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Abstract

Persistent infections with a cardiotropic enterovirus, e.g. coxsackievirus B2 (CVB2), cause chronic myocarditis and
eventually congestive heart failure. Therefore, the antiviral activity of WIN 54954, a capsid binding antiviral agent
that inhibits enterovirus uncoating, was studied in persistently CVB2-infected cultures of human myocardial
fibroblasts. Cultures displayed a typical carrier state infection with virus titers of 3.991.6×105 plaque forming units
(PFU)/ml and 0.99% infected cells. WIN 54954 (0.025–1 mg/ml) application was started 7 days after infection of the
cultures. Compared to the WIN 54954 concentration resulting in a 90% plaque number reduction (EC90=0.197
mg/ml) in acutely infected Vero cells, WIN 54954 reduced virus yields of myocardial fibroblast cultures more
efficiently, e.g. more than 100 fold (99%) with 0.025 mg/ml after 4 days of application. Antiviral effects of WIN 54954
increased with application time and at 0.025 mg/ml Win 54954 completely inhibited infectious virus progeny after 16
days. Increasing the WIN 54954 concentration up to 1 mg/ml did not cause a greater inhibition of virus replication.
In situ hybridization demonstrated that at 0.1 mg/ml WIN 54954 reduced the number of infected cells from 0.99 to
0.18%, although a complete eradication of CVB2-infected cells was not achieved at concentrations as high as 1 mg/ml.
In conclusion, the results indicate that low concentrations of WIN 54954 are effective in treating persistent enterovirus
infections of myocardial fibroblasts, although a complete eradication of the infection is not achieved with WIN 54954
as a single antiviral agent. © 1998 Elsevier Science B.V.
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(CVB, types 1–6) may cause serious diseases,
e.g. myocarditis with life-threatening arrhythmias
(Abelmann, 1973; Lau, 1983; Kandolf and Hof-
schneider, 1989; Sato et al., 1989; Muir, 1993;
Why et al., 1994). Chronic enterovirus infections
of the heart may result in congestive heart fail-
ure under the clinical picture of dilated car-
diomyopathy and the only remedy then may be
heart transplantation (Why et al., 1994; Figulla
et al., 1995). Rapid diagnosis of myocardial en-
terovirus infection was achieved only recently,
since routine endomyocardial biopsy with subse-
quent enterovirus detection by reverse-transcrip-
tion and polymerase chain reaction (RT-PCR)
was introduced as a diagnostic procedure in sus-
pected myocarditis and unclear sudden heart
failure (Jin et al., 1990; Schwaiger et al., 1993;
Kämmerer et al., 1994; Andreoletti et al., 1996).
Therefore, a real chance of early intervention by
antiviral therapy has emerged.

WIN 54954 is a capsid binding antipicor-
navirus agent, which is active against a multi-
tude of rhinovirus and enterovirus serotypes in
vitro, obviously by inhibiting virus uncoating
(Diana et al., 1989; Woods et al., 1989). As pi-
cornavirus infections lead to a rapid lysis of the
infected cells, WIN 54954 has so far only been
evaluated in in vitro models of an acute infec-
tion (Woods et al., 1989). In murine models of
coxsackievirus myocarditis and coxsackievirus
infections of the central nervous system, WIN
54954 proved to be effective if application was
started early, i.e. with infection or as late as 4
days after infection (Woods et al., 1989; See and
Tilles, 1992; Pauksen et al., 1993). On the con-
trary, enteroviruses are capable of establishing
chronic infections in vivo (Kandolf and Hof-
schneider, 1989; Heim et al., 1994; Why et al.,
1994; Heim et al., 1997b). So far, it has re-
mained uncertain whether WIN 54954 is active
in enterovirus persistence. Therefore, we evalu-
ated the antiviral activity of WIN 54954 in an in
vitro model of myocardial enterovirus persis-
tence.

Propagation of human myocardial fibroblasts
from small myocardium samples of paediatric-

surgical origin was described recently and results
in a sufficient number of non-transformed cells
for testing antiviral agents (Heim et al., 1995).
Infection of human myocardial fibroblast cul-
tures with human cardiotropic enterovirus gives
rise to a persistent carrier-state virus replication
with a high virus titer in the culture supernatant
(Heim et al., 1995). In this type of infection, a
small proportion of the cell population is pro-
ductively infected, thereby resembling enterovirus
infection of myocardial interstitial cells in vivo
(Kandolf and Hofschneider, 1989; Klingel et al.,
1992; Koide et al., 1992). As an effective antivi-
ral therapy of acute and chronic enterovirus my-
ocarditis is urgently needed, we investigated
whether at least a 100-fold (99%) reduction of
virus replication or a complete suppression of
infectious virus progeny may be achieved with
WIN 54954 in CVB2 carrier state infected my-
ocardial fibroblasts.

2. Materials and methods

2.1. Experimental outline

Cultures of human myocardial fibroblasts
were infected with CVB2 1 week prior to appli-
cation of WIN 54954 (carrier state type of in
vitro virus persistence). Different concentrations
of WIN 54954 (0, 0.025, 0.1, 0.5 and 1 mg/ml)
were examined over a period of 16 days, each in
triplicate cultures. Culture media were changed
every other day and WIN 54954 was added to
fresh culture media. Culture supernatants ob-
tained at days 4, 8, 12 and 16 were frozen at
−20°C and used for virus titration by plaque
assays. In addition, RNA was isolated from cul-
ture supernatants of day 16 in order to investi-
gate whether CVB2 RNA can be detected by
highly sensitive nested RT-PCR in cultures nega-
tive for infectious CVB2. On day 16, fibroblasts
were harvested by incubation with versene and
the effect of WIN 54954 on the proportion of
infected cells in the cultures was determined by
quantitative in situ hybridization.
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2.2. Cells, 6iruses and anti6iral agents

Human myocardial fibroblasts were prepared
from paediatric-surgical myocardial tissue without
enzymatic tissue disaggregation as described re-
cently (Heim et al., 1995). Fibroblasts were propa-
gated with Dulbecco’s modified Eagle’s minimal
medium (DMEM), supplemented with 15% foetal
bovine serum (FBS; Life technologies, Grand Is-
land, NY), non-essential amino-acids, 4.5 g glu-
cose/l and 50 mg kanamycin/ml. Fibroblast
cultures were controlled for the absence of my-
coplasma contamination with a nucleic acid hy-
bridization kit (Geneprobe, San Diego CA).
coxsackievirus B2 (CVB2) Ohio-1 strain (ATCC
No. VR-29), transfection generated coxsackievirus
B3 (CVB3) Nancy strain (generated from the plas-
mid CVB3-M1, Kandolf et al., 1985) and CVB3
Woodruff strain, which was a kind gift of Dr Jan
Fohlman, University Hospital Uppsala, Sweden,
were plaque-purified on Vero cells (ATCC No.
CCL 81) as described previously (Kandolf et al.,
1985). Confluent monolayers of human myocar-
dial fibroblasts were infected with CVB2 at a
multiplicity of infection (moi) of 0.5 plaque form-
ing units (PFU)/cell. WIN 54954 was provided by
Sterling Winthrop, (Rensselaer, New York).

2.3. Virus yield assays

Infectious virus titers in culture supernatants of
human myocardial fibroblasts were quantitatively
determined by plaque assays as described previ-
ously (Kandolf et al., 1985). No effort was made
to remove WIN 54954 from fibroblast culture
supernatants before determining virus yields, since
addition of 1 mg WIN 54954/ml to a CVB2 stock
solution did not affect the virus titer determined
by a plaque assay compared to the virus titer of
the WIN 54954 free CVB2 stock solution.

2.4. Sensiti6ity assays

WIN 54954 sensitivity of different stock virus
preparations CVB3 (Nancy strain), CVB3
(Woodruff strain) and CVB2 (Ohio-1 strain) was
determined by a plaque reduction method as the
50% and 90% inhibitory effective concentration

(EC50 and EC90, respectively). In addition, CVB2
isolated from fibroblast cultures after 16 days of
WIN 54954 application was tested to search for
emergence of WIN 54954 resistance. Briefly, 100
PFU of virus were incubated with various concen-
trations of WIN 54954 (0.01–2.5 mg/ml) in
DMEM for 1 h. Medium was aspirated from
confluent monolayers of Vero cells, cells were
incubated with the WIN 54954/virus solution for
1 h, washed with PBS−(phosphate-buffered sa-
line) and overlaid with 1% seaplaque agarose
(FMC Corp., Rockland, ME) in DMEM (supple-
mented with 5% FBS, 20 mM MgCl2 and 50 mg
kanamycin/ml) containing various concentrations
of WIN 54954. Cells were fixed after 48 h with 5%
trichloroacetic acid, stained with 1% crystal violet
and examined for plaque count. Median effect
plots (regression lines) were calculated from the
concentration/plaque number data (Heim et al.,
1996). Significant concentration-dependent action
of WIN 54954 was confirmed by calculating the
correlation coefficient of the regression lines. Me-
dian-effect plot parameters were used for compu-
tation of effective concentrations resulting in a
50% or 90% reduction of virus yields (EC50 and
EC90, respectively). In order to control the reli-
ability of EC-values, standard deviations (S.D.) of
EC-values were calculated with a computer pro-
gram (Heim et al., 1996).

2.5. In situ hybridization

After 16 days of application of WIN 54954,
fibroblasts were harvested with versene. 1×105

cells were applied each to microscopic slides.
About 90% of the cloned CVB3 genome (0.06–7.2
kB), which effectively cross-hybridized with
CVB2, was labeled with 35S by nick-translation
and used as a DNA probe (Kandolf and Hof-
schneider, 1985; Kandolf et al., 1987. In situ
hybridization was performed as described recently
(Heim et al., 1992). Slides were examined un-
stained with an interference-contrast microscope
(Zeiss Jenaval, Jena, Germany). A total of 100
cells were counted on each slide at least three
times. Counting was performed in a blinded fash-
ion to avoid observer bias. The degree of infection
was determined as percent of positive cells accord-



A. Heim et al. / Anti6iral Research 37 (1998) 47–5650

ing to the ratio: (positive cells/(negative cells+
positive cells))×100%. Intraobserver error and
interobserver errors were obtained from repeated
measurements and expressed as the percentage of
standard deviation. Estimated standard deviations
were low in both cases (6.0–9.3%, respectively)
and confirmed the reliability of the method em-
ployed.

2.6. Re6erse transcription and polymerase chain
reaction

RNA was extracted from 140 m l cell culture
supernatants after 16 days of WIN 54954 applica-
tion using a silica-membrane technique (Viral
RNA kit, Qiagen, Hilden, Germany). The reverse
transcription reaction was carried out with 16 m l
of the RNA containing eluate, 1 pmol enterovirus
specific primer (CX24M, GTTAGGATTAGC-
CGCATT) and Superscript 2 RNAse-negative
Moloney murine leukemia virus reverse transcrip-
tase (Life Technologies, Gaithersburg, MD). The
buffer delivered with the enzyme was used, con-
taining 0.5 mM (each) deoxynucleotides triphos-
phates and 1 mM dithiotreitol in a total volume
of 30 m l at 48°C for 60 min. A nested PCR was
performed under strict conditions to avoid
product carry-over and contamination (Kwok
and Higuchi, 1989). The reaction buffer contained
10 mM Tris-HCl pH 8.3, 3.5 mM MgCl2, 75 mM
KCl (PCR optimization buffer no. 4, Stratagene,
La Jolla, CA), 0.25 mM of each deoxynucleotide
triphosphate and 0.8 pmol of each primer in a
total volume of 80 m l. A hot start PCR was
performed with 2.5 U amplitaq gold (Perkin
Elmer Cetus, Norwalk, CT). Primers for the PCR
were CX1M (ACCTTTGTGCGCCTGTT) and
CX24M and for the nested PCR CX3M (CAAG-
CACTTCTGTTACCCC) and CX4M
(TTCAGGGGCCGGAGGA) resulting in a 296-
bp product. CX24M, CX3M and CX4M were
100% homologous (or complementary, repec-
tively) to the recently published CVB2 sequence
(EBI accession no. Y09512). As the 5% non-trans-
lated region of CVB2 was so far only sequenced
in part, CX1M had to be selected for annealing to
a highly conserved region of the enteroviral 5%
non-translated region (nucleotides 67–83 of the

published CVB3 sequence, EBI accession no.
M33854). All oligonucleotide primers were ob-
tained from Eurogentec (Fleurus, Belgium). PCR
products were analyzed by electrophoresis on 2%
agarose/TAE (0.04 M Tris-acetate, 0.001 M
EDTA) gels stained with ethidium bromide. RNA
samples extracted from CVB2-infected and mock-
infected cell cultures served as internal positive
and negative controls, respectively.

2.7. Cell-proliferation and 6iability assays

Reduction of cell proliferation by WIN 54954
was quantitatively evaluated by use of the cleav-
age of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl te-
trazolium-bromide (MTT) to dark blue formazan
by viable cells (Denizot and Lang, 1986). Briefly,
cells were incubated for a period of 4 days with
various concentrations of WIN 54954 (2, 4, 8 and
16 mg/ml with Vero cells and 0.5, 1, 2.5 and 5
mg/ml with human myocardial fibroblasts). Media
were removed and cells were incubated with 50
mg/ml MTT in phenol-red and FBS free DMEM
for 4 h. Untransformed MTT-DMEM was re-
moved and formazan was extracted from the cell-
monolayer by incubation with isopropanol.
Absorbance was read at a wavelength of 560 nm
in a standard photometer (reference wave length
690 nm). The WIN 54954 concentration resulting
in a 50% inhibition of cell proliferation (antipro-
liferative IC50) was calculated from the concentra-
tion/absorbance data as described in detail for the
antiviral EC50 and EC90. In order to estimate the
specifity of the antiviral action the selectivity in-
dex (SI) of WIN 54954 was calculated: SI=an-
tiproliferative IC50/antiviral EC50.

3. Results

3.1. WIN 54954 sensiti6ity of cardiotropic
entero6iruses

The WIN 54954 sensitivity of CVB3 Nancy
strain, CVB3 Woodruff strain and CVB2 Ohio 1
strain were determined using a plaque reduction
assay method with Vero cells. CVB3 Nancy was
primarily resistant to WIN 54954 (EC50\2.5 mg/
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ml), whereas both CVB3 Woodruff strain and
CVB2 were highly sensitive to WIN 54954
(Table 1). Antiviral effects of WIN 54954 on
CVB3 Woodruff strain and CVB2 were signifi-
cantly concentration-dependent. WIN 54954 had
only minor effects on the cell proliferation of
Vero cells (antiproliferative IC50: 14.9 mg/ml),
Selectivity index calculation confirmed the highly
specific inhibition of CVB3 Woodruff strain
replication (SI: 339) and CVB2 replication (SI:
827).

3.2. Anti6iral aciti6ity of WIN 54954 on CVB2
infectious 6irus progeny of carrier state infected
cell cultures

Antiviral effects of WIN 54954 on virus titers
of CVB2 carrier state infected human myocar-
dial fibroblasts are depicted in Fig. 1. For exam-
ple, WIN 54954 reduced the virus titers of
myocardial fibroblast cultures from 3.3×105

PFU/ml (SD 1.4×105) to 2.96×103 PFU/ml
(SD 6.0x102) after 4 days of application. The
antiproliferative effect of WIN 54954 in myocar-
dial fibroblast cultures was very low (IC50\5
mg/ml) and this confirms the high selectivity of
WIN 54954 action. There were no concentra-
tion-dependent antiviral effects, but a time-de-
pendent decrease of infectious virus progeny was
observed in carrier state infected cell cultures at
all concentrations tested Fig. 1). After 16 days
of WIN 54954 (0.025–1 mg/ml) application, in-

Fig. 1. Reduction of virus titers in CVB2 carrier cultures of
human myocardial fibroblasts (mean values of triplicate cul-
tures, error bars indicate standard deviation). Infected control
(open bar), 0.025 mg/ml 54954 (hatched bar), 0.1 mg/ml WIN
54954 (dotted bar), 0.5 mg/ml WIN 54954 (criss-cross bar), 1
mg/ml WIN 54954 (solid bar); c complete suppression of
infectious virus replication in two of three cultures; * complete
suppression of infectious virus replication in all three cultures.

fectious virus progeny was completely suppressed
with the exception of a single culture in the
0.025 mg/ml dose schedule and a single culture
in the 0.5 mg/ml dose schedule. A WIN 54954
resistant CVB2 was isolated from the latter cul-
ture. The EC90 of this isolate as determined in
Vero cell had increased significantly to 0.81 mg/
ml compared to 0.197 mg/ml of the stock virus
and the EC50 had increased slightly to 0.026 mg/
ml compared to 0.018 mg/ml of the stock virus
(standard deviations of EC50 and EC B5%).

3.3. Reduction of CVB-infected cells

In addition to the effects on infectious virus
yields, WIN 54954 reduced the number of CVB2
RNA positive cells in carrier state cultures of
myocardial fibroblasts. Fig. 2 shows a typical in
situ hybridzation of a WIN 54954 treated cul-
ture compared to an infected control. Results of
a quantitative analysis of in situ hybridization
data are depicted in Table 2. A concentration-
dependent effect of WIN 54954 was observed on
the number of infected cells in contrast to the
antiviral effects on infectious virus yields in su-
pernatants (compare Table 2 and Fig. 1).

Table 1

SIEC50 (mg/ml)Enterovirus (strain) EC90 (mg/ml)

B6CVB3 \2.5 \2.5
(Nancy-strain)

339CVB3 0.2890.044
(Woodruff-strain)

8270.197CVB2 0.018
(Ohio-1 strain)

EC50 and EC90 were determined with plaque reduction assays
using Vero cells. Standard deviations of EC50 and EC90 values
were B5%, selectivity index (SI=antiproliferative IC50/antivi-
ral EC50). The antiproliferative IC50 was 14.9 mg/ml.
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3.4. Persistence of CVB2 RNA

In spite of the complete suppression of infec-
tious virus progeny by WIN 54954 at 16 days,
persistence of CVB2 RNA was demonstrated in
myocardial fibroblasts with the help of in situ
hybridizations (compare Fig. 1 and Table 2). In
addition to the detection of intracellular CVB2
RNA by in situ hybridization, CVB2 RNA persis-
tence was investigated in the cell culture superna-
tants with a nested RT-PCR, which is highly
sensitive, but does not give quantitative results in
contrast to the in situ hybridization. Fig. 3 depicts
a CVB2 specific amplificate of 296-bp length in all
CVB2-infected cultures, including the cultures
with a complete suppression of infectious virus
progeny after 16 days of WIN 54954 application,
but not in the negative control culture. Thus,
RT-PCR confirmed the results of in situ hy-
bridizations on CVB2 RNA persistence in WIN
54954 treated cultures.

4. Discussion

Many enterovirus serotypes, most frequently
coxsackievirus of subgroup B, have been so far
demonstrated as pathogens in myocarditis and
associated with consecutive congestive heart fail-
ure (Abelmann, 1973, Kandolf and Hofschneider,
1989, Muir, 1993, Why et al., 1994). In the
present study, the antiviral activity of WIN 54954
was investigated with an in vitro model system of
persistent enterovirus replication to determine
whether WIN 54954 is capable to suppress my-
ocardial enterovirus replication if application
starts late after target organ infection. WIN 54954

Fig. 2. Autoradiographs of persistently CVB2-infected (A,B)
and uninfected (C) cultured human myocardial fibroblasts
hybridized in situ with a 35S-labeled, enterovirus specific
cDNA probe. (A) Persistently infected CVB2 carrier culture,
untreated. (B) Persistently infected CVB2 carrier culture,
treated with 0.1 mg/ml WIN 54954 every 24 h over a period of
16 days. (C) Uninfected control cells. Autoradiographic expo-
sure time was 14 days. Interference contrast ×200.

Table 2
Reduction of the proportion of CVB2 RNA positive cells in
CVB 2 carrier cultures of human myocardial fibroblasts, as
determined by quantitative in situ hybridization

WIN 54954 (mg/ml) Infected cells (%)9S.D.

0 0.9990.097
0.1890.030.1
0.1590.040.5
B0.051.0



A. Heim et al. / Anti6iral Research 37 (1998) 47–56 53

Fig. 3. Gel electrophoresis analysis of RT-PCR products obtained after nested amplification of coxsackievirus RNA. RNA was
extracted from supernatants of CVB2 carrier state infected human myocardial fibroblasts after 16 days of WIN 54954 application
(0.025, 0.1, 0.5, 1.0 mg/ml), each in triplicates. + : positive control, − : negative control, MW: molecular weight marker, (50-bp
ladder), ethidium bromide stain.

was selected as a lead substance of uncoating
inhibitors because of its broad spectrum activity
against coxsackieviruses in acutely infected cell
cultures (Woods et al., 1989). Previously, the an-
tiviral activity of WIN 54954 was demonstrated in
murine models of various enterovirus diseases
(Woods et al., 1989; See and Tilles, 1992; Pauksen
et al., 1993). However, WIN 54954 application
was started early after infection of the mice and
obviously before the target organ was infected
through viremia (See and Tilles, 1992; Pauksen et
al., 1993). In contrast to these studies, another
uncoating inhibitor, disoxaryl, proved to be effec-
tive in a persistent enterovirus infection of the
mouse central nervous system (Jubelt et al., 1989).

Our results demonstrate the antiviral activity of
WIN 54954 on persistent CVB2 replication using
human, organ-specific cells. Surprisingly, WIN
54954 was even more effective in persistent carrier
state replication than in acutely infected Vero cells
(compare Table 1 and Fig. 1). Recently, a similar
result was reported also for another virustatic
drug, ribavirin, in carrier state CVB3 replication
(Heim et al., 1997a). As carrier state infected

cultures need multiple viral replication cycles to
maintain their steady state of virus titers, a
virustatic inhibition of each single viral replication
cycle may add up in carrier state infected fibrob-
last cultures and eventually results in a time-de-
pendent antiviral effect as demonstrated in the
present study (Fig. 1). In contrast to acutely in-
fected Vero cells (Table 1, Woods et al., 1989),
antiviral effects of WIN 54954 on carrier state
CVB2 replication were not concentration-depen-
dent in fibroblasts cultures. However, the action
of WIN 54954 was highly specific and not related
to antiproliferative or cytotoxic effects on my-
ocardial fibroblasts (antiproliferative IC50\5 mg/
ml). Apparently, a maximum antiviral effect was
already achieved in myocardial fibroblasts with
the lowest WIN 54954 concentration tested (0.025
mg/ml); which resulted in a complete suppression
of infectious virus progeny after 16 days (Fig. 1).
In addition to its effects on virus yields, WIN
54954 effectively reduced the number of CVB2
RNA positive cells (Table 2) in carrier state in-
fected myocardial fibroblasts cultures. As WIN
54954 has no direct effect on enterovirus RNA
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replication (Diana et al., 1989; Woods et al.,
1989), reduction of infected cells is probably due
to a protection against CVB2 infection of permis-
sive cells in carrier cultures. In spite of the com-
plete suppression of infectious virus progeny,
persistence of CVB2 RNA was detected after 16
days of WIN 54954 application in myocardial
fibroblasts by in situ hybridization Fig. 2, Table
2). One possible explanation for this finding is
that virus detection by plaque assays is of a
limited sensitivity compared to CVB2 RNA detec-
tion with in situ hybridization. In general, WIN
54954 carry-over does not interfere with CVB2
detection by plaque assays, probably because
WIN 54954 dissociates from the CVB2 virion
during the serial dilution with PBS, as already
demonstrated with coxsackievirus A 9 and
echovirus type 9 (Woods et al., 1989). However,
addition of 1 mg WIN 54954/ml to a diluted
CVB2 solution (similar to the sensitivity assays,
but omitting WIN 54954 from the agarose) re-
duced the sensitivity of the plaque assay 10-fold
(data not shown). Therefore, a very low virus titer
(B10 PFU/ml) may be present in cell culture
supernatants, which had to be tested undiluted in
plaque assays, even if plaque assays give negative
results. This view is supported by the detection of
CVB2 RNA in the cell culture supernatants by
RT-PCR (Fig. 3). Another possible explanation of
CVB2 RNA persistence during suppression of
infectious virus progeny by WIN 54954 may be a
restricted replication of viral RNA that does not
result in production of infectious particles (Klin-
gel et al., 1992).

CVB2 was selected as infectious agent for car-
rier state infection of myocardial fibroblasts be-
cause it was demonstrated in human myocarditis,
dilated cardiomyopathy and arrhythmogenic right
ventricular cardiomyopathy (Lau, 1983; Sato et
al., 1989; Heim et al., 1995; Meyer et al., 1997,
Heim et al., 1997b). However, CVB2 has only
minor myocarditic effects in mice compared to
cardiotropic strains of CVB3 (Beck et al., 1990).
CVB2 is highly sensitive to WIN 54954 (Table 1)
but multiple rounds of CVB2 replication in car-
rier-cultures with continuous application of WIN
54954 are advantageous prerequisites for in vitro
selection of drug resistant strains, which were

observed after 16 days. Interestingly, the sec-
ondary resistance of CVB2 to WIN 54954 resulted
only in a slight increase of EC50 values (0.018 to
0.026 mg/ml), whereas, EC50 values increased 4-
fold (0.197 to 0.81 mg/ml). In contrast to the
secondary resistance of CVB2, one of the car-
diotropic CVB3 laboratory strains, CVB3 Nancy,
generated from a plasmid containing the complete
CVB3 sequence (Kandolf and Hofschneider,
1985), is primarily resistant to WIN 54954 with an
EC50\2.5 mg/ml (Table 1). WIN 54954 resistance
is not unique for the cloned CVB3 Nancy strain
sequence, as a WIN 54954 resistance was also
reported for another CVB3 (Nancy strain) stock
virus (Fohlman et al., 1996). It may be suspected
that CVB3 Nancy strain is also resistant to several
other uncoating inhibitors, because a primary re-
sistance of CVB3 Nancy strain was also reported
for another capsid binding uncoating inhibitor,
SDZ 35682 (Rosenwirth et al., 1995). However,
the closely related CVB3 Woodruff strain is
highly sensitive to WIN 54954 (Woods et al.,
1989). A primary resistance of one CVB3 strain
seems to be important concerning the antiviral
therapy of enteroviral heart disease, since several
studies have emphasized the predominance of
CVB3 in the myocardium by sequencing PCR
amplicons of the enteroviral 5% non-translated re-
gion (Khan et al., 1994; Nicholson et al., 1995;
Heim et al., 1997b). As the conserved 5% non-
translated region sequences of both CVB3 strains
are highly homologous to the published CVB3 5%
non-translated region sequences from myocarditis
patients (Khan et al., 1994; Nicholson et al., 1995;
Heim et al., 1997b), it is not clear so far, whether
the primarily resistant CVB3 Nancy strain or the
sensitive CVB3 Woodruff strain predominates in
enterovirus heart disease. In addition, resistance
testing of clinical isolates is not feasible, because
enterovirus propagation from the myocardium
failed in human myocarditis with a few exceptions
(Maller et al., 1967; Sutton et al., 1967; Longson
et al., 1969; Abelmann, 1973; Woodruff, 1980).
Perhaps, future capsid binding drugs, e.g. deriva-
tives of WIN 54954, can be designed with help of
the recently resolved crystal structure of CVB3
Nancy strain (Muckelbauer et al., 1995). Their
antiviral spectrum may then include CVB3 Nancy



A. Heim et al. / Anti6iral Research 37 (1998) 47–56 55

strain and antiviral therapy of enterovirus my-
ocarditis may be feasible without typing of the
infectious agent.

In conclusion, our results indicate that WIN
54954 is capable to suppress persistent enterovirus
replication in myocardial fibroblasts. Therefore,
WIN 54954 may be active in vivo, even if treat-
ment starts late after the viremic phase, and after
the infection of the myocardial interstitium.
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