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ABSTRACT Enterovirus A71 (EV-A71) and many members of the Picornaviridae fam-
ily are neurotropic pathogens of global concern. These viruses are primarily transmit-
ted through the fecal-oral route, and thus suitable animal models of oral infection
are needed to investigate viral pathogenesis. An animal model of oral infection was
developed using transgenic mice expressing human SCARB2 (hSCARB2 Tg), murine-
adapted EV-A71/MP4 virus, and EV-A71/MP4 virus with an engineered nanoluciferase
gene that allows imaging of viral replication and spread in infected mice. Next-gen-
eration sequencing of EV-A71 genomes in the tissues and organs of infected mice
was also performed. Oral inoculation of EV-A71/MP4 or nanoluciferase-carrying MP4 vi-
rus stably induced neurological symptoms and death in infected 21-day-old weaned
mice. In vivo bioluminescence imaging of infected mice and tissue immunostaining of
viral antigens indicated that orally inoculated virus can spread to the central nervous
system (CNS) and other tissues. Next-generating sequencing further identified diverse
mutations in viral genomes that can potentially contribute to viral pathogenesis.
This study presents an EV-A71 oral infection murine model that efficiently infects
weaned mice and allows tracking of viral spread, features that can facilitate research
into viral pathogenesis and neuroinvasion via the natural route of infection.

IMPORTANCE Enterovirus A71 (EV-A71), a positive-strand RNA virus of the Picornaviridae,
poses a persistent global public health problem. EV-A71 is primarily transmitted through
the fecal-oral route, and thus suitable animal models of oral infection are needed to inves-
tigate viral pathogenesis. We present an animal model of EV-A71 infection that enables
the natural route of oral infection in weaned and nonimmunocompromised 21-day-old
hSCARB2 transgenic mice. Our results demonstrate that severe disease and death could
be stably induced, and viral invasion of the CNS could be replicated in this model, similar
to severe real-world EV-A71 infections. We also developed a nanoluciferase-containing
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EV-A71 virus that can be used with this animal model to track viral spread after oral infec-
tion in real time. Such a model offers several advantages over existing animal models and
can facilitate future research into viral spread, tissue tropism, and viral pathogenesis, all
pressing issues that remain unaddressed for EV-A71 infections.

KEYWORDS enterovirus A71 (EV-A71), hSCARB2 transgenic mouse, in vivo imaging
system (IVIS), quasispecies

Enterovirus A71 (EV-A71) is a neurotropic pathogen of global concern (1), and infec-
tions can cause severe central nervous system (CNS)-associated diseases, fatal neu-

ral damage, or lifelong complications in young children (2–4). The fecal-oral route is
the primary route of transmission, but key questions regarding viral pathogenesis
remain unanswered, such as how the virus spreads to critical organs or how the virus
adapts to the complex and dynamic host environment. Several animal models have
been developed to address these questions, using murine-adapted virus (5–7), immu-
nocompromised mice (7–10), transgenic mice with viral receptor expression (9, 11–13),
or even traceable virus in live infected mice (14, 15). These animal models have contrib-
uted to important discoveries (16–18), but are limited in several ways. First, most EV-
A71 mouse models can only be stably infected via unnatural infection routes, such as
intracerebral (i.c.), intramuscular (i.m.), or intraperitoneal (i.p.) injections (16). These
routes bypass the gut region and thus may not reflect real-world viral-host dynamics.
Second, several EV-A71 models of oral infection in mice use pup mice aged 1 to 7 days
that are still nursing, and thus results are strongly dependent upon maternal quality of
care (5, 16). In addition, Fujii et al. (11) previously reported that 3-week-old transgenic
mice (transgenic mice expressing human SCARB2 [hSCARB2 transgenic mouse, clone
10; hSCARB2 Tg10]) expressing an EV-A71 receptor human scavenger receptor class B,
member 2 (hSCARB2), were susceptible to oral infection by the EV-A71/Isehara strain
(19); yet, although this was one of the most virulent strains tested, only 5% of infected
mice experienced significant disease or death (11), suggesting inefficiencies in oral
infection. Third, some models used immune-deficient animals, such as AG129 mice,
which lack interferon a/b and receptor g (8). However, interferons are important in
controlling enteroviral infections and regulating innate and adapted immunity in the
host intestinal region (17, 20, 21), and thus immune-deficient models may not be able
to fully reflect host conditions during infection. Research into EV-A71 pathogenesis
and viral-host dynamics would be greatly facilitated through the improvement of ani-
mal models, and this study presents a model of EV-A71 oral infection in 21-day-old (22)
weaned hSCARB2 Tg10 mice, which aligns with the natural route of infection and is
not affected by the quality of maternal care. Infected mice presented with neurological
symptoms, and disease severity correlated with detected viral antigen levels in the
brain. In addition, luminescent EV-A71 virus was engineered and allowed tracking of vi-
ral spread to critical organs following oral infection. EV-A71 host adaptation was also
assessed through next-generation sequencing (NGS) of viral quasispecies in different
tissues of infected mice. The results suggest that this model can improve upon previ-
ous models and facilitate future research into viral dynamics and pathogenesis.

RESULTS
Oral infection with murine-adapted EV-A71/MP4 virus-induced neurological

symptoms and death in infected 21-day-old hSCARB2 Tg10 mice. Current animal
models of EV-A71 infection generally utilize unnatural routes of infection and mice of
nursing age; thus, we sought to establish a model that allows for EV-A71 oral infection
of 21-day-old weaned mice. At this age, mice are sufficiently independent of their
mothers to prevent confounding of results due to variations in maternal care; more-
over, this age is considered to be equivalent to 1 to 2 years of human age (22), when
humans are particularly susceptible to EV-A71 infection. We therefore initiated studies
with hSCARB2 Tg10 mice, which carry a known EV-A71 receptor, human SCARB2, and
have previously been shown to be susceptible to EV-A71 infection at 21 days of age
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(11). We initially tested the infectivity of our available EV-A71 strains using the i.p. route
of infection. EV-A71 clinical strains BrCr, B5, and 4643, which respectively belong to
EV-A71 subtypes A, B, and C (23–25), were tested, and only B5-infected mice exhib-
ited paralysis or death following infection with 106 PFU of virus (Table 1). However,
the murine-adapted EV-A71/MP4 strain, which was derived from the EV-A71/4643
clinical isolate and contains 35 nucleotide and 5 amino acid changes (6), exhibited
significantly greater infectivity than its parental strain, with 100 PFU and 1,000 PFU
of inoculate, respectively, inducing severe disease and death in 83% (5/6) and 100%
(6/6) of infected mice (Table 1). Moreover, 100% (6/6) mortality rates were observed
in 5-month-old adult mice that received 106 PFU of the EV-A71/MP4 strain (Table 1).
We assessed whether the high pathogenicity of the EV-A71/MP4 strain would facili-
tate oral infection of hSCARB2 Tg10 mice. As weanling mice were still incapable of
ingesting water stably, we elected to perform virus inoculation by gavage for all of our
oral infection experiments to ensure that each mouse can receive the same level of virus
loading. Intragastric inoculation by gavage with 104, 105, 106, and 107 PFU of virus subse-
quently induced 14% (1/7), 63% (7/11), 85% (18/21), and 100% (6/6) mortality rates in
infected mice, with most dying 6 days postinfection (dpi) (Fig. 1A). Neurological symp-
toms (limb weakness and paralysis) in infected mice were monitored and scored as
0, 1, 2, 3, and 4, respectively, indicating healthy status, weakness in a limb, paralysis
of a single limb, paralysis of two or more limbs, and death (Fig. 1C). Mice infected
with 106 to 107 PFU of EV-A71/MP4 virus began to present neurological symptoms
(disease score [DS] . 1) at 4 to 5 dpi, whereas animals infected with 104 to 105 PFU
began presenting neurological symptoms at 7 to 8 dpi (Fig. 1C and D). Of the 107

PFU-inoculated mice, 50% (3/6) died before presenting neurological symptoms,
suggestive of an overdose infection. Incidentally, no disease or death was seen in
hSCARB2 mice orally inoculated with 106 PFU of the EV-A71/4643 parental strain
(Fig. 1A and Table 1) or in 21-day-old wild-type C57BL/6 mice (without hSCARB2)
orally inoculated with 106 PFU of the EV-A71/MP4 strain (Fig. 1B). These results con-
firm that murine-adapted EV-A71/MP4 virus can infect 21-day-old weaned mice
through the natural oral route of infection, and infected mice present with neuro-
logical symptoms and death comparable to severe infections in humans.

EV-A71/MP4 virus detected in the CNS of orally infected hSCARB2 Tg10 mice.
To determine whether the EV-A71/MP4 virus can invade the CNS following oral infec-
tion, 21-day-old hSCARB2 Tg10 mice were gavaged with 106 PFU of virus, and their
brains and spinal cords were harvested at 1 to 5 dpi. Considerable amounts of viral
genomic RNA were detected in the brains (Fig. 1E) and spinal cords (Fig. 1F) of infected
mice at 3 and 5 dpi, respectively. We further performed immunostaining of the viral
VP1 antigen within the brains of mock or EV-A71/MP4-infected mice (106 PFU per
mouse) at 6 dpi and also recorded the disease scores (DS) of each mouse on the days

TABLE 1 Death in hSCARB2 mice after inoculation with EV-A71 strains

Age of mice
Route of
infection EV-A71 strain

Log10 PFU/mousea

2 3 4 5 6 7
21 days i.p. BrCr 0/4

B5-12-1066 2/6
4643 0/7 0/7
MP4 5/6 6/6 2/2 6/6

i.g. 4643 0/7
MP4 1/7 7/11 18/21 6/6

5 mo i.p. 4643 0/8
MP4 8/8

aIntraperitoneal (i.p.) or intragastric (i.g.) inoculation of 21-day-old or 5-month-old hSCARB2 transgenic mice with
the indicated doses of EV-A71 viral strains was conducted. Numbers indicate number of mice dying after
infection/total number of inoculated mice. Blank cells indicate that the experiment was not performed.
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FIG 1 Pathogenesis of EV-A71 in mice. Survival curves of 21-day-old hSCARB2 Tg10 mice (A) or control wild-type C57BL/6 mice
(B) orally inoculated with murine-adapted EV-A71/MP4 virus or its EV-A71/4643 parental strain. Mice were intragastrically (i.g.)
inoculated with a specified number of PFU of each virus strain and then monitored daily for 14 days postinfection (dpi). (C)
Neurological diseases in 21-day-old hSCARB2 transgenic mice inoculated i.g. with the indicated PFU of EV-A71/MP4. Diseases
were monitored daily until 14 dpi and scored as follows: 0 = healthy, 1 = weakness of a limb, 2 = paralysis of a single limb,
3 = paralysis of two or more limbs, 4 = death. (D) Limb paralysis (white arrowheads) in hSCARB2 Tg mice infected with 105 PFU
(top panel) or 106 PFU (bottom panel) of EV-A71/MP4 at 9 and 7 dpi, respectively. Viral genomic RNA levels in the brains (E) and
spinal cords (F) of EV-A71/MP4-infected hSCARB2 Tg10 mice, which were harvested on the specified dpi. (G) EV-A71 capsid
protein (VP1) expression in the hypothalamus and cortex of mock or orally infected (106 PFU of EV-A71/MP4) hSCARB2 mice at 6
dpi. Disease scores (DS) of observed neurological diseases in infected mice are indicated. Scale bar = 200 mm. CA1, hippocampal
CA1; opt, optic nerve.
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when brains were harvested. The results showed that the viral VP1 antigen was pre-
dominantly located in the hypothalamus and cortex of the brain in infected mice (Fig.
1G). Mice with higher viral antigen levels in the brain presented with more severe neu-
rological symptoms as indicated by disease scores (Fig. 1G). These results suggest that
the oral route of infection allows the EV-A71/MP4 virus to invade the CNS and induce
neurological disease.

Development of bioluminescent EV-A71-MP4-Nluc5 reporter virus. We sought
to understand how the EV-A71/MP4 virus spreads in the host following oral infection,
and previous work by Caine and Osorio confirmed that a nanoluciferase-carrying EV-
A71 virus can emit bioluminescence in infected cells and stably reflect viral spreading
in the tissues of i.p. inoculated mice (14). However, it is unclear whether this would
apply in the context of an oral infection murine model. We therefore proceeded to
construct an EV-A71-MP4-Nluc5 reporter virus cDNA clone by engineering the nanolu-
ciferase gene in the infectious cDNA clone, pCR-XL-TOPO-EV-A71-MP4 (Fig. 2A), and
used this as a template to generate viral RNA by in vitro transcription. We subsequently
recovered the EV-A71-MP4-Nluc5 recombinant virus from viral RNA-transfected rhab-
domyosarcoma (RD) cells and confirmed that the recovered virus can successfully
infect RD cells and generate 1-mm-wide plaques in a 4-day incubated plaque assay
(Fig. 2B). We further compared the plaque morphology and growth kinetics of the EV-
A71/MP4 and EV-A71-MP4-Nluc5 viruses and found that the plaque size of EV-A71-
MP4-Nluc5 was smaller than that of EV-A71/MP4 (Fig. 2B) and that viral titers of EV-
A71-MP4-Nluc5 were lower than those observed for EV-A71/MP4 (Fig. 2C). We then
evaluated nanoluciferase activity in infected cells at different hours postinfection, and
the results indicated that activity increased over time (Fig. 2D). To assess the stability
of EV-A71-MP4-Nluc5, the virus was passaged 15 times on RD cells. Nanoluciferase ac-
tivity was maintained at 5 passages but was subsequently lost from the virus after 10
passages (Fig. 2E). Viral 3D, 3CD, and P3 protein expression levels were also assessed at
passages 2, 5, 10, and 15 to serve as positive controls, and no significant difference in
viral protein expression levels was noted between these points (Fig. 2F).

Oral infection with EV-A71-MP4-Nluc5 virus induces neurological symptoms in
hSCARB2 Tg10 mice. The nanoluciferase-carrying EV-A71 virus reported by Caine and
Osorio is attenuated and failed to induce symptoms in i.p. inoculated 3-week-old mice
(14). We orally infected 21-day-old hSCARB2 Tg10 mice with varying titers of our newly
constructed EV-A71-MP4-Nluc5 virus and then recorded change in body weight (Fig.
3A), neurological disease scores (Fig. 3B), and survival rates (Fig. 3C) on a daily basis
until 12 dpi. Results showed that oral infection with weaned hSCARB2 Tg10 mice with
2.8 � 107, 2.8 � 108, and 5.6 � 108 PFU of EV-A71-MP4-Nluc5 virus, respectively, induced
death in 10% (1/10), 80% (8/10), and 100% (10/10) of infected mice (Fig. 3C). As with EV-
A71/MP4 oral infections (Fig. 1), mice infected with EV-A71-MP4-Nluc5 virus began to pres-
ent with neurological symptoms or death at 5 to 6 dpi (Fig. 3B and C), and symptoms
were reflected in weight loss as well (Fig. 3A). These results confirm that oral inoculation of
EV-A71-MP4-Nluc5 virus is viable and causes similar disease patterns and severity as EV-
A71/MP4 oral infections in weaned hSCARB2 Tg10 mice.

Real-time in vivo imaging of EV-A71-MP4-Nluc5 viral spread. Following oral infec-
tion (intragastrically [i.g.]) of hSCARB2 Tg10 mice with 5.6 � 108 PFU of EV-A71-MP4-
Nluc5 virus, we tracked bioluminescent signals at 1 to 4 dpi. From the ventral view, we
observed that bioluminescence mostly located to the gastrointestinal (GI) tract at 2
dpi, but over the next 2 days (3 to 4 dpi), the signals spread to other organs in the
chest while declining in the gastrointestinal region (Fig. 4A). From the dorsal view, bio-
luminescence was observed in the head at 2 dpi and persisted until the last day of
imaging (4 dpi); we also observed strong signals in the upper and lower back at 2 dpi
and then only in the upper back at 3 to 4 dpi (Fig. 4A). Incidentally, when biolumines-
cence was observed in infected mice, significant weight loss was also noted, even
though significant limb paralysis was not seen until 4 dpi (Fig. 4A). We subsequently
collected the brain, spinal cord, stomach, intestine, liver, spleen, heart, lung, and both
forelimb and hindlimb muscles from the same infected mouse at 4 dpi after the last
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imaging and performed immunostaining to evaluate the presence of EV-A71 viral cap-
sid protein (VP1) in these collected tissues. Results revealed intensive VP1 staining in
the brain, spinal cord, lung, and forelimb muscle; reduced staining in the stomach,
intestine, liver, and hindlimb muscle; and none in the heart (Fig. 4B). These results con-
firm that our constructed EV-A71-MP4-Nluc5 virus can be used to track viral spread in
this model of oral infection.

EV-A71 genetic diversity in different tissues of infected mice. The low fidelity of
enterovirus replication contributes to genetically diverse viral populations that increase

FIG 2 Construction and characterization of the EV-A71-MP4-Nluc5 reporter virus. (A) An infectious
cDNA clone, pCR-XL-TOPO-EV-A71-MP4, was used as the backbone, and the nanoluciferase reporter
gene was inserted between the 59 UTR and VP4 sequences. The 2A protease cleavage site (ITTLG) is
indicated by an arrow. (B) Plaque morphology of EV-A71/MP4 and EV-A71-MP4-Nluc5 in RD cell
cultures. (C) Viral growth of EV-A71/MP4 and EV-A71-MP4-Nluc5. RD cells were infected with a
multiplicity of infection (MOI) of 10 for the EV-A71/MP4 or EV-A71-MP4-Nluc5 virus, and virus titers
were detected by plaque assay. (D) Nanoluciferase activity of EV-A71-MP4-Nluc5 virus. RD cells were
infected with a multiplicity of infection of 10 for the EV-A71-MP4-Nluc5 virus, and cell lysates were
collected at the stated times for assessment of nanoluciferase activity. (E) Summary of nanoluciferase
activity at different EV-A71-MP4-Nluc5 passages. RD cells were infected with an MOI of 10 for the EV-
A71-MP4-Nluc5 virus of the indicated passages, and cell lysates were collected at the stated times for
assessment of nanoluciferase activity. (F) Summary of viral protein (P3, 3CD, and 3D) expression levels
at different EV-A71-MP4-Nluc5 virus passages. RD cells were infected with an MOI of 10 for the EV-
A71-MP4-Nluc5 virus of the indicated passages, and cell lysates were collected to assess viral protein
expression levels by Western blotting.
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the chance of viral adaptation and spread in a complex host environment (26–28).
Different routes of infection may provide varying selective pressures that impact this
process (29). Previous studies have shown that bottlenecks in mice that were orally
infected with poliovirus or coxsackie B3 virus subsequently affected the diversity of dis-
seminated virus in various tissue (30, 31). However, the selective pressures upon EV-
A71 genomes in an orally infected animal model have not been documented as yet.
We therefore used NGS to analyze viral genome sequences derived from different
organs of an hSCARB2 Tg10 mouse orally infected with EV-A71-MP4-Nluc5 virus. The
brain, spinal cord, heart, lung, stomach, intestine, forelimb muscle, hindlimb muscle,
spleen, liver, kidney, and blood were harvested from the infected mouse at 3 dpi when
it presented neurological symptoms (disease score = 1), and total RNA was extracted
from these organs for NGS analysis. NGS coverage and average depths from 12 differ-
ent organs were further calculated, eventually achieving more than 88% of read cover-
age, except for the kidney and liver (Fig. 5A). To further investigate dynamic popula-
tions of minor variants using sufficient reads, five samples (including the lung, spinal
cord, brain, heart, and blood) with .200� NGS depth were selected, and minor var-
iants (by percentage) at sites with .200� in these five samples are shown in Fig. 5B. A
total of five variants were identified with at least 25% minor nucleotide population and
200� depth, including two synonymous substitutions (VP1-V69 and VP1-E213) and
one substitution at position 597 of the 59 untranslated region (UTR) identified in the
spinal cord and two nonsynonymous substitutions (VP1-A188T and 3B-K8N) identified

FIG 3 EV-A71-MP4-Nluc5 virus infection in 21-day-old hSCARB2 Tg10 mice. (A) Body weight change in 21-day-old hSCARB2 Tg10 mice orally
inoculated with the specified PFU of EV-A71-MP4-Nluc5 virus and then monitored daily for 12 dpi. (B) Neurological symptoms in 21-day-old
hSCARB2 Tg10 mice orally inoculated with the indicated PFU of EV-A71-MP4-Nluc5 virus. Disease score was monitored daily until 12 dpi as
follows: 0 = healthy, 1 = weakness of a limb, 2 = paralysis of a single limb, 3 = paralysis of two or more limbs, and 4 = death. (C) Survival
rates of 21-day-old hSCARB2 Tg10 mice orally inoculated with the indicated PFU of EV-A71-MP4-Nluc5 virus.
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in the blood. Table 2 presents the nucleotide compositions of these five variants. A per-
centage of 31.35% for the VP1-V69 variant identified in the spinal cord equals a count
of 2,339 reads with the minor nucleotide alphabet (C) divided by a total of 7,460 reads.
In other words, these five variants with more than 200� the total depth were located
where the primary nucleotide alphabet dominated less than 75%.

DISCUSSION

This study presents an animal model of EV-A71 infection that utilizes the natural
route of oral infection in weaned and nonimmunocompromised 21-day-old hSCARB2
Tg10 mice. Results showed that severe disease and death could be stably induced (Fig.
1A to D and Fig. 3), and viral invasion of the CNS could be replicated (Fig. 1E and F and

FIG 4

EV-A71 Oral Infection of hSCARB2 Mice Journal of Virology

November 2021 Volume 95 Issue 21 e00897-21 jvi.asm.org 9

https://jvi.asm.org


Fig. 4B) with neurological symptom severity correlating with viral antigen levels (Fig.
1G). We also developed a nanoluciferase-containing EV-A71 virus that can be used to
track viral spread after oral infection in real time (Fig. 4). Such a model offers several
advantages. With the use of 21-day-old weaned mice, survival rates are no longer

FIG 4 Real-time in vivo imaging of EV-A71-MP4-Nluc5 infection. (A) Ventral and dorsal views of
hSCARB2 Tg10 mice after infection with EV-A71-MP4-Nluc5. Viral spread was monitored in real-time
after 5.6 � 108 PFU of the virus was intragastrically inoculated into 21-day-old hSCARB2 Tg10 mice.
Bioluminescence was visualized in the brain of infected hSCARB2 Tg10 mice at 2 days postinfection.
Luminescence was undetected in hSCARB2 Tg10 mice (mock), which served as a negative control. The
body weight of EV-A71-MP4-Nluc5-infected mice decreased, even without visible disease symptoms at
1 to 4 dpi. Histopathological changes and viral antigen (VP1) expression in different organs of 21-day-
old hSCARB2 Tg10 mice i.g. inoculated with 5.6 � 108 PFU of EV-A71-MP4-Nluc5 at 4 dpi, with the
brain, spinal cord, stomach, intestine, liver, spleen, heart, lung, muscle (forelimb), and muscle (hindlimb)
shown in panel B. HE, hematoxylin and eosin stain; IHC, immunohistochemistry staining.
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FIG 5 Genetic diversity of EV-A71-MP4-Nluc5 derived from different organs of infected mice. Following intragastric inoculation of 21-day-old
hSCARB2 Tg10 mice with 5.6 � 108 PFU of EV-A71-MP4-Nluc5 virus, the brain, spinal cord, heart, lung, stomach, intestine, forelimb muscle,

(Continued on next page)
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confounded by the quality of maternal care, and this age is also considered to be
equivalent to 1 to 2 years of human age (22), when humans are highly susceptible to
EV-A71 infection. In addition, the development of a nanoluciferase-containing EV-A71
virus allows us to observe virus spreading within this oral infection model and reduces
the need for mice as well as the time and effort involved in tissue harvesting and analy-
ses. The ability to observe bioluminescent signals of viral spread along with disease
symptoms in real time (Fig. 3 and 4) is valuable for research.

Caine and Osorio have shown that the insertion of a bioluminescent gene into their
mouse-adapted EV-A71 (mEV71) resulted in attenuation of the virus in infecting AG129
mice (14, 15). Intraperitoneal injection of 2.4 � 106 PFU of wild-type mEV71 killed all of
the infected mice within 20 days postinfection, but infection with NLuc-mEV71 at the
same titers not only failed to kill any mouse but also did not induce any clinical signs
in infected mice. Similar attenuation was observed in our luciferase-carrying EV-A71
(EV-A71-MP4-Nluc5). Intragastric inoculation of EV-A71-MP4-Nluc5 required 100-fold
higher viral titers than wild-type EV71/MP4 before comparable death rates in infected
mice were observed (Fig. 3), and in order to observe viral spreading and clinical signs
that would be reflective of mice infected with wild-type EV71/MP4, we opted to inocu-
late mice with titers of EV-A71-MP4-Nluc5 that could kill 100% of mice (5.4 � 108 PFU
per mouse). The virus spreading pattern seen with infected mice in our oral infection
model showed several differences from the i.p. infection model described by Caine
and Osorio (14). First, our orally infected mice showed temporarily increased replica-
tion in the abdominal region at 2 dpi, which quickly diminished and moved to the
chest and upper region from 3 dpi; however, Caine and Osorio showed steady viral
replication within the abdomen during the first 5 dpi. Second, we did not observe viral
replication signals from the footpads of infected mice as described by Caine and
Osorio. Third, the high viral titers that we used caused infected mice to die quickly and
thus prevented us from observing the persistent infections noted by Caine and Osorio.
These differences may stem from different routes of infection, virus strains, mouse spe-
cies, and viral titers used for inoculation. Further investigation of these differences and
the underlying mechanisms would certainly help to optimize the study of EV-A71 viral
spread following natural-route infection.

Oral infection experiments are usually performed by oral or gavage (intragastric)
inoculation (32). A previous study has reported oral inoculation of adult poliovirus re-
ceptor (PVR)-transgenic mice (6 to 7 weeks old) with poliovirus by feeding them from a
virus-containing drinking water bottle (33), but the EV-A71-susceptible mice used in
this study were younger than 3 weeks, and their ability to ingest water from a bottle
was limited. As oral inoculation methods were unsuited for this study, we duly elected
to perform gavage inoculation, and there is precedence for this in previous EV-A71
studies (5, 11). The gavage procedure offers additional advantages in that viral titers

TABLE 2 Next-generation sequencing depth and nucleotide composition in genomic positions with minor variants

Source Genomic position
Amino acid position
of genea

Nucleotide in
reference Minor variant (%) Total depth Count of A/G/C/T/Del

Spinal cord 597 59 UTR-597b G C (30.47) 11,292 6/7,838/3,441/5/2
Spinal cord 3181 VP1-V69 T C (31.35) 7,460 2/5/2,339/5,114/0
Blood 3536 VP1-A188T G A (27.56) 283 78/182/7/5/11
Spinal cord 3613 VP1-E213 A G (31.53) 4,310 2,950/1,359/1/0/0
Blood 5881 3B-K8N G T (25.20) 393 7/285/2/99/0
aSynonymous mutation, VP1-V69 and VP1-E213; nonsynonymous mutation, VP1-A188T and 3B-K8N.
bNucleotide position in untranslated region according to the reference strain.

FIG 5 Legend (Continued)
hindlimb muscle, spleen, liver, kidney, and blood were harvested from the infected mouse at 3 dpi when neurological symptoms presented
(disease score = 1). Total RNAs from these organs were extracted and analyzed by next-generation sequencing (NGS). (A) NGS depths of the
EV-A71 genome from different organs of infected mice. (B) Single-nucleotide variants detected in EV-A71-MP4-Nluc5 harvested from different
organs in infected mice. Single-nucleotide variants of the EV-A71 genome untranslated and protein-coding regions in different organs were
plotted by nucleotide position.
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can be better controlled, and accidental inoculation of virus in other sites (such as the
respiratory tract) can be avoided. We therefore chose to follow the methods described
in previous EV-A71 studies to conduct gavage procedures for all of our oral infection
experiments in this study.

Enterovirus infections have been hypothesized to begin in the gastrointestinal (GI)
tract (33), but questions regarding viral-host interactions in the GI region remain unan-
swered, possibly because of the limitations in current infection models, which utilize
unnatural infection routes such as i.c., i.m., or i.p. inoculation, thereby allowing the vi-
rus to skip the initial infection stage in the GI tract. By contrast, our model mimics the
natural route of infection, and we further demonstrate that the murine-adapted EV-
A71/MP4 virus can spread from the GI tract to the CNS to induce neurological disease,
suggesting that this model may better replicate severe infections in humans. Moreover,
the innate immune response is critical for the control of enterovirus infection and pathoge-
nesis (17, 20), and interferons play an important role in regulating innate and adaptive im-
munity in the GI region upon viral infection (21). Whereas previous enterovirus models
have relied on the use of immunocompromised mice (7–10, 34), the hSCARB2 Tg10 mice
used in this study are nonimmunocompromised, and thus this model can help to address
questions regarding EV-A71 viral interactions with the gut immune response.

The low fidelity of enteroviral genome replication helps EV-A71 to overcome the
pressures of the complex and dynamic host environment, including GI barriers, host
immune responses, and other factors, such as receptor-binding requirements (19, 35–
40), by generating diverse quasispecies (26–29). Many research groups have identified
various enteroviral genomes crucial for viral adaptation (41–43), and it is expected that
different routes of infection will affect these dynamics differently; for example, it is
known that intravenous (i.v.) or i.c. inoculation of poliovirus facilitates viral spread to
the brain over i.p. inoculation in murine models (29). In our oral infection model, the
100% lethal dose (LD100) of oral infection with EV-A71/MP4 virus was 1,000-fold higher
than i.p. infection (Table 1), suggesting that this model preserves selective pressures
that are specific to the oral route, similar to those encountered during a real-world
infection. However, little is known about how EV-A71 overcomes these pressures during a
natural-route infection, and therefore we conducted NGS analysis of viral genomes col-
lected from different host organs to shed light upon this issue. We found high ratios of vi-
ral variants in the brain, spinal cord, and lung of orally infected mice, with diverse muta-
tions concentrated within the 59 UTR, VP1, and 3B regions of the viral genome (Fig. 5). The
results suggest that these regions may be important for viral spread and pathogenesis,
and further investigation is warranted. The internal ribosome entry site (IRES) region of
enterovirus plays an important role in viral translation. In poliovirus, the crucial attenuating
Sabin mutations have been mapped to PV IRES dV at nucleotides 480, 481, and 472 in the
Sabin 1, Sabin 2, and Sabin 3 strains, and these mutations can inhibit viral translation in
cells of the host central nervous system (44). We identified a 59-UTR 597 variant from the
spinal cord, and further investigation on the pathogenesis of this variant is ongoing.
Enterovirus VP1 plays an important role in receptor binding, and previous research shows
that variants can affect virulence and pathogenesis (42). We identified a VP1-A188T variant
from the blood and will investigate whether this variant affects viral-host receptor binding.
The EV-A71 3B protein, also known as VPg (virus genome-linked protein), is a nucleic acid
chaperone protein comprising 22 amino acids and is covalently linked with the 59 termi-
nus of the EV-A71 genome through a 59-tyrosyluridine bond in the conserved tyrosine resi-
due of VPg (45). VPg can be uridylylated to form VPg-pUpU, which participates in the ini-
tiation of RNA replication. We identified a 3B-K8N variant in the blood and will further
investigate whether this variant affects viral RNA replication and pathogenesis.

In conclusion, this work presents an efficient model of EV-A71 oral infection in
weaned and nonimmunocompromised 21-day-old hSCARB2 Tg10 mice, with strong
potential to facilitate future in vivo research regarding the dynamics of viral replication
and spread, quasispecies formation, tissue tropism, and pathogenesis.
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MATERIALS ANDMETHODS
Cells and viruses. Rhabdomyosarcoma (RD) cells were maintained in Dulbecco’s modified Eagle’s

medium (DMEM) (Invitrogen, CA) supplemented with 10% fetal bovine serum (FBS) (Gibco, NY). Cells
were maintained at 37°C in 5% CO2. EV-A71/BrCr (23) was purchased from the ATCC. EV-A71/B5 was
isolated in 2012 from Chang Gung Memorial Hospital (24). EV-A71/4643/98, EV-A71/MP4, and EV-
A71-MP4-Nluc5 were generated from infectious clones as previously reported (6). All EV-A71 viruses
were amplified using RD cells. To ensure the stable infectivity of EV-A71 in mice, all viruses used for
murine infection were harvested only from the first amplification of the virus generated in viral RNA-
transfected RD cells.

Construction of plasmids. An infectious cDNA clone, pCR-XL-TOPO-MP4, was utilized as the back-
bone for construction of the EV-A71 MP4-NLuc reporter virus. The NanoLuc luciferase (NLuc) gene was
inserted between the 59 UTR and the VP4 gene (Fig. 2A), and an EV-A71 2A protease cleavage sequence
(CTTG) was placed immediately after the NLuc coding sequence.

Virus recovery from full-length infectious cDNA was completed for NLuc constructs. cDNAs were lin-
earized with MluI, and full-length RNA transcripts were synthesized using a MEGAscript T7 transcription
kit (Thermo Fisher Scientific, MA) per manufacturer’s instructions. RD cells were transfected with 1 mg of
RNA transcripts. Once a 90% cytopathic effect was observed, the virus was collected and titrated by pla-
que assay. Viral RNA was extracted from recovered virus and sequenced to ensure that the virus and
NLuc sequences were correct.

Mice. The hSCARB2 Tg10 mice were kindly provided by Satoshi Koike of the Tokyo Metropolitan
Institute of Medical Science, Japan (11) and feed by the National Laboratory Animal Center (NLAC),
NARLabs, Taiwan. Wild-type C57BL/6 mice were obtained from BioLASCO (Taiwan). All mice were bred
and maintained in specific-pathogen-free environmentally controlled rooms at 256 1°C.

Viral infection of mice. Indicated EV-A71 viral strains were injected intraperitoneally (i.p.) or intra-
gastrically (i.g.) to infect 21-day-old hSCARB2 Tg10 mice or 5-month-old wild-type C57BL/6 mice, after
which disease scoring and change in body weight was monitored daily for all mice until death or 14 dpi.
Intragastric infection was performed by gavage, in which we prepared virus solution in DMEM at the
indicated viral titers and used a 25-G feeding needle to gavage a total of 100ml of virus solution into the
mice following 24 h of fasting. In vivo imaging was conducted on groups (n = 6) of 21-day-old hSCARB2
Tg10 mice that received 100 ml of i.g. injection with 4 � 106 PFU/ml of EV-A71-MP4-NLuc as well as con-
trol groups that received 100 ml of DMEM instead. Weight loss, disease score, and survival were
recorded, and for imaging, Nano-Glo reagent was diluted 1:20 in 1� phosphate-buffered saline (PBS) and
then immediately injected (100 ml) into anesthetized mice. An IVIS 200 imaging system (PerkinElmer, MA)
was used to capture images, which were analyzed using Living Image software (PerkinElmer).

Tissue harvesting and staining. Sacrificed mice were perfused with 4% paraformaldehyde at pH
7.4, with brains removed and postfixed overnight, and then dehydrated for 24 h in 25% sucrose solution.
Coronal sections were cut at a thickness of 40 mm, and sections were placed in an antifreeze bath (1:1:2
glycol, ethylene glycol, PBS). Sections were mounted on Superfrost slides and dried overnight, incubated in
0.01 M citric acid for 10 min at 90°C, and then incubated in 3% H2O2 for 10 min, rinsed in 1� PBS, and incu-
bated overnight at room temperature in mouse anti-enterovirus A71 antibody (MAB979; MilliporeSigma,
MA) for enterovirus A71 staining. On the following day, a standard IgG ABC kit (Vector Labs, CA) procedure
was used, and the slides were reacted for 5 to 10 min with 3,39-diaminobenzidine. Sections were then coun-
terstained with cresyl violet and cover-slipped under DPX mounting medium.

Quantitative RT-PCR to determine viral genomic RNA levels in tissues.Mice tissues were homog-
enized in DMEM and centrifuged at 12,000 � g. RNA in the supernatant was isolated using a LabTurbo
48 compact system, and purified RNA samples were treated with DNase I (Promega, WI) and used as
templates for ReverTra Ace (Toyobo, Japan) cDNA synthesis. The cDNA was detected using KAPA SYBR
Fast qPCR master mix (KAPA Biosystems) and primers targeting the 59 UTR region of the EV-A71 ge-
nome, 59-CCCTGAATGCGGCTAATC-39 and 59-ATTGTCACCATAAGCAGCCA-39. Real-time reverse transcrip-
tion-quantitative PCR (RT-PCR) amplifications were carried out using ABI 7500 (Applied Biosystems, CA).
The standard curve for calculating viral genome copy numbers was plotted using plasmid DNA contain-
ing the EV-A71 genome (EV-A71/MP4 infectious clone) and quantitative real-time PCR.

NGS analysis. NGS data analysis was performed using HiSeq (Illumina, CA). Raw data was trimmed
to remove short and low-quality reads using Trimmomatic version 0.39, after which quality reads were
mapped to the mouse GRCm38 reference genome to remove the host genome using HISAT2 version
2.1.0. The remaining reads were mapped to our reference sequence using bowtie2 version 2.4.2 (default
setting with very-sensitive option). SAMtools with an option of disabling per-base alignment quality
(BAQ) computation was applied to calculate read counts and variant frequencies and generate the
pileup file (46, 47). We respectively trimmed genomic positions 1 to 80 in the 59 end genome and 7915
to 7994 in the 39 poly(A) tail in order to eliminate variants generated by sequencing bias. Figure 5A
shows read coverage and depth from positions 81 to 7914. The minor nucleotide population of 25% (48)
and read depth of 200� were used for identifying sites having minor variants. Sequential variants
located at the upstream and downstream VP1/2A junction resulted from reverse complemented sequen-
ces in NGS reads for reasons as yet unknown, and some variants at the 59 and 39 end of the nanolucifer-
ase gene were the result of VP4 reads being mapped to this region, leading to artifacts. Variants in these
regions were excluded in the identification of minor variants.

Ethics statement. All animal experiments were conducted in accordance with the policies and pro-
cedures set forth by the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health. The Chang Gung University Review Committee (approval no. CGU107-295) and the Institutional
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