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Aims The coxsackievirus B3 (CVB3) mouse myocarditis model is the standard model for investigation of virus-induced
myocarditis but the pancreas, rather than the heart, is the most susceptible organ in mouse. The aim of this study
was to develop a CVB3 mouse myocarditis model in which animals develop myocarditis while attenuating viral in-
fection of the pancreas and the development of severe pancreatitis.

Methods We developed the recombinant CVB3 variant H3N-375TS by inserting target sites (TS) of miR-375, which is specif-

and results ically expressed in the pancreas, into the 3’UTR of the genome of the pancreo- and cardiotropic CVB3 variant H3.
In vitro evaluation showed that H3N-375TS was suppressed in pancreatic miR-375-expressing EndoC-BH1 cells >5
logqo, Whereas its replication was not suppressed in isolated primary embryonic mouse cardiomyocytes. In vivo, in-
traperitoneal (i.p.) administration of H3N-375TS to NMRI mice did not result in pancreatic or cardiac infection. In
contrast, intravenous (i.v.) administration of H3N-375TS to NMRI and Balb/C mice resulted in myocardial infection
and acute and chronic myocarditis, whereas the virus was not detected in the pancreas and the pancreatic tissue
was not damaged. Acute myocarditis was characterized by myocardial injury, inflammation with mononuclear cells,
induction of proinflammatory cytokines, and detection of replicating H3N-375TS in the heart. Mice with chronic
myocarditis showed myocardial fibrosis and persistence of H3N-375TS genomic RNA but no replicating virus in
the heart. Moreover, H3N-375TS infected mice showed distinctly less suffering compared with mice that developed
pancreatitis and myocarditis after i.p. or i.v application of control virus.

Conclusion In this study, we demonstrate that by use of the miR-375-sensitive CVB3 variant H3N-375TS, CVB3 myocarditis
can be established without the animals developing severe systemic infection and pancreatitis. As the H3N-375TS
myocarditis model depends on pancreas-attenuated H3N-375TS, it can easily be used in different mouse strains
and for various applications.
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1. Introduction

Coxsackieviruses of group B (CVB) are non-enveloped, single-(+)
stranded RNA viruses, which belong to the genus Enterovirus of the family
Picornaviridae. Systemic infection with CVB occurs via the gastrointestinal
tract. After entering via the small intestine, the virus infects adjacent
organs and later spreads to other organs.1 Acute CVB infection can cause
mild (flu-like symptoms) to severe (aseptic meningitis, encephalitis, and
myocarditis) disease. In newborns, CVB can induce severe systemic infec-
tion, leading to cardiac or multi-organ failure.>* In adults, cardiac CVB in-
fection is of particular importance.* CVB is found in almost 25% of
patients with viral myocarditis and CVB3 is the most studied human path-
ogen of viral myocarditis.® In the heart, CVB infects not only cardiomyo-
cytes but also endothelial cells, cardiac fibroblasts, and immune cells®®”
leading to induction of acute, subacute, and chronic myocarditis. The
acute form is characterized by detection of virus in the heart, damage of
cardiomyocytes, and infiltration of the tissue with immune cells. Acute
myocarditis can resolve or proceed to chronic myocarditis.®” This stage
is associated with persistence of the CVB genome and persistent inflam-
mation and progressive fibrosis in the absence of replicating virus.®'® As a
consequence of disease progression, patients can develop severe cardiac
dysfunction, dilated cardiomyopathy, and heart failure.""?

A mouse model of experimental CVB-induced myocarditis was estab-
lished about 60 years ago by intraperitoneal (i.p.) infection of mice with
CVB3.">™ Because of the resemblance of myocardial injury in mice to

1516 this model has become the stan-

that occurring naturally in humans
dard for the investigation of experimentally virus-induced myocarditis
in vivo. Infection of mice with CVB3 typically results in multi-organ dis-
ease, often with a fatal outcome.™” The pancreas is the most susceptible
organs for CVB3 in mice™'®"? and infection of the pancreas seems to be
of particular importance for development of murine myocarditis.
Frequently, it has been assumed that the pancreas is the first major site
of abundant virus replication, acting as a reservoir from which the virus
spreads to the heart and probably determines the cardiovirulence of the
virus."1820.21 However, the latter has not been definitively clarified yet,
as a more recent study concluded that pancreatic infection has little ef-
fect on cardiac CVB3 infection and pathology.?

According to the course of infection, the CVB3 mouse myocarditis
model mimics CVB3 disease in infants rather than in adults.® In particu-
lar, severe systemic disease and severe pancreatitis, which almost always
occurs in infected mice,'® is a rare event in adult patients with myocardi-
tis.2 In this study, we analysed the possibility of restricting CVB3 infec-
tion to the heart, while attenuating its replication in the pancreas. To this
end, we developed the genetically engineered CVB3 variant H3N-375TS
bearing target sites (TS) to the pancreas-specific expressed miR-375.
The virus was studied for its sensitivity to miR-375, and for its replication
in cardiac and pancreatic cells in vitro. Furthermore, H3N-375TS was
evaluated for its ability to induce myocarditis and pancreatitis in vivo in
two mouse strains.

2. Methods

An expanded Methods section is available in the Supplementary material
online.

Myocarditis

Pancreas e icroRNA target sites

Mouse model o Intravenous e Intraperitoneal e

2.1 Development of recombinant miR-TS-
containing CVB3, determination of virus
concentration and titration

For cloning and engineering of recombinant CVB3 bearing miR-TS, the
plasmid pBKCMV-H3 containing cDNAs of the genome of pancreo-
tropic and cardiotropic CVB3 strain H3%* was used. Viruses were propa-
gated by transfection of CVB3 cDNA plasmids into HEK293T cells and
amplified in Hela cells. Virus for intravenous (i.v.) application was puri-
fied and concentrated by ultracentrifugation through a 30% sucrose solu-
tion before use. To determine viral titres, viral plaque assays were
conducted as previously described.”®

2.2 Cell cultures

HEK293T cells, Hela cells and the pancreatic cell lines EndoC-fH1,
PANC-1, and INS-1E were used for the in vitro investigations. Embryonic
mouse cardiomyocytes (EMCMs) were obtained from C57BL/6 mice on
embryonic day 14 and cultured as described elsewhere.*®

2.3 MiR microarrays, quantification by
RT-PCR

MiR microarrays were conducted with Affymetrix GeneChip miRNA
3.0 microarrays (Affymetrix Inc., Santa Clara, CA, USA). Expression lev-
els of pro-inflammatory cytokines IL-6, IL-2, IL-1[3, IFNy, and TNF-a and
microRNAs (miRs) were determined utilizing specific FAM-tagged
TagMan gene expression assays from Life Technologies (Waltham, MA,
USA\). For quantification of viral RNA, real-time PCR was performed us-
ing the primers 5-CCCTGAATGCGGCTAATCC-3' and 5-ATTGTC
ACCATAAGCAGCCA-3' and Sso Fast™" EvaGreen Supermix (Bio-
Rad, Hercules, CA, USA).

2.4 Western blot analysis, luciferase
reporter assay, immunohistochemistry,

and laser micro-dissection

Western blot analysis for detection of VP1 and y-tubulin was carried out
as described. "% Firefly and Renilla luciferase activities were measured us-
ing the Dual-Luciferase Reporter Assay (Promega GmbH, Mannheim,
Germany). Immunostaining, image acquisition, and processing were per-
formed as described.?” Laser micro-dissection of pancreas tissue was

carried out as described.?’

2.5 Plasmid and miR-Mimics transfection
HEK293T cells were seeded in six well plates and 24 h later, at a conflu-
ence of 70-90%, they were transfected with plasmid-DNA using
Polyethylenimine MAX 40K (Polysciences, Warrington, PA, USA). Hela
cells were transfected with miR-mimics using RNAi Max (Life
Technologies) as transfection reagent.

2.6 In vivo CVB3 infection

To investigate the acute course of CVB3 infection following i.p. applica-
tion, 6-week-old female NMRI mice (Charles River, Sulzfeld, Germany)
were ip. infected with 1 x 10° plaque forming units (pfu) of virus. To in-
vestigate the acute course of CVB3 infection following i.v. application, 6-
week-old female NMRI and female Balb/C mice (Charles River) were
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anaesthetized with isofluran and 5 x 10% to 1 x 108 pfu of virus were
injected into the left jugular vein. All animals were analysed 7 days after
virus infection, and Balb/C mice were also analysed 3 days after infection.
To investigate the chronic course of CVB3 infection, the virus was ap-
plied iv. to NMRI mice as described above. Animals were sacrificed by
cervical dislocation and analysed 28 days after viral infection. All in vivo
procedures were performed in accordance with the European principles
of laboratory animal care (Directive 2010/63/EU) and approved by the
local ethics committee (Landesamt fiir Gesundheit und Soziales, Berlin,
Germany).

2.7 Physical condition score,
histopathological analysis, and

haemodynamic measurements

The physical condition was scored by assessment of activity and body
posture by clinical inspection. For histopathological analyses, mouse tis-
sues were fixed in 4% formalin, embedded in paraffin, and 5 um cross-
sections were cut and stained with haematoxylin and eosin (H&E) or
with Masson’s trichrome to visualize fibrosis. To quantify myocardial
damage comprising cardiac cell necrosis, inflammation and scarring, a
myocarditis score was applied as described.>® Haemodynamic measure-
ments of cardiac function were recorded via conductance catheter in an
open-chest model as described previously.®!

2.8 Statistics

Results are expressed as means + SEM. To test for statistical significance
of in vitro data, an unpaired Student’s t-test was applied. Statistical signifi-
cance of in vivo data was determined using the Mann—Whitney U test.

3. Results

3.1 Evaluation of a pancreas-specific

expressed miR

To achieve selective inhibition of replication of a miR-TS containing
CVB3 in the murine pancreas, it was necessary to identify a miR which is
highly expressed in the pancreas with negligible expression in the heart.
Utilizing miR-chip analysis, we initially selected nine miRs (miR-690, miR-
375, miR-217, miR-216a, miR-216b, miR-200a, miR-200b, and miR-200c)
for further analysis because of their high expression in the murine pan-
creas (results not shown). Quantitative (q)RT-PCR revealed that miR-
375 and miR-690 were the most highly expressed in the pancreas. In the
heart, however, all miRs were barely expressed, with exception of miR-
690 which was distinctly expressed (Figure TA). Therefore, the most
highly and selectively expressed miR in the pancreas, miR-375, was se-
lected for further analysis of its expression in the exocrine pancreas. This
tissue represents the primary site of CVB3 replication in the murine pan-
creas (25). Using laser micro-dissection of pancreatic tissue and qRT—
PCR, we confirmed high expression of miR-375 in the exocrine pancreas
(Figure 1B). Finally, we analysed whether miR-375 recognizes miR-375TS.
To this end, three copies of the miR-375TS with perfect complementar-
ity to the mature miR-375 were inserted into the 3’UTR of a luciferase
expression cassette. Following co-transfection of the resulting luciferase
reporter plasmid with a miR-375 expression plasmid, a strong silencing
of luciferase expression was detected, confirming interaction of miR-375
with miR-375TS (Figure 1C).

3.2 H3N-375TS is efficiently inhibited
in miR-375TS expressing pancreatic
EndoC-fH1 cells but not in primary
EMCMs

Previously we have shown that efficient gene silencing can be achieved
by insertion of three copies of a miR-TS into the 3’UTR of a gene expres-
sion cassette.>? Thus, here three copies of the miR-375TS were inserted
into the 3'UTR of the RNA genome of the pancreo- and cardiotropic
CVB3 strain H3, leading to generation of H3N-375TS. A control virus
(H3N-39TS) was generated by insertion of three copies of a miR-TS of
the non-mammalian cel-miR-39 into the 3'UTR of the H3 genome
(Figure 2A).

To elucidate whether H3N-375TS can be inhibited by miR-375, we
transfected Hela cells with miR-375 mimics or miR control mimics and
infected the cells with H3N-375TS, H3N-39TS, or with H3. Plaque assay
carried out 24 h later revealed that H3N-375TS progeny production
was strongly inhibited by about 63-fold (98.6%) by miR-375TS mimics,
whereas they did not affect replication of H3N-39TS and H3 (Figure 2B).
To confirm that H3N-375TS replication is also inhibited in pancreatic
cells with endogenously expressed miR-375, three pancreatic cell lines
(Panc-1, INS-E1, and EndoC-BH1) were investigated for their miR-375
expression and their susceptibility to CVB3. Only EndoC-BH1
expressed high amounts of miR-375 and was susceptible to CVB3
(Supplementary material online, Figure STA-C). Therefore, this cell line
was used in all further investigations. Following infection of EndoC-f3H1
with H3N-375TS, replication of the virus was strongly inhibited by >5
orders of magnitude compared with H3N-39TS and H3, as determined
by virus plaque assay (Figure 2C). Inhibition of H3N-375TS replication in
EndoC-BH1 was confirmed by determination of expression of the H3N-
375TS VP1 and cleavage of the eukaryotic translation initiation factor
elF4G using western blots. Neither VP-1 expression nor cleavage of
elF4G was found in H3N-375TS-infected EndoC-BH1 cells, whereas
H3N-39TS and H3 infected cells showed abundant VP1 expression and
cleavage of elF4G (Figure 2D). To confirm uninhibited replication of
H3N-375TS in cardiac cells, EMCMs were infected with H3N-375TS
and analysed by plaque assay for production of viral progeny. The H3N-
375TS titres were very similar to those of the control viruses H3N-39TS
and H3, demonstrating that the replication of H3N-375TS was uninhib-
ited in cardiac cells (Figure 2E).

3.3 Intraperitoneal-injected H3N-375TS
does not induce pancreatitis and
myocarditis in NMRI mice

Intraperitoneal inoculation of adult mice with H3 leads to severe disease
with pancreatic and myocardial CVB3 infection.'?! To prove that H3N-
375TS does not replicate in the pancreas but infects the heart, we
infected NMRI mice i.p. with 1 x 10° pfu of H3N-375TS or the control
virus, H3N-39TS. The mice were analysed 7 days later, when acute myo-
carditis occurs after CVB3 infection.”’ As the clinical parameters to as-
sess the severity of CVB3 disease, we determined body weight
development and assigned a physical condition score. The body weight
of H3N-375TS infected mice was unchanged, whereas the physical con-
dition score was slightly reduced when compared to uninfected mice. In
contrast, both parameters were distinctly reduced in H3N-39TS
infected control animals (Figure 3A). Virus titres in the heart were deter-
mined by virus plaque assay, whereas qRT=PCR was used to determine
virus titres in the pancreas. Correlating with the reduced physical
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Figure | Expression of miRs in the pancreas and heart of mice in vivo
and in vitro silencing of miR-375TS-bearing luciferase reporter by miR-
375. (A) Expression levels of miRs in the pancreas and heart of mice.
Expression of the miRs was determined by qRT-PCR and normalized
against U6 snRNA; aU, arbitrary units. (B) Expression of miR-375 in the
whole pancreas, the exocrine pancreas, and in the Islets of Langerhans
of mice. Exocrine pancreas and Islets of Langerhans were dissected by
laser micro-dissection from murine pancreas tissue and investigated for
miR-375 expression by qRT=PCR. Expression levels in both tissues are
shown relative to whole pancreas (set = 1). Expression of the miRs was
normalized against U6 snRNA. (C) Silencing of miR-375TS-bearing fire-
fly luciferase reporter by miR-375. Hela cells were transfected with
miR-375 expression plasmid pCMV-MIR-375-GFP (miR-375) or con-
trol plasmid pscAAV-amiR-Hex (miR control) expressing an artificial
miR directed against the hexon gene of adenovirus 5. Cells were co-
transfected with pLuc-miR-375TS containing a miR-375TS in the
3'UTR of a Renilla luciferase (Rluc) reporter and luciferase activity was
determined 48 h later. Rluc activity was normalized against activity of
firefly luciferase, which was co-expressed from the same reporter plas-
mid. Silencing of miR-375TS bearing reporter was calculated relative to
control (set = 100%). Statistical significance was determined using un-
paired Student’s t-test; **P < 0.01. The experiment was performed
twice, each time in duplicate.

condition, H3N-39TS was detected at high titres of 5.8 x 10 copies/pg
RNA and 1.5 x 10° pfu/g tissue in the pancreas and the heart, respec-
tively (Figure 3B), and animals developed acute pancreatitis with massive
destruction of the exocrine pancreas tissue and moderate myocarditis
(myocarditis score 1.3) with multifocal tissue destruction and infiltration
of mononuclear cells (Figure 3C, D). In contrast, H3N-375TS was only
detected in the pancreas and the heart of two of seven animals, but even
in these cases at very low levels (Figure 3B). Correlating with the lack of

pancreatic and cardiac infection, the pancreas and heart tissues of H3N-
375TS-infected animals were intact and neither necrosis nor inflamma-
tion was seen (Figure 3C, D).

3.4 Intravenous-injected H3N-375TS
causes no pancreatitis but pronounced
acute myocarditis in NMRI mice

Based on the above results, we assumed that i.p. inoculation of H3N-
375TS leads to infection of the pancreas, where avoidance of viral repli-
cation by miR-375 subsequently prevents viraemia and cardiac infection
with H3N-375TS. Thus, we directly inoculated 5 x 10*to 5 x 10° pfu of
H3N-375TS via the jugular vein into the blood stream and investigated
animals 7 days later. Indeed, mice exhibited cardiac infection, accompa-
nied by cardial injury and inflammatory cell infiltration, whereas the pan-
creas remained uninfected. However, even at the highest dose used the
cardiac titres (1.5 x 10% pfu/g) and the myocarditis scores (0.75) were
rather low (Supplementary material online, Figure S2). To investigate
whether H3N-375TS-induced myocarditis can be made more severe,
we repeated the experiment and injected NMRI mice with 5 x 10° pfu
of H3N-375TS, which was isolated from NMRI mice showing the highest
virus titre in the heart in the previous experiment. Heart passaging (hp)
can increase the cardiovirulence of CVB3, whereas it does not attenuate
pancreatic infection.>* Alternatively, animals were infected with high
dose (1 x 108 pfu) of H3N-375TS. H3N-39TS at a dose of 5 x 10° pfu
per animal was used as a control. Even though body weight development
in H3N-39TS infected mice was similar to that of uninfected control
mice, H3N-39TS infection led to obvious suffering of the animals, as
shown by a distinctly reduced physical condition score (Figure 4A). Both
the pancreas and the heart were infected with H3N-39TS (Figure 4B),
leading to severe acute pancreatitis and moderate myocarditis (Figure 4C,
D). In contrast, mice infected with hp and high-dosed H3N-375TS
showed an only slightly reduced physical condition score (Figure 4A).
Virus was not detected in the pancreas and there was no destruction of
the pancreas (Figure 4B—D). Importantly, cardiac virus titres reached 2.6
x 10* pfu/g and 1.36 x 10 pfu/g for the hp and high-dosed H3N-375TS,
respectively (Figure 4B), which was higher than in the previous experi-
ment and in the range of virus titres measured in the H3N-39TS-infected
control mice. Moreover, the cardiac myocarditis scores were also
higher, with values of 1.75 and 1.4 (Figure 4C, D), compared with the pre-
vious experiment but similar to those of H3N-39TS control animals. We
also found an increase in cardiac expression of proinflammatory cyto-
kines TNFa, IFNYy, and IL-6 (Supplementary material online, Figure S3),
which are known to be induced in the hearts of mice with cardiac CVB3
infection,®® when we compared animals infected with 1 x 10® pfu H3N-
375TS to mock-infected mice.

3.5 Intravenous-injected H3N-375TS
induces myocarditis but no pancreatitis in
Balb/C mice

To find out whether H3N-375TS induces a similar course of infection in
a more susceptible mouse strain,”® we next investigated Balb/C mice for
infection with H3N-375TS. Balb/C mice were infected i.v. with H3N-
375TSata dose of 5 x 10° or 1 x 108 pfu per animal or with the control
virus H3N-39TS at 5 x 10° pfu and investigated 7 days later. The H3N-
375TS-infected mice showed body weight development and physical
condition scores similar to the uninfected control mice, whereas both
parameters were strongly reduced in the control group infected with
H3N-39TS (Fig. 5A, Supplementary material online, Video S71-S3).
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significance in (B), (C), and (E) was determined using unpaired Student’s t-test; ***P < 0.001; n.s., not significant.

The pancreas of the H3N-375TS-infected animals was virus-free and the
pancreatic tissue was intact (Figure 5B-D). The cardiac virus titres were
very similar in both H3N-375TS-infected animal groups, measured at 8.6
x 10° pfulg for the low and 5.2 x 10° pfu/g for the high-dose H3N-
375TS, but they were significantly lower than the 1.2 x 10° pfu/g mea-
sured in the H3N-39TS-infected animals (Figure 5B). The cardiac myo-
carditis score was similar in both H3N-375TS groups, with scores of 1.7
and 2.0, which is very similar to the 1.8 seen for the H3N-39TS-infected
animals (Figure 5C, D). We also carried out haemodynamic measure-
ments to determine cardiac function. Whereas H3N-39TS-infected
mice showed impaired left ventricular cardiac function, the cardiac func-
tion of mice infected with H3N-375TS was similar to that of uninfected
control mice (Supplementary material online, Table S7). To elucidate

whether the lack of cardiac dysfunction in H3N-375TS-infected mice
results from less cardiac injury or is related to a specific inflammatory
process, we infected Balb/C mice with 1 x 10® pfu H3N-375TS or with
5 x 10° pfu H3N-39TS and measured the serum levels of cardiac tropo-
nin T (hcTnT) and determined IFNYy, TNFa, IL-6, IL-1[3, and IL-2 levels in
the heart and the pancreas 3 days later. Whereas both animal groups
showed high and similar hcTnT serum levels, which correlated with simi-
lar cardiac virus titres (Figure 6A), the cytokines were differentially
expressed. In the heart, all cytokines were induced in both animal groups
but higher levels were found for IFNy and IL-2 in H3N-375TS-infected
mice (Figure 6D). In the pancreas, which was damaged by H3N-39TS but
not by H3N-375TS (Figure 6B, C) only IFNy and IL-1p were detected in
H3N-375TS-infected mice but remained at very low levels. In contrast,
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Figure 3 Intraperitoneal injection of H3N-375TS in mice does not lead to pancreatic and myocardial infection. NMRI mice were infected i.p. with 1 x 10°
pfu of H3N-375TS (n = 7) or H3N-39TS (n = 7) or were mock-infected (n = 7). Animals were sacrificed 7 days later and analysed. (A) Body weight develop-
ment and physical condition. Upper diagram: Body weight development. Lower diagram: Physical condition score. Physical condition was determined for each
animal and quantified by a scoring system ranging from 1 (low) to 5 (high). (B) Viral titres in the pancreas and the heart. Upper diagram: The number of CVB3
genome copies in the pancreas was determined by gqRT-PCR. Lower diagram: The amount of infectious CVB3 in the heart was determined by plaque assay.
(C) Pathological alterations of the pancreas and the heart. Upper diagram: Pancreas sections were stained with H&E and tissue injury was quantified by a scor-
ing system from O (no tissue alteration) to 100% (complete organ destruction). Lower diagram: Heart sections were stained with H&E and the degree of myo-
carditis was quantified by a scoring system ranging from O (none) to 4 (high). (D) Shown are representatives of H&E stained formalin-fixed pancreas and
heart slides. Arrows indicate tissue areas with infiltration of inflammatory cells. (A) Shown are mean values of a group of animals; (B, C) Data are shown for
each animal and as mean values + SEM for each group. Note: mock-infected animals had no alterations of the pancreas and heart tissue and virus was not
detected in either tissue (not shown). Statistical significance in (B) and (C) was determined using the Mann—Whitney U test; **P < 0.01, ***P < 0.001.

H3N-39TS-infected mice showed very strong expression of IFNYy,
TNFa, IL-6, and IL-1B (Figure 6D).

3.6 NMRI mice intravenously infected with
H3N-375TS develop chronic myocarditis
but not pancreatitis

NMRI mice develop chronic myocarditis after i.p. infection with the
CVB3 strain H3.2" To prove that H3N-375TS can also induce chronic
myocarditis, we infected NMRI mice iv. with 1 x 10® pfu of hp H3N-
375TS and investigated the animals 28 days later. Body weight of the
mice decreased markedly within the first 2 days after infection and two
animals died 2 days after virus injection. The others recovered and after
day 7 body weights of H3N-375TS-infected animals developed as in the
non-infected control mice (Figure 7A). The physical condition score ana-
lysed at day 28 did not differ between infected and uninfected control
animals (results not shown). Histological examinations showed no alter-
ation of pancreatic tissue (Figure 7B) and there was no virus detected in
the pancreas of H3N-375TS-infected animals (results not shown). In
contrast, heart tissue revealed increased collagen deposition in areas of
the cardiac lesion, as determined by trichrome staining (Figure 7B) and
persistence of H3N-375TS genomic RNA (Figure 7C), whereas replicat-
ing virus was not detected in the heart (results not shown). The myocar-
ditis score was 1, demonstrating that the majority of H3N-375TS-
infected animals developed mild chronic myocarditis (Figure 7D). We

also determined the LV cardiac function by measurement of haemody-
namics at the end of the investigational period. No differences in LV car-
diac function between H3N-375TS infected and uninfected NMRI mice
were found (Supplementary material online, Table S2).

4. Discussion

In the classical CVB3 mouse myocarditis model infection with CVB3
results in severe systemic disease with the pancreas as the organ most
susceptible to injury. Therefore, this model most closely mimics the
course of systemic multi-organ disease found in infants, as has already
l.,18 rather than the course of CVB3
disease in adult patients where viral myocarditis is paramount.* Here, we

been stated years ago by Tracy et a

report on a new CVB3 myocarditis model in which, after i.v. application
of the genetically engineered miR-375-sensitive CVB3, termed H3N-
375TS, infected mice develop acute and chronic myocarditis but do not
develop severe systemic disease and pancreatitis.

Previous studies of Tracy et al."® and Horwitz et al." found evidence
that in mice the heart cannot be infected with CVB3 when the pancreas
is not infected. Both studies used i.p. application to infect the mice with
CVB3. Using the same route of administration, here, we found that the
pancreas-attenuated CVB3 variant H3N-375TS was unable to infect the
heart, confirming that, following i.p. infection, virus replication in the pan-
creas is essential for cardiac infection and development of myocarditis.
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Figure 4 Intravenous injection of hp or high-dosed H3N-375TS results in development of moderate myocarditis but not pancreatitis in NMRI mice. Mice
were infected i.v. with 5 x 10° pfu of hp H3N-375TS (n = 4) or high dose of 1 x 10° pfu of H3N-375TS (n = 6) or with 5 x 10° pfu of the control virus
H3N-39TS (n = 4). A fourth group of mice was mock-infected (sham; n = 6). Animals were sacrificed at day 7 after infection and analysed. (A) Body weight
development and physical condition. Body weight development (upper diagram) and physical condition score (lower diagram) were determined as in Figure
3A. (B) Virus titres in the pancreas and the heart. The number of CVB3 genome copies in the pancreas (upper diagram) and the amount of infectious CVB3 in
the heart (lower diagram) were determined as in Figure 3B. (C) Pathological alterations of the pancreas and the heart. Pancreas destruction (upper diagram)
and myocarditis score (lower diagram) were determined as in Figure 3C. (D) Shown are representatives of H&E stained formalin-fixed pancreas and heart
slides. Arrows indicate tissue areas with infiltration of inflammatory cells. (A) Shown are mean values of a group of animals; (B, C) Data are shown for each an-
imal and as mean values £ SEM for each group. Note: mock-infected animals had no alterations of pancreas and heart tissue and virus was not detected in ei-
ther tissue (not shown). Statistical significance in (B) and (C) was determined using the Mann—Whitney U test; n.s., not significant.
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Figure 5 Intravenous injection of H3N-375TS results in moderate myocarditis but no pancreatitis in Balb/C mice. Mice were infected i.v. with 5 x 10° pfu
of H3N-375TS (n = 6) or 1 x 10° pfu of H3N-375TS (n = 12), or with 5 x 10° pfu of the control virus H3N-39TS (n = 12). A fourth group contained mock-
infected (sham; n = 10) animals. Animals were sacrificed and analysed at day 7 after infection. (A) Body weight development and physical condition. Weight
development (upper diagram) and physical condition score (lower diagram) were determined as in Figure 3A. (B) Virus titres in the pancreas and the heart.
The number of CVB3 genome copies in the pancreas (upper diagram) and the amount of infectious CVB3 in the heart (lower diagram) were determined as in
Figure 3B. (C) Pathological alterations of the pancreas and the heart. Pancreas destruction (upper diagram) and myocarditis score (lower diagram) were deter-
mined as described in Figure 3C. (D) Representatives of H&E stained formalin-fixed pancreas and heart slides. Arrows indicate tissue areas with infiltration of
inflammatory cells. (A) Shown are mean values of a group of animals; (B, C) Data are shown for each animal and as mean values £SEM for each group.
Statistical significance in (B) and (C) was determined using the Mann—Whitney U test; *P < 0.05; **P < 0.01. Note: Myocarditis score of one animal from the
group infected with 5 x 10° pfu H3N-375TS could not be determined because of insufficient formalin fixation of heart tissue.
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Figure 6 Intravenous injection of H3N-375TS and H3N-39TS induces similar cardiac injury but different cytokine profile in the pancreas and the heart.
Mice were infected i.v. with 1 x 10° pfu of H3N-375TS (n = 5) or 5 x 10° pfu of the control virus H3N-39TS (n = 5) or were mock infected (sham; n = 6).
Animals were sacrificed and analysed at day 3 after infection. (A) Virus titres, myocarditis scores, and hsTnT levels in the heart. The cardiac virus titres and
the myocarditis score were determined as described in Figure 3B, C. Expression of hsTnT was measured by ELISA. (B) Viral titres in the pancreas and pan-
creas destruction. The number of CVB3 genome copies in the pancreas and pancreas destruction was determined as in Figure 3B, C. (C) Shown are represen-
tatives of H&E stained formalin-fixed pancreas and heart slides. Arrows indicate tissue areas with infiltration of inflammatory cells. (D) Cytokine levels
measured in the pancreas and the heart. Cytokine levels were measured by real-time RT-PCR. To compare absolute gene expression between different an-
imal groups gene expression is plotted as mean £SEM as x-fold to 18S RNAs. (A, B, D) Data are shown for each animal and as mean values + SEM for each
group. n.d., not detectable. Statistical significance was determined using the Mann—Whitney U test; *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.

However, this conclusion contradicts a more recent study of Kallewaard
et al,”> who concluded from CVB3 infection experiments in mice with
pancreas-specific knock out of the coxsackievirus and adenovirus recep-
tor (CAR), that infection of the pancreas with CVB3 has little effect on
cardiac CVB3 infection and pathology. In contrast to our study, where
CVB3 replication was completely abolished in the pancreas, in the study
of Kallewaard et al. CVB3 was still detectable in the CAR knock group af-
ter i.p. virus administration. Considering this fact, it suggests that even
low CVB3 replication in the pancreas is sufficient to induce pronounced
cardiac virus infection and that there is no direct linear correlation be-
tween CVB3 replication in the pancreas and CVB3 infection of the heart.

Mimicking the natural spread of CVB3 via the blood stream, i.v. admin-
istration of H3N-375TS resulted in infection of the heart and induction
of myocarditis, but importantly, the virus was not detected in the pan-
creas and its tissues remained intact. This demonstrates that CVB3 can
directly infect the heart, without having previously replicated in the

pancreas. It also reveals i.v. application as the key for the establishment
of experimental CVB3 myocarditis in mice when using a pancreas-
attenuated CVB3 as H3N-375TS. H3N-375TS-induced myocarditis was
very similar to myocarditis in the classical CVB3 myocarditis model. In
fact, acute myocarditis was characterized by myocardial injury, inflamma-
tion by mononuclear cells, induction of proinflammatory cytokines and
detection of replicating H3N-375TS in the heart, whereas chronically
infected mice exhibited progressive fibrosis and occurrence of persistent
viral RNA in the heart. Hence, our data indicate that the pathogenesis
H3N-375TS-induced myocarditis is a result of intrinsic cardiac mecha-
nisms that are related to infection and replication of the virus in the
heart.

Despite the similarities in the pathological pattern of myocarditis, the
H3N-375TS mouse myocarditis model has several specific differences
compared with the classical CVB3 myocarditis model. At first, the H3N-
375TS dose necessary to induce H3N-375TS myocarditis after i.v.
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Figure 7 Intravenously applied hp H3N-375TS induces chronic myocarditis in NMRI mice. Mice were infected i.v. with 1 x 108 pfu of hp H3N-375TS
(n=12) or were mock-infected (n =11, sham). Animals were sacrificed at day 28 after infection and analysed. (A) Body weight development. Shown are
mean values of a group of animals. (B) Trichrome and H&E staining of formalin-fixed pancreas and heart slides of examples of each group. Arrows indicate
tissue areas with infiltration of inflammatory cells. (C) Myocarditis score of H3N-375TS infected group. The score was determined as in Figure 3B. (D)
Amount of H3N-375TS genomes in the heart. H3N-375TS genome copy number was determined by qRT-=PCR. Note: mock-infected animals had no alter-
ations of pancreas and heart tissue and virus was not detected in either tissue (not shown). Two animals infected with hp H3N-375TS died 2 days after infec-
tion. The myocarditis score and cardiac CVB3 RNA content were not determined for one animal of the group infected with hp H3N-375TS due to loss of

the heart tissue during organ preparation.

injection is distinctly higher, whereas the cardiac virus titres are lower.
Because of the very low expression of the miR-375 in the heart, we can
rule out the possibility that the lower cardiac titres resulted from cardiac
miR-375-mediated suppression of the H3N-375TS. Wild-type CVB3
infects the pancreas and replicates there over several days, leading to
sustained high virus concentration in the blood and subsequent efficient
infection of the heart.*'®** In contrast, i.v. injected H3N-375TS circu-
lates in the blood for only for short time. The latter may restrict efficient
cardiac infection and lead to lower cardiac virus titres. We also observed
that increasing the amount of injected H3N-375TS from 5 x 10° pfu to
1 x 108 pfu did not result in a further increase of cardiac H3N-375TS in-
fection and inflammation scores. Even though the reason for this has yet

not been elucidated, a limited capacity of cardiomyocytes to take up
large amounts of CVB3 within a limited time may be a possible explana-
tion. Hence, our data indicate that lack of pancreatic replication limits,
but does not prevent, cardiac H3N-375TS infection.

As we have shown in previous studies, CVB3 myocarditis in mice can
result in cardiac dysfunction.*"**** Here surprisingly, neither Balb/C nor
NMRI mice with H3N-375TS-induced acute and chronic myocarditis de-
veloped cardiac dysfunction. According to our current understanding,
cardiac dysfunction in CVB3-infected mice is related to virus-induced
damage of cardiomyocytes, cardiac inflammation, and cardiac remodel-
ling. These parameters, however, were very similar in mice infected with
H3N-375TS and in mice infected with the pancreotropic and
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cardiotropic control virus H3N-39TS which induced cardiac dysfunction.
It is conceivable that factors are released from extracardiac tissues as re-
sult of systemic CVB3 infection, which may contribute to development
of cardiac dysfunction. We found that in the pancreas of H3N-39TS-
infected mice several proinflammatory cytokines were strongly up-regu-
lated, whereas they were not induced in the pancreas of H3N-375TS-
infected mice. Among the cytokines are TNFo and IL-1, which are
known to contribute to myocardial dysfunction in an autocrine man-
ner.3>*¢ Considering that expression of both cytokines was distinctly
stronger in the pancreas than in the heart of H3N-39TS-infected control
mice, our data suggest that there may be a contribution of inflammatory
processes in the virus-infected pancreas to functional alterations in the
virus-infected heart. Lack of pancreatic inflammation in H3N-375TS-
infected mice, however, would prevent this contribution, and may,
therefore, be a possible explanation for the absence of cardiac dysfunc-
tion in H3N-375TS-infected mice.

Infection of mice with CVB3 results in severe sickness and can lead to
the death of the animals.™” Regarding this issue, it was an important find-
ing of our study that H3N-375TS-infected mice showed distinctly better
health status and body weight development than animals infected with
H3N-39TS. The causal relationship between virus-induced pancreatitis
and animal health status has not yet been definitively determined, but it
has been suggested that degree of severity of virus-induced pancreatitis,
probably in combination with additional strain specific factors, may con-
tribute to health problems.w'18 Our data support this conclusion. We
only detected a transient impairment of health and death of 2 of 11
infected animals when we injected NMRI mice with hp H3N-375TS at a
very high dose of 1 x 10® pfu. Infection with H3N-375TS that was not
hp did not prove fatal to any of the infected mice, so this hp appears to
be responsible for the observed adverse events.

In summary, here, we developed a new CVB3 myocarditis model by
use of newly developed pancreas-attenuated H3N-375TS. We show
that after i.v. application, H3N-375TS induces acute and chronic myocar-
ditis in mice, whereas the animals do not develop pancreatitis. The use of
H3N-375TS may allow the investigation of the pathogenesis of CVB3
myocarditis independently of severe systemic CVB3 disease and pancre-
atitis. Moreover, our study provides new insights into the pathogenesis
of CVB3 myocarditis in mice, revealing the specific role of the pancreas
and the virus application route for establishment of CVB3 myocarditis.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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