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a b s t r a c t

Coxsackievirus A6 (CA6) can induce atypical hand, foot, and mouth disease, which is characterized by
severe rash, onychomadesis and a higher rate of infection in adults. Increasing epidemiological data
indicated that outbreaks of CA6-associated hand, foot, and mouth disease have markedly increased
worldwide in recent years. However, the current body of knowledge on the infection, pathogenic
mechanism, and immunogenicity of CA6 is still very limited. In this study, we established the first
neonatal mouse model for the evaluation of antibodies and vaccines against CA6. The CA6 strain CA6/141
could infect a one-day-old BALB/c mouse through intraperitoneal and intracerebral routes. The infected
mice developed clinical symptoms, such as inactivity, wasting, hind-limb paralysis and even death.
Pathological examination indicated that CA6 showed special tropism to skeletal muscles and skin, but
not to nervous system or cardiac muscles. Infections with CA6 could induce vesicles in the dermis
without a rash in mice, and the CA6 antigen was mainly localized in hair follicles. The strong tropism of
CA6 to the skin may be related to its severe clinical features in infants. This mouse model was further
applied to evaluate the efficacy of a therapeutic antibody and an experimental vaccine against CA6. A
potential mAb 1D5 could fully protect mice from a lethal CA6 infection and also showed good therapeutic
effects in the CA6-infected mice. In addition, an inactivated CA6 vaccine was evaluated through maternal
immunization and showed 100% protection of neonatal mice from lethal CA6 challenge. Collectively,
these results indicate that this infection model will be a useful tool in future studies on vaccines and
antiviral reagents against CA6.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Hand, foot, and mouth disease (HFMD) is a highly contagious
disease that affects infants and children around the world, partic-
ularly in the Asia-Pacific region (Lei et al., 2015). Enterovirus 71
(EV71) and coxsackievirus A16 (CA16) have been the predominant
causes of HFMD in the last ten years (Lei et al., 2015; Mao et al.,
2014; Xing et al., 2014). However, increasing epidemiological data
indicates that the number of HFMD epidemics associated with
heng), lzhenglun@126.com
coxsackievirus A6 (CA6) has markedly increased worldwide in
recent years (Bian et al., 2015; Feder et al., 2014; Mirand et al., 2012;
Montes et al., 2013). Additionally, CA6 has even replaced EV71 and
CA16 as the predominant pathogen in some HFMD outbreaks in
Europe (Cabrerizo et al., 2014; Kobayashi et al., 2013), Asia
(Gopalkrishna et al., 2012; Han et al., 2014; Miyamoto et al., 2014;
Wu et al., 2010) and North America (Centers for Disease Control
and Prevention, 2012; Fonseca et al., 2014; Klein and Chong, 2015).

CA6 belongs to the human enterovirus species A within the
Picornaviridae family. CA6-associated HFMD is characterized by
widespread vesiculobullous eruption (Stewart et al., 2013), ony-
chomadesis (Osterback et al., 2009; Wei et al., 2011), herpangina
(Mirand et al., 2012), and higher rate of infection in adults
(Downing et al., 2014), which is different from traditional HFMD
caused by EV71 and CA16. Because of the outbreaks of CA6 and the
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severity of its clinical manifestations, CA6 has recently attracted the
attention of researchers around the world. However, studies of CA6
have just begun, and the current body of knowledge on the infec-
tion, pathogenic mechanism, and immunogenicity of CA6 is still
very limited.

The development of an animal model is indispensable in
studying the pathogenic mechanism and evaluating the efficacy of
vaccines or antiviral reagents. Animal models of EV71 and CA16
have been constructed based on various types of animals, such as
neonatal mice, adult immune-deficient mice, transgenic mice and
non-human primates (Liu et al., 2014; Wang and Yu, 2014). These
animal models have greatly facilitated the process of vaccine
development and the understanding of the pathogenesis of HFMD.
Specifically, small animal models have been widely used in
assessing the efficacy of experimental vaccines at early stages. The
increasing number of CA6 epidemics has increased the need for
animal models of CA6. However, no neonatal mouse model has
been established to evaluate the efficacy of vaccines or therapeutic
antibodies against CA6.

In a previous study, we reported that an isolated CA6 strain CA6/
141 could grow in RD cells with high titers and showed high
virulence in one-day-old suckling mice (Yang et al., 2015). In this
study, a neonatal mouse model was further established based on
this CA6 strain, and the pathogenic characteristics of CA6 in mice
were analyzed. This mouse model was also applied to evaluate the
efficacy of a therapeutic antibody and an experimental vaccine
against CA6.

2. Materials and methods

2.1. Cells, virus and monoclonal antibodies

Human rhabdomyosarcoma (RD) cells were maintained in MEM
as previously described (Yang et al., 2014). The CA6 strain CA6/141
(GenBank: KR706309.1), a gift from National Taiwan University,
was propagated in RD cells and stored at �80 �C in our laboratory
(Yang et al., 2015). The 50% tissue culture infectious dose (TCID50) of
CA6/141 was determined by the method described by Reed and
Muench (Reed and Muench, 1938). Anti-CA6 monoclonal anti-
bodies (mAbs) were screened and produced using the methods
previously described (Ye et al., 2016). Live CA6/141 emulsified in
Freund's adjuvant was used as an immunogen. All mAbs were
stored at �20 �C in our laboratory.

2.2. Mouse infection

The specific pathogen-free (SPF) mice used in this study
included inbred BALB/c, C57BL/6 mice and outbred Kunming (KM),
ICR, NIH mice (Slac Laboratory Animal Co., Ltd., Shanghai, China).
The use of the mice was approved by the Institutional Animal Care
and Use Committee at Xiamen University. All institutional guide-
lines for animal care and use were strictly followed throughout the
experiments.

For the selection of sensitive mouse strains for the experiments,
one-day-old mice of different strains were intraperitoneally (i.p.)
challenged with 100 mL of CA6/141 (105 TCID50 per mouse). For the
dose-dependent experiments, one-day-old BALB/c mice were i.p.
challenged with 100 mL of 10-fold serially diluted CA6/141 (102-106

TCID50 per mouse). In the route-dependent study, one-day-old
BALB/c mice were challenged with CA6/141 (105 TCID50 per
mouse) via i.p., intracerebral (i.c.), or intragastric (i.g.) routes. For
i.g. routes, a 24-gauge feeding tube was used to inoculate the mice
after 6 h of fasting. For the age-dependent experiments, mice were
selected at 1, 3, 5, 7, 14, and 21 days of age and i.p. challenged with
105 TCID50 of CA6/141. The control mice were mock-infected with
100 mL of PBS via the same route.
Each group contained 8e10mice. All mice weremonitored daily

for body weight, clinical illness and death until 20 days post-
infection (dpi). The grade of clinical disease was scored as fol-
lows: 0, healthy; 1, lethargy and inactivity; 2, wasting; 3, limb
weakness; 4, hind-limb paralysis; and 5, morbidity and death.

2.3. Histopathological examination and immunohistochemical
staining (IHC)

The experiments were performed as previously described (Li
et al., 2014). Briefly, the mice with clinical disease (grades 4 to 5)
and the control mice (grade 0) were euthanized with carbon di-
oxide and subjected to histopathologic and immunohistochemical
examination. Various organ or tissue samples (blood, brain, spinal
cord, heart, lung, liver, spleen, kidney, intestines, and limb muscles)
were isolated and fixed by immersion in 4% formalin for at least
72 h at room temperature. After fixation, tissues were dehydrated
in ethanol gradients, embedded in paraffin and sliced into 4-mm-
thick array sections. For histopathologic examination, tissue sec-
tions were stained with hematoxylin and eosin. IHC staining of the
tissue sections was performed using an Ultrasensitive TM S-P kit
(Fuzhou Maixin Biotechnology Development Co., Ltd., Fuzhou,
China) and DAB detection kit (Streptavidin-Biotin; Fuzhou Maixin
Biotechnology Development Co., Ltd., Fuzhou, China) according to
the manufacturer's instructions. Anti-CA6 mAb 1D5 was used as
the primary antibody (1 mg/mL, 1:500 dilution).

2.4. Tissue sampling and qRT-PCR

Groups of one-day-old BALB/c mice were i.p. challenged with
100 mL of CA6/141 (105 TCID50 permouse) or 100 mL of PBS. Organ or
tissue samples were collected at 6, 24, 48, 72, and 96 h post-
infection (4 mice per time point): blood samples were harvested
by heart puncture, and tissues from the brain, spinal cord, heart,
lung, liver, spleen, kidney, intestines, and limb muscles were iso-
lated, weighed, and stored at �80 �C. The mouse tissues were ho-
mogenized in 200 mL of PBS by a high-throughput tissue grinder
(Scientz-192, Scientz, Ningbo, China). Viral RNAwas extracted from
blood samples and tissue homogenates using a viral DNA/RNA
purification kit (GenMag Bio, Beijing, China) according to the
manufacturer's instructions. For quantification, RT-PCR analysis
was performed with a one-step RT-PCR Kit (GenMag Bio, Beijing,
China) following the manufacturer's protocol with the primers F-
EV (50- GCCCCTGAATGCGGCTAATCCTAA-30), R-EV (50-CGGA-
CACCCAAAGTAGTCGGTTCC-30) and the probe (50-30, FAM-
CCATTACGACGCACCACCCCCTGGATTGA-BHQ) in the ABI 7500 sys-
tem. RT-PCR reactions were carried out as follows: 15 min at 42 �C
and 15min at 95 �C, followed by 40 cycles of 95 �C for 15 s and 55 �C
for 55 s. The fragments amplified by the primers F-EV and R-EV
were inserted into pMD18-T plasmid, resulting in the plasmid
pMD18-T-EV, which was used to calculated the absolute copies of
CA6.

2.5. Evaluation of antibody and maternal immunization
experiments

To evaluate the effect of a mAb on the prevention of CA6
infection in vivo, one-day-old mice were i.p. inoculated with mAb
1D5 at doses of 5 mg, 15 mg, or 30 mg per body weight (g). Control
mice were treated with PBS via the same route. Twelve hours later,
all mice were i.p. inoculated with 105 TCID50 of CA6/141.

For antibody treatment experiments, one-day-old mice were
first i.p. inoculated with 105 TCID50 of CA6. Twenty-four hours later,
mAb 1D5 was i.p. inoculated at doses of 0.25 mg, 5 mg, 15 mg, 30 mg,



Fig. 1. Selection of a suitable inoculation route. One-day-old BALB/c mice (8e10 mice
per group) were challenged with CA6/141 (105 TCID50 per mouse) via intraperitoneal
(i.p.), intracerebral (i.c.), or intragastric (i.g.) routes. All mice were monitored daily for
body weight, clinical illness, and death until 20 days post-infection.
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or 60 mg per body weight (g). The mice in the control group were
treated with PBS via the same route.

In the maternal immunization experiment, CA6/141 was inac-
tivated with 0.1% formaldehyde at 37 �C for 24 h and formulated
with an aluminum phosphate adjuvant. Six-week-old female BALB/
c mice were immunized by i.p. inoculation with 0.5 mL of the
inactivated CA6 (106 TCID50 per mouse) and received the same dose
of booster injections after 2 weeks. Themice immunized withMEM
were used as controls. The immunized animals were bled at 0, 2, 4,
6, and 8weeks for the serological tests, and the serumwas collected
and stored at �20 �C. The mice were allowed to mate after the
second booster immunization. The neonatal mice were i.p. chal-
lenged with 105 TCID50 per mouse of CA6within 24 h after birth. All
mice were monitored daily for body weight, clinical illness and
death until 20 dpi.

2.6. Statistical analysis

All statistical analyses were performed with GraphPad Prism
software (version 5.01) for Windows. Survival curves were
compared by the log-rank (Mantel-Cox) test. The 50% lethal dose
(LD50) and the concentration required for 50% of maximal effect
(EC50) were determined by the methods described by Reed and
Muench (Reed and Muench, 1938). A P value < 0.05 was considered
statistically significant.

3. Results

3.1. Selection of mouse strains

To determine which mouse strain was susceptible to infection
with CA6, 5 mice strains were chosen: inbred mouse strains BALB/c
and C57BL/6 and outbred mouse strains KM, ICR, and NIH. Groups
of one-day-old mice (5e8 mice per group) were i.p. challenged
with 100 mL of CA6/141 (approximately 105 TCID50 per mouse). The
inbred BALB/c mice and the outbredmouse strains KM, ICR and NIH
developed clinical symptoms, such as inactivity, wasting, and hind-
limb paralysis, and 100% died within 5 dpi, indicating that these
strains were very sensitive to CA6 infection. In contrast, 50% of the
C57BL/6 mice were still alive 20 dpi, and this mouse strain seemed
to be less sensitive to CA6 infection (Table 1). Compared with the
outbred mice strains, the inbred BALB/c mice had an identical ge-
netic background with more stable results; therefore, the BALB/c
mice were selected for further studies.

3.2. BALB/c mice are susceptible to CA6 infection via i.p. and i.c.
routes

To select a suitable inoculation route, one-day-old BALB/c mice
were infected via i.p., i.c, or i.g. routes with 105 TCID50 of CA6/141.
As shown in Fig. 1, both mice inoculated via the i.c. and i.p. routes
became sick at 3 dpi, which resulted in a 100% mortality rate.
However, the mortality rate of mice i.g. infected with CA6 was only
12.5%, which differed greatly from the i.p. and i.c. routes. These
results indicated that both the i.p. and i.c. routes were suitable for
Table 1
Selection of mouse strains sensitive to infection with CA6.

Mouse line Mouse strain Mortality

Inbred mouse BALB/c 5/5
C57BL/6 4/8

Outbred mouse KM 6/6
ICR 6/6
NIH 5/5
CA6 infection. For convenience, the i.p. route was used as the
standard route of infection of CA6 in the following experiments.
3.3. BALB/c mice infected with CA6 developed age-related disease
and mortality

To compare the susceptibility of mice of different ages to CA6,
groups of the BALB/c mice at 1, 3, 7, 14, and 21 days of age were i.p.
inoculated with CA6/141 (105 TCID50 per mouse). The results
showed that only the one-day-old mice became sick, and 100% died
within 4 dpi. In contrast, no clinical symptoms were observed in 3-
day-old or older mice within 20 dpi (Fig. 2). However, when the
infectious dose was increased to 106 TCID50 per mouse, the 3-day-
old mice became sick at 4 dpi, and all of these mice died within 7
dpi. These results suggested that one-day-old mice were the most
susceptible to CA6; however, the mice older than one day were also
susceptible to CA6 infection, but amuch greater infectious dosewas
needed. Therefore, BALB/c mice at one day of age were selected as
the animal model in this study.
3.4. Infection of BALB/c mice with CA6 presented dose-dependent
disease and mortality

To determine the suitable infectious dose of CA6 and LD50, one
day-old BALB/c mice were i.p. inoculated with 10-fold serially



Fig. 2. BALB/c mice infected with CA6 developed age-related disease and mortality.
BALB/c mice at 1, 3, 7, 14, and 21 days of age (8e10 mice per group) were i.p. inoculated
with CA6/141 (105 or 106 TCID50 per mouse). All mice were monitored daily for body
weight, clinical illness and death until 20 days post-infection. Mice at 7, 14, and 21 days
of age did not develop any significant symptoms, and the related data were excluded
and are not shown.
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diluted CA6 (102 to 106 TCID50 per mouse). The results showed that
mice infected with doses of 106 and 105 TCID50 quickly died within
4 dpi (Fig. 3). When the infectious doses were reduced to 104, 103,
and 102 TCID50 per mouse, the mice became sick at 4, 5, and 6 dpi,
respectively, and the ultimate mortality rates fell from 90% to 10%.
In contrast, the control mice treated with PBS were healthy
throughout the experiment. These results indicated that there was
a significant dose-response effect between the infectious dose of
Fig. 3. Infection of BALB/c mice with CA6 resulted in dose-dependent disease and mortali
serially diluted CA6 (102 to 106 TCID50 per mouse) or PBS. All mice were monitored daily f
CA6 and the mortality rate of the mice. The LD50 of CA6/141 was
1.33� 103 TCID50 permouse. Finally, the standard infectious dose of
CA6/141 was determined as 105 TCID50 per mouse (approximately
75 LD50).
3.5. Pathology of CA6-infected mice

CA6-associated HFMD was characterized by a severe rash and
onychomadesis, which was different from the symptoms induced
by EV71 or CA16. It indicated that the tissue tropism of CA6 was
somewhat different from that of EV71 or CA16. To characterize the
pathogenic mechanism of CA6 in mice, histopathological exami-
nations were performed on the CA6-infected mice that developed
clinical symptoms (grade levels 4e5, Fig. 4A). As shown in Fig. 4B, a
massive spread of the CA6 antigen was detected in the skeletal
muscles of the hind-limb and spine. The H&E staining results
showed that these skeletal muscles exhibited severe necrotizing
myositis with inflammatory infiltration. In addition, many vesicles
were formed in the dermis, and positive signals were observed in
the hair follicles. However, no skin rashes occurred in mice. These
results indicated that CA6 had a strong tropism to the skeletal
muscles and skin. In contrast to EV71 or CA16, CA6 did not show
significant tropism to the nervous or cardiac tissues. The other or-
gans of the infected mice, such as the heart, liver, intestine, kidney,
spleen, and lungs, were also examined, but no significant histo-
logical changes or viral antigens were observed (data not shown).
3.6. Tissue viral loads in CA6-infected mice

To further understand the dynamic of viral loads in different
organs or tissues, the viral loads in the blood, heart, brain, liver,
intestine, kidney, spleen, lungs, and limb muscles of the CA6-
infected mice were determined by real-time RT-PCR at different
time points post-infection. As shown in Fig. 5, CA6 could be
detected in most organs with relatively low viral copies (10 to 103

copies/mg) at 6 h post-infection, especially the viral loads in the
brain and blood (<10 copies/mg). As time went on, CA6 titers in
most of the organs increased, but the viral loads in the spleen and
liver increased more rapidly than the other tissues in the first 24 h
post-infection and remained stable at high levels before 72 h post
infection, indicating that the spleen and liver would likely be the
target organs of CA6 at the early stage of infection. However, the
viral load in the limb muscles increased most rapidly in the time
period between 24 h and 72 h post-infection, and the highest viral
titer in the limb muscles reached up to 1 � 107 copies/mg, sug-
gesting that the limb muscle was the main site of CA6 replication.
While the mice exhibited clinical symptoms at grade 4 for an
ty. One-day-old BALB/c mice (8e10 mice per group) were i.p. inoculated with 10-fold
or body weight, clinical illness and death until 20 days post-infection.



Fig. 4. Pathology of CA6-infected mice. (A) A representative picture of clinical symptoms induced by CA6 in mice. The CA6-infected mice (the left side) showed wasting hind limb
paralysis. The mice treated with PBS were used as control (the right side). (B) Histopathological examination (H&E) and immunohistochemical staining (IHC) were performed on the
CA6-infected mice that developed clinical symptoms (grade levels 4e5). The anti-CA6 mAb 1D5 was used as the primary antibody (1 mg/mL, 1:500 dilution). Scale bars, 100 mm.
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Fig. 5. Tissue viral loads in CA6-infected mice. One-day-old BALB/c mice were first i.p.
inoculated with 100 mL of CA6/141 (105 TCID50 per mouse). Tissue samples were
collected at 6, 24, 48, 72, and 96 h post-infection. The viral loads in the blood, brain,
heart, lungs, liver, kidney, intestine, spleen, and lower limb muscles of the CA6-
infected mice were determined by real-time RT-PCR. The error bars show the stan-
dard deviations between replicates (n ¼ 4).
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average of 72 h post-infection, the viral loads in most of organs or
tissues peaked, suggesting that CA6 had infected the entire body.
Most of the CA6-infected mice died at 96 h post-infection, and only
Fig. 6. Evaluation of the protective effect and therapeutic effect of anti-CA16 mAb 1D5 in vivo
105 TCID50 of CA6. At 24 h post-infection, mAb 1D5 was i.p. injected at a concentration of 0.2
(B) To evaluate the effect of the mAb in preventing CA6 infection in vivo, one-day-old mice w
Control mice were treated with PBS by the same route. Approximately 12 h later, all mice we
clinical illness and death until 20 days post-infection.
approximately 20% of the mice survived. Only the surviving mice
were sampled. As shown in Fig. 5, the viral loads in the organs or
tissues of the surviving mice were lower than those of mice at 72 h
post-infection.

3.7. Application of the mouse model in the evaluation of a
therapeutic mAb

A neutralizing mAb 1D5 was produced in our laboratory, and it
could neutralize CA6 in vitro (neutralizing titer, 1:512) and specif-
ically recognize the CA6 antigen (Yang et al., 2015). To evaluate the
therapeutic effect of mAb 1D5 in vivo, one-day-old mice were first
i.p. challenged with CA6 and then i.p. inoculated with a single dose
of mAb 1D5 at concentrations of 0.25 mg, 5 mg, 15 mg, 30 mg, or 60 mg
per body weight (g) 24 h later. As shown in Fig. 6A, the mice treated
with 0.25 mg/g mAb 1D5 developed clinical symptoms at 2 dpi and
100% died at 7 dpi. In contrast, 78% of the mice treated with 5 mg/g
of mAb 1D5 survived. When raising the concentration of mAb 1D5
to 15 mg/g or 30 mg/g, the survival rate of mice did not change but
showed a delayed onset (Fig. 6A). However, when the concentra-
tion of mAb 1D5 was increased to 60 mg/g, 100% of mice survived,
and no significant clinical symptoms were observed within 20 dpi.
The EC50 of mAb 1D5 was approximately 3 mg/g.

3.8. The neutralizing mAb 1D5 could prevent CA6 from infecting
neonatal mice

In another experiment, neonatal mice were passively immu-
nized with mAb 1D5 to evaluate its effect on protection against CA6
infection.100 mL of mAb 1D5with different concentrations were i.p.
. (A) For antibody treatment experiments, one-day-old mice were first i.p. infected with
5 mg, 5 mg, 15 mg, 30 mg, or 60 mg per body weight (g). Each group contained 8e10 mice.
ere i.p. administered with mAb 1D5 at doses of 5 mg, 15 mg, or 30 mg per body weight (g).
re i.p. infected with 105 TCID50 CA6/141. All mice were monitored daily for body weight,
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inoculated to one-day-old mice 12 h prior to a lethal challenge of
CA6. The control group was i.p. inoculated with PBS instead of mAb
1D5. As shown in Fig. 6B, all of the mice that were passively
immunized with mAb 1D5 at doses of 15 mg/g or 30 mg/g survived,
and no significant clinical symptomswere observed throughout the
experiment. When the dose of mAb 1D5 was reduced to 5 mg/g, 90%
of the mice were still protected. Conversely, the control mice star-
ted to display severe clinical symptoms at 3 dpi, and all died at 5 dpi
(Fig. 6B). Thus, to provide 100% protection against CA6 infection,
approximately 15 mg/g or even higher doses of mAb 1D5 should be
passively administered to neonatal mice.

3.9. Maternal antibodies protected neonatal mice from CA6
infection

Maternal antibodies can be transferred to infants through the
placenta and breastfeeding and protect young infants from infec-
tious diseases. In this section, the protection efficacy of an experi-
mental formalin-inactivated CA6 was evaluated through maternal
immunization. Six-week-old female mice were first immunized
with the formalin-inactivated CA6/141 and allowed to mate after
the last immunization. The mice immunized with MEM were used
as controls. The neonatal mice were challenged with 105 TCID50 of
CA6/141 on the day of birth. As shown in Fig. 7, the neonatal mice
Fig. 7. Application of the neonatal model in evaluating a vaccine against CA6. Six-
week-old female BALB/c mice were immunized by i.p. inoculation with 0.5 mL of the
formaldehyde-inactivated CA6 (106 TCID50 per mouse) and received the same dose of
booster injection after 2 weeks. The mice were allowed to mate after the second
booster immunization. The mice immunized with MEM were used as controls. The
neonatal mice were i.p. challenged with 105 TCID50 per mouse of CA6 within 24 h after
birth. All mice were monitored daily for body weight, clinical illness and death until 20
dpi.
birthed by mothers with a serum neutralizing titer of 1:64 or 1:128
all survived with no significant clinical symptoms within 20 dpi. In
contrast, the neonatal mice in the control group started to become
sick at 2 dpi, and all died at 7 dpi.

4. Discussion

The evaluation of the efficacy of experimental vaccines and
antiviral reagents depends on a valid animal model. Thanks to the
animal models of EV71 and CA16, vaccines against these two vi-
ruses progressed well, and EV71 vaccines were recently approved
by the China Food and Drug Administration (CFDA) (Mao et al.,
2016). Because the neonatal mouse model is sensitive, stable,
easily acquired and low-cost, it has been widely used in study of
HFMD-related enteroviruses (Liu et al., 2014; Wang and Yu, 2014).
The outbreaks of CA6-associated HFMD boosted the demand for
vaccines against CA6 and related animal models. CA6 is typically
isolated and cultured in neonatal mice, while it is difficult to isolate
or culture with cells susceptible to most enteroviruses (Bian et al.,
2015; Liu et al., 2015; Schmidt et al., 1975). In a previous study,
we reported that an isolated CA6 strain CA6/141 could grow in RD
cells with high titers and showed high virulence in one-day-old
neonatal mice (Yang et al., 2015). The CA6/141 strain belongs to
lineage E, which is the predominant strain associated with HFMD
worldwide (Bian et al., 2015). The high virulence of the CA6/141
strain makes it possible for us to develop a potential animal model
of CA6 infection.

The characteristics of the infection of neonatal mice with CA6
were first reported in 1951 (Gifford and Dalldorf, 1951). Unlike
EV71 and CA16 (Mao et al., 2012; Wang and Yu, 2014), CA6 showed
weak tropism to nervous system or cardiac muscles in the mice.
However, our results indicated that CA6 had significant tropism to
skeletal muscles and skin. Infections with CA6 could induce vesi-
cles in the dermis without a rash in the mice, and the CA6 antigen
was localized mainly in hair follicles. In contrast, vesicle formation
in the epidermis and upper dermis was also observed in CA6-
infected HFMD patients, but the CA6 antigen was mainly detec-
ted in keratinocytes (Muehlenbachs et al., 2015; Seki et al., 2014).
This may explain why skin lesions are commonly observed in
humans but are seldom observed in mouse models. The strong
tropism of CA6 to the skin may be related to its severe clinical
features in infants.

In this study, the neonatal mouse model was first applied to
evaluate a therapeutic anti-CA6 mAb and an experimental CA6
vaccine. Antibodies have been used for the prevention and treat-
ment of various types of infectious diseases (Keller and Stiehm,
2000). Neonates and immunodeficient adults are particularly sus-
ceptible to infections with CA6 and are liable to develop severe
clinical symptoms (Bian et al., 2015; Christoffers et al., 2016; Reina
et al., 2014). Passive immunization with anti-CA6 neutralizing an-
tibodies might provide protection in such populations. A neutral-
izing mAb named 1D5 was produced in our laboratory, and it
showed high neutralizing capacity against CA6 in vitro. Passive
immunization with mAb 1D5 with a dose of 15 mg/g could protect
100% of neonatal mice from lethal CA6 challenge. It also showed a
good therapeutic effect in the CA6-infected mice. These data indi-
cated that the mAb 1D5 is a potential therapeutic mAb against CA6
for further humanization.

Vaccine immunization is believed to be themost effective tool to
control the HFMD epidemic. However, experimental EV71 and
CA16 vaccines could not induce cross-protection against infection
with CA6 (Liu et al., 2014). The development of vaccines against CA6
will be the focus of future research. Indeed, several groups have
begun to assess the feasibility of CA6 vaccines (Caine et al., 2015; Liu
et al., 2015, 2016). Caine et al. (2015) recently established a mouse
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model based on immunodeficient AG129 mice using a mouse-
adapted CA6 strain. The passive transfer of immune serum, which
was raised by a trivalent HFMD vaccine against EV71, CA16 and CA6,
could protect 3-week-oldmice from lethal CA6 challenge. However,
the pathogenic characteristics of the mouse-adapted CA6 strain in
mice were not fully explored. In this study, we evaluated the effi-
cacy of an inactivated CA6 vaccine throughmaternal immunization,
which has been widely used for the evaluation of EV71 or CA16
vaccines (Mao et al., 2012).

In conclusion, we established a neonatal mouse model using a
non-mouse-adapted CA6 strain and demonstrated that CA6 had
strong tropism to the skin and skeletal muscle, which may be
related to its severe clinical features in humans. The neonatal
mouse model was successfully applied to evaluate a therapeutic
mAb and a CA6 vaccine. This infection model provides a useful tool
for future studies on vaccines or antiviral reagents against CA6.
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