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Abstract Enteroviruses, such as coxsackieviruses of
group B (CVB), are able to induce a chronic inflammation
of the myocardium, which may finally lead to the loss of
functional tissue, remodeling processes and the develop-
ment of fibrosis, thus affecting the proper contractile
function of the heart. In other fibrotic diseases like
scleroderma, the prostacyclin agonist iloprost was found to
inhibit the extracellular signal-regulated kinase (ERK, p44/
42 MAPK), a mitogen-activated protein kinase, and con-
secutively, the expression of the profibrotic cytokine con-
nective tissue growth factor (CTGF), thereby preventing
the development of fibrosis. As CTGF was found to
mediate fibrosis in chronic CVB3 myocarditis as well, we
evaluated whether the in vivo application of iloprost is
capable to reduce the development of ERK/CTGF-medi-
ated fibrosis in enteroviral myocarditis. Unexpectedly, the
application of iloprost resulted in a prolonged myocardial
inflammation and an aggravated fibrosis and failed to
reduce activation of ERK and expression of CTGF at later
stages of the disease. In addition, viral replication was
found to be increased in iloprost-treated mice. Notably, the
expression of cardiac inducible nitric oxide synthase
(iNOS), which is known to aggravate myocardial damage
in CVB3-infected mice, was strongly enhanced by iloprost.
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Using cultivated bone marrow macrophages (BMM), we
confirmed these results, proving that iloprost potentiates
the expression of iNOS mRNA and protein in CVB3-
infected and IFN-gamma stimulated BMM. In conclusion,
these results suggest a critical reflection of the clinical use
of iloprost, especially in patients possibly suffering from an
enteroviral myocarditis.
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Introduction

Enteroviruses of the Picornaviridae, including coxsacki-
eviruses of group B (CVB), are considered as relevant
causes of acute and chronic viral myocarditis [21, 24]. The
clinical presentations of this disease vary from mild febrile
illness to fulminant myocardial inflammation with con-
gestive heart failure. Following acute infection, susceptible
patients may present with ongoing myocardial inflamma-
tion on the basis of a virus persistence, finally resulting in
chronic dilated cardiomyopathy (DCM) [43], which can be
treated effectively only by heart transplantation. Morpho-
logical correlates of the late inflammatory disease comprise
focally accentuated fibrosis of the myocardium, impairing
the contractile function of the heart, thus leading to severe
congestive heart failure [43]. Mice of the susceptible strain
ABY/Sn] infected with CVB3 proceed to chronic myo-
carditis, which is based on the persistence of viral RNA and
sustained inflammatory infiltrates [23]. Corresponding to
findings in human myocarditis, ABY/SnJ mice reveal a loss
of functional myocytes in association with an abundant
deposition of collagen type I in the course of myocarditis,
finally leading to fibrosis [29].
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Connective tissue growth factor (CTGF, CCN2) has
recently been identified as an important molecule mediat-
ing fibrosis in chronic CVB3-induced myocarditis [29].
CTGF is a cysteine-rich 36-38 kDa secreted protein of the
CCN-family (CTGF/CYR61/NOV) [6] which is involved
in many physiological processes like angiogenesis and
cellular differentiation, but has also been proven to play an
essential role in fibrogenetic processes of different etiology
in the heart [18] as well as lung, liver, kidney, skin and
other organs [6]. In vitro, CTGF stimulates the prolifera-
tion of fibroblasts, their differentiation toward myofibro-
blasts and enhances the production of various components
of the extracellular matrix (ECM) [12, 13]. In different cell
types, including cardiac myocytes and fibroblasts, CTGF
was found to act as a downstream mediator of transforming
growth factor beta (TGF-f) [5, 6]. In a previous study, we
demonstrated a coordinate increase of TGF-f and CTGF in
the course of murine CVB3 myocarditis, stressing the rel-
evance of this signaling pathway in the development
of fibrosis in the course of chronic inflammatory heart
disease [29].

More recently, CTGF has not only been considered a
prognostic marker in evolving fibrotic diseases but also as
an interesting molecule for establishing new therapeutic
antifibrotic approaches [6, 18]. Importantly, by specifically
reducing the expression of CTGF, the objectionable con-
sequences of a therapy would be avoided by targeting the
comprehensive TGF-f signaling, which has been found to
be relevant for numerous physiological and pathophysio-
logical processes in the heart [S0]. Meanwhile, there is an
increasing evidence that TGF-f§ dependent regulation of
CTGF expression is modulated by a complex network of
signaling cascades including the mitogen-activated protein
kinases (MAPKSs) [19, 36]. In cell culture experiments with
human and murine fibroblasts, the MAPK extracellular
signal-regulated kinase (ERK, p44/42) was identified as
important regulator of CTGF expression [30, 31, 47].
Substances like iloprost, which increase the intracellular
level of cAMP, were found to significantly suppress CTGF
expression by inhibiting the MEK/ERK cascade [5, 10, 47].

The synthetic prostacyclin (PGI2) analog iloprost was
developed in the 1970s. Being more stable than prostacy-
clin itself, this pharmaceutical proved to optimize the
beneficial effects of prostacyclin, which is a potent vaso-
dilator and inhibitor of platelet aggregation. Iloprost is
currently used in the therapy of pulmonary arterial hyper-
tension (PAH) and Raynaud’s phenomenon in patients
suffering from scleroderma [1, 52]. Iloprost was shown to
increase intracellular cAMP levels by stimulating the
G,-coupled IP prostanoid receptor [22] and to inhibit the
Ras/MEK/ERK cascade, thus reducing the CTGF-mediated
fibrosis in vitro and in patients suffering from scleroderma
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[46, 47]. Most recently, the cyclic nucleotide phospho-
diesterase 1A-regulated cAMP and cGMP signaling
was found to play an important role in the regulation of
cardiac fibroblast activation and ECM remodeling in the
heart [37].

The aim of this present study was to evaluate the
capacity of iloprost to reduce cardiac fibrosis in the murine
model of chronic enteroviral myocarditis. Therefore, we
evaluated the histological damage, expression of CTGF
and procollagen and activation of p44/42 MAPK in the
course of enteroviral myocarditis in untreated and iloprost-
treated mice. In addition, in vitro experiments using
primary isolated cardiac fibroblasts and bone marrow
macrophages (BMM) were performed to study the molec-
ular effects of iloprost treatment on CVB3 infection.

Materials and Methods
Virus and mice

Five x 10* plaque-forming units of purified CVB3 Nancy
strain [20] were used to intraperitoneally (ip) infect 4-week-
old susceptible immunocompetent inbred ABY/SnJ mice
(H-2") as described previously [29]. The experiments were
conducted according to the German animal protection law.
Treatment with iloprost (1 pg per day) started 1 day prior to
infection and ended 12 days post-infection (pi). In addition,
one group of animals was treated ip with iloprost from day
12 pi to 22 pi. This additional investigation was done in
order to evaluate the effects of iloprost on the hearts at a
time point when virus replication is largely abrogated.
Treated and untreated animals were sacrificed at days O
(controls), 4, 8, 12 and 28 pi (n = 6 per time point). One of
the treated and none of the untreated animals died during
acute infection. Hearts were removed aseptically and tissue
was either frozen in liquid nitrogen for reverse transcrip-
tase-polymerase chain reaction (RT-PCR) and Western blot
analysis or fixed in 4 % paraformaldehyde for histological
analysis, in situ hybridization and immunohistochemistry as
previously described [29].

Histopathology

Histological analysis was performed on deparaffinized
5 um thick tissue sections. Staining was performed with
hematoxylin/eosin to assess inflammation and myocyte
injury. To visualize fibrotic lesions, tissue sections were
stained with picrosirius red. To quantify myocardial dam-
age comprising cardiac cell necrosis, inflammation and
scarring, we adapted a myocarditis score from 0 to 4 as
previously described [48].
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In situ hybridization

CVB3 positive-strand RNA, CTGF mRNA and inducible
nitric oxide synthase (iNOS) mRNA were visualized in
heart tissue using single-stranded **S-labeled RNA probes
as previously described [29, 48]. Pretreatment, hybridiza-
tion, and washing procedures of dewaxed 5 pm thick
paraffin tissue sections were performed as previously
described [23]. Slide preparations were subjected to auto-
radiography, exposed for 3—4 weeks at 4 °C, and coun-
terstained with hematoxylin/eosin. Quantification of CVB3
RNA, CTGF mRNA and iNOS mRNA following in situ
hybridization was done using the following score obtained
in ten high-power fields (200x): 0 = no positive cells;
1 = a few small foci with some positive cells; 2 = a few
foci with >100 positive cells; 3 = <10 % of the tissue
sections contain positive cells; 4 = 10-30 % of the tissue
sections contain positive cells.

Immunohistochemistry and immunofluorescence

To localize phospho-p44/42 MAPK protein expression,
5 pum thick heart tissue sections were deparaffinized and
incubated with polyclonal rabbit anti-phospho-p44/42
MAPK (Thr202/Tyr204) antibody (Cell Signaling, Bev-
erly, USA). For the detection of IP-10 and CD3+ T cells in
the hearts, a monoclonal rabbit anti-CD3 antibody (Neo-
markers, Newmarket, UK) and a polyclonal goat anti-IP10
antibody (R&D, Minneapolis, USA) were used, followed
by incubation with biotinylated goat anti-rabbit IgG or
biotinylated rabbit anti-goat IgG (Vector, Burlingame,
USA), respectively. Controls using normal serum were
run to exclude nonspecific staining. Slides were further
processed using Elite Vectastain ABC Kit (Vector, Bur-
lingame, USA) and DAB (DAKO, Glostrup, Denmark) or
Histogreen (Linaris, Dossenheim, Germany) as substrate.
Slides were counterstained with hematoxylin.

Identification of pERK expressing cardiac cells was
done by immunofluorescence double-labeling experiments.
Antibodies were diluted 1:150 (anti-S100A4, Acris Anti-
bodies, Herford Germany), 1:400 (phospho-p44/42 MAPK,
Cell Signaling Beverly, USA), 1:100 (anti-desmin, Life-
Span Biosciences, Seattle, USA) in PBS + 1 % BSA and
incubated at 4 °C overnight. As secondary antibodies,
Alexa-488 or-594-conjugated antibodies (Life Technolo-
gies, Paisley, UK) were diluted 1:800 in PBS and incubated
for 1 h at room temperature in the dark. After washing in
PBS, nuclei were counterstained with DAPI and embedded
in mounting media (Dianova, Hamburg, Germany) before
microscopic analysis.

For the detection of iNOS in bone marrow-generated
macrophages, the cultivated cells were fixed with acetone

and incubated with a polyclonal rabbit anti-iNOS antibody
(Abcam, Cambridge, UK) followed by incubation with
biotinylated goat anti-rabbit IgG (Vector, Burlingame,
USA) and Cy3-conjugated streptavidin (Jackson Immuno-
research, West Grove, USA). Slides were mounted with
Vectashield mounting medium (Vector, Burlingame,
USA).

Cultivation and infection of primary cardiac mouse
fibroblasts

For isolation of cardiac mouse fibroblasts, hearts from 8- to
14-week-old ABY/SnJ mice were removed under sterile
conditions and dissected in 1 mm pieces. The tissue was
incubated for 1.5 h in 1 mg/ml collagenase II (Worthing-
ton, Lakewood, USA) at 37 °C and then seeded into culture
dishes containing Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen, Heidelberg, Germany) supplemented
with 10 % fetal calf serum (FCS) and 1 % penicillin/
streptomycin. At passage 5 or 6, 3 x 107 cells were seeded
in a culture dish and incubated for 48 h. After further 24 h
of serum starving, cells were infected with CVB3 at a
multiplicity of infection (MOI) of 10. Iloprost was applied
at a concentration of 0.139 uM (50 ng/ml) or 2.774 uM
(1,000 ng/ml) 1 h prior to infection. Cells were harvested
6 h pi and activation of p44/42 MAPK was analyzed by
Western blot.

Cultivation and infection of bone marrow-generated
macrophages

Femora of 8- to 14-week-old ABY/SnJ mice were removed
and the bone marrow was seeded in low endotoxin DMEM
(Biochrome, Berlin, Germany) supplemented with 10 %
FCS, 5 % horse serum, 1 % penicillin/streptomycin, 1 %
glutamine, 1 % sodium pyruvate and 30 % (v/v) superna-
tant of L-929 cells as a source of macrophage-colony
stimulating factor (M-CSF) [11]. Cells were cultured for
9 days in ultra-low attachment 6-well plates (Corning Inc.,
New York, USA) at 37 °C and 10 % CO,. Two hours after
seeding, cells were stimulated with 100 U/ml recombinant
murine interferon-y (IFN-y, BD Biosciences, San Jose,
USA). After 12 h of stimulation, cells were infected with
CVB3 at a MOI of 10. Iloprost was applied at a concen-
tration of 0.139 uM (50 ng/ml) or 2.774 uM (1,000 ng/ml)
1 h prior to infection. Cells were harvested 6 h pi. The non-
infected cells underwent the same changes in media and
after the addition of serum in the media as the CVB3-
infected cells. Expression of iNOS mRNA and CVB3 RNA
were analyzed by quantitative real-time RT-PCR and in
situ hybridization. Expression of iNOS protein was visu-
alized by immunofluorescence.
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Quantitative real-time RT-PCR

Total RNA of frozen heart tissue and of cultured cells was
isolated using TriFast-reagent (Peqlab, Erlangen, Germany)
according to the manufacturer’s instructions. Isolated RNA
(0.2 pg) was used to perform one-step quantitative real-
time RT-PCR (TagMan One-Step RT-PCR Master Mix
Reagents Kit, Applied Biosystems, Foster City, USA). Data
analysis of CTGF, procollagen Ial, and iNOS was per-
formed in relation to the expression of the housekeep-
ing gene hypoxanthine-guanine-phosphoribosyltransferase
(HPRT) as an internal standard as described [48]. The
number of CVB3 genomes was determined in relation to an
external virus standard of known copy numbers using
PanEntero-primers and probe as described [38]. Primers
and probes were purchased from MWG-Biotech AG
(Ebersberg, Germany): CTGF: forward 5'-TCC CGA GAA
GGG TCA AGC T-3, reverse 5-TCC TTG GGC TCG
TCA CAC A-3'; procollagen Ixl: forward 5-TCC GGC
TCC TGC TCC TCT TA-3, reverse 5'-GTA TGC AGC
TGA CTT CAG GGA TGT-3'; iNOS: forward 5'-CAG
CTG GGC TGT ACA AAC CTT-3, reverse 5'-CAT TGG
AAG TGA AGC GTT TCG-3’; HPRT: forward 5'-TTT
GCC GCG AGC CG-3, reverse 5-TAA CCT GGT TCA
TCA TCG CTA ATC-3'; PanEntero: forward 5'-TCC TCC
GGC CCC TGA-3, reverse 5'-RAT TGT CAC CAT AAG
CAG CCA-3'. Probes used were: CTGF: 5FAM-CCT GGG
AAA TGC TGC AAG GAG TGG-3'TAMRA; procollagen
Izl: 5FAM-TTC TTG GCC ATG CGT CAG GAG
GG-3'TAMRA; iNOS: 5FAM-CGG GCA GCC TGT GAG
ACC TTT GA-3'TAMRA; HPRT: 5FAM-CGA CCC GCA
GTC CCA GCG TC-3'TAMRA; PanEntero: 5FAM-CGG
AAC CGA CTA CTT TGG GTG WCC GT-3'TAMRA.

Western blot analysis

Proteins from frozen cardiac tissue were isolated as previ-
ously described [29]. 30 pg of the proteins per lane were
electroblotted, blocked for 1 h in non-fat dry milk and
incubated with the following primary antibodies: polyclonal
goat anti-CTGF antibody, polyclonal goat anti-GAPDH
antibody, HRP-coupled (Santa Cruz Biotechnology, Santa
Cruz, USA), polyclonal rabbit anti-phospho-p44/42 MAPK
(Thr202/Tyr204) and rabbit anti-p44/42 MAPK antibodies
(Cell Signaling, Danvers, USA). Secondary antibodies used
were: polyclonal donkey anti-goat antibody, HRP-coupled
(Santa Cruz Biotechnology, Santa Cruz, USA), polyclonal
goat anti-rabbit antibody, HRP-coupled (Dianova, Ham-
burg, Germany). Visualization was done using the luminal
electrochemiluminescence system according to standard
procedures. Densitometric analysis was performed using
Aida Image Analyzer (Raytest, Straubenhardt, Germany).
Expression of CTGF was normalized to glyceraldehydes-3-
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phosphate dehydrogenase (GAPDH). The amount of acti-
vated p44/42 MAPK (ERK) was determined as ratio of
phospho-p44/42 and p44/42.

Statistics

Data are provided as mean = SEM. n represents the
number of independent experiments or the number of
animals per trial group. All data were tested for signifi-
cance with Student’s #-test with Welch’s correction when
indicated. P values < 0.05 are considered as significant
(*), <0.01 as very significant (**) and <0.001 as highly
significant (**%*).

Results

Effects of iloprost on myocardial inflammation,
expression of procollagen Ixl and fibrosis

Hearts of infected ABY/SnJ mice as well as of infected
animals treated from 1 day prior to infection until 12 days
pi with iloprost were evaluated histologically 0, 4, 8, 12
and 28 days post-CVB3 infection. As shown in Fig. la—d
and g, we noted an increased myocardial injury comprising
myocyte necrosis, inflammation and fibrosis in iloprost-
treated compared to untreated CVB3-infected animals in
the course of infection with significant differences at days
12 and 28 pi (Fig. Ic, d, g). The aggravated myocardial
damage was found to result in an increased fibrosis in
iloprost-treated mice as shown by picrosirius red staining at
day 28 pi (Fig. le, f). Consistently, expression of procol-
lagen Il mRNA was found to be significantly enhanced in
the treated animals compared to untreated mice at day 12 pi
(Fig. 1h). In animals which were treated with iloprost only
after the acute phase of infection (days 12-22 pi), no sig-
nificant differences with regard to the extent of myocardial
lesions and procollagen Il mRNA levels were observed at
day 28 pi in mice compared to untreated CVB3-infected
mice (Fig. 1g, h).

As iloprost was described to interfere with the immune
response by directly inhibiting the lymphocytic infiltration
in a murine model of bleomycin-induced pulmonary
inflammation [57] we compared the infiltration of CD3+ T
lymphocytes into hearts of treated and untreated CVB3-
infected mice. As exemplarily shown in Fig. 1i and j, no
suppression of invading T cells was noted in the infected
hearts upon iloprost treatment. In addition, we stained
IP-10 in the myocardium as this Thl-related chemokine
was found to be downregulated in iloprost-treated mono-
cytes [27]. Also, no reduction of IP-10 expression was
observed in cardiac monocytes of iloprost-treated mice
compared to untreated CVB3-infected animals (Fig. 1k, I).
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Fig. 1 Myocardial injury, inflammation, procollagen mRNA expres-
sion, fibrosis, infiltration of CD3+ T lymphocytes and expression of
IP-10 in ABY hearts following CVB3 infection. a, b Increased
(8 days pi) and c, d significantly increased (day 28 pi) myocardial
damage is found in iloprost-treated mice compared to untreated
animals. e, f Compared to the untreated animals, iloprost-treated mice
show increased fibrosis at day 28 pi. g Significantly enhanced
myocardial damage is found in animals treated with iloprost during

Effect of iloprost on CTGF expression in vivo

In order to investigate whether iloprost can suppress the
CTGF expression as was implicated by the findings of
Stratton et al. [46, 47], we performed in situ hybridization
experiments of hearts from treated and untreated CVB3-
infected mice in the course of chronic myocarditis (Fig. 2).
At days 4 and 8 pi CTGF expression was comparably
decreased in cardiac interstitial cells of iloprost-treated
animals, but the downregulation was not significant
(Fig. 2c, d, g). However unexpectedly, the amount of
CTGF-positive interstitial cells was found to be significantly
enhanced in iloprost-treated animals at days 12 and 28 pi
(Fig. 2e—g). Western blot analysis confirmed an increased
cardiac expression of CTGF protein at day 12 pi in treated
mice (data not shown). In contrast, animals treated with
iloprost from day 12 to 22 pi showed a comparable
expression of CTGF mRNA as the untreated mice (Fig. 2g).
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days 1-12 pi in contrast to animals treated from day 12 to 22 pi.
h Expression of procollagen Io«l mRNA detected by RT-PCR. The
peak expression was found 12 days pi in the iloprost-treated animals.
i, j Cardiac infiltration by CD3+ T lymphocytes and expression of
IP-10 in monocytes (k, 1) is not downregulated in iloprost-treated
CVB3-infected mice (a—d hematoxylin/eosin staining, e, f picrosirius
red staining, i-k immunohistochemistry x400, d days, *P < 0.05,
**pP < 0.01, #*P < 0.001)

Activation of p44/42 MAPK by iloprost in the course
of infection

In order to evaluate whether iloprost modifies the ERK/p44/
42 MAPK signaling pathway, we examined the degree of
activation of p44/42 MAPK in the hearts by immunohisto-
chemistry (Fig. 3a—h) and immunofluorescence (Fig. 3i—n)
visualizing the phosphorylated form of p44/42 MAPK. As
shown in Fig. 3a and b, during the acute phase (8 days pi) of
myocarditis, a suppression of p44/42 MAPK was observed in
hearts of iloprost-treated mice. These data were confirmed by
Western blot analysis of hearts obtained at days 4 and 8 pi
supporting the notion that iloprost is generally capable to
suppress p44/42 MAPK activation (data not shown). How-
ever, in the course of myocarditis (Fig. 3c—f), there was a
strong focal enhancement in p44/42 MAPK activation within
affected myocytes (Fig. 3i—k) and fibroblasts (Fig. 31-n) of
iloprost-treated animals at days 12 and 28 pi compared to
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Fig. 2 Localization of CTGF mRNA as detected by in situ hybrid-
ization in CVB3 myocarditis. a, b Non-infected animals reveal very
low numbers of CTGF-positive cells. ¢, d 4 days pi iloprost-treated
animals show a slightly decreased number of CTGF mRNA-
expressing cells compared to non-treated mice. e, f Comparably
increased amounts of CTGF mRNA-positive cells are found in
iloprost-treated animals 28 days pi. g Quantitative assessment of
CTGF mRNA confirms a higher and prolonged expression of CTGF
mRNA in the myocardium after application of iloprost during days
1-12 pi compared to treatment during days 12-22 pi (a—f %400,
d days pi, not inf not infected, *P < 0.05, **P < 0.01)

their untreated littermates. In contrast to our findings in
hearts of infected mice, activation of p44/42 MAPK is not
detectable in cardiac cells of non-infected mice (Fig. 3g).
No specific signals are observed in immunohistochemistry
when tissue sections (a heart 28 days pi is shown) are
stained without applying the first antibody (Fig. 3h).

Influence of iloprost on viral replication
in the course of infection

To assess the influence of the iloprost treatment on repli-
cation rates of CVB3, we performed in situ hybridization
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targeting CVB3 genomic RNA. Whereas the amount
of CVB3-infected cells was comparable in treated and
untreated animals at day 4 pi (Fig. 4a, b, i), we detected a
significant increase in cardiac viral replication from day 8
pi until the chronic phase of myocarditis (day 28 pi) in
animals which received iloprost (Fig. 4c—f, i). In addition,
viral load was found to be enhanced in other organs
(pancreas, spleen) of iloprost-treated animals compared to
non-treated mice (data not shown). The in situ hybridiza-
tion results were confirmed by RT-PCR quantifying CVB3
transcripts (Fig. 4j). On the other hand, the group of ani-
mals that had been treated with iloprost only from day 12 to
22 pi showed a similar viral load as the untreated animals
28 days pi (Fig. 4h—j). Figure 4g illustrates that tissue
sections of non-infected mouse hearts which were hybrid-
ized with CVB3-specific probes do not show specific sil-
ver grains, confirming the high specificity of the in situ
hybridization method.

Influence of iloprost on activation of p44/42 MAPK
in primary cardiac mouse fibroblasts

To gain further insight into the effects exerted by iloprost on
the molecular mechanisms underlying the development of
fibrosis, we isolated cardiac fibroblasts from hearts of ABY/
SnJ mice. In order to compare the levels of p44/42 MAPK
activation under the influence of iloprost in cultured fibro-
blasts, Western blot analyses were performed. Upon
infection, a highly significant increase in p44/42 MAPK
was noted in fibroblasts compared to uninfected cells with
or without iloprost. There was no suppression but a mod-
erate (however, not significant) increase of the p44/42
MAPK in CVB3-infected cells when they were treated with
different concentrations of iloprost compared to untreated
infected cells (Fig. 5).

Expression of inducible-type nitric oxide (iNOS)
mRNA in the course of myocarditis

We have previously shown that iNOS expression in car-
diac macrophages exerts deleterious effects in chronic
CVB3 myocarditis in susceptible ABY/SnJ mice [48]. In
order to evaluate whether iloprost may influence iNOS
expression in the course of myocarditis, hearts of untreated
and iloprost-treated animals were analyzed by radioac-
tive in situ hybridization for the visualization of iNOS
mRNA (Fig. 6). There was no relevant detection of iNOS
mRNA-positive macrophages in non-infected mouse
hearts (Fig. 6a, b) and in hearts 4 days pi (Fig. 6g). During
acute infection, we observed a slightly higher increase
of the iNOS mRNA-positive cardiac macrophages upon
treatment with iloprost than in non-treated animals as
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Fig. 3 Detection of
phosphorylated ERK

(p44/42 MAPK) by
immunohistochemistry and
immunofluorescence in CVB3
myocarditis. a, b Whereas at

8 days pi, a minor suppression
of ERK is noted in iloprost-
treated mice, an enhanced
activation of ERK is noted after
application of iloprost 12 and
28 days pi compared to the
untreated animals in the
inflammatory foci (c—f). g ERK
is not activated in the myocytes
of non-infected mice.

h Negative control
immunohistochemistry of the
heart shown in f. Double
labeling of ERK (green) and
desmin (red) (i-k) or SI00A4
(red) (I-n) reveals the
expression of ERK in
cardiomyocytes (k) and
fibroblasts (n) 12 days pi

(a—h %400, d days pi, not inf not
infected, i-n bar = 20 um)

demonstrated in Fig. 6¢c, d and g (8 days pi). iINOS mRNA
expressing macrophages were found to be significantly
enhanced at 12 days pi in iloprost-treated mice (Fig. 6g).
Even in the late phase of infection (day 28 pi), the hearts
of treated mice revealed numerous iNOS mRNA
expressing macrophages compared to those of non-treated
animals as demonstrated in Fig. 6e—g. Interestingly, as
demonstrated before for CTGF, in animals which had been
treated from day 12 to 22 pi, no increase in the amount of
iNOS mRNA expressing cells was noted compared to their
untreated littermates (Fig. 6g).

no iloprost

iloprost

W

ERK +
Desmin

ERK +
S100A4

Expression of iNOS mRNA and protein in murine bone
marrow macrophages

In order to investigate in more detail our findings on ilo-
prost-mediated increase in cardiac iNOS, we generated
BMM from ABY/Sn] mice which were stimulated with
IFN-y, infected with CVB3 and treated with iloprost. iNOS
mRNA was detected by radioactive in situ hybridization
(Fig. 7a—g) and iNOS protein by immunofluorescence
microscopy (Fig. 7h—p). Infection of the BMM with CVB3
resulted in a visible but minimal increase in iNOS mRNA
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Fig. 4 Detection of CVB3 RNA by in situ hybridization in the
myocardium of ABY/SnJ mice. a, b reveals a similar affection 4 days
pi. ¢, d At 8 days pi, iloprost-treated animals show an increased
replication of viral RNA. e, f Almost no detection in untreated
animals, but still foci of viral RNA in the iloprost-treated animals are
seen 28 days pi. g Non-infected animals. h No detection of viral RNA

and protein expression compared to non-infected cells
(Fig. 7a, c, h, i). BMM showed a stronger increase in iNOS
mRNA and protein expression when additionally stimu-
lated with IFN-y (Fig. 7e, j). As shown in Fig. 7d and f,
iloprost potentiated the expression of iNOS mRNA in
CVB3-infected BMM by a factor of 5-7 [Fig. 7g, at
0.139 uM (50 ng/ml) > 2.774 uM (1,000 ng/ml)]. The
observations at the mRNA level were substantiated by
immunofluorescence data, illustrating that iNOS protein is
significantly higher expressed in infected, IFN-y-stimulated
BMM which were treated with 0.139 pM (50 ng/ml) or
2.774 uM (1,000 ng/ml) concentrations of iloprost com-
pared to infected non-treated cells (Fig. 71, m, o, p).

Discussion

In fibrotic diseases like scleroderma and pulmonary hyper-
tension, the antifibrotic prostacyclin (PGI2) analog iloprost

@ Springer

[ no iloprost
I iloprost d 1-12
iloprost d 12-22

3.0%106 -
0
[
>
— 2.0x10°
-
=1
=
@ 6
x -
? 1.0x10
©
|-
-~ *
O-
OO WY W NN 0w
TtT T TT T T NAWN
TT TTT

28 days pi in animals treated with iloprost from day 12 to 22 pi.
i Assessment of myocardial affection of CVB3 genomic RNA by an
in situ hybridization score. Increase in viral RNA replication in the
iloprost-treated animals from day 8 to 28 pi. j Detection of CVB3
RNA by RT-PCR (a-h x400, d days pi, not inf. not infected, ilo
12-22d iloprost treatment from day 12 to 22 pi, *P < 0.05)

was found to suppress the expression of CTGF, a potent
mediator of fibrosis, by inhibiting the p44/42 MAPK (ERK)
pathway in a PKA-dependent manner [46, 47]. It was sug-
gested that, mainly by this mechanism, the development of
fibrosis can be reduced in these patients. However, our
results clearly demonstrate that this approach does not work
in the setting of coxsackievirus B3-induced myocarditis,
although here the development of fibrosis has been proven to
be dependent on CTGF as well [29]. In contrast, CVB3-
infected ABY/SnJ mice that have been treated with iloprost
show increased myocardial damage with aggravated fibrosis
and elevated levels of ERK activation and CTGF expression
after the peak of virus replication, compared to their
untreated littermates. It is important to note that ERK sig-
naling is not only relevant in myocarditis but is also involved
in many other cardiopathologic processes like apoptosis,
hypertrophy and ischemia/reperfusion injury [4, 36].

In order to gain insight into the molecular mechanisms
which determine the deleterious effects of iloprost in viral
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Fig. 5 Analysis of ERK (p44/42 MAPK) activation by Western blot
analysis illustrates a significant upregulation in CVB3-infected cells
compared to non-infected cells. However, no suppression of ERK is
found in CVB3-infected iloprost-treated cells compared to infected,
untreated cells (% hours pi, mean + SD, **P < 0.01)

myocarditis, we performed in vitro experiments using
CVB3-infected murine cardiac fibroblasts. Interestingly, in
our study, in the presence of enteroviruses, iloprost was not
found to reduce the activation of p44/42 MAPK in cardiac
fibroblasts. As the difference of the experimental scenario
compared to that of Stratton et al. are the direct virus-
associated processes, we hypothesized that virus replica-
tion may counteract the described inhibition of p44/42
MAPK by iloprost. In fact, CVB3 replication is known to
be dependent on the activation of the p44/42 MAPK in the
host cell and, vice versa, also promotes the activation of the
MAPK in the sense of a self-amplification cycle [17, 34,
39]. The activation of p44/42 MAPK by CVB3 is depen-
dent on the small G-protein p21"* (Ras), which is known to
stimulate the MEK/ERK signaling cascade by recruiting
the serine/threonine kinase C-Raf (Raf-1) to the plasma
membrane [26], allowing the enzyme to phosphorylate
further proteins, among which are the members of MEK/
ERK cascade [36]. Previously we have shown that in the
course of CVB3 infection, p21™ GTPase-activating pro-
tein (RasGAP) is inactivated by cleavage by the viral
proteinase 3CDP™ [17], resulting in the accumulation of
Ras and further activation of ERK. Obviously, the inhibi-
tory effects of iloprost on MEK/ERK signaling induced by
elevating the intracellular levels of cAMP and consecutive
Raf-1 inhibition by phosphorylation on its serine-259 site
[7-9] are less effective than the opposite mechanisms
induced by the virus. Another possible explanation how the
viral replication counteracts the inhibitory effects of ilo-
prost is the activation of Raf-1 by Src-kinases, a family of
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Fig. 6 Expression of iNOS mRNA detected by in situ hybridization
in CVB3-infected hearts. a, b Not infected animals. ¢, d A slight
increase of cardiac iNOS mRNA-expressing cells is noted in iloprost-
treated mice 8 days pi but a significant increase of iNOS mRNA-
positive cells is observed at later stages of infection compared to
untreated mice (e, f day 28 pi). g Quantification of iNOS mRNA
expression by in situ hybridization. Prolonged and enhanced expres-
sion of iNOS mRNA in hearts is noted after application of iloprost
during days 1-12 pi but not in animals treated during days 12-22 pi
(a—f x400, d days pi, not inf. not infected, *P < 0.05, **P < 0.01)

tyrosine kinases [35]. Src-kinases have been found to be
activated in the course of CVB3 infection in HeLa and
Vero cells 4-6 h pi [16]. From these results it can be
concluded that the activating mechanisms induced by the
interaction of virus with Ras/MEK/ERK signaling and
consecutive CTGF expression are stronger than the inhib-
itory effects exerted by iloprost.

A major finding in our study is the fact that iloprost-
treated mice reveal increased myocardial damage at later
stages of myocarditis compared to non-treated mice. One
known determinant influencing the extent of myocardial

@ Springer
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injury in chronic CVB3-myocarditis is nitric oxide (NO)
which is produced from L-arginine by inducible nitric oxide
synthase (iNOS, NOS-2) by invading macrophages [48]. In
context with ischemic heart disease, NO is known as reg-
ulator of endothelial function, and deficiency of NO is
associated with endothelial dysfunction, which may finally
lead to atherosclerosis and cardiac ischemia [55]. However,
the role of NO in cardiac CVB3 infection is rather
ambivalent. On the one hand, in acute infection in vitro,
NO has been shown to inhibit the CVB3 proteinases 2A
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infection and stimulation with IFN-y. h—-p Increased production of
iNOS protein in CVB3-infected and IFN-y-stimulated BMMs after
application of iloprost (a—f and h—p, x400, not inf. not infected, IFNg
interferon gamma, ilo 2.774 pM (1,000 ng/ml), Ilo 0.139 uM
(50 ng/ml), **P < 0.01)

and 3C, thereby reducing the viral replication and pre-
venting the cleavage of many cellular proteins that ensure
proper cellular functions [54]. Also, CVB3-infected
iNOS~'~-mice were found to develop a more severe
myocarditis with increased viral replication, indicating that
NO plays a pivotal role in the host immune response to
CVB3 infection [53]. On the other hand, there is a multi-
tude of detrimental effects induced by NO and reactive
nitrogen intermediates (RNIs) such as peroxynitrite that
have been discovered during the last decades (reviewed in
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[40]). In neonatal rat cardiomyocytes, NO mediates apop-
tosis in a cGMP-dependent way [44], and peroxynitrite
(ONOOQO), a strong oxidant evolving from the reaction of
NO with superoxide anion (O,"), triggers cardiomyocyte
apoptosis in vitro and in a myocardial ischemia—reperfu-
sion in vivo model [32]. Recently, ONOO™ has been
identified as a suppressor of cardiac contractile function by
nitration of myofibrillar proteins in an in vitro motility
assay [45]. Accordingly, neutralizing ONOO™ in endo-
toxin-stimulated rats improved cardiac contractility [28].
Experiments in ischemic pig hearts suggest that inhibition
of excessive iNOS activity may prove to be beneficial in
maintaining the contractile function during sustained
moderate ischemia. [15]. Regarding CVB3 myocarditis,
susceptible SWR mice which were infected with an
attenuated CVB3 revealed a significantly lower expression
of iNOS and fewer and smaller inflammatory lesions of the
myocardium [3]. As previously reported, susceptible ABY/
SnJ mice, but not resistant C57BL/6 mice, show a delayed
and prolonged iNOS expression, causing ongoing immu-
nopathology in the heart [48]. Intriguingly, in our study,
when iloprost-treated mice were investigated, a significant
enhancement of iNOS mRNA expression was detected in
interstitial macrophages at later stages of myocarditis
compared to untreated CVB3-infected animals, suggesting
that RNI may contribute to an enhanced and prolonged
cardiac injury in treated animals. To gain further insight in
these processes, we isolated BMM of ABY/SnJ mice and
monitored the expression of iNOS RNA and protein after
treatment with different concentrations of iloprost.
According to our findings in vivo, the expression of iNOS
RNA and protein was potentiated in IFN-y-stimulated
CVB3-infected BMM after treatment with iloprost.

Regarding the underlying mechanisms of myocardial
damage induced by RNIs, it was described that, for
example, ONOO™ may act as a mediator of diverse cell
signal transduction pathways [33]. For example, ONOO™
was found to activate the MEK/ERK signaling cascade in
H9C2 cardiomyocytes by activating Raf-1, independent of
the growth factor receptor stimulation [41]. The same
effect has been reported for lung myofibroblasts in rats [56]
and rat-1 fibroblasts, a non-transformed rat embryo cell line
[2]. There is evidence that these mechanisms may also be
relevant for the detrimental effects of iloprost in our model
system of inflammatory heart disease. An enhanced and
ongoing ONOO ™ -mediated ERK activation can contribute
to the increased viral load we detected at the later stages of
infection, considering the fact that replication of CVB3 is
dependent on the activation of ERK signaling [17, 34, 39]
as mentioned above.

Altogether these results provide evidence that iloprost is
counteracting its primary inhibitory effects on p44/42
MAPK signaling by increasing iNOS expression of

infiltrating macrophages. In turn, the excessive production
of NO and RNI, especially ONOO™, enhances p44/42
MAPK activation which promotes viral replication and
expression of CTGF, finally leading to an increased fibrosis
in iloprost-treated mice. It is worth noting that iloprost
exerts adversive effects only in the time period of virus
replication (up to 12 days pi) but not if iloprost is applied
from day 12 to 28 pi when infectious virus is not present
any more, substantiating the interference of molecular
mechanisms induced by virus replication and those of
iloprost.

Finally, it remains the question of the relevance of these
findings in patients with heart disease. Tissue samples
taken from patients with DCM revealed that 67 % of the
hearts expressed iNOS in all four chambers [14]. More-
over, in heart tissue specimen from patients who died from
viral myocarditis, a significantly increased amount of
nitrotyrosine residues (a marker for the presence of
ONOO™) was detectable in the myocardium and endocar-
dium [25], suggesting an etiopathogenic role for RNIs in
inflammation-associated myocardial dysfunction. Most
importantly and completely congruent to our results,
human peripheral blood monocytes induced with LPS/IFN-
7 show a potentiated (9.4-fold) expression of iNOS and
production of NO when treated with cicaprost, another
selective prostacyclin receptor agonist [42].

The development of fibrosis and the degree of cardiac
remodeling are associated with the extent and modulatory
capacity of the inflammatory response in viral myocarditis
[48, 51] and other cardiopathologic settings like myocar-
dial infarction [49]. Most recently, it was shown that in
human monocytes which have been stimulated with LPS,
iloprost impairs the Th1/Th2-related chemokine expression
via epigenetic regulation. In fact, iloprost was found to
suppress IP-10, thus probably increasing the Th2 recruit-
ment [27]. In contrast, in a model of bleomycin-induced
pulmonary inflammation IP-10 was found to be upregu-
lated by iloprost [57]. In our in vivo system, we did not
observe a downregulation of IP-10 or of CD3+ T cells in
the hearts of our treated animals, suggesting that iloprost
does not interfere with the known Thl-mediated inflam-
mation in susceptible CVB3-infected mice.

Taken together, our data stress the complexity of inter-
actions between the immune system and viral replication in
the pathogenesis of chronic myocarditis in view of poten-
tial therapeutic drug interventions. Further studies are
needed to gain deeper insight into the impact of iloprost or
other prostacyclin receptor agonists on inflammatory pro-
cesses of heart disease, especially in virus-infected
patients. However, so far our results obtained in the in vivo
model of CVB3 myocarditis implicate a critical reflection
of the clinical use of iloprost in patients possibly suffering
from an enterovirus infection.
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