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Abstract: Coxsackievirus B (CVB) is a significant pathogen of neonatal diseases with severe systemic involvement
and high mortality. Hence, it is essential to develop a CVB-induced acute systemic disease model on newborn
mouse and study the injury at the onset phase. In this work, a clinical strain of CVB3, Nancy, and its variant strain,
Macocy, were adopted in 24 hour old neonates by oral infection. The pathological changes in the heart, liver and
lung tissues were analyzed by pathology assays. In situ end labeling assay for programmed cell death was carried
out for liver tissues. The data on fatality and infection rates and pathology scores were analyzed statistically. The
genomic sequences of the two strains were aligned. The model represented the manifest clinical syndromes of
hepatitis, pneumonia and myocardial injury at the onset phase, in which massive numbers of hepatocytes had un-
dergone programmed cell death. Statistical and pathological analysis indicated that the myocardial injury was mild,
whereas the liver and lung were more severe. The fatality rate, infection and pathology of the two CVB strains were
the same. Therefore, two nucleotide mutations in the 5’ UTR and four amino acid mutations in polyprotein, which did
not alter virulence, were shown. By peroral CVB infection of neonatal mice, we developed an acute systemic disease
model for studying visceral pathology and systemic disease. At the onset of acute neonatal systemic disease, the
hepatitis and pneumonia may be the dominant reason of death, as the injury of liver and lung is more severe than

that of heart.
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Introduction

Coxsackievirus B (CVB) is a human enterovirus,
and belongs to the genus Picornaviridae. CVB
virions are small, non-enveloped, and contain a
single-stranded, positive-sense 7.4-kb genom-
ic RNA. CVB is one of the most significant
pathogens causing serious neonatal diseases
[4] with a high fatality rate of 11.1% - 40.0% [2].
Meanwhile, CVB induces a high incidence of
acute neonatal diseases [3, 4], although in
adults it usually causes chronic infections,
such as dilated cardiomyopathy, chronic pan-
creatitis and central nervous system infection
[5, 6].

CVB is often related to myocarditis [1], hepatitis
[7] and pneumonia [8] in neonates. The pan-
creas is the primary target of CVB replication
[9] yet the route of infection has been shown to

influence the histopathological changes in the
pancreases of adolescent mice [10]. After pri-
mary proliferation, the virus enters the blood-
stream by penetrating the epithelial barrier of
the blood vessels, and travels to secondary rep-
lication sites in the liver, lungs and other organs.
In the first 2 weeks of the neonatal period, CVB-
induced disease is typically severe [1]. Lethal
CVB infections in neonates are frequently
accompanied by signs of systemic involvement
[4, 11, 12]. In particular, the concurrence of
myocarditis and hepatitis associated with coag-
ulopathy increases the risk of fatality [7] and
has poor outcome [1, 13], whereas encephalo-
myocarditis is commonly associated with hem-
orrhage hepatitis [12]. Besides, CVB can induce
many respiratory symptoms [14, 15], which can
be fatal for neonates [9]. Most of the experi-
mental CVB in vivo mouse literature focuses on
particular organs [16-18]. Even though there
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are many clinical case reports and epidemio-
logical surveys [19, 20], the pathogenesis on
systemic involvement needs to be studied fur-
ther by experimental study, especially the fatal
acute neonatal diseases. Thus, the develop-
ment of an acute systemic disease model on
newborn mouse is very important.

Ordinarily, virus intraperitoneal injection was
used when establishing the CVB mouse model
[21, 22]. However this is not a natural route of
infection, through which CVB invades. In fact,
CVB infection is by fecal-oral transmission, and
begins its infecting and proliferating in the
intestine. For approaching the natural condi-
tion, we used oral infection, which is more sig-
nificant comparing to the other inoculating
routes.

We established a systemic disease model
involving hepatitis, pneumonia and myocardi-
tis. Focusing on the onset phase (72 hours
after infection) of acute neonatal systemic inju-
ry, we studied the probable causes of death
from the point of diversity of visceral pathology,
and presumed the probable airborne route of
CVB3 transmission. Two CVB3 strains, Macocy
and Nancy, were used. Macocy is a laboratory
variant; Nancy is its parental strain and also a
clinical strain. Comparing the sequences of two
strains, the mutation sites in the 5 UTR and
polyprotein, which did not change the virulence
of CVB3 in the early infection phase, were
marked.

Methods
Virus stocks, cell lines and TCID50

The Macocy strain and Nancy strains of CVB3
were used. CVB3/Macocy, as a laboratory vari-
ant, was isolated from experimental mouse
liver tissue in our lab in 2007. Nancy strain was
acquired in 2008 from HuBei Center for
Disease Control and Prevention. Vero cell
monolayers were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM), supplement-
ed with 2 mmol/I L-glutamine and 10% calf
serum, at 37°C under 5.0% CO,. After inocula-
tion, the virus was harvested when a cytopathic
effect (CPE) appeared. The virus titer was deter-
mined by TCID,, with HeLa cells by culturing in
96-well plates. Ten-fold serial dilutions of virus
suspensions were produced from 10! to 10719,
which were filtered to remove bacteria. The
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cells were inoculated with virus suspension
when monolayers were formed. Every column
of 8 wells was added with one dilution of 100
pl/well. The first 10 columns were cultured with
virus. The remaining 2 columns were treated as
the mock infection by adding DMEM instead.
Plates were incubated at 37°C with 5% CO,,.
When the complete CPE appeared (about 72
hours), the TCID,, was calculated by the Reed-
Muench method [23].

Mouse infection

Newborn randomized male and female BALB/c
mice, within 24 hours of birth, were bred under
specific pathogen-free conditions and in sepa-
rate rooms for each group. This included the
mock-infected control group, and the groups
inoculated with strain Macocy or Nancy. Strain
Macocy is a natural variant, and Nancy is its
parental strain and a clinical pathogen. All the
mice were randomly separated into the differ-
ent groups of 44 mice each. These sucklings
were infected immediately after the separation
from their dams. The virus-inoculated groups
were infected with 5x10° TCID,  of strain Nancy
or Macocy diluted in 25 yl DMEM, whereas the
mock-infected control group was fed with 25 pl
DMEM. The inoculation by feeding was carried
out by micropipette with 1 pl virus inoculum in
every mouthful. All mice were acquired from the
Animal Center of Wuhan University. All the pro-
cedures were carried out in accordance with
the guidelines of the Institutional Animal Care
and Use Committee at Wuhan University and
approved by the committee. During 72 hours
after infection, the sucklings were fed with
aseptic milk, the living mice in the three groups
were euthanized by isoflurane overdose and
dissected. The heart, liver and lung tissues
were harvested, washed in PBS, and fixed in
10% formaldehyde.

H&E staining

Formalin-fixed, paraffin-embedded tissues
were sliced into sections about 3.5 um thick.
The slices were deparaffinized two times in
xylene for 15 minutes each and subsequently
rehydrated through sequential concentrations
of alcohol and double distilled water (ddH,0),
for 3 minutes each time. They were stained
with hematoxylin solution for 7 minutes,
washed in running water for 2 minutes, differ-
entiated in 1% acid alcohol for 10 seconds, and
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washed with running water for 10 seconds. The
slices were immersed in 0.2% ammonia water
for 20 seconds for bluing, washed with running
water for 3 minutes, and washed with ddH,O
for 2 minutes. For staining, they were immersed
in 0.5% eosin solution for 2 minutes. After
washing with ddH,0O for 10 minutes, they were
dehydrated through sequential concentrations
of alcohol for 5 minutes each time, and
immersed two times in xylene for 5 minutes
each. The slices were mounted with xylene-
based mounting medium.

Immunohistochemistry assay

Monoclonal antibody Mab 948 (Millipore, USA),
the CVB3 VP1-specific mouse antibody, was
used as the primary antibody. Formalin-fixed,
paraffin-embedded tissues were sliced into
3.5-um sections. The sections were incubated
at 56°C for 30 minutes, deparaffinized two
times in xylene for 15 minutes each. Slices
were rehydrated through sequential concentra-
tions of alcohol and ddH,O. Antigen retrieval
was done by boiling in 10 mM citrate buffer at
pH 6.0 for 10 minutes in a microwave oven, the
slices were cooled in the buffer for at least 1
hour at room temperature, and washed two
time in PBS. Moreover, endogenous peroxidase
was blocked by 3% hydrogen peroxide in water
for 3 minutes at room temperature. After rins-
ing, slides were incubated with bovine serum
albumin (BSA) for 10 minutes to block nonspe-
cific staining. The primary monoclonal antibody
was incubated with the slices at 4°C overnight.
After extensive washing, slides were incubated
at room temperature for 30 minutes with bio-
tin-labeled goat anti-mouse antibody (1:200
final dilution; Vector Laboratories, Burlingame,
CA, USA), and for 30 minutes with avidin-biotin
peroxidase complexes (1:25 final dilution;
Vector Laboratories). Diaminobenzidine (DAB)
(0.06%) was used as the final chromogen, and
hematoxylin was wused as the nuclear
counterstain.

In situ end labeling programmed cell death
assay

Formalin-fixed, paraffin-embedded tissues
were sliced into 3.5-um-thick sections. The slic-
es were incubated at 56°C for 30 minutes,
deparaffinized two times in xylene for 15 min-
utes each, and rehydrated through sequential
concentrations of alcohol and ddH, 0. To deacti-
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vate endogenous peroxidase, the deparaf-
finized slices were incubated with 3% H,O, for
10 minutes at room temperature. The TUNEL
staining was processed using a TUNEL cell
apoptosis test kit (ZK-8005; Zhongshan
Goldenbridge Biotechnology, PRC). Finally, they
were slightly re-stained with hematoxylin.

Pathological score

The slides were scored by two individuals sepa-
rately. So, the pathological changes in 57 virus-
inoculated mice (Fifty-seven samples of each
tissue) were scored twice, and the total number
was 114 for every kind of tissue. Necrosis and
inflammatory exudation were noted. The
degrees of severity include mild, moderate and
severe. The mild level was scored 1-2; moder-
ate, 3-4; severe, 5-6; and no obvious pathology,
0. According to inflammatory exudation, every
tissue could acquire an additional score of 1-2,
and the greater the exudation, the higher the
score acquired. Thus, the score range was 0-8.
For lungs, mild pathology was manifested by
interstitial tissue thickening, vascular conges-
tion, tissue edema, and alveolar collapse; mod-
erate pathology was manifested by consolida-
tion of the lungs and further deterioration; and
severe pathology was manifested by the
destruction of tissue structure, and advanced
consolidation. For liver, mild pathology was
manifested by degeneration of hepatic cells
and spotty necrosis; moderate pathology was
manifested by focal and moderate bridging
necrosis; and severe pathology was manifested
by sub-massive and massive necrosis. For
heart, mild pathology was manifested by tissue
swelling and cell degeneration; moderate
pathology was manifested by local necrosis;
and severe pathology was manifested by sub-
massive and massive necrosis. Each lesion
was scored according to the pathological scor-
ing system. The significant pathological lesions
criterion was set at a score >3. Therefore, the
pathological lesion rates were calculated.

Mutation sites alignment and structure gen-
eration

The genomic sequences of strain Macocy
(GenBank accession number: JQ040513),
Nancy (GenBank accession number:
JNO48468), 0 (GenBank accession number:
AY752945) and 28 (GenBank accession num-
ber: AY752944) were aligned by BioEdit 7.0.8
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Figure 1. The infection and pathology of the liver, lung and heart respectively. The virus strain for infection was CVB3 Nancy strain and Macocy strain, and at the
72" hour after infection the tissue was harvested for pathology exam. The two strains are not distinguished in this statistical work. A. The liver, lung and heart were
harvested. The infection rates as well as negative percentages of IHC of CVB-infected organs were exhibited on the stacked column. B. The positive lesion rates as
well as negative rates of CVB-infected liver, lung and heart were exhibited on the stacked column. C. The median of the pathology scores on liver, lung and heart
were shown. The error bars represent the ranges of the score of each tissue. D. The mode of the pathology scores on liver, lung and heart were shown. The error
bars represent the ranges of the score of each tissue. E-G. Three bar charts show the frequency distribution of pathology score for lung, liver and heart. The score
ranges 0 to 8, and the y-axis shows the frequency of every score.
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software, as described previously [24]. The
consensus alignment was compared carefully
to identify the nucleotide mutations in 5 UTR
and the amino acid differences in the polyprot-
ein. The sequences are available in GenBank.
Protein (VP3, VP1 and 2A) structures of strain
Macocy were generated by homology modeling
at SWISS-MODEL in project mode, as described
previously [25-27].

Statistical analysis

The data were analyzed by SPSS 17.0 for
Windows. For multi-comparison among heart,
liver and lung for the pathological lesion rates
and infection rates, Chi-Square test for 2x4
contingency table method was used with a sig-
nificance level a=0.05. For pairwise compari-
son in heart, liver and lung for the pathological
lesion rates and infection rates, Chi-Square
test for 2x2 contingency-table method was
used with the significance level a=0.0083
which was calculated by the Bonferroni method
[28], in which for comparing liver and lung for
the infection rates, Fisher’s exact test for 2x2
contingency-table method was used. For multi-
comparison among heart, liver and lung for the
median of pathology score, Kruskal-Wallis test
was used with a significance level a=0.05, and
for pairwise comparison in heart, liver and lung
for the median score, Kruskal-Wallis test was
used with the significance level a=0.0042
which was calculated by the previous method
[29].

For assessing the statistical significance of
fatality rates and infection rates in heart, liver
and lung for the Macocy and Nancy groups, Chi-
Square test for 2x2 contingency table method
was used with significant level a=0.05.

For assessing the difference of fatality rates for
group Macocy versus Nancy, Chi-Square test
for 2x2 contingency-table method was used
with significance level a=0.05. For assessing
the difference of infection rates for group
Macocy versus Nancy in heart and liver, Chi-
Square test for 2x2 contingency-table method
was used with significance level a=0.05, and in
lung, Fisher's exact test for 2x2 contingency-
table method was used with significance level
a=0.05. For assessing the difference of patho-
logical lesion rates for group Macocy versus
Nancy in heart, Chi-Square test for 2x2 contin-
gency-table method was used with significance
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level a=0.05, and in lung and liver, Fisher’s
exact test for 2x2 contingency-table method
was used with significance level a=0.05.

The sample size per group and the statistical
power were calculated by the formulas for Chi-
Square test [30, 31], and Fisher’s exact test
[32] with significance level a=0.05.

Results
Fatality, gross anatomy and general pathology

The fatality rates were 4.55% (2 deaths) in the
mock control, 31.82% (14 deaths) in the Nancy
group, and 38.64% (17 deaths) in the Macocy
group at 72 hours after infection. The fatality
rates in both the Macocy (p<0.001) and Nancy
(p<0.001) groups were very highly significant
[29].

The symptoms observed in the Macocy and
Nancy groups were almost identical. After inoc-
ulation and during 72 hours incubation, every
virus-inoculated mouse had diarrhea with the
clinical signs of watery stools and abdominal
distension, and developed marasmus. Skin
redness was also observed all over the body.
The symptoms were the same as the clinical
symptoms at the onset of infection [33, 34].
When the abdomen was opened by incision, we
visually found that all the pancreases had
almost been dissolved and had liquefaction
necrosis. We also observed intestinal tympani-
tes and localized liquefaction necrosis of abdo-
men tissue on gross. The lungs, liver and heart
had serious infections (Figure 1A) with patho-
logical lesions (Figure 1B). The pathology
scores of the different organs are shown in
Figure 1C-G.

CVB-induced pneumonitis

In lung tissues, immunohistochemistry showed
that 96.30% of tissues were positive for Macocy
strain and 96.67% for Nancy strain. This clearly
demonstrated that the lungs of infected neona-
tal mice were severely infected by Nancy
(p<0.001) and Macocy (p<0.001) strains.
Besides, there was a high positive rate of path-
ological lesions in the lungs (82.46%) (Figure
1B) and a high positive rate of infection rate
(96.49%) for both strains all together (Figure
1A). The median and mode of the lung patho-
logical scores was 6 (Figure 1C, 1D), which rep-
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Figure 2. Pathological changes of lung in CVB-infected mice at the disease onset phase. The virus strain for infection
was CVB3 Nancy strain and Macocy strain, and at the 72" hour after infection the tissue was harvested for pathol-
ogy exam. The two strains are not distinguished in this statistical work. (Images A-D) Display the H&E stained slices,
in which (image A) is the mock control, and (images B-D) show the pathology lesions of pulmonary lobes. (Images
E-H) Display the IHC staining samples, in which (image E) is the mock control of IHC staining. Brown (images F-H)
represents CVB virus which was prevalent with severe pathology in the tissue. All the bars in the pictures represent
50 um. Magnification, x120 for (images D, E), magnification, x240 for (images A-C, G, H); magnification, x480 for

(image F).

resent the upper median level of lung damage
with inflammatory infiltration. The score range
was 0-8, and 53.5% of samples scored 6-7
(Figure 1E). Diaminobenzidine (DAB) staining
demonstrated that the virus was widely spread
in the lung tissue (Figure 2F-H). Pathological
lesions in the lungs were obvious in the hema-
toxylin and eosin (H&E)-stained samples
(Figure 2B-D). We observed that the alveoli
were filled with blood cells (Figure 2B, 2C),
which is a proof of severe diffuse alveolar hem-
orrhage. The septa of dilated pulmonary alveoli
were interrupted and alveoli fused into large
capsular spaces (Figure 2B-D). Severe pulmo-
nary consolidation was also observed (Figure
2B, 2C). Inflammatory cells and fibrin infiltrated
into the pulmonary consolidations regions
(Figure 2B, 2C). Compared with normal tissue
in the control group, some alveolar septa of
infected lungs were obviously widened (Figure
2B-D, 2F). Besides, some lung tissues revealed
atelectasis characterized by incomplete expan-
sion of the alveoli (Figure 2G). Others showed
emphysema, which was caused by destruction
of the alveolar walls (Figure 2H). Based on the
pathological analysis, it can be concluded that
the mice infected by CVB had severe viral
pneumonitis.

CVB-induced hepatitis

Immunohistochemistry showed that 99.99% of
tissues were positive for Macocy strain and
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Nancy strain respectively, which demonstrated
that almost all the livers of neonatal mice were
infected and damaged (Figure 1A, 1B). Indeed,
the apoptosis rates in the Nancy (76.67%) and
Macocy (96.30%) groups were very high (Figure
3K). These data suggest that most of the liver
tissue was destroyed, accompanied with
inflammatory infiltrate. Thus, the pathological
assay demonstrated that these mice had acute
viral hepatitis.

CVB-induced myocardial infection

Seventy-two hours after virus inoculation, CVB
virus was detected in cardiac muscle fibers
with a positive rate of 66.67% in the Nancy
group and 77.78% in the Macocy group (Figures
1A, 4E, 4F). There was a very highly significant
difference in infection rate between the control
group and the Nancy (p<0.001) and Macocy
(p<0.001) groups with an infection rate of
71.93% for both strains all together (Figure
1A). However, for both infection groups heart
pathology lesions were not obvious generally
compared with the control group, with a low
rate of only 26.32% all together (Figures 1B,
4A-C). In fact, both the mode and median score
for heart pathology was 2 (Figure 1C, 1D),
which meant that most cardiac muscle was not
seriously injured, and cellular necrosis was
scarcely observed. The scores for the heart
ranged from O to 6 (Figure 1G). Nearly 75% of
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Figure 3. Pathological changes of liver with the apoptosis rates in CVB infected mice at the disease onset phase.
The virus strain for infection was CVB3 Nancy strain and Macocy strain, and at the 72" hour after infection the tis-
sue was harvested for pathology exam. The two strains are not distinguished in this statistical work. (Images A-D)
Display the live slices stained with H&E, in which (image A) is the mock control, while (images B-D) show severe
pathological changes. The arrows in (images B-D) point the accumulation areas of inflammatory cells. (Image D)
is a magnifying photograph of (image C). The area was marked in the (Image C) (green box). (Images E-H) Display
the picture of IHC assay, in which (image E) is the mock control. In (images F-H), Brown represents CVB virus which
was prevalent with severe hepatocyte lesions, tissue structure damage and inflammatory cell infiltrate in the tis-
sue. The arrow in (image F) and the left arrow in (image G) point two accumulation areas of inflammatory cells. The
right arrow in (image G) and the arrow in (image H) point two of a large number of injured cells. (Images I-K) Display
CVB-induced hepatocyte apoptosis. The arrow (image K) points one hepatocyte which was undergoing apoptosis. All
the bars in the histological pictures represent 50 um. (Image L) is a stacked column that shows apoptosis rates by
CVB3/Nancy strain and Macocy strain as well as negative rates in different groups. Magnification, x240 for (images
A-C, E); magnification, x480 for (images D, F-J); magnification, x1200 for (image K).

heart samples had a score of 0-2, whereas
<5% had a score >6 (Figure 1G).

Diversity of systemic infection by statistical
comparison

Heart, lungs and liver had various degrees of
infections (Figure 1A) and pathology lesion
(Figure 1B) at the 72" hours after infection. In
the two groups of neonatal mice, pneumonia,
hepatitis and myocardial injury were concur-
rent; the diffuse pneumonia and hepatitis were
fulminant and severe, while the myocardial inju-
ry was mild. For judging the different severities
of these diseases, we first compared the infec-
tion rates of the three tissues, and found that
they differed significantly (p<0.001). Based on
prerequisite multiple comparisons, the infec-
tion rates were compared between every com-
bination of two types of tissues. There were no
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significant differences in the comparisons
between liver and lung (p=0.154), whereas
there were significant differences in the other
comparisons for heart versus liver (p<0.001)
and heart versus lung (p<0.001). Thus, the
infection rate of liver (99.99%) was significantly
greater than that of heart (71.93%), while that
of lung (96.49%) was significantly greater than
that of heart (71.93%). Subsequently, we com-
pared the pathological lesion rates among the
three tissues, and found that they were signifi-
cantly different (p<0.001). Based on these pre-
requisite multiple comparisons, we compared
the pathological lesion rates between every
combination of two tissues. There was no sig-
nificant difference in the comparisons for liver
versus lung (p<0.087), whereas there were sig-
nificant differences in the other comparisons
for heart versus liver (p<0.001) and heart ver-
sus lung (p<0.001,). Therefore, the lesion rate
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Figure 4. Pathological changes of heart in CVB infected mice at the disease onset phase. The virus strain for infec-
tion was CVB3 Nancy strain and Macocy strain, and at the 72" hour after infection the tissue was harvested for
pathology exam. The two strains are not distinguished in this statistical work. (Images A-C) Display the slices stained
with H&E on heart, in which (image A) shows the normal state as a mock control, while (B and C) does not displays
the evident pathology of CVB-infected heart. (Images D-F) Display the result of IHC assay, in while (C) is a mock
control. Brown (images E and F) shows the CVB virus in heart. The arrow (image F) points the accumulation areas
of inflammatory cells. All the bars in the histological pictures represent 50 um. Magnification, x240 for (image A);

magnification, x480 for (image B-F).

of liver (92.98%) and lung (82.46%) was signifi-
cantly greater than that of heart (26.32%). Also,
the median scores among the three tissues
were compared, and they were significantly dif-
ferent (p<0.001). Based on these prerequisite
multiple comparisons, the median scores
between every combination of two tissues were
compared. There was no significant difference
in the comparisons for liver versus lung
(p=0.179), while there were significant differ-
ences in the other comparisons for heart ver-
sus liver (p<0.001) and heart versus lung
(p<0.001). Thus, the median score for liver (6)
and lung (6) was significantly greater than that
for heart (2) (Table 1).

No difference between Macocy and Nancy
strains

There was no difference in fatality rates, infec-
tion rates and pathological lesion rates
between the Macocy and Nancy strains. The
fatality rates of mice at 72 hours were com-
pared in the Macocy and Nancy groups, and
there was no significant difference (p=0.503).
When we compared the infection rates in the
Macocy and Nancy groups, there was no signifi-
cant difference in heart (p=0.351), liver (the
infection rates of liver in both groups are
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>99.9%) and lung (p=1.000). The pathological
lesion rates in the Macocy and Nancy groups
did not differ significantly in heart (p=0.590),
liver (p=1.000) and lung (p=1.000), with
a=0.05. From the three-ply comparisons with
pathological observation, we found that the
virulence of stain Macocy was similar to that of
Nancy in heart, liver and lung. Since we con-
firmed that there was no difference between
these two experimental groups, the two groups
formed a mutual control group for the
experiment.

The sample size for statistical tests

We calculated a series of sample sizes for the
statistical tests. As the sample size varied, so
too did the power values. In terms of the statis-
tical test for infection rates, from the variation
tendency of sample size, it was apparent that
even if the sample size was 1, there would be a
chance to find a significant difference for CVB3
infecting these tissues (power >0.593) (Figure
5A). In terms of pairwise comparisons for the
infection rates and pathological lesions for
heart, liver and lung tissues, from the variation
tendency of sample size, we found that the min-
imum acceptable sample size was approxi-
mately 40, as the power values for statistical
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Table 1. The median of score, pathological lesion rates and infection rates

for multi-comparison and pairwise-comparison

Discussion

Median Score

Pathological Le-
sion Rate (%)

An acute systemic dis-
ease model by CVB on
neonatal mice was

Infection Rate (%)

Heart 2 (15/57) 26.32 (41/57) 71.93 established. The pat-

Liver 6 (53/57) 92.98 (57/57) 99.99 hology assays, the

Lung 6 (47/57) 82.46 (55/57) 96.49 pathological scoring,

Total - (141/228) 61.84 (200/228) 87.72 the statistical tests

Hypothesis Test Kruskal-Wallis ~ Chi-Square Chi-Square and the mutual control

p-value (multi-comparison)? <0.001 <0.001 <0.001 groups .de.r-nonstrated
; the reliability of the

p-value (heart:liver)® <0.001 <0.001 <0.001 model.

p-value (heart:lung)® <0.001 <0.001 <0.001

p-value (liver:lung)® 0.179 0.087 0.154¢ It was difficult to col-

ap-value for the multi-comparison among heart, liver and lung. °p-value for the pairwise-

lect the pancreatic tis-

comparisons between heart and liver, heart and lung and liver and lung respectively. It was sue which showed

calculated by Fisher’s exact test.

tests with significance were >0.654 then.
Meanwhile it cannot get an ideal sample size
for those tests without significance, as all the
power values were very small (power <0.353)
(Figure 5B). In fact, 57 was the real size that we
adopted in the experiment. In terms of infection
and pathological lesions comparison tests for
the Nancy versus Macocy groups, from the vari-
ation tendency of sample size, it was apparent
that we cannot get a sample size for these tests
without significance. Even if the sample sizes
increased to nearly 100, there would be little
chance of finding a significant difference (power
<0.412) (Figure 5C).

Sequence mutation

The 5’ UTR sequences and polyprotein sequenc-
es of strain Macocy, Nancy, 28 and O were
aligned. Strain Macocy is a variant of Nancy;
therefore, we focused on the mutation sites of
Macocy comparing strain Nancy. In 5 UTR of
strain Macocy, 408G and 581T were unique,
but the other mutation sites (125A, 529T, 578A
and 586T) were the same with strain 28. In the
polyprotein of strain Macocy, there were five
mutations. 5631 mutation was the same as in
strain 28. But the other four mutations (566K,
829R, 861V and 1486Y) were unique to
Macocy. There was a site 234U in the 5’ UTR of
strain Macocy, which was the same as in
Macocy, Nancy and 28, but in strain O it was
234C (Table 2). The mature protein structures
(VP3, VP1 and 2A) of strain Macocy were gener-
ated by homology modeling, and the unique
mutation sites are shown in Figure 6.
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extensive necrosis,

the probable mecha-
nism being pancreas autodigestion. In the
acute pancreatitis stage, the pancreatic diges-
tive enzymes are activated in pancreatic gland,
and the autodigestion happens. Pancreatitis
can be used as an ideal criterion to establish
whether mice are infected by CVB, because it
can be caused by any CVB strain in mice [9].
Combined with statistical tests, our pathologi-
cal assay showed that the inoculated mice suf-
fered from pancreatitis, hepatitis, pneumonitis
and mild myocardial injury simultaneously at
72 hours, which is the onset of acute infection.
Indeed, the validity of infection rates of the four
tissues must be statistically tested, even
though pathological judgment could exclude
false-positive results.

The fatality rate of the infected neonatal mice
(31.82 - 38.64%) is similar to the neonatal
humans (11.1% - 40.0%). Pneumonitis, hepati-
tis and myocardial injury were observed, and
the pancreas was badly damaged. This is very
similar to the situation in humans. The infection
in newborn mice are more severe that in new-
born humans. Considering good medical care
in newborn humans, it was reasonable that
newborn mice had more severe acute disease
than newborn humans. Also, the separation of
newborn mice from their mother would create
stress, which would affect the immune system.
This may be another factor that contributed
more severe infection in neonatal mice.
However, the circumstance without medical
care, under which mice stayed, helped reveal-
ing more details of the disease. Concerning the
2 deaths in the control group, it was a natural
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Figure 5. The sample size in statistical tests. A. The trend of sample size for the infection of heart, liver and lung of
group Macocy and Nancy was shown by the six color lines, with the arising of the power value. The power* repre-

sents the mathematically changed power by logio — —, in which x = power and power * = log;o — . For instance,

- X 1-x
power* of 0.39 equals power of 0.59, power* of 1.52 equals power of 0.97 and so on. B. The trend of sample size
for comparing the lesions of heart-liver, heart-lung, and liver-lung, as well as the infection of heart-liver, heart-lung,
and liver-lung was shown by the six color lines, with the power value arising. C. The trend of sample size for compar-
ing the infection and lesions respectively for group Macocy versus Nancy on heart, lung and liver was shown by the
five color lines, with the power value arising.

Table 2. Mutation sites in 5" UTR and polyprotein comparing strain Macocy, Nancy, 28 and O

Nucleotide sites (nt)° Amino acid sites (aa)?

Strain 5' UTR (1-742) VP3(333-570)  VP1(571-854) 2A(855-1001) 3A (1430-1518)

125 234 408 529 578 581 586 231(563) 234 (566) 259 (829) 7 (861) 57 (1486)
Macocy* A U G T A T T | K R Vv Y
Nancy G U A C G C C T E K A H
28 A u A T A C T | E K A H
oP A C A T A C T | E K A H

aPositions in bold are unique in strain Macocy comparing the other cadiovirulence strain-Nancy and 28. °The position in bold are unique in strain O
comparing the cardiovirulence strains. °Positions are numbered from the start of the nucleotide sequence. “Position numbers out of the brackets
are started from the N-terminal of each mature protein sequence, and position numbers in the brackets are started from the start coden for each

potein sequence.

fatality in neonatal mice. The neonatal mice
were raised separated with their mothers,
which may increase the fatality rate. The human
and mouse model systems differ due to the
medical care and environment in which the
human neonates are treated. Natural death
rate was 4.5%, which was statistically low as
compared to the infected groups.

There is no doubt that CVB can induce myocar-
ditis considering that there were enormous
clinical and laboratory report on the relation-
ship between CVB and myocarditis [35-37].
However, several epidemiological studies,
which are about acute enterovirus-induced clin-
ical features on neonates, seldom refer to myo-
carditis [33, 38]. Meanwhile, there are 1.5% of
all enteroviral infections presenting cardiovas-
cular symptoms. Although the cardiovascular
symptoms are mostly induced by CVB, the inci-
dence for CVB infection is only 3.5% [39, 40]. In
other words, these reports are in conflict with
the thought that CVB has an ability of infecting
neonates with high fatality rate. In our research,
the neonatal mouse model indeed showed that
the myocardium was infected by CVB strains
but the pathological changes were mild (Figure
4B, 4C, 4E and 4F), while lung, liver and other
organs were severely infected and injured. It is
noticeable that this myocardial injury was a
kind of mild myocarditis, although it was not
evident generally with large sample size.
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For comparing the severity of this systemic dis-
ease, the infection rates, pathological lesion
rates and scores of each organ were consid-
ered. The pathological diversity of this systemic
disease revealed that the severity of pneumo-
nia, hepatitis and myocardial injury was differ-
ent at the acute onset stage, when hepatitis
and pneumonia were more severe diseases
than myocardial injury. It can be presumed that
the large fatality rates of the experimental mice
(31.82% in Nancy group and 38.64% in Macocy
group) mainly came from suffering from severe
pneumonia and hepatitis, or the combination
of muti-organs diseases.

The report of CVB-induced hepatitis can be
traced back to the era of coxsackievirus just
found. After that, it has paid enough attention
to CVB-induced encephalitis and myocarditis,
but not to CVB-induced hepatitis. Clinically,
about half of the infants with neonatal enterovi-
rus infection have the signs of hepatitis with
jaundice [41]. And some of the patients with
hepatitis will progress to fulminant hepatitis
with the symptoms marked by serum amino-
transferase activity abnormal, jaundice and
coagulopathy in the acute CVB infection [42,
43]. Lin TY et al reported that 42 (30%) neo-
nates among the 146 cases had developed the
hepatitis with coagulopathy and 10 (24%) of the
42 patients had fatal outcomes [7]. This result
is in accord with another enterovirus-induced
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Figure 6. The proteins’ structure of CVB3/Macocy
strain with mutation sites. The orange marks the mu-
tation sites of strain Macocy comparing its parental
strain Nancy. Picture A. Shows the VP3 protein struc-
ture of CVB3/Macocy strain, and two mutation sites
(le231, Lys234) were marked. Picture B. Shows the
VP1 protein structure of CVB3/Macocy strain, and
one mutation site (Arg259) was marked. Picture C.
Shows the 2A protein structure of CVB3/Macocy,
strain and one mutation site (Val7) was marked.

disease study which reported that there was a
mortality rate of 31% on neonates’ fulminant
hepatitis with coagulopathy [13]. Our mouse
model also showed the severe acute viral hepa-
titis with massive virus-induced hepatocyte
apoptosis (Figure 3B-D, 3F-H and 3J-L).
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In both the clinical survey and our results, acute
CVB infection on neonate could induce severe
pneumonia, hepatitis. Our model showed the
rates for hepatitis were higher than that for the
myocardial injury with very high significance.
This result is in accord with the epidemiological
surveys and clinical reports that infants with
CVB infection could suffer from high possibility
on hepatitis but not myocarditis [7, 33, 38-41,
44]. Indeed, severe hepatitis in neonates is an
important lethal factor [7, 42, 45]. At the same
time, the pathological test with statistical anal-
ysis shows the rates for pneumonia are higher
than that for myocardial injury with high signifi-
cance too. In fact, there is a report about CVB
inducing neonatal death because of pneumo-
nia [8]; while there is another 401 cases viral
pneumonia diagnosis including mycoplasma
reveals that 9.2% pathogenic organism respon-
sible for it is CVB [46]. Actually, even though the
pneumonia is not the hot spot of CVB infection
research, there is a report that the CVB can
induce many respiratory symptoms [14, 15],
which could be fatal for neonates.

Based on the surveys of others and our mouse
model study, it can be indicated that CVB-
induced hepatitis and pneumonia play a far
more important role than myocarditis on high
infancy fatality rate, although myocarditis could
be concurred with hepatitis.

Clinical reports have revealed that CVB infec-
tion can cause respiratory symptoms [14, 15].
We found severe pneumonitis in our combined
disease model. Coxsackievirus A21 can be
transmitted effectively from person to person
by aerosols [47]. Due to CVB virions are very
stable for at least 24 hours under conditions
similar to a household environment [48], CVB
may infect host cells if it is active. It is tempting
to speculate that CVB can be transmitted by air
in addition to the classical fecal-oral route and
by vertical transmission from mother to infant.

The unique sites in the 5" UTR (408T and 581G)
and polyprotein (566K, 829R, 861V and
1486Y) of strain Macocy did not change the
virulence of CVB3 in the early phase of infec-
tion. By sequence identity comparison, we
found that strain O and 28 are the most two
similar strains with Macocy with sequence
identity of 99.69% and 99.73% respectively.
Thus, we chose these two strains and Nancy
strains to analyze the genome difference.
Based on the pathological analysis of the early
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phase of acute neonatal infection, it was evi-
dent that the virulence of the strain Macocy
was similar to that of strain Nancy, so the six
unique sites did not change the virulence. We
aligned the 5 UTR and polyprotein of strains
Macocy, Nancy, 28 and 0O, in which strains
Nancy and 28 are cardiovirulent, and strain O is
not cardiovirulent [49]. It was remarkable that
the 234C site in avirulent strain O, which is a
crucial site relating to non-cardiovirulence [49],
was different from the site in strain Macocy,
Nancy and 28 (all of the tree strains were
234U). That is to say, 234C site determined the
avirulence of CVB3, while 234U site related to
the cardiovirulence. In the secondary structure
of 5" UTR, the two mutation sites 408G and
581T are not present in the paired region [50].
Mutation in VP1 is near to the C terminus of the
protein and there is no secondary structure.
Mutations in VP3 also occurred at the C termi-
nus of this protein and there is no secondary
structure either. Therefore, mutations in this
area should not damage the whole structure of
the protein and affect its function. In 2A prote-
ase, the mutation site Val7 was present in
B-strands. However, this change does not alter
the hydrophobic nature of this site. Furthermore,
some CVB4 virulent strains also have Val at this
site. Thus, in CVB3, Val7 mutation in 2A prote-
ase does not affect its function [51].

Our scoring system was based on the classical
pathological changes in tissue injury. The path-
ological score can be used to quantify the path-
ological changes, by which we confirmed the
CVB-induced injury in liver, lung and heart tis-
sues. The pathological scoring is a standard
criterion to qualify the degrees of tissues
lesions and makes the analysis more accurate
and objective. As the scores are non-paramet-
ric data, Kruskal-Wallis test was chosen.

The statistical tests showed that there were no
significant differences between strains Macocy
and Nancy when comparing the fatality rates,
immunohistochemical staining and pathologi-
cal lesions. Meanwhile, the CVB3-induced
symptoms in both groups of mice were identi-
cal. Thus, the CVB-induced pathological chang-
es were confirmed by the mutual control groups,
since the benefit of two identical mutual control
groups was for well demonstrating the reliabili-
ty of the model.

The statistical power is a parameter for calcu-
lating the significant sample size for every sta-
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tistical test. Larger power value reveals a great-
er chance of finding a significant difference,
whereas very small power value reveals little
chance of finding a significant difference. The
power value is positively relative to the sample
size for a hypothesis test. Hence, we can get
the smallest sample size by which a significant
experimental result can be obtained.
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