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Abstract

Background: Enterovirus (EV) infection has been a serious health issue in Asia-Pacific region. It has been indicated that
the occurrence of fatal hand foot and mouth disease (HFMD) cases following EV71 infection is mainly attributed to
pulmonary edema. However, the development of pulmonary disorders after EV71 infection remains largely unknown. To
establish an EV71-infected animal model and further explore the underlying association of central nervous system (CNS)
invasion with pulmonary edema, we isolated a clinical source EV71 strain (ZZ1350) from a severe case in Henan Province.

Methods: We evaluated the cytotoxicity of ZZ1350 strain and the susceptibility in 3-day-old BALB/c mice with intraperitoneal,
intracerebral and intramuscular inoculation. Various histopathological and immunohistochemical techniques were applied to
determine the target organs or tissue damage after infection. Correlation analysis was used to identify the relationship between
CNS injury and pulmonary disorders.

Results: Our experimental results suggested that ZZ1350 (C4 subtype) had high cytotoxicity against African green monkey
kidney (Vero) cells and human rhabdomyosarcoma (RD) cells and neonatal BALB/c mice were highly susceptible to the
infection with ZZ1350 through three different inoculation routes (2 x 10° pfu/mouse) exhibiting severe neurological and
respiratory symptoms that were similar to clinical observation. Viral replication was found in brain, spinal cord, skeletal muscle,
lung, spleen, liver, heart of infected mice and these sections also showed histopathological changes. We found that brain
histology score was positive correlated with lung histology score in total experimental mice and mice under the three
inoculation routes (P < 0.05). At the same time, there were positive correlations between spinal cord score and lung score in
total experimental mice and mice with intracerebral inoculation (P < 0.05).

Conclusions: 771350 strain is effective to establish animal model of EV71 infection with severe neurological and respiratory
symptoms. The development of pulmonary disorders after EV71 infection is associated with severity of CNS damage.
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Background

Enterovirus (EV) genus of the Picornaviridae family
containing EV71 and coxsackievirus A16 (CA16) are the
causative agents of hand foot and mouth disease
(HFMD). Recently, outbreak of HFMD caused by EV71
infection have been a serious threat to infants and chil-
dren in East and Southeast Asia. EV71 was first isolated
in California, United States in 1967 and then had been
recognized as a cause of epidemics of HFMD in Japan
since 1973 [1, 2]. It has been acknowledged that EV71 is
responsible for HFMD contributing to severe neuro-
logical complications and even fatalities in infants and
young children worldwide [3, 4]. Generally, EV71 infec-
tion is a typically mild, self-limiting childhood disorder.
However, a handful of cases can develop into devastating
clinical outcomes presenting as either acute flaccid par-
alysis, aseptic meningitis, brainstem encephalitis, en-
cephalomyelitis or pulmonary edema, once EV71
invades into central nervous system (CNS) [4, 5]. Al-
though, current studies involving animal models of
EV71 infection are well established to explore the
pathological process [6, 7], the development of EV71-
related pulmonary edema still remains largely un-
known. Therefore, it is extremely urgent to reveal the
pathogenesis of fatal EV71-induced pulmonary dis-
eases and make great efforts to identify novel therap-
ies for severe cases.

In this study, we separated an EV71 strain from a non-
fatal case with CNS involvement in Henan Province.
Unlike other animal models, 3-day-old mice were
directly infected with clinical source virus purified and
cultured in African green monkey kidney (Vero) cells
and human rhabdomyosarcoma (RD) cells, not a mouse
adapted strain. Additionally, mice in our experiments
were inoculated via three infection routes and diverse
outcomes were assessed. A variety of histopathological
and immunohistochemical techniques were applied to
demonstrate that whether EV71-induced CNS lesions
are associated with occurrence of pulmonary edema.

Methods

Virus and cells

EV71 strain ZZ1350 was isolated from a nonfatal case
with CNS involvement in Children’s Hospital of Zheng-
zhou (Zhengzhou, Henan, China). Viral growth was
performed in human rhabdomyosarcoma (RD) cells, and
virus purification was conducted as previously described

Table 1 Primers used for RT-PCR
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[8]. RD cells and African green monkey kidney (Vero)
cells (ATCC CCL-81) were cultured in Dulbecco’s modi-
fied Eagle’s medium (Gibco Company, New York, USA)
containing 10% fetal bovine serum (FBS) (Gibco Com-
pany, New York, USA). Enrichment of the virus was per-
formed using Dulbecco’s modified Eagle’s medium
(Gibco Company, New York, USA) containing 2% fetal
bovine serum (FBS) (Gibco Company, New York, USA).
The virus stocks were stored at —80°C. TCIDs, were
determined by plaque assay using RD cells [9], and viral
titers were expressed as PFU per ml. Working stocks in
the present study contain 10° PFU per ml.

Viral RNA isolation and quantitative real-time PCR (QRT-PCR)
Sixty hour after infection, RD cells were collected and
viral RNA was extracted using Hipure viral RNA kit
(Magen Biotech Co. Ltd., Guangzhou, China). The first-
strand cDNA was synthesized using a HiScript® Q RT
SuperMix for qPCR (+g DNA wiper) (Vazyme Biotech
Co. Ltd., Nanjing, China) according to the manufac-
turer’s protocols. EV, EV71, CA16 genes were assessed
using SensoQuest Labcycler PCR system (SensoQuest
Co. Ltd., Goettingen, Germany) with a 2 x Taq Master
Mix (Vazyme Biotech Co. Ltd., Nanjing, China) for
PAGE and gene-specific primers (Sangon Biotech Co.
Ltd., Shanghai, China). The primer sequences of the viral
genes were listed in Table 1 and the lengths of qRT-PCR
products were 116 bp, 226 bp and 208 bp respectively.

Analysis of VP1 sequence and comparison

Briefly, the fragment of VP1 genome was amplified by
gqRT-PCR using the specific primers [Forward primer (5
to 3'): GCAGCCCAAAAGAACTTCAC), Reverse primer
(5" to 3"): ATTTCAGCAGCTTGGAGTGC]. Sequencing
of PCR amplification products was conducted by Shanghai
Sagan Corporation. Evolutionary tree based on VP1 gen-
ome was performed using MEGA software.

Cell viability assay

The Vero cells (2 x 104/well) were seeded in 96-well plates
in a total volume of 200 ul for 24 h, and then were
infected with EV71 at an MOI of 0, 0.4, 1 and 5 for 24 h.
We investigated the effect of EV71 infection on the viabil-
ity of Vero cells using a MTT assay kit (Vazyme Biotech
Co. Ltd., Nanjing, China) at 24 h post infection (hpi).

Target gene Forward primer (5' to 3') Reverse primer (5" to 3) Source

EV TCCGGCCCCTGAATGCGGCTAATCC ACACGGACACCCAAAGTAGTCGGTCC PrimerBank
EV71 GCAGCCCAAAAGAACTTCAC ATTTCAGCAGCTTGGAGTGC PrimerBank
CA16 ATTGGTGCTCCCACTACAGC TCAGTGTTGGCAGCTGTAGG PrimerBank
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Animals

Specific pathogen free 3-day-old BALB/c mice were
obtained from the Medical Animal Center in Zhengzhou
University, Henan, China, and raised in individual venti-
lation cage (IVC) system in the Medical Animal Center
located in the College of Public Health of Zhengzhou
University (temperature 20-24°C, humidity 40%-60%,
lights on 8 a.m.-8 p.m.).

Mice were intracerebrally (# = 7), intramuscularly (z = 6),
intraperitoneally (# = 6) inoculated with ZZ1350 strain (2 x
10° PFU), and observed twice daily for 15 days for clinical
symptoms and mortality, and body weight of mice was
recorded every 2 days. Clinical scores of mice were defined
as follows: O, healthy; 1, reduced mobility; 2, ruffled hair,
hunchbacked, or ataxia; 3, weight loss; 4, limb weak-
ness and 5, dying or death. Normal mice (n=5) were
used as control.

Histology

Forty eight mice with different inoculation routes (1 = 15
for intracerebral inoculation; # = 12 for intramuscular in-
oculation; n=11 for intraperitoneal inoculation) and
normal controls (n =10) were euthanized by isoflurane
inhalation at 7 days post infection (dpi). The slices of
brain, spinal cord, skeletal muscle, lung, spleen, small
intestine, liver, heart and skin of mice were fixed in 4%
paraformaldehyde at 4 °C overnight. After fixation,
paraffin-embedded tissues were cut into sections of
5 pm in thickness and stained with haematoxylin and
eosin (H&E). Paraffin-embedded lung tissues were also
stained with Masson’s Trichrome and Periodic Acid-
Schiff (PAS). Alveolar space of the lung was assessed
through determination of the mean linear intercepts, L,,
calculated based on 10 randomly selected fields in each
section at 100x magnification with two crossed test lines
[10]. Histology score of brain, spinal cord and lung was
evaluated as reported in a previous publication [11],
which was quantified by a person blinded to the treat-
ment groups.

Determination of viral titers

The tissue samples (brain, spinal cord, skeletal muscle,
lung, spleen, liver, heart) (n=5 for each inoculation
route and normal control) harvested from euthanized
animals were homogenized in sterile phosphate-buffered
saline (PBS) (10% [wt/vol]), disrupted by three freeze-
thaw cycles, and centrifuged with 8000xg per min for
5 min at 4°C. Viral titers in the supernatants of tissue
lysates was determined by plaque assay and expressed as
TCIDs, per gram.

Immunohistochemical staining
Viral VP1 protein expression in brain, spinal cord, skeletal
muscle and was examined with immunohistochemical
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(IHC) staining. Briefly, brain, spinal cord and muscle tis-
sue were first blocked with goat serum for 30 min at room
temperature, and then were incubated with rabbit anti-
VP1 specific polyclonal antibody (GeneTex, Inc, San
Antonio, USA 1:500 dilution) over night at 4 °C, followed
by incubation with HRP conjugated anti-rabbit secondary
antibody at a concentration of 1:3000 at 37 °C for 30 min.
Astrocytes in brain were identified by glial fibrillary acidic
protein (GFAP). The brain section was incubated over-
night at 4 °C with primary anti-mouse monoclonal GFAP
(Millipore, CA, USA 1:500 dilution), followed by incuba-
tion with HRP conjugated anti-rabbit secondary antibody
at a concentration of 1:3000 at 37 °C for 30 min. Positive
IHC staining was presented as brown staining in cyto-
plasm and captured under a light microscope.

Electron microscopy

The infected RD cells were fixed in 2.5% gluteraldehyde
in 0.1 M sodium cacodylate buffer (pH=7.4) for 1 h.
The cells were rinsed in sodium cacodylate and those in
petri dishes were scraped and spun down in 2% agar. All
samples were fixed in 1% osmium tetroxide for 1 h,
stained en masse in 2% uranyl acetate in maleate buffer
(pH =5.2) for a further hour, rinsed and dehydrated in
an ethanol series, and infiltrated with resin (Embed812
EMS) and baked over night at 60 uC. Hardened blocks
were cut using a Leica Ultra Cut UCT. 60 nm sections
were collected on formver/carbon-coated grids and con-
trast stained using 2% uranyl acetate and lead citrate.
Samples were viewed on an FEI Tecnai G2 Spirit Biot-
win TEM at 200 kV. Images were taken using Morada
CCD and iTEM software (Olympus Optical Co. Ltd,,
Tokyo, Japan).

Immunofluorescence staining

The Vero cells (5 x 105/well) were seeded in confocal dish
in a total volume of 1.2 ml medium for 24 h, and then
infected with EV71 at an MOI of 0, 0.4, 1 and 5 for 24 h.
Cells were immediately fixed with 4% paraformaldehyde
for 30 min, followed by permeablilization in FACS buffer
containing 0.1% saponin for 15 min at room temperature.
Cells were then incubated with rabbit anti-EV71 poly-
clonal antibody (GeneTex, Inc, San Antonio, USA) at
1:1000 dilution at 4°C for 30 min, followed by staining
with Cy3 conjugated anti-rabbit secondary antibody
(Beyotime Biotech Co. Ltd., Shanghai, China) at a dilution
of 1:200 at 37 °C for 60 min and protected from light. At
last, DAPI was added with 1:2000 dilution at 4°C for
5 min. Images were captured using a Leica TCS-SP8 con-
focal microscope (Leica Microsystem, Wetzlar, Germany).
EV71 positive area (%) was evaluated using Image-Pro
Plus 6.0 software.
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Statistical analysis

All experiments were repeated twice. Data is presented
as mean * standard error of the mean (SEM). SPSS21.0
(IBM, Chicago, IL, USA) was used for statistical analysis.
Data comparison was carried out by one-way ANOVAs
followed by Dunnett’s post-test and two-tailed Student’s
t-test. Clinical scores of experimental mice were
analyzed by one-way ANOVA. Survival rates of infected
mice were analyzed with Log-rank test. Correlation was
evaluated using the Pearson’s correlation test. A two-tailed
P value <0.05 was considered statistically significant.

Results

Isolation and cytotoxicity analysis of ZZ1350 strain
771350 infection induced pronounced cytopathic effect
(CPE) in RD cells at 60 hpi (Additional file 1: Figure S1).
To define whether it was belonged to EV71 virus, Vero
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cells were collected and viral RNA was extracted. Our
experimental results from qRT-PCR showed that EV and
EV71 are all positive, but not CA16 (Fig. 1a). Evolution-
ary tree (Fig. 1b) based on VPl genome sequence
(Additional file 2) showed that ZZ1350 (GenBank
KY886010) is similar to a reported strain in Henan, China,
attributed to C4 subtype. ZZ1350 displayed pronounced
cytotoxicity against Vero cells and RD cells at 24 hpi.
771350 infection caused cytopathic effect (Fig. 1c) and
cell variability reduction (Fig. 1d) in Vero cells with a
dose-dependent relationship. EV71 positive expression
area (Fig. 1c and e) was elevating with the increase in the
dose of infection. Electronmicroscope was used to deter-
mine the cytotoxicity against RD cells at 24 hpi. Com-
pared to control cells (Fig. 1f), ZZ1350 infection led to
cytoplasmic vacuolization, nuclear shrinkage and autoph-
agy in RD cells (Fig. 1g). EV71 particles were also found in
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Fig. 1 221350 infection led to high cytotoxicity against Vero cells and RD cells. Viral RNA in ZZ1350-infected RD cells was extracted and identified by
gRT-PCR (a). Evolutionary tree based on VP1 genome (b) was performed using MEGA software. CPEs and EV71 distribution (c) in Vero cells induced by
different doses of 221350 were imaged via light microscopy (amplification: 100x) or confocal microscopy (amplification: 400x) at 24 hpi. The viabilities
of Vero cells (d) following virus infection were determined using the MTT assay. EV71 positive area (%) (e) was evaluated using Image-Pro Plus 6.0
software. Cell pellets of normal (f), infected RD cells (g, h) were fixed and investigated with electron microscopy. Data are expressed as mean + SEM. *

P <005, ** P <001, ** P<0001 (n=3)
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cytoplasmic of RD cell (Fig. 1h). These results suggested
that ZZ1350 strain (C4 subtype) exhibited a high cytotox-
icity in vitro.

Lethality of ZZ1350 strain in neonatal mice

To investigate potential differences in survival rates of neo-
natal mice following ZZ1350 infection, 3-day-old BALB/c
mice were inoculated with 2 x 10° PFU ZZ1350 strain via
intracerebral, intramuscular and intraperitoneal injection.
Clinical scores and the survival rates of neonatal mice
infected with viruses were recorded. As shown in Fig. 2a,
intracerebrally (14.3% survival; P<0.05), intramuscularly
(33.3% survival; P<0.05) and intraperitoneally inoculated
mice (16.7% survival; P<0.05) exhibited shorter survival
time compared to normal controls (100% survival). These
findings suggested that ZZ1350 strain exhibited high level
of lethality in neonatal mice with these three different
routes. The mean clinical scores (Fig. 2b) of ZZ1350 strain
infected mice with intracerebral, intramuscular and intra-
peritoneal injection was reached the similar level at 7 dpi,
which was higher than that in normal controls (P < 0.05).
These results indicated that the inoculation routes had lim-
ited influence on the outcomes of infected mice.

ZZ1350 infection induced severe symptoms in neonatal mice
Mice inoculated with ZZ1350 strain via three routes
emerged various severe symptoms respectively. Relative to
normal controls (Fig. 3c), infected mice with different
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Fig. 2 Viral virulence of 221350 in neonatal mice. 3-day-old BALB/c mice
were inoculated with 2 x 10° PFU ZZ1350 strain via intracerebral (n = 7),
intramuscular (n = 6) and intraperitoneal injection (n = 6). Survival rates
(@) and mean clinical scores (b) of mice were monitored and recorded
every 2 days after infection. n =5 for normal controls; Data are expressed
as mean + SEM
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Fig. 3 Clinical presentation in neonatal mice following 221350
infection. Different inoculation routes including intraperitoneal (a),
intracerebral (a) and intramuscular (b) injection were performed in
the present study. Normal mice (c) were regarded as control. Severe
infected mice exhibited flaccid paralysis, either in the forelimbs (d),
hind limbs (e) or both; and hairless lesions (f) were also investigated
at 5 dpi. Black arrows showed haemorrhagic lesions in the hind
limbs or forelimbs

inoculation routes (Fig. 3a and b) presented with severe
signs including reduced mobility, ataxia, weight loss (See
Additional file 3: Figure S2), spastic limb paresis and/or par-
alysis (fore-limbs, hind-limbs, or both; see Additional file 4:
Figure S3) or dying status. It was worth noting that severely
affected animals presented progressive limb paralysis, haem-
orrhagic lesions on the joint of limb due to vasculitis, and
hairless lesions on the back (Fig. 3d-f). Additionally, some
animals even have signs of respiratory distress including
tachypnea and gasping. Taken together, our findings sug-
gested that mice infected with ZZ1350 exhibited severe
neurological and respiratory symptoms.

Viral replication of infected neonatal mice

The expression of EV71 VP1 protein and distribution of
virus particles in infected animals were determined by
IHC staining and plaque assay. As shown in Fig. 4a,
mice inoculated through any of the three routes showed
a higher density and stronger intensity of VP1 positive
signals in neurons located in the brain and spinal cord
or skeletal muscle of mice with three inoculation routes
relative to normal controls. These results suggested that
virus could replicate in CNS section and skeletal muscle
of infected animals, and further caused extremely similar
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Fig. 4 Viral replication in tissues of ZZ1350-infected mice. The IHC expression and localization of VP1 represented as brown staining in cytoplasm
(@) were shown for tissues from the brains, spinal cords, skeletal muscle of ZZ1350-infected mice. Viral titers in brain, spinal cord, skeletal muscle,
lung, spleen, liver, heart (b) was expressed as log;q TCID50 per gram (n =5 for each inoculation route and normal control)

disease progress. Next, viral titers in brain, spinal cord,
skeletal muscle, lung, spleen, liver, heart of infected mice
were evaluated at 7 dpi. As shown in Fig. 4b, relative to
other organs, high level of viral titers was determined in
skeletal muscle, brain, spinal cord and spleen of infected
animals. Virus titers in lung and liver were lower than
that in other tissues. These results indicated that
771350 strain was a CNS- and muscle-tropic virus.

Histology of various tissues of ZZ1350-infected mice

Histopathological changes of skeletal muscle, hearts,
livers, skin, spleens and small intestines were evaluated
by H&E staining. As shown in Fig. 5, similarity lesions
were observed in various mice tissues after any of three
inoculation routes of ZZ1350 strain. Severe necrotizing
myositis with fragmentation of myofibers and inflamma-
tory cells infiltration (solid yellow arrows) were observed
in skeletal muscle of infected mice. ZZ1350 infection
caused myocarditis with inflammatory cells infiltration
or cardiomyocytes necrosis (solid red arrows). Inflamma-
tory cells infiltration (hollow black arrows), erythrocyte
aggregation (hollow yellow arrows) and villous atrophy
with edema fluid accumulation in the lumen (hollow red

arrows) were observed in infected skin, spleens and
small intestines respectively. However, we didn’t find any
pronounced pathological changes in livers of infected
mice.

Pulmonary edema following CNS lesions induced by
ZZ1350 infection

Histopathological examinations of brains, spinal cord,
lungs in mice with ZZ1350 infection were performed at
7 dpi. As shown in Fig. 6a, H&E stained brain tissues of
infected animals with three inoculation routes presented
focal minimal to slight peripheral erythrocyte exudation,
relative to normal controls. GFAP is a biomarker of as-
trocytes which are associated with brain injury [12].
Compared to normal controls, a significant increase in
the number of astrocytes (Additional file 5: Figure S4)
was found in ZZ1350-infected mice (P < 0.001). Brain
score (Fig. 6d) of infected animals with three inoculation
routes was higher than that in normal controls (P <
0.001). Neuronal degeneration and loss (solid black ar-
rows) were observed in the spinal cords of infected mice
(Fig. 6b). Spinal cord score (Fig. 6e) of infected mice
with three inoculation routes was higher than that in
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Fig. 5 Representative histology of various tissues of ZZ1350-infected mice. Three-day-old BALB/c mice were intracerebral, intramuscular, intraperitoneal
inoculated with ZZ1350 strain (2 x 10° PFU/mouse), and histopathological changes of tissues from mice were examined at 7 dpi as described in
Materials and Methods. Solid yellow arrows: severe necrotizing myositis with fragmentation of myofibers and inflammatory cells infiltration; Solid red
arrows: myocarditis with inflammatory cells infiltration or cardiomyocytes necrosis; hollow black arrows: inflammatory cells infiltration; hollow yellow
arrows: erythrocyte aggregation; hollow red arrows: villous atrophy with edema fluid accumulation in the lumen
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normal controls (P <0.001). Histological and morpho-
logical alterations of lung tissues following ZZ1350 in-
fection were evaluated by H&E staining, Masson’s
Trichrome and PAS staining. A large number of red
blood cells leakage around capillaries and large blood
vessels was observed (Fig. 6¢). Mucus secretion around
bronchi was also found in lungs of infected animals by
using Masson’s Trichrome and PAS staining (Add-
itional file 6: Figure S5A). Alveolar space of the lungs
was assessed by determination of L, (Additional file 6:
Figure S5B). Our result found that volume of alveolar
representing as L, from infected lungs was significantly
increased, relative to normal controls (P <0.001). Lung
score (Fig. 6f) of infected mice with three inoculation
routes was higher than that in normal controls (P <
0.001). These findings suggested that ZZ1350 infection
could cause varying severity of CNS lesions, and even
occurrence of pulmonary edema represented as red
blood cells leakage, enhanced mucus production in
bronchi and alveolar enlargement through three differ-
ent inoculation routes.

Association of CNS lesions with lung histological severity
As shown in Fig. 7. There were positive correlations be-
tween brain histology score and lung histology score of
mice with intracerebral (R =0.722, P=0.002), intramus-
cular (R=0.668, P=0.018), intraperitoneal inoculation
(R=0.615, P=0.044) and in total experimental animals
(R=0.876, P <0.001). Additionally, There were also posi-
tive correlations between spinal cord histology score and
lung histology score from mice with intracerebral inocu-
lation (R =0.617, P =0.014) and in total experimental an-
imals (R =0.829, P<0.001). These results suggested that
CNS lesions caused by ZZ1350 infection was associated
with occurrence of pulmonary edema.

Discussion

EV71 infection has been a significant public health issue
in the Asia-Pacific region, which can cause some adverse
health effects in children under 5-year-old [3, 13-15]. So
far, no effective treatment of drugs, vaccines and strat-
egies has been proposed through clinical trials to pre-
vent children death with severe symptoms [7, 16].
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Fig. 6 Histopathological analysis of CNS and lungs of mice. Histopathological changes of brain (a), spinal cord (b) and lung section (c) were evaluated

by H&E staining. Histology score of brains (d), spinal cord (e) and lungs (f) was evaluated by a person blinded to the treatment groups. Data are
expressed as mean + SEM. *** P < 0,001, intracerebral (n = 15), intramuscular (n = 12), or intraperitoneal inoculation (n=11) vs normal controls (n = 10)
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Generally, EV71-infected cases tend to have a faster
disease progression, higher fever and a higher incidence of
limb movement disorder, CNS lesions, pulmonary edema
and death relative to other enterovirus strains [17].
However, the underlying mechanisms of EV71 infection-
induced CNS lesions and pulmonary edema which
increases risk of mortality remain largely unknown [5].
Here, we found an EV71 strain (ZZ1350) that could cause
CNS lesions and pulmonary edema in BALB/c mice
through three different inoculation routes. We also dem-
onstrated that the occurrence of pulmonary edema was
associated with CNS lesions after EV71 infection.

The EV71 strain ZZ1350, attributing to C4 subtype of
virus, was isolated from a severe case in Zhengzhou

Children’s Hospital, which exhibited a high cytotoxicity
and fast replication in vitro experiments. Animal experi-
ments have indicated that 3-day-old BALB/c mice is
high susceptible to ZZ1350 and exhibit a various reper-
toire of clinical symptoms [5] ranging from skin lesions
to paralysis, ataxia, tremors, acute encephalomyelitis and
even respiratory disorders under intracerebral, intramus-
cular, intraperitoneal inoculation. Unlike other animal
models [9, 18, 19], ZZ1350 was directly used to infect
neonatal mice without pre-acclimated to mouse or
mouse cell lines, making it more clinically relevant.
Pathological changes were found in skeletal muscle,
heart, skin, spleen and small intestine from infected
mice. Skeletal muscle from mice with intracerebral,
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Fig. 7 Association of CNS lesions with lung histological severity. Pearson’s correlation test was used to analyze association of brain score and
spinal cord score with lung score of mice with intracerebral (a and d), intramuscular (b and e), intraperitoneal inoculation (c and f) and in total

intramuscular, intraperitoneal inoculation exhibited the
most serious lesion after infection regardless of the in-
oculation routes, which was consistent to the extent of
virus invasion and replication in this section. These
experimental results suggested that ZZ1350 strain was a
muscle-tropic virus. Previous publications also reported
that skeletal muscle was the most important site of
EV71 replication [18, 20, 21]. It has been proposed that
skeletal muscle supports persistent enterovirus infection
and represents a viral source of entry into the CNS dur-
ing poliovirus infection [22, 23]. This evidence is consist-
ent with our finding of haemorrhagic lesions on the

joint of limb. We also found viral replication in heart, liver
and spleen. Consistent to other animal models [24-26],
7271350 infection causes myocarditis and spleen injury.
Our finding supports clinical complications in children
with HFMD suffering myocarditis and impaired immune
function [2, 27]. Skin and small intestine lesions may ex-
plain hairless and weight loss after ZZ1350 infection.

CNS lesions are currently acknowledged as a trigger to
cause paralysis, ataxia, tremors and encephalitis during
human infection [28]. In clinical cases of EV71-
associated fatal encephalomyelitis, viral antigens were
mainly detected in neuronal cytoplasm and processes in
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the different brainstem nuclei and spinal cord [29]. Simi-
larly, we also find viral replication in brain, spinal cord
through VP1 expression and viral load determination re-
gardless of inoculation routes. Based on above evidence,
spinal cord may be a medium connecting brain and skel-
etal muscle that promotes EV71 virus spreading, which
is also observed by Wei et al. [20]. Histopathological
changes provide consistent results with viral invasion in
the brain and spinal cord. Focal minimal to slight per-
ipheral erythrocyte exudation and increasing number of
astrocytes were found in infected brain section. Feng et
al. reported that engulfment of EV71 by astrocytes
facilitated viral replication and further aggravate brain
lesions [30]. Neuronal degeneration and loss were found
in anterior horns of spinal cords from ZZ1350-infected
mice. As described in previous literatures [20, 31], in-
flammation and neuronal degeneration in anterior horns
of the spinal cord are main injury induced by EV71 in-
fection in human and mice. Taken together, our finding
supports that the apparent limb paralysis after infection
is of neurogenic origin and the infected neonatal mice
presented neuropathological features which closely re-
semble those observed from clinical cases [29, 30].
Pulmonary edema is a main clinical complication caus-
ing death in severe cases [5, 32]. In our study, regardless
of incoluation route, pulmonary pathologies including
red blood cells leakage, increased alveolar volume, and
mucus secretion around bronchi were observed. These
results suggested ZZ1350 infection led to pulmonary
edema with different degrees. Previous publications also
reported pulmonary edema model in neonatal mice via
intraperitoneal inoculation using mouse adapted strains
[19, 21]. Hence, the occurrence of pulmonary edema
after infection has nothing to do with inoculation routes.
Large numbers of publications from animal experiments
or clinical monitor indicated that the occurrence of pul-
monary edema was of neurogenic origin due to CNS in-
jury [19, 33, 34]. A controversial conclusion was
reported that EV71 primarily replicated in skeletal
muscle tissues, causing severe necrotizing myositis of
respiratory-related muscles that further resulted in se-
vere restrictive hypoventilation and subsequent hypoxia,
which may explain the fatality of EV71-infected mice
[35]. A study using rhesus monkeys showed that EV71
infection-induced CNS injury with intracerebral infec-
tion, was accompanied by clear inflammation of the lung
[6]. Another study also indicated that inflammatory cy-
tokines released in the brain facilitated pulmonary
edema [36]. However, the convincing evidence about the
relationship between CNS lesions and pulmonary disease
has never been placed, and a consensus conclusion
hasn’t been reached so far. Here, we scored the severity
of brain, spinal cord and lung disorders and correlation
analysis was applied. We found that brain score was
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positive correlated with lung score in total experimental
mice and mice under three inoculation routes. At the
same time, there were positive correlations between
spinal cord score and lung score in total experimental
mice and mice with intracerebral inoculation. Therefore,
the extent of pulmonary disorders is associated with se-
verity of CNS lesions induced by EV71 infection, which
support the viewpoint from published literatures [6, 36].

Conclusions

In summary, we isolate a clinical source EV71 strain
(Z2Z1350) and neonatal mice are very susceptible to the
infection with this strain. We first uncover the associ-
ation of CNS injury with pulmonary edema development
in mice with three different inoculation routes using
correlation analysis.
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intramuscular (n = 12), or intraperitoneal inoculation (1= 11) vs normal controls
(n=10). (TIFF 2944 kb)

Abbreviations

CA16: Coxsackievirus A16; CNS: Central nervous system; CPE: Cytopathic
effect; Dpi: Days post infection; EV: Enterovirus; FBS: Fetal bovine serum;
GFAP: Glial fibrillary acidic protein; H&E: Haematoxylin and eosin;

HFMD: Hand foot mouth disease; hpi: Hours post infection;

IHC: Immunohistochemical; IVC: Individual ventilation cage; Ly, Mean linear
intercepts; PAS: Periodic Acid-Schiff; PBS: Phosphate-buffered saline; gRT-
PCR: Real-time PCR; RD: Rhabdomyosarcoma; SEM: Standard error of the
mean; Vero: African green monkey kidney

Acknowledgements

We thank Daniel Foreman of Duke University Medical Center for revising our
manuscript. We also thank Children’s Hospital of Zhengzhou for supporting
our research.


dx.doi.org/10.1186/s12985-017-0911-5
dx.doi.org/10.1186/s12985-017-0911-5
dx.doi.org/10.1186/s12985-017-0911-5
dx.doi.org/10.1186/s12985-017-0911-5
dx.doi.org/10.1186/s12985-017-0911-5
dx.doi.org/10.1186/s12985-017-0911-5

Jin et al. Virology Journal (2017) 14:243

Funding

This work was funded by the National Natural Science Foundation of China
(81172740); National Natural Science Foundation of China (81573205); Key
scientific research projects in Colleges and Universities of Henan Province
(15A330003); Outstanding doctoral thesis training fund of Zhengzhou
University.

Availability of data and materials
All data and materials in this manuscript are fully available without
restriction.

Authors’ contributions

YJ, GD, CZ and RZ designed experiments. JR, RZ, HY, YX, HF, CZ, SC, MS, GZ,
DD and JZ collected samples. YJ, CZ and RZ performed experiments and
analyzed data. YJ, CZ and RZ, JR, HY, YX, HF, CZ, SC, MS, GZ, DD performed
statistical analysis. GD, RZ critically reviewed the article. All authors
contributed to article’s edit and approved the final manuscripts.

Ethics approval

The number of animals used and procedures employed were reviewed and
approved by the Life Sciences Institutional Review Board of Zhengzhou
University, and performed strictly in accordance with the Guidelines of
Zhengzhou University for Animal Experiments.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Epidemiology, College of Public Health, Zhengzhou
University, No.100 Kexue Avenue, Zhengzhou, Henan 450001, China. “Henan
Collaborative Innovation Center of Molecular Diagnosis and Laboratory
Medicine, Xinxiang, People’s Republic of China. *Department of
Epidemiology, College of Public Health, Xinxiang Medical University,
Xinxiang, People’s Republic of China. “Department of Infectious Diseases, The
Fifth Affiliated Hospital of Zhengzhou University, Zhengzhou, Henan, People’s
Republic of China.

Received: 4 May 2017 Accepted: 14 December 2017
Published online: 28 December 2017

References

1. Schmidt NJ, Lennette EH, Ho HH. An apparently new enterovirus isolated
from patients with disease of the central nervous system. J Infect Dis. 1974;
129:304-9.

2. Hagiwara A, Tagaya |, Yoneyama T. Epidemic of hand, foot and mouth
disease associated with enterovirus 71 infection. Intervirology. 1978;9:60-3.

3. Duan G, Yang H, Shi L, Sun W, Sui M, Zhang R, Wang X, Wang F, Zhang W,
Xi Y, Fan Q. Serum inflammatory cytokine levels correlate with hand-
foot-mouth disease severity: a nested serial case-control study. PLoS
One. 2014,9:112676.

4. Solomon T, Lewthwaite P, Perera D, Cardosa MJ, McMinn P, Ooi MH.
Virology, epidemiology, pathogenesis, and control of enterovirus 71. Lancet
Infect Dis. 2010;10:778-90.

5. Ho M, Chen ER, Hsu KH, Twu SJ, Chen KT, Tsai SF, Wang JR, Shih SR. An
epidemic of enterovirus 71 infection in Taiwan. Taiwan enterovirus
epidemic working group. N Engl J Med. 1999;341:929-35.

6. Zhang Y, Cui W, Liu L, Wang J, Zhao H, Liao Y, Na R, Dong C, Wang L, Xie Z,
et al. Pathogenesis study of enterovirus 71 infection in rhesus monkeys. Lab
Investig. 2011,91:1337-50.

7. Huang PN, Shih SR. Update on enterovirus 71 infection. Curr Opin Virol.
2014;5:98-104.

8. Liu CC, Lian WC, Butler M, Wu SC. High immunogenic enterovirus 71 strain
and its production using serum-free microcarrier Vero cell culture. Vaccine.
2007;25:19-24.

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

Page 11 of 12

Wang YF, Chou CT, Lei HY, Liu CC, Wang SM, Yan JJ, Su lJ, Wang JR, Yeh
TM, Chen SH, Yu CK. A mouse-adapted enterovirus 71 strain causes
neurological disease in mice after oral infection. J Virol. 2004;78:7916-24.
Thurlbeck WM. Internal surface area and other measurements in
emphysema. Thorax. 1967;22:483-96.

Mizutani N, Nabe T, Yoshino S. Complement C3a regulates late asthmatic
response and airway hyperresponsiveness in mice. J Immunol. 2009;183:
4039-46.

Kallakuri S, Desai A, Feng K, Tummala S, Saif T, Chen C, Zhang L, Cavanaugh
JM, King Al. Neuronal injury and glial changes are hallmarks of open field
blast exposure in swine frontal lobe. PLoS One. 2017;12:e0169239.
Smith-Norowitz TA, Carvajal-Raga S, Weedon J, Joks R, Norowitz KB, Weaver
D, Durkin HG, Hammerschlag MR, Kohlhoff S. Increased seroprevalence of
Enterovirus 71 IgE antibodies in asthmatic compared with non-asthmatic
children. Ir J Med Sci (1971 -). 2017;186(2):495-503.

Plevka P, Perera R, Cardosa J, Kuhn RJ, Rossmann MG. Crystal structure of
human enterovirus 71. Science. 2012,336:1274.

Dolin R. Enterovirus 71-emerging infections and emerging questions. N
Engl J Med. 1999;341:984-5.

Zhang D, Lu J. Enterovirus 71 vaccine: close but still far. Int J Infect Dis.
2010;14:739-43.

Xu W, Liu CF, Yan L, Li JJ, Wang LJ, Qi Y, Cheng RB, Xiong XY. Distribution
of enteroviruses in hospitalized children with hand, foot and mouth disease
and relationship between pathogens and nervous system complications.
Virol J. 2012,9:8.

Hsiao HB, Chou AH, Lin SI, Chen IH, Lien SP, Liu CC, Chong P, Liu SJ. TollHike
receptor 9-mediated protection of enterovirus 71 infection in mice is due to
the release of danger-associated molecular patterns. J Virol. 2014,88:11658-70.
Victorio CB, Xu Y, Ng Q, Chua BH, Alonso S, Chow VT, Chua KB. A clinically
authentic mouse model of enterovirus 71 (EV-A71)-induced neurogenic
pulmonary oedema. Sci Rep. 2016;6:28876.

Khong WX, Yan B, Yeo H, Tan EL, Lee JJ, Ng JK, Chow VT, Alonso S. A non-
mouse-adapted enterovirus 71 (EV71) strain exhibits neurotropism, causing
neurological manifestations in a novel mouse model of EV71 infection. J
Virol. 2012,86:2121-31.

Xu F, Yao PP, Xia Y, Qian L, Yang ZN, Xie RH, Sun YS, Lu HJ, Miao ZP, Li C, et
al. Enterovirus 71 infection causes severe pulmonary lesions in gerbils,
meriones unguiculatus, which can be prevented by passive immunization
with specific antisera. PLoS One. 2015;10:e0119173.

Ren R, Racaniello VR. Poliovirus spreads from muscle to the central nervous
system by neural pathways. J Infect Dis. 1992;166:747-52.

Douche-Aourik F, Berlier W, Feasson L, Bourlet T, Harrath R, Omar S, Grattard
F, Denis C, Pozzetto B. Detection of enterovirus in human skeletal muscle
from patients with chronic inflammatory muscle disease or fibromyalgia
and healthy subjects. J Med Virol. 2003;71:540-7.

Wang W, Duo J, Liu J, Ma C, Zhang L, Wei Q, Qin C. A mouse muscle-
adapted enterovirus 71 strain with increased virulence in mice. Microbes
Infect. 2011;13:862-70.

Cao L, Mao F, Pang Z Yi 'Y, Qiu F, Tian R, Meng Q, Jia Z, Bi S. Protective
effect of enterovirus71 (EV71) viruslike particle vaccine against lethal EV71
infection in a neonatal mouse model. Mol Med Rep. 2015;12:2473-80.
Khong WX, Foo DG, Trasti SL, Tan EL, Alonso S. Sustained high levels of
interleukin-6 contribute to the pathogenesis of enterovirus 71 in a neonate
mouse model. J Virol. 2011,85:3067-76.

Sui M, Huang X, Li Y, Ma X, Zhang C, Li X, Chen Z, Feng H, Ren J, Wang F,
et al. Application and comparison of laboratory parameters for forecasting
severe hand-foot-mouth disease using logistic regression, discriminant
analysis and decision tree. Clin Lab. 2016;62:1023-31.

Weng KF, Chen LL, Huang PN, Shih SR. Neural pathogenesis of enterovirus
71 infection. Microbes Infect. 2010;12:505-10.

Xing J, Liu D, Shen S, Su Z, Zhang L, Duan Y, Tong F, Liang Y, Wang H,
Deng F, et al. Pathologic studies of fatal encephalomyelitis in children
caused by enterovirus 71. Am J Clin Pathol. 2016;146:95-106.

Feng M, Guo S, Fan S, Zeng X, Zhang Y, Liao Y, Wang J, Zhao T, Wang L,
Che Y, et al. The preferential infection of astrocytes by enterovirus 71 plays
a key role in the viral neurogenic pathogenesis. Front Cell Infect Microbiol.
2016;6:192.

Ooi MH, Wong SC, Lewthwaite P, Cardosa MJ, Solomon T. Clinical features,
diagnosis, and management of enterovirus 71. Lancet Neurol. 2010,9:1097-105.
Shekhar K, Lye MS, Norlijah O, Ong F, Looi LM, Khuzaiah R, Marzuki |,
Hussein |, Wong SL, Mohan J, et al. Deaths in children during an outbreak



Jin et al. Virology Journal (2017) 14:243 Page 12 of 12

of hand, foot and mouth disease in peninsular Malaysia—clinical and
pathological characteristics. Med J Malaysia. 2005;60:297-304.

33. Caine EA, Osorio JE, Williams BRG. In vivo imaging with bioluminescent
enterovirus 71 allows for real-time visualization of tissue tropism and viral
spread. J Virol. 2017,91(5):e01759-16.

34. Teoh HL, Mohammad SS, Britton PN, Kandula T, Lorentzos MS, Booy R,
Jones CA, Rawlinson W, Ramachandran V, Rodriguez ML, et al. Clinical
characteristics and functional motor outcomes of enterovirus 71
neurological disease in children. JAMA Neurol. 2016;73:300-7.

35, Xiu JH, Zhu H, Xu YF, Liu JN, Xia XZ, Zhang LF. Necrotizing myositis causes
restrictive hypoventilation in a mouse model for human enterovirus 71
infection. Virol J. 2013;10:215.

36. Huang SW, Lee YP, Hung YT, Lin CH, Chuang JI, Lei HY, Su IJ, Yu CK.
Exogenous interleukin-6, interleukin-13, and interferon-gamma provoke
pulmonary abnormality with mild edema in enterovirus 71-infected mice.
Respir Res. 2011;12:147.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Virus and cells
	Viral RNA isolation and quantitative real-time PCR (qRT-PCR)
	Analysis of VP1 sequence and comparison
	Cell viability assay
	Animals
	Histology
	Determination of viral titers
	Immunohistochemical staining
	Electron microscopy
	Immunofluorescence staining
	Statistical analysis

	Results
	Isolation and cytotoxicity analysis of ZZ1350 strain
	Lethality of ZZ1350 strain in neonatal mice
	ZZ1350 infection induced severe symptoms in neonatal mice
	Viral replication of infected neonatal mice
	Histology of various tissues of ZZ1350-infected mice
	Pulmonary edema following CNS lesions induced by ZZ1350 infection
	Association of CNS lesions with lung histological severity

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

