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Abstract—Objective: To establish and validate a humanized
EV71 (FY04-R5 C1-R4) virus infection model in neonatal
BALB/c mice. Methods: The EV71 (FY04-RS5 C1-R4) virus,
propagated in RD cells (human rhabdomyosarcoma cells),
was intraperitoneally injected into 1-day-old BALB/c
neonatal mice. The mice were monitored for general
condition, weight gain rate, histopathological changes, and
the levels of VP1 mRNA and VP1 protein. The humanized
EV71 virus infection model in neonatal mice was then
characterized. Results: Compared with the control group,
infected mice exhibited a significant decrease in body weight
gain (p < 0.05). On day 3 post-infection, symptoms such as
lethargy, reduced activity, and mental lethargy were
observed. As the infection progressed, motor dysfunction in
the hind limbs appeared, gradually worsening. By day 7,
signs of ataxia, seizures, and hind limb paralysis were
prominent. The levels of VP1 mRNA and VP1 protein in the
brain and lung tissues of infected mice were significantly
higher than those in the control group. Histological analysis
revealed areas of necrosis and neuronal loss in the brain, and
in the lung, thickening of the alveolar walls, enlarged and
ruptured alveoli, and infiltration of inflammatory -cells,
including red blood cells. Conclusion: The intraperitoneal
injection of EV71 (FY04-RS C1-R4) virus successfully
established a humanized EV71 infection model in neonatal
BALB/c mice. This model provides an ideal platform for the
study of Hand, Foot, and Mouth Disease (HFMD).
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L INTRODUCTION

Hand, Foot, and Mouth Disease (HFMD) is a
widespread viral infection, particularly prevalent in
children, and is caused by more than 20 types of
enteroviruses, with Enterovirus 71 (EV71) being the most
significant [1]. EV71 is a non-enveloped RNA virus
belonging to the Picornaviridae family, with viral particles
measuring approximately 20-30 nm in diameter. The virus
has a icosahedral symmetry and is composed of 60
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identical subunits, each consisting of four structural
proteins: VP1, VP2, VP3, and VP4, which encase the viral
RNA genome [2—4]. Notably, VP1 is exposed on the virus
surface and serves as a major target for the host immune
response, containing key neutralizing epitopes that make
it a useful biomarker for evaluating vaccine efficacy [5, 6].

Infection with EV71 typically presents acutely, with
common symptoms including fever, oral pain, loss of
appetite, and the appearance of vesicles or ulcers on the
oral mucosa, along with rash on the hands, feet, buttocks,
and legs [7, 8]. Severe cases may progress to
complications such as encephalitis, meningitis, myelitis,
circulatory failure, and pulmonary edema, which can be
fatal or lead to significant long-term disability. The first
major outbreak of EV71 occurred in Malaysia in 1997,
resulting in 41 child deaths. From May 2008 to December
2011, mainland China reported over 5 million cases of
HFMD, with 1,870 fatalities, and the incidence has
continued to rise annually [9-11].

As humans are the primary host of EV71, the virus is
transmitted primarily through direct contact with infected
bodily fluids, including vesicular fluid and respiratory
secretions. Under favorable environmental conditions, the
virus can survive up to 72 hours, facilitating fecal-oral
transmission. Clinically, EV71 infection is more likely to
cause severe neurological complications and pulmonary
edema compared to other enterovirus serotypes [12—14].
Neurogenic pulmonary edema, often a result of brainstem
encephalitis, is particularly dangerous and can lead to
rapid death in some cases. Survivors may experience
significant sequelae. This form of pulmonary edema is not
only due to systemic vasoconstriction and circulatory
failure caused by brainstem injury but also results from
increased vascular permeability in the lungs, leading to
extensive erythrocyte extravasation due to systemic
inflammatory responses [15].

Research on combating EV71 virus infection has
garnered widespread attention both domestically and
internationally. However, due to the incomplete
understanding of the pathogenic mechanisms of EV71 and
the lack of ideal animal models, progress in the
development of effective prevention and treatment
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strategies has been slow [16]. In this study, we established
an infection model through intraperitoneal injection. The
model was evaluated based on general conditions, weight
loss rate, histopathological changes, VP1 mRNA levels,
and VPl protein content. Our results confirm the
successful establishment of the model, providing a solid
foundation for the screening of EV71 vaccines, antibodies,
and potential therapeutic drugs, as well as for studies on
drug mechanisms of action.

II. MATERIALS AND METHODS

A. Experimental Materials

1) Experimental animal

Sixty female and thirty male SPF-grade BALB/c mice,
weighing between 18 and 22 grams, were purchased from
Yisi Laboratory Animal Technology Co., Ltd., Changchun,
China (license number: SCXK(Ji)-2016-0003). The mice
were housed under controlled conditions: temperature
ranged from 18 to 22°C, humidity from 40% to 80%, with
a 12-hour light/dark cycle. They were kept in individual
ventilated cage (IVC) systems at the Jiamusi University
Laboratory Animal Facility. All feed, drinking water, and
bedding materials were sterilized by autoclaving. The feed
and water were replaced daily, while the bedding was
changed twice weekly. The experimental procedures were
conducted at the Jiamusi University Life Sciences
Experimental Center, and all in vivo experiments were
approved by the Jiamusi University Ethics Committee
(Approval No. JIMSU-224).

2) Virus collection

To establish RD cell cultures, the EV71 virus strain
(FY04-R5 C1-R4) was inoculated onto a monolayer of RD
cells. The cells were cultured in maintenance medium
consisting of 2% serum (10% fetal bovine serum, 1%
antibiotics, 1% glutamine) adjusted to a pH of 7.4, and
incubated at 37°C with 5% CO:. Once more than 80% of
the cells showed evident cytopathic effects under
microscopic observation, the cells were subjected to three
freeze-thaw cycles. The culture supernatant was then
collected and centrifuged at 3000 rpm for 5 minutes. The
resulting supernatant was aliquoted and stored at —80°C.

3) Reagent

RNA extraction kits, reverse transcription Kits, etc.,
were purchased from Baosheng Bioengineering (Dalian)
Co., Ltd.; MEM culture medium was purchased from
Nippon Surfactant Co., Ltd. (Japan); fetal bovine serum
and antibiotics (penicillin-streptomycin) were purchased
from GIBCO (USA); B-actin antibody, HRP-goat anti-
rabbit IgG, HRP-goat anti-mouse IgG were purchased
from Santa Cruz Biotechnology (USA); VP1 antibody was
purchased from Abnova (Taiwan); ECL
chemiluminescence reagent was purchased from Advansta
(USA).

B.  Method
1) Grouping and modeling of experimental animals
a) Experimental animal grouping

After adapting the purchased BALB/c mice to the
breeding environment for one week, they were randomly
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divided into 30 cages, with 2 female mice and 1 male
mouse per cage. They were then kept under normal
conditions to mate freely. After two weeks of cohabitation,
the mice were separated, and pregnant females were
selected. From the 20 randomly chosen pregnant females,
the pups born were designated as the control group
(normal group), while the pups born from 30 other
pregnant females were designated as the experimental
group (virus group). All female mice were kept under
normal conditions. The pups in the control group received
intraperitoneal injections of physiological saline, while the
pups in the virus group received intraperitoneal injections
of humanized EV71 virus.

b) Establishment of an EV71 virus infection model in
neonatal mice

Newborn mice from the virus group, aged 1 day, were
separated from their mothers and fasted (both food and
water) for 4 hours. A humanized EV71 viral suspension
was retrieved from the —80°C freezer. The mice were
positioned with their abdomen facing upward, head
lowered and tail raised to fully expose the abdomen. A 1/3
section of the lateral abdominal wall was selected for
needle insertion. The needle was carefully advanced about
5 mm under the skin along the abdominal wall, crossing
the midline to the opposite side, and the viral suspension
(50 pL) was injected into the peritoneal cavity. The needle
was withdrawn slowly and gently rotated, and the injection
site was pressed with a hemostatic cotton swab, followed
by gentle massage for 3 minutes to promote absorption and
prevent leakage. The general condition and body weight
of the mice were monitored daily.

¢) Collection of specimens

Tissues from the brain and lungs were collected at five
time points: day 3, day 5, day 7, day 10, and day 14 post-
injection for nucleic acid, protein, and pathological
analyses.

2) Viral load measurement

a) Determination of viral VP1 mRNA

Total RNA was extracted from the brain and lung
tissues of normal and experimental group neonatal mice at
five time points post-virus inoculation. RT-PCR was
performed for reverse transcription, amplification, agarose
gel electrophoresis, and image analysis. The VP1 primer

sequences were as follows: F:
GATACAGGCAAGGTTCCAGCACTC; R:
GCGTGTCTCAATCATGCTCTCGTC. The

amplification conditions were as follows: 94°C for 30 s,
55°C for 30 s, 72°C for 30 s, followed by 25 cycles, with
a final extension at 72°C for 2 min.

b) Determination of virus VP1 protein

Total protein was extracted from the brain and lung
tissues of normal and experimental group neonatal mice at
five time points post-virus inoculation. VP1 protein levels
were measured by Western blot. Tissue total protein was
extracted, separated by SDS-PAGE, and transferred to a
membrane at 260 mA for 50 minutes. After blocking,
primary antibodies (B-actin 1:1000, VP1 1:1000) were
incubated overnight at 4°C. Secondary antibody (IgG
1:10,000) was incubated at 37°C for 1 hour, followed by
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ECL detection. The protein density ratio of VP1 to the
internal reference B-actin (A, OD) was subjected to
statistical analysis.

3) Histopathological examination

Brain and lung tissues from neonatal mice were fixed in
formaldehyde, dehydrated in ethanol, embedded in
paraffin, sectioned, and deparaffinized with xylene,
followed by H&E staining.

C. Statistical Method

Quantitative data are expressed as mean + Standard
Deviation (SD). One-way analysis of variance (ANOVA)
was performed using GraphPad Prism 9 statistical
software, with a significance level of p < 0.05 considered
statistically significant.

III. RESULTS

A. General Condition of Suckling Mice

Observation of the status of neonatal mice following
viral infection: Neonatal mice in the control group showed

N

N RPN
U o

e

?

"

Day3 Day5

N
)
A 00(\’6

=+ (ontol

10 - EV71

Weight (g)

F) TSI S NI SR MR |
0 5 10 15
Days

no apparent adverse symptoms at any time point. In the
virus group, mice began to exhibit symptoms such as
reduced activity, sparse fur, and lethargy starting on day 3
post-EV71 virus inoculation. By day 5, symptoms such as
weight loss, drowsiness, hind limb paralysis, and even
seizures were observed (Fig. 1A). Weight changes of
neonatal mice in the control and virus groups at five time
points after infection (Fig. 1B). Mice in the control group
continued to gain weight, with an increasing rate of growth,
consistent with the normal growth pattern of animals. In
the virus group, the weight gain rate on day 3 post-
infection showed no significant difference compared to the
control group (p > 0.05). However, from day 7 onwards,
the weight gain rate began to decrease significantly,
showing a notable difference compared to the control
group (p < 0.05). After day 7 post-infection, neonatal mice
in the virus group began to die, whereas no deaths were
observed in the control group.

Fig. 1. A: Comparison of Normal Suckling Rats and Infected Suckling Rats at 5 Time Points after Infection with Virus. B: Weight changes of
suckling mice in normal and experimental groups at five time points.

B.  Determination of VP1 mRNA of EV71 Virus

No EV71 virus VP1 mRNA was detected in the brain
and lung tissues of neonatal mice in the control group. The
ratios of VP1 mRNA to housekeeping gene expression in
the brain and lung tissues of neonatal mice in the virus
group are as follows: Virus group brain: Day 3, 0.41 +
0.039; Day 5, 0.50 £ 0.042; Day 7, 0.62 = 0.061; Day 10,
0.54 £0.051; Day 14, 0.58 + 0.055; Virus group lung: Day
3,0.43 £0.041; Day 5, 0.52 + 0.049; Day 7, 0.66 + 0.060;
Day 10, 0.60 = 0.057; Day 14, 0.53 = 0.051. Compared to
the experimental group at day 3, there was no significant
increase in VP1 mRNA levels on day 5 (p > 0.05).
However, a significant increase was observed on days 7,
10, and 14 (p <0.05) (Fig. 2).
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Fig. 2. Replication of EV71 mRNA in brain and lung tissues of suckling
mice in virus group.
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C. Determination of VPI Protein of EV71 Virus

EV71 virus VPI1 protein was not detected in the brain
and lung tissues of neonatal mice in the control group. In
the experimental group, VP1 protein expression was
observed at all five time points post-inoculation in both
brain and lung tissues, with VP1 protein levels in the lung
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tissue being higher than in the brain tissue, although this
difference was not statistically significant (p > 0.05).
Compared to the experimental group at day 3, there was
no significant increase in VP1 protein levels on day 5 (p >
0.05), but significant increases were observed on days 7,
10, and 14 (p < 0.05) (Fig. 3).
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Fig. 3. Protein expression of VP1 in brain and lung tissues of suckling mice in virus group at different time points.
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Fig. 4. A: Pathological sections of brain tissue of suckling mice infected
with EV71 virus (x 200). B: Pathological section of lung tissue of
suckling mice infected with EV71 virus (x 200).

Hematoxylin and Eosin (HE) staining was performed
on the brain and lung tissues of neonatal mice at five
different time points following EV71 virus inoculation. In
the control group, no significant pathological changes
were observed in brain and lung tissues across all five time
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points. In contrast, the virus-inoculated group exhibited
notable pathological alterations: brain tissue showed
liquefactive and softening necrosis, marked congestion of
the brain parenchyma, a reduction in the number of
neurons, and a considerable presence of necrotic neuronal
cells along with neuronophagia. The lung tissue
demonstrated pronounced pulmonary edema, enlargement
and rupture of alveoli, significant thickening of the
alveolar walls, and was accompanied by extensive
inflammatory  cell infiltration and erythrocyte
extravasation, resulting in mild congestion (Fig. 4).

IV. DiscussioN

EV71 virus was first discovered in 1969, but it wasn’t
until after 1998 that research on this virus began to
increase significantly, largely due to the major outbreaks
of Hand, Foot, and Mouth Disease (HFMD) in the Asia-
Pacific region between 1997 and 1998 [17]. Studies on
EV71 virus typically use 7-day-old neonatal mice as
animal models, as older mice develop resistance to the
virus, which is consistent with the clinical observation that
EV71 infections are most common in children under five
years old [18, 19].

In this study, a humanized EV71 virus was administered
via intraperitoneal injection, and the virus infection was
assessed by VP1 mRNA and VP1 protein detection, along
with histopathological examination. A successful EV71
infection model in neonatal mice was established through
intraperitoneal injection, confirming that the humanized
EV71 virus is pathogenic in humans and can also infect
neonatal mice. Previous studies have established EV71
infection models in neonatal mice using intracranial or
intrathecal injections, but these methods cause significant
harm to the mice and result in higher mortality rates [20].
In contrast, intraperitoneal injection not only simplifies the
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procedure but also causes less harm to the mice, making it
a preferable method for establishing EV71 infection
models in neonatal mice [21]. Additionally, the humanized
EV71 virus theoretically reduces its mutation rate,
providing a better experimental subject for the
development of antibodies or vaccines for HFMD
research [22].

Upon detection of VPI mRNA and VPI protein, a
decrease in viral load was observed on day 10. However,
the viral load increased again by day 14, possibly due to
the host’s immune response against the EV71 virus
beginning seven days post-infection. However, the
immune response mechanisms following EV71 infection
remain unclear and warrant further investigation [23].

EV71 is a single-stranded positive-sense RNA virus.
The mechanisms of its neurotoxic effects remain poorly
understood. Studies suggest that the virus may directly
invade neural tissue and/or induce a series of stress
responses in the nervous system following infection. In
this study, we observed clear pathological changes in brain
tissue, including softening lesions, neuronal loss, necrosis,
and neuronophagia, indicating that EV71 is neurotropic
and can lead to neurocytolysis [24]. Furthermore, one
study has observed that EV71 virus targets specific
neuronal cells, leading to localized inflammation in
specific regions of the nervous system. The virus may
enter the nervous tissue via the bloodstream, crossing the
blood-brain barrier and damaging certain areas of the
brain [25]. Since the blood-brain barrier in infants is not
fully developed, the virus is more likely to cross it,
potentially leading to conditions such as meningitis and
encephalitis in young children. Pulmonary edema is also a
major complication in severe cases of EV71 infection. In
our experimental group, neonatal mice exhibited
significant pathological changes in lung tissue, including
pulmonary edema, thickened alveolar walls, and
inflammation [26]. Currently, the pathophysiology of
pulmonary complications due to EV71 infection remains
incomplete, and it is unclear whether the observed
pathological changes are due to viral accumulation or the
inflammatory response, requiring further
investigation [27].

There are several limitations in this study. First, to
prevent cross-contamination of the virus through
respiratory routes, the control and virus-infected groups of
neonatal mice were obtained from different mothers [27].
Second, while we observed paralysis of the hind limbs in
virus-infected neonatal mice, we did not examine the
hindlimb tissues, so it remains uncertain whether the
paralysis is due to viral accumulation in muscle tissue or
nerve damage. Further investigations are needed to clarify
the cause [28].

In summary, this study successfully established an
EV71 infection model in neonatal mice through
intraperitoneal injection of humanized EV71 virus,
demonstrating clear symptoms of infection and distinct
pathological changes in the brain and lung tissues. This
model lays the foundation for further research into the
pathogenesis of EV71 and the development of therapeutic
strategies.
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