016060) and complied with the guidance of the
Shandong Laboratory Animal Welfare and Ethics of Shandong Administrative Committee of Laboratory
Animals.

Viruses and cells. Human RD cells were cultured with Dulbecco’s modified Eagle’s medium sup-
plemented with 2% fetal bovine serum plus 100 IU of penicillin and 100 g of streptomycin per ml at
37°C in the presence of 5% CO,. A CVAG6 clinical isolate, WFO57R, was isolated from a cerebrospinal fluid
sample from a 2-year-old boy with HFMD during an outbreak in Shandong in 2014. All viruses were
propagated and titrated in RD cells. Viral RNA was extracted from the CVA6 WF057R isolate, and RT-PCR
and direct sequencing by standard methods were employed to obtain the full-length genome sequence.
The titers of CVA6 were expressed in TCID,, in accordance with the method of Reed and Muench (65).
All CVAG6 stocks were subjected to three freeze-thaw cycles, clarified by centrifugation at 4,000 X g for
10 min at 4°C, filtered through a 0.2-um syringe filter (Pall Corporation, Germany), and stored at —80°C.

Experimental animal infections. Five-day-old mice (n = 10 per age group) were employed in the
inoculation route-dependent, dose-dependent, and LDy, experiments with i.c, i.m., and i.p. inoculations
with 104, 105> and 107 TCID,,/animal, respectively. In age-dependent experiments, mice at 3, 7, and 9
days of age were selected (n = 10 per age group) and i.m. inoculated with WF057R (10° TCID,,/mouse).
Control mice were administered uninfected culture medium and kept in a separate cage from the
infected mice. Mice were observed daily for clinical illness, weight trends, and death until 12 days
postinoculation. The grade of clinical disease was scored as follows: 0, healthy; 1, lethargy and inactivity;
2, hind limb weakness; 3, single limb paralysis; 4, double hind limb paralysis; 5, death (38). The LD, was
calculated by using the Reed and Muench formula (65).

Histopathologic and IHC staining. Five-day-old ICR mice were i.m. inoculated with WF057R (310
LDs,) or uninfected culture medium. At 5 and 6 dpi, experimental animals (grades 3 to 5, n = 3) and
control animals (grade 0, n = 3) were euthanized and histopathologic and IHC examinations of tissues
were performed. After anesthetization, brains, hearts, lungs, spleens, intestines, and contralateral hind
limb skeletal muscles (other than those inoculated) were collected and fixed in 10% neutral buffered
formalin for at least 2 days. Tissues were then bisected and embedded in paraffin. For histopathologic
examination, tissue sections were stained with H&E.

For IHC testing, tissue sections were dewaxed, dehydrated, and microwaved for 14 min at 92 to 99°C
in citrate buffer. Polyclonal mouse anti-CVA6 antibody (1:100 dilution) was applied for 1 h at 37°C. A
peroxidase-conjugated secondary antibody (1:1,000 dilution; Origene, Beijing ZhongshanGoldenBridge
Biotechnology Development Co., Ltd., Beijing, China) was added for 30 min of incubation at room
temperature, which was followed by addition of the chromogen 3,3’-diaminobenzidine tetrahydrochlo-
ride (Beyotime; Shanghai Beyotime Biotechnology Development Co., Ltd., Shanghai, China). Tissues were
counterstained with hematoxylin. Control sections were incubated with normal mouse serum instead of
anti-CVA6 antibody.

Viral titers in mouse tissues. After i.m. inoculation with WF057R (1055 or 107 TCID,,/mouse) or
uninfected culture medium, viral loads were measured in nine experimental and three control ICR mice
as follows. Blood, brains, hearts, lungs, spleens, intestines, and contralateral hind limb skeletal muscles
(other than those inoculated) were aseptically removed, weighed, and stored at —80°C. Tissue and blood
samples from experimental mice (n = 3 per time point) were collected at 1, 3, and 5 dpi. Samples from
control mice (n = 3) were collected at 0 dpi. The tissue samples were homogenized in sterile phosphate-
buffered saline (10%, wt/vol), disrupted by three freeze-thaw cycles, and centrifuged. Total RNA was
extracted from individual organs/tissues of infected mice with TRIzol reagent (TaKaRa, Dalian, China) and
reverse transcribed with random hexamers and Moloney murine leukemia virus reverse transcriptase
(TaKaRa, Dalian, China) to generate ¢cDNA in accordance with the manufacturer’s instructions. The
resulting cDNA was employed for real-time PCR with a GoldStarTagman Mixture kit (CWBIO, Beijing,
China) and the oligonucleotide primers 5'-CCTGAATGCGGCTAATCC-3’ (forward) and 5'-TTGTCACCATW
AGCAGYCA-3' (reverse) and the probe 5'-6-carboxyfluorescein-CCGACTACTTTGGGWGTCCGTGT-Black
Hole Quencher 1-3’ (66). Real-time PCRs were carried out for 40 cycles of 95°C for 15 s and 60°C for 60
s on the 7500 Fast System (Applied Biosystems). Viral loads were expressed as the log,, number of copies
per milligram of tissue or milliliter of blood. A standard curve was used to quantify the viral RNA in each
serum sample. The standard curve was generated from serially diluted plasmid pMD18-CV, ranging from
108 to 10" copies/ml (67). Cutoff threshold cycle values were determined from negative controls with
normal mouse serum. A standard curve correlation coefficient of >0.995 and a PCR efficiency of >90%
were used as assay acceptance criteria.

Cytokine assays. Levels of the proinflammatory cytokines IL-1p3, IL-6, IL-18, and TNF-«; that of the
anti-inflammatory cytokine IL-10; and those of the chemokines IL-4, IL-13, and IFN-y in plasma of
5-day-old ICR mice i.m. inoculated with lethal doses of WFO57R (310 LD,) at 1, 2, 3, 4, and 5 dpi were
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determined with individual mouse enzyme-linked immunosorbent assay (ELISA) detection kits (Multi-
sciences Biotechnology Co., Ltd., Hangzhou, China) in accordance with the manufacturer’s instructions.
The results are presented as mean values derived from duplicate tests. The theoretical limits of detection
were as follows: IL-183, 1.03 pg/ml; IL-6, 1.17 pg/ml; IL-18, 0.21 pg/ml; TNF-«, 1.63 pg/ml; IL-10, 1.17 pg/ml;
IL-4, 0.22 pg/ml; IL-13, 1.17 pg/ml; IFN-y, 1.74 pg/ml.

In vitro and in vivo ribavirin and cytokine antiviral activity assays. Antiviral activity was evaluated
on RD cells in vitro with a CCK-8 assay (Multisciences Biotechnology Co., Ltd., Hangzhou, China) to
examine the effects of cytokines and ribavirin on viral multiplication. RD cells (5 X 103/well) were plated
on 96-well plates, grown overnight to >80% confluence, and then separately primed with human
IFN-a1b (1,250 U/ml), IFN-a2a (1,250 U/ml), IFN-B (125 U/ml), IFN-y (250 U/ml), IFN-A1 (1,250 ng/ml),
IL-1B (12,500 U/ml), and IL-6 (125 U/ml). A separate well contained ribavirin (8.19 X 10~> mol/liter) and
a negative control with MEM. Cells were precultured for 4 h before the addition of 50 ul of fresh medium
containing 100 TCID,, of WF057R (multiplicity of infection [MOI] of 0.01). After being cultured for 24 h
in a 5% CO, atmosphere at 37°C, the cell supernatant was washed three times with phosphate-buffered
saline (pH 7.4) and incubated with 100 ul of 10% CCK-8 solution per well for 1.5 h. The absorbance at
450 nm was then measured spectrophotometrically with a microplate reader (ELX-800; BioTek). Un-
treated cells represented a 100% cell viability control, and the medium served as a background reference.
Percent survival was calculated by comparison of treated samples with the control by subtracting the
background reference with the equation SP (%) = [(A — A,)/(A, — A,)] X 100%, where SP (%) represents
percent survival and A, A,, and A, are the absorbances of the sample, background, and control wells,
respectively. In other experiments, RD cells were infected with WF057R for 48 h, 100 ul of culture
medium was taken from the experimental and control groups at 8-h intervals, and the viral loads in the
supernatants were determined by qRT-PCR to evaluate the effects of drugs on viral replication. Virus
loads were expressed as the log,, number of copies per milliliter of cell supernatant.

To examine the treatments with type |, Il, and Ill IFNs and ribavirin in vivo, three murine IFNs (IFN-a2a,
IFN-7, IFN-AT), IL-1B, IL-6 (Multisciences Biotechnology Co., Ltd., Hangzhou, China), and the nucleoside
analog ribavirin were selected on the basis of their antiviral activity in vitro. Five-day-old ICR mice (n =
10 per group) were i.m. challenged with lethal doses of WF057R (310 LD,). Within 1 h of inoculation,
each mouse was i.m. injected with different doses of cytokines (IFN-a2a, 666.75 U/mouse; IFN-y, 833.25
U/mouse; IFN-A1, 125 ug/mouse; IL-18, 2,000 U/mouse; IL-6, 1,000 U/mouse; ribavirin 100 pg/mouse).
The mortality rate and clinical symptoms were then monitored and recorded daily after infection until 12
days after inoculation.

Protective efficacy of anti-CVA6 serum and maternal antibodies. Prior to the evaluation of the
protective efficacy of CVA6 antibodies, the neutralization titers of anti-CVA6 serum were determined by
microneutralization assay. A previously described microneutralization assay was used to measure the
antibody responses to EVA71, CVA16, and CVA6 (68). RD cells were used to seed 96-well plates at a
density of 5 X 103 cells/well. When the plates were 90% confluent, individual serum samples were heat
inactivated at 56°C for 30 min. Twofold serial dilutions of serum samples were mixed with equal volumes
of viral suspensions (2,000 TCID,,/ml) and then incubated at 37°C for 1.5 h. A 100-ul volume of each
serum-virus mixture was added to three wells (final virus titer, 310 TCID,/well). Each well was scored for
a CPE at 5 dpi. The endpoint neutralizing titer was defined as the highest serum dilution at which at least
two of the three replicates were negative for a CPE.

To examine the protective role of the humoral immune response, two experiments were carried out.
First, 5-day-old ICR mice (n = 10 per group) were i.m. inoculated with 310 LD, of WF057R. Within 1 h
of inoculation, each mouse was i.m. inoculated with 50 ul of 10-fold serially diluted mouse anti-CVA6
serum (10- to 10,000-fold dilutions) or negative serum. The mortality rate and clinical symptoms were
then monitored and recorded daily for 12 days after inoculation with CVA6. The 50% protective dose
obtained by a passive immunization protection test (EDy,l) was calculated with the Reed and Muench
formula.

In the second experiment, the protective efficacy of maternal antibodies was studied. WFO57R (9.6 X
10° TCID4,/ml) was inactivated by adding 37% formaldehyde (Sinopharm Group, Beijing, China) to viral
suspensions to a final dilution of 1/4,000. The viral suspension was then incubated at 37°C for 3 days (69).
The inactivated suspensions were filtered as described above and stored at —80°C. Eight-week-old
female ICR mice (n = 4 per group) were i.m. injected twice 2 weeks apart with 50 ul of formaldehyde-
inactivated CVA6 or medium. The mice were allowed to mate 1 h after the first injection. After delivery
(about 5 to 10 days after the boost), pups were i.m. challenged with lethal doses of WF057R (310 LD,)
and four other CVA6 genotype E2 strains, WH15066 (300 LD,,), DYOO3R (300 LD,,), DYOO5R (300 LD),
and LWO3R (300 LD,) (see Fig. S1 in the supplemental material), on postnatal day 5. The body weights,
clinical symptoms, and mortality rates of the challenged suckling mice were monitored as described
above. Male mice were euthanized, and serum samples were collected and stored at —80°C until use.

Evaluation of therapeutic efficacy of antivirus serum. Five-day-old ICR mice were inoculated i.m.
with a lethal dose (310 LD,,,) of WFO57R. Mice at early (grade 1 to 2) and later (grade >3) infection stages
were selected and divided into six experimental groups (n = 10 per group). The mice in the early and
late infection groups were i.v. injected with 50 ul of different dilutions (1-, 10-, and 50-fold) of mouse
anti-CVA6 serum and negative serum, separately. The mortality rates and clinical symptoms were
monitored and recorded daily until 12 days after injection with antiserum. The 50% therapeutic dose
obtained by a passive immunization protection test (ED,ll) was calculated with the Reed and Muench
formula.

Statistical analysis. All statistical analysis was performed with GraphPad Prism Version 5.0 (Graph-
Pad 4 Software, San Diego, CA, USA). The frequencies of survival and death in treated versus control mice
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were assessed with the Mantel-Cox log rank test. The results were expressed as mean values and
standard deviations. Differences in mean tissue viral titers, serum cytokine concentrations, and TCIDg,
were determined with a two-tailed Mann-Whitney U test or a Kruskal-Wallis test. LD, EDs,l, and EDll
were calculated as described by Reed and Muench (65). A difference was considered significant when the
P value upon two-tailed t testing was <0.05.
Accession number(s). The genome sequences of the clinical isolates characterized in the present study,
WF057R/CVA6/Shandong/China/2014, DYO003R/CVA6/Shandong/China/2013, DYO005R/CVA6/Shandong/
China/2013, LWO3R/CVA6/Shandong/China/2014, WH15066/CVA6/Shandong/China/2015, SDO04R/EVA71/
Shandong/China/2015, and LW30H/CVB4/Shandong/China/2015, have been deposited in GenBank under
accession numbers KX752785, KY126089, KY126090, KY126091, KY126092, KY315729, and KX752784.
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