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1. Clinical importance

The enteroviruses (EVs) are among the most
common and most important viral pathogens of
humans (Cherry, 1987; Melnick, 1990). The par-
alytic potential of the polioviruses, the pro-
totypic EVs, was recognized as early as the
14th century B.C. in Egyptian art. Summer epi-
demics of paralytic poliomyelitis ravaged the
United States through the 1950s. Since the in-
troduction of vaccines in the late 1950s and
early 1960s, much of the developed world is
now virtually free of poliovirus disease. In
many developing countries, eradication pro-
grams have made dramatic progress (CDC,
1996, 1997a,b).

Control of poliovirus infections in much of the
world has turned attention to the non-polio EVs,
which include the coxsackieviruses, echoviruses,
and newer numbered EVs (Table 1). In the US
alone, the EVs are estimated to cause 5–10 mil-
lion symptomatic infections annually (Strikas et
al., 1986). In temperate climates, these infections
occur during the summer and fall months; young

Table 1
The enterovirus serotypes

SerotypesSubgroup

1–3Poliovirus
Coxsackieviruses A 1–22, 24a

Coxsackieviruses B 1–6
Echovirus 1–9, 11–27, 29–31a

Numbered enteroviruses 68–71

a Coxsackievirus A23, echoviruses 10 and 28, and enterovirus
72 have been reclassified (34); echovirus 22/23 has been tenta-
tively reclassified.
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Table 2
The most common and/or important clinical syndromes
proven to be caused by the enteroviruses

Organ system Disease

Aseptic meningitisNeurologic
Encephalitis
Poliomyelitis
Chronic meningoencephalitis (antibody-
deficient patients)

Common coldRespiratory
Stomatitis/herpangina/hand-foot-mouth
syndrome
Pharyngitis, tonsillitis, rhinitis
Pleurodynia (Bornholm disease)

MyocarditisCardiovascular
Pericarditis

Febrile, exanthematous illnessMiscellaneous
Neonatal sepsis

necessarily specifying or identifying the particular
serotype. Certain clinical syndromes are indeed
more likely to be caused by one or a few serotypes
(see below), but significant overlap exists among
the serotypes and the diseases they cause.

The most common symptomatic manifestation
of EV infection is a non-specific febrile illness,
with or without a rash (Dagan, 1996). This so-
called ‘viral syndrome’ is one of the most numeri-
cally important causes of fever among children,
responsible for several million cases each summer
(Strikas et al., 1986). Often the illness is accompa-
nied by upper respiratory symptoms and is re-
ferred to as ‘summer flu’ or the ‘summer cold’ and
may be indistinguishable from the same illness
caused by influenza viruses or by rhinoviruses,
their fellow picornaviruses (see below), typically
in the fall and winter months (Cherry, 1987; Rot-
bart, unpublished data). By far the most vexing
clinical EV syndrome that the physician encoun-
ters is aseptic meningitis (Rotbart, 1995). Aseptic
meningitis is the most common infection of the
central nervous system and EVs are the leading
cause of aseptic meningitis in the United States,
causing 75 000–200 000 cases each year (McKin-
lay, unpublished data; Rotbart, 1995). In young
infants with the disease, clinical criteria to distin-
guish EV meningitis from that due to bacteria and
herpes simplex virus are unreliable. As a result,
thousands of children are hospitalized and treated
with unnecessary antibiotics and antiherpes medi-
cations annually because of the fear that a case of
meningitis is not due to an EV (Chonmaitree et
al., 1988). EVs are also the most commonly iden-
tified cause of aseptic meningitis in adults, in
whom the disease also usually results in hospital-
ization and full recovery takes on average more
than 2 weeks (Rotbart et al., 1996). Additional
acute clinical EV syndromes of significance in-
clude encephalitis, poliomyelitis (particularly due
to the polioviruses), myocarditis (particularly due
to the coxsackievirus B group), hemorrhagic con-
junctivitis (particularly due to serotypes coxsack-
ievirus A24 and enterovirus type 70), hand
foot-mouth syndrome, Bornholm disease (pleuro-
dynia), and overwhelming neonatal sepsis (partic-
ularly due to the echoviruses and coxsackieviruses
type B). The last syndrome is thought to be due to

children are most commonly affected, as both the
incidence and severity of EV infections vary in-
versely with the patient’s age. In addition to the
actual disease that they cause, EV infections cause
clinical concern because they mimic illnesses due
to other pathogens. Distinguishing EV infections
from those due to common bacteria and other
viruses is often difficult on clinical grounds alone
(Cherry, 1987). Hence, unnecessary treatment for
other infections is frequently instituted during EV
infections.

The EVs are responsible for a wide array of
clinical diseases affecting many organ systems
(Table 2). Despite the name ‘entero’ viruses, en-
teric disease is not a prominent manifestation,
although diarrhea and vomiting may be signifi-
cant manifestations of certain outbreaks of ‘sum-
mer flu’ due to the EVs. It is important to note
that no disease is uniquely associated with any
specific EV serotype and that no serotype is
uniquely associated with any one disease (Cherry,
1987; Melnick, 1990). This is true even of para-
lytic poliomyelitis, which has been associated with
numerous non-polio EV serotypes (Grist and Bell,
1984; Melnick, 1990). For that reason, in most
circumstances it is sufficient to speak of diseases
that ‘EVs cause’, to diagnose ‘an EV’ in the
laboratory, and to treat ‘an EV’ infection without
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perinatal transmission, either transplacentally or
during birth, from mother to infant.

In addition to the well-recognized acute EV
diseases, EVs have been implicated in several
chronic illnesses (Dalakas, 1995; Rewers and
Atkinson, 1995) including juvenile onset diabetes
mellitus, chronic fatigue syndrome, dermato-
myositis and polymyositis, congenital hydro-
cephalus, and amyotropic lateral sclerosis.
Evidence for these associations has been largely
from serologic or from nucleic acid hybridization
studies; definitive proof is lacking and confirma-
tory studies remain to be done (Dalakas, 1995;
Muir et al., 1996).

Persistent EV infections occur in agammaglob-
ulinemic patients; manifestations almost always
include meningoencephalitis (McKinney et al.,
1987; Webster et al., 1993). Half of all patients
with persistent EV meningoencephalitis have con-
comitant dermatomyositis or polymyositis. These
observations confirm the important role of anti-
body in EV clearance, an unusual phenomenon
because many other viruses are contained largely
by cell-mediated immunity. A syndrome of late-
onset muscular atrophy and pain has been re-
ported in individuals who suffered paralytic
poliomyelitis 20–40 years previously (Dalakas et
al., 1984); evidence for persistent or latent infec-
tion in these individuals has been conflicting.

2. Characteristics of the viruses

The EVs comprise 66 distinct serotypes (Miller,
1997) within the family Picornaviridiae (‘pico’
meaning small, ‘rna’ for ribonucleic acid). The
traditional taxonomic subgroups of EVs (Table 1)
are based on the patterns of replication of the
individual serotypes in various host cells and tis-
sues. Like other picornaviruses, EVs are small
(27–30 nm diameter; 1.34 g/ml buoyant density),
consisting of a simple viral capsid and a single
strand of positive (message) sense RNA. EVs are
acid and ether-stable and grow optimally at core
body temperature (36–37°C). The capsid contains
four proteins, VP1–VP4, arranged in sixty repeat-
ing protomeric units of an icosahedron (Rueckert,
1990). Variations within capsid proteins VP1–

VP3 are responsible for the antigenic diversity
among the EVs; neutralization sites are most
densely clustered on VP1 (Rueckert, 1990). VP4 is
not present on the viral surface; rather, it is in
close association with the RNA core functioning
as an anchor to the viral capsid. Destabilization
of VP4 results in viral uncoating. The atomic
structure of two poliovirus serotypes, types 1 and
3, have been resolved by computerized crystallo-
graphic studies, and reveal a deep cleft or canyon
in the center of each protomeric unit into which
the specific cellular receptor for the EVs fits when
virus encounters a susceptible host cell (Hogle et
al., 1985). This canyon is important in several of
the antiviral strategies discussed below.

The encapsidated RNA of the human EVs is
approximately 7.4 kb in length and serves as a
template for both viral protein translation and
RNA replication, the latter accomplished via a
double-stranded replicative intermediate form of
RNA (Johnson and Sarnow, 1995). A single read-
ing frame begins at approximately nucleotide 740
from the 5% end and terminates at approximately
nucleotide 7370, leaving 740 bases at the 5% end
and 70 bases at the 3% end (just upstream from a
poly A tail) untranslated; these untranslated se-
quences are felt to be involved in viral regulatory
activities such as replication and translation. A
single polyprotein is translated from the open
reading frame. Post-translational modification is
accomplished by two virus-coded proteases, and
results in generation of the four capsid proteins as
well as the enzymes necessary for replication and
translation (Haller and Semier, 1995).

3. Milestones in the development of enteroviral
therapy

Numerous scientific accomplishments over the
past five decades have paved the way for develop-
ment and testing of antiviral therapy for the EVs.
The first successful propagation of a virus in
continuous cell culture lines was achieved with
poliovirus by Enders et al. (1949). This Nobel
Prize-winning advance facilitated the development
of poliovirus vaccines, allowed for the identifica-
tion of the other EV serotypes, and established



H.A. Rotbart et al. / Anti6iral Research 38 (1998) 1–144

the gold standard diagnostic test for many
viruses. Cell culture remains the foundation of
susceptibility testing for antiviral drugs. The de-
termination of the complete genomic sequence for
the polioviruses was followed by sequence deter-
mination for many of the non-polio EVs (Hellen
and Wimmer, 1995), providing us with genetic
structure-function information with which antivi-
ral strategies can be devised. The three-dimen-
sional resolution of the capsid structure for
polioviruses, like that of the rhinoviruses, iden-
tified the ‘canyon’ on each protomeric face of the
virus into which the host cell receptor fits, and
beneath which a ‘pore’ opens into a drug-binding
pocket; capsid-binding compounds (see Section
4.3) act at that site (Hogle et al., 1985). Specific
host cell receptors have now been identified for
numerous EV serotypes (Rotbart and Kirkegaard,
1992; Racaniello, 1995), providing yet another
potential target in antiviral strategies. Finally,
rapid and sensitive molecular diagnostic methods
for the EVs have been developed (Rotbart et al.,
1994, 1997), providing an important prerequisite
for clinical trials.

4. Therapeutic strategies

As with other viral pathogens, there are several
steps in the replication cycle of the EVs which are
potential targets in antiviral therapy. Cell suscep-
tibility, viral attachment and binding, viral un-
coating, viral RNA replication, and viral protein
synthesis have all been studied as targets of anti-
EV compounds (Table 3). The following sections
briefly review these targets and the mechanisms of
action of relevant agents.

4.1. Interferon

Interferons are potent, selective mediators of
cellular changes which induce a number of antivi-
ral, anti-proliferative, and immunological effects,
all of which collectively affect host cell susceptibil-
ity to EV infection (Kandolf et al., 1985; Lang-
ford et al., 1985; Sasaki et al., 1986;
Geniteau-Legendre et al., 1987; Kishimoto et al.,
1988; Langford et al., 1988; Lopez-Guerrero et

al., 1990; Capobianchi et al., 1991; Okada et al.,
1992). The cellular antiviral effects of interferons
are mediated through specific receptor-signal
transduction pathways. In conjunction with dou-
ble stranded RNA (dsRNA), interferons induce
the expression of proteins, some of which mediate
an antiviral activity. The best described pathways
are: (i) 2%,5%-adenylate synthetase; (ii) dsRNA de-
pendent protein kinase; and (iii) the Mx proteins.
Through transfection/expression systems, an iso-
form of the 2%,5%adenylate synthetase system has
been linked to the inhibition of replication of
picornaviruses (Chebath and Benech, 1987). Clini-
cally, children with acute EV meningitis have
significant elevations in endogenous interferon
levels in the CSF (Ichimura et al., 1985; Chon-
maitree and Baron, 1991), which may be impor-
tant in recovery from the infection. Although
alpha interferon itself is a very potent inhibitor of
EV infection, additive or synergistic protective
effects are seen when used in conjuction with
capsid-binding compounds (Langford et al.,
1985), nucleoside analogs (Okada et al., 1992), or
gamma interferon (Pitkaranta et al., 1991). Inter-
ferons may also work in conjuction with humoral
antibodies and macrophages to eliminate EV in-
fections (Geniteau-Legendre et al., 1987).

Table 3
Therapeutic strategies and candidate compounds for treatment
of enteroviral infections

Compound classTarget

InterferonsCell susceptibility
AntibodiesViral attachment and binding to

host cells
Capsid-bindersa

Capsid-bindersaViral uncoating
Viral replication Enviroxime-like

compounds
Viral protein synthesis 3C protease

inhibitors

a Capsid-binding compounds include: rhodamine (Eggers et
al., 1970); flavonoids (Ishitsuka et al., 1982); chalcones (Ni-
nomiya et al., 1985); aralkylamino-pyridines (Kenny et al.,
1987); oxazolinyl isoxazoles (Otto et al., 1985); pyridazi-
namines (Hayden et al., 1992); phenoxyl imidazoles (Rozhon
et al., 1993; Buontempo et al., 1997)
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4.2. Antibodies

The primary mechanism of clearance of EVs by
the host is via humoral immunity. Patients who
lack antibody because of congenital or acquired
immunodeficiencies are uniquely susceptible to in-
fections with the EVs (McKinney et al., 1987).
Similarly, normal neonates are at high risk for
severe EV disease because of a relative deficiency
of EV antibodies (Modlin et al., 1981; Abzug,
1995). Antibodies act by binding to EVs and
preventing attachment and binding to host cells,
which correlates with ‘neutralization’ of EVs ob-
served in cell cultures treated with antibody.

4.3. Capsid-binding compounds

Capsid-binding compounds inhibit viral replica-
tion by blocking viral uncoating and/or blocking
viral attachment to host cell receptors. As noted
above, the resolved three-dimensional structure of
the EVs reveals a ‘canyon’ formed by the junc-
tions of VP1 and VP3. Beneath the canyon lies a
‘pore’ which leads to a hydrophobic pocket into
which a variety of diverse hydrophobic com-
pounds can bind (Table 3; Fig. 1). Although the
compounds bind to virus via a number of non-co-
valent, hydrophobic-type interactions, the binding
affinity is high with affinity constants ranging
from 2.0×10−8 to 2.9×10−7 M (Fox et al.,
1991). Several factors appear to correlate with the
abilities of a compound to bind within the hydro-
phobic pocket and to manifest antiviral activity,
including: the number of molecules of compound
bound to each virion; the location of the com-
pound binding within the drug-binding pocket;
the length and space-filling properties of the
molecule; and, most importantly, the extent of
hydrophobic interactions with amino acids in the
pocket. With regard to those factors, enhanced
potency appears to correlate with increased num-
ber of molecules of compound bound per virion
(Fox et al., 1991; Zhang et al., 1991), proximity of
compound binding to the opening of the pocket
(Zhang et al., 1991), increased hydrophobic bind-
ing energy resulting from filling a greater propor-
tion of the pocket by the compound (Fox et al.,
1991; Zhang et al., 1991, 1992), and absence of

bulky amino acid substitions (mutations) within
the pocket structure (Heinz et al., 1989; Pevear et
al., 1989; Heinz, 1990).

Several hypotheses have been proposed for the
mechanism of EV inhibition by the capsid-binding
molecules. Filling the pocket results in increased
stability of the virus, making the virus more resis-
tant to uncoating. The increased stability induced
by capsid binding is evidenced by the resistance to
thermal inactivation (Rombaut et al., 1985). This
property can be used as a rapid screen in order to
identify molecules with binding avidity; the ma-
jority, but not all, compounds with potent antivi-
ral activity also result in thermal stability. It is
also possible that a degree of capsid flexibility
may be required for uncoating, and binding of
these compounds within the hydrophobic pocket
may reduce this necessary flexibility, inducing a
more rigid structure. Alternatively, changes in the
conformation of the canyon floor as a result of
binding within the underlying pocket may affect
the attachment of the virus to the host cell recep-
tor (Pevear et al., 1989). It has been shown,
however, that such perturbations in the canyon
floor do not absolutely correlate with antiviral
potency (Zhang et al., 1991, 1992).

The capsid-binding compounds vary in their
spectrum of activity, perhaps as a result of factors
such as pocket fit discussed above. Certain com-
pounds demonstrate both anti-EV and anti-rhi-
noviral activity (Otto et al., 1985; McKinlay,
unpublished data), others are more selective to
one picornavirus genus or the other (Cox et al.,
1996; Buontempo et al., 1997).

4.4. En6iroxime-related compounds

Enviroxime [2-amino-1-(isopropylsulfonyl)-6-
benzimidazole phenyl ketone oxime] is a proto-
type compound for a series of molecules with
broad anti-EV and anti-rhinoviral activity devel-
oped by Lilly Pharmaceuticals (DeLong et al.,
1978a,b; Wikel et al., 1980). The mechanism of
action of these compounds has been suggested to
be the inhibition of RNA replication via targeting
the 3A protein coding region of the viruses (Heinz
and Vance, 1995). The drugs apparently prevent
formation of the RNA replicative intermediate, a
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Fig. 1. Chemical structures of representative capsid-binding compounds with anti-picornaviral activity
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complex dependent on both viral proteins 3A and
3AB (Heinz and Vance, 1995), and, hence, the
formation of new plus-strand RNA molecules.
Vinyl acetylene benzimidazoles derivatives of envi-
roxime provide improved bioavailability of the
compounds; flouridation of these latter structures
further enhances blood levels in animal models
(Tebbe et al., 1997a,b). This class of compounds
can be added to tissue culture systems several hours
after viral inoculation without loss of antiviral
activity, again reflecting their action at a later stage
of the viral life cycle (i.e. RNA replication).

4.5. 3C protease inhibitors

A series of compounds under development by
Agouron Pharmaceuticals targets the 3C protease
of picornaviruses resulting in inhibition of viral
protein synthesis, via blocking viral specific protein
processing (Patick et al., 1997). Published results
are limited to those with tripeptide aldehydes
derived from the sequence of a natural 3C cleavage
site, Leu-Phe-Gln. Anti-enzyme activity is potent
(Ki=6 nM) with high therapeutic indices in vitro.
Like the RNA inhibitors discussed above, time of
addition with the protease inhibitors is several
hours without loss of antiviral activity. These
compounds appear to have antirhinoviral activity
as well as anti-EV activity.

5. In vitro and in vivo models

The EVs are readily propagated in tissue culture
(Melnick and Rennick, 1980). Buffalo green mon-
key kidney (BGM), human rhabdomyosarcoma
(RD), human embryonic lung, and primary
cynomolgous monkey kidney cells are the preferred
lines used to isolate the EVs (Dagan and Menegus,
1986). The group B coxsackieviruses grow best in
BGM cells whereas echoviruses grow best in RD
cells. Antiviral assays demonstrating the inhibitory
effects of an anti-EV compound generally involve
the demonstration of protection of virus-induced
cytopathic effect in susceptible cell lines (Woods et
al., 1989; Buontempo et al., 1997). Plaque reduc-
tion, virus yield, and cytopathic effect reduction
assays in 96-well format are traditionally used to

assess antiviral activity. Novel approaches to de-
tecting capsid binding inhibitors (see below) involv-
ing ICAM-1 (Last-Barney et al., 1993) and thermal
stabilization (Rombaut et al., 1991) have also been
employed.

The mouse is the most common species used in
models of human enterovirus infections. Suckling
mice can be readily infected with the Barty strain
of echovirus 9 (Bultman et al., 1983; McKinlay et
al., 1986) and coxsackievirus A9 (Melnick and
Godman, 1951; Woods et al., 1989). Infected ani-
mals develop flaccid limb paralysis as a result of
infection and intragastric administration of a cap-
sid-binding agent is capable of preventing the
development of paralysis (McKinlay et al., 1986;
Woods et al., 1989). Adult mice can be infected
intracranially with poliovirus and protected from
development of paralysis by oral administration of
capsid binding agents (McKinlay and Steinberg,
1986; Jubelt et al., 1989; Buontempo et al., 1997).
Coxsackievirus B3 can also infect adult mice result-
ing in myocarditis with involvement of multiple
organ systems (Klingel et al., 1996). Pleconaril, a
capsid binding agent (see Section 7), has been
shown to be orally effective in markedly reducing
viral titers in all organs tested and preventing death
of the mice in this latter model system (Jim
Groarke, personnal communication).

6. Pharmacokinetics

In vivo models have also been used to study the
pharmacokinetics of candidate anti-EV com-
pounds. From the studies conducted to date, capsid
binding compounds are efficacious when plasma
levels are above the in vitro inhibitory levels.
Analysis of plasma levels of a capsid binder in
suckling mice showed that plasma levels exceed the
in vitro inhibitory concentration for a portion of
the dosing interval (Woods et al., 1989). In a clinical
study (Schiff et al., 1996), plasma levels of ple-
conaril, a capsid binder, exceeded the in vitro
inhibitory concentration of coxsackievirus A21 by
2–5-fold for the duration of the dosing interval
(McKinlay, unpublished data). In this study, ple-
conaril was shown to be partitioned into lipophilic
tissues with concentrations in brain and spinal cord
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up to six times that observed in plasma. Concentra-
tions in nasal epithelium are up to eleven times
higher than plasma (McKinlay, unpublished data),
correlating with clinical effects described below.

7. Clinical trials

Because of the potentially large market for
common cold treatments, many of the anti-picor-
naviral compounds which have reached clinical
trials have done so in the context of volunteer
challenge studies or naturally-occurring infections
with the rhinoviruses. The results of these studies
are relevant to anti-EV therapy because of the close
relationship between the two genera of picor-
naviruses as well as the propensity of EVs to cause
a summer upper respiratory tract illness (‘summer
flu’, ‘summer cold’). Bioavailability and safety
information will also be relevant in anticipated use
of these compounds in more serious EV infections.
Unfortunately, although numerous studies have
been conducted, only a few classes of compounds
have demonstrated clinically significant efficacy.

The clinical efficacy of intranasal interferon as
prophylaxis for rhinovirus colds has been demon-
strated in several studies (Merigan et al., 1973;
Greenberg et al., 1982; Hayden and Gwaltney,
1983; Samo et al., 1983; Hayden et al., 1986;
Hayden and Gwaltney, 1984). Additional studies
demonstrated significant efficacy against naturally
acquired rhinovirus infections and against contact
spread of rhinoviruses within family groups after
experimental induction of a natural cold (Douglas
et al., 1986; Hayden et al., 1986). Side-effects of
interferon included nasal irritation and stuffiness,
and mucosal ulceration (Samo et al., 1983; Hayden
et al., 1986). Administered therapeutically 1 day
after experimental rhinovirus infection, intranasal
interferon had no effect on development of infec-
tion or symptoms, but did result in moderate
reductions of virus shedding and cold symptoms
(Hayden and Gwaltney, 1984). Additional studies
with low-dose intranasal interferon also demon-
strated a lack of efficacy in postexposure prophy-
laxis of rhinovirus infections in families (Monto et
al., 1989). Despite in vitro efficacy noted above,
interferons have not been clinically evaluated in EV
infections.

Immune serum globulin has been used prophy-
lactically and therapeutically against the EVs in
two clinical settings: the neonate and the immuno-
compromised host. As noted above, neonates may
develop an overwhelming sepsis syndrome from
transplacental/peripartum acquisition of EV infec-
tion. The high mortality rate of this disease, cou-
pled with the known association of severe EV
disease with absolute or relative antibody-defi-
ciency states, has prompted numerous investiga-
tors to administer antibody preparations to
neonates with EV sepsis. Anecdotal reports of
clinical success with maternal serum or plasma
(Jantausch et al., 1995) or commercial im-
munoglobulin preparations (Black, 1983; John-
ston and Overall, 1989; Valduss et al., 1993)
against a variety of EV serotypes causing neonatal
sepsis have been reported; other reports describe
progressive disease and death despite such therapy
(Wong et al., 1989). A blinded, randomized con-
trolled study was too small to demonstrate clinical
benefit but did show a reduction in viral titer in
babies receiving intravenous immunoglobulin
preparations which were subsequently shown to
contain high antibody titers to the infecting
serotype (Abzug et al., 1995). Individuals with
congenital or acquired antibody deficiencies are
also at risk for severe EV infections (see Section
4.2). Prior to the availability of intravenous im-
munoglobulin preparations, mixed results were
reported with intramuscular and/or intrathecal
administration of immunoglobulin preparations.
As with neonatal sepsis, some antibody-deficient
patients appeared to benefit by supplemental im-
munoglobulin, others progressed and died despite
therapy (McKinney et al., 1987). Since known
antibody-deficient patients have begun receiving
maintanence supplementation with intravenous
immunoglobulin, the incidence of chronic, pro-
gressive EV meningoencephalitis has fallen
(demonstrating the prophylactic benefit of these
preparations) and the clinical profile of patients
developing such infections has been modified
(Webster et al., 1993). Therapeutic efficacy in
established EV meningoencephalitis in antibody-
deficient patients has only been anecdotally stud-
ied.
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Enviroxime resulted in modest clinical and viro-
logic benefit in some studies (Phillpotts et al.,
1981, 1983) and no benefit in others (Hayden and
Gwaltney, 1982; Miller et al., 1985). Problems
with poor pharmacokinetics and undesirable toxi-
cology and side-effects resulted in discontinuance
of that program. Newer derivatives of enviroxime
(see Section 4.4) promise better bioavailability
and tolerance, but have not been clinically evalu-
ated. Similarly, the 3C protease inhibitor com-
pounds have not been tested clinically in either
EV or rhinovirus infections.

The most extensive clinical experience in treat-
ing EV and rhinovirus infections has been with
the capsid-binding compounds (Fig. 1), to which
the remainder of this section is devoted. Trials of
the ‘R’ series of compounds from Janssen Phar-
maceuticals have been limited to intranasal ad-
ministration to patients with rhinovirus colds
(Al-Nakib et al., 1989; Barrow et al., 1990;
Hayden et al., 1992). Pirodavir (R77975) and
R61837 were efficaceous in experimentally-in-
duced rhinovirus colds when these drugs were
administered intranasally before or after infection,
but prior to onset of symptoms (Barrow et al.,
1990; Hayden et al., 1992); pirodavir required six
times daily dosing, with efficacy loss at three daily
doses (Hayden et al., 1992).

A series of capsid-binding compounds devel-
oped by Schering-Plough are broad spectrum in-
hibitors of the EVs, and demonstrate therapeutic
oral efficacy in animal models (Cox et al., 1996;
Buontempo et al., 1997). This series has limited
potency against the rhinoviruses and candidate
drugs have not yet advanced to clinical trials.

The ‘WIN’ series of compounds, initially devel-
oped at Sterling-Winthrop Pharmaceuticals, have
been clinically evaluated in both rhinovirus and
EV infections. The first compound of this group
to advance to clinical trials was disoxaril (WIN
51711; Fig. 1), an oxazoline analog and stable
ester mimic of an earlier metabolically unstable
compound (WIN 41137). Disoxaril was moder-
ately active against rhinoviruses in vitro and very
active against EVs both in vitro and in vivo (Otto
et al., 1985; McKinlay and Steinberg, 1986;
McKinlay et al., 1986). The appearance of asymp-
tomatic crystalluria in healthy volunteers pre-

vented further clinical study. Shortening of the
aliphatic chain from n=7 to n=5 and adding
chloro-groups to the phenyl ring (Fig. 1) resulted
in WIN 54954 which had broad, potent anti-rhi-
novirus and anti-EV activity in vitro and in vivo
(Woods et al., 1989), including oral therapeutic
efficacy in mice. Clinical efficacy was assessed in
two rhinovirus (rhinovirus 23 and rhinovirus 39)
challenge trials (Turner et al., 1983; Turner and
Hayden, 1992) and one EV challenge trial (cox-
sackievirus A21) (Schiff et al., 1992). Despite ad-
ministering the compound prior to infection and
achieving serum concentrations above the in vitro
minimal inhibitory concentrations, both rhi-
novirus trials failed to show efficacy of WIN
54954 (Turner et al., 1983; Turner and Hayden,
1992); very low concentrations of the drug were
found in nasal wash samples, the site of the
experimental infection. In contrast, WIN 54954
significantly reduced the number and severity of
colds induced by coxsackievirus A21, and also
significantly reduced nasal mucous discharge, res-
piratory and systemic symptoms, and viral titers.
The overall symptomatic attack rate was reduced
from 15/23 patients in the placebo group to 3/27
in the WIN 54954 treated groups (P=0.0001)
(Schiff et al., 1992). This study represents the first
demonstration of oral efficacy of an anti-EV
agent; the differences in results compared with
those in the rhinovirus studies using the same
compound are enigmatic since the MIC for one of
the rhinovirus serotypes was identical to that of
the coxsackievirus A21 strain used. The fact that
EV infections are systemic, usually with a viremic
phase, may explain the enhanced EV efficacy of
an orally-active compound which achieves good
blood levels over the effect seen in rhinovirus
infections, which are limited to the upper airway
where drug biodistribution may have been insuffi-
cient. WIN 54954 was not further developed for
clinical use because of adverse reactions of flush-
ing and rash, possibly related to concomitant
alchohol ingestion by study volunteers.

The latest compound in the ‘WIN’ series is
being developed by ViroPharma, Incorporated,
and has been named pleconaril (VP 63843). Ple-
conaril (3-{3,5-dimethly-4-[[3-methyl-5-isoxa-
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zolyl)propyl]phenyl]-5-(trifluoromethyl)-1,2,4-oxa-
diazole) has demonstrated broad spectrum and
potent anti-EV and anti-rhinovirus activity and,
like WIN 54954, is highly orally-bioavailable (Pe-
vear et al., 1996). In pre-clinical trials, pleconaril
was devoid of cardiovascular and central nervous
system side-effects and no differences from
placebo have been noted in adverse events in any
of the clinical trials to date (Jon Rogers, personal
communication). In a phase IIA challenge study
of coxsackievirus A21 similar to that described
above for WIN 54954, 33 seronegative (for cox-
sackievirus A21) volunteers were randomized to
receive either 400 mg of pleconaril or matching
placebo, orally, 14 h before inoculation with virus
(Schiff et al., 1996). Beginning after inoculation,
subjects received 200 mg capsules twice daily for 6
days. Pleconaril had a statistically significant ef-
fect on symptom scores, global assessment, fever,
and nasal mucous production. Peak viral titers
which occurred on the peak day of symptoms
were reduced by greater than 99% in the ple-
conaril group compared to the placebo group
(Schiff et al., 1996). There were no differences in
adverse effects between study and control groups.
The safety profile of pleconaril is attributed to the
metabolic stability and viral specific nature of the
mechanism of action (Fromtling and Castaner,
1997).

In a recently completed phase 2 study, thera-
peutic efficacy of pleconaril was evaluated in a
double-blinded, placebo-controlled study of 39
patients with naturally-occurring EV meningitis.
Preliminary results indicate a statistically signifi-
cant shortening of disease duration (58% reduc-
tion from 9.5 days to 4.0 days; P=0.0008)
including reduction in severe incapacitating
headache. Also reaching statistical significance
were time to complete absence of headache (64%
reduction from 18.3 days to 6.5 days; P=0.0008),
duration of analgesic use (54% reduction from
11.5 days to 5.3 days; P=0.026), and total anal-
gesic use (48% reduction; P=0.043) (McKinlay,
unpublished data). Additional studies of ple-
conaril in other EV diseases, including hand-foot-
mouth syndrome, summer flu, and neonatal
sepsis, are planned or already underway. The drug

has been made available for compassionate use in
antibody-deficient patients with chronic EV
meningoencephalitis, patients with EV myocardi-
tis, and neonates with EV sepsis.

8. Drug resistance

Enterovirus mutants which are resistant to the
antiviral effects of the capsid binding agents have
been extensively studied. Mutants can be isolated
in the laboratory which express high and low
levels of resistance (Heinz et al., 1989). High
resistance mutants generally are the result of mu-
tations in the drug binding pocket of amino acids
with bulkier side chains. It is thought that these
side chains sterically block the binding of the
capsid binders. Low resistance mutants retain
some sensitivity to the capsid binding compounds.
These mutations map to regions near the canyon
floor that are disrupted upon drug binding. Thus
far, the mutants studied have shown cross resis-
tance to capsid binding agents of different struc-
tural classes (Ninomiya et al., 1990).

Drug resistant EVs have not been reported
from clinical studies conducted to date. In a study
of the capsid binding inhibitor WIN 54954 in
human subjects infected with coxsackievirus A21,
no resistant virus was detected (McKinlay, un-
published data). In a clinical study conducted
with laboratory-isolated drug resistant mutants of
the closely related rhinoviruses, infectivity of the
virus was reduced significantly (Yasin et al.,
1990). This result is consistent with laboratory
observations with drug-resistant coxsackievirus
B3 which showed a marked reduction in virulence
in mice compared with wild type virus (Groarke
et al., 1995).

9. Summary and conclusions

Infections with the human EVs cause significant
morbidity and even mortality. Progress toward
the development of anti-EV therapy has been
substantial. In vitro efficacy of several classes of
antiviral agents against the EVs (including those
targeting cell susceptibility, virus attachment and
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binding, virus uncoating, viral RNA replication
and protein production) has led to clinical evalua-
tion of the most promising compounds. Of those
in active development, the capsid-binding com-
pounds have received the most clinical study and
the leading compound, pleconaril, has now been
shown to be efficacious in naturally-occurring,
serious EV infection (aseptic meningitis). Wide-
spread use of these compounds in less serious EV
infections will depend upon the continued demon-
stration of safety and tolerability.

References

Abzug, M.J., Keyserling, H.L., Lee, M.L., Levin, M.J., Rot-
bart, H.A., 1995. Neonatal enterovirus infection: virology,
serology and effects of intravenous immune globulin. Clin.
Infect. Dis. 20, 1201–1206.

Abzug, M.J., 1995. Perinatal enterovirus infections. In: Rot-
bart, H.A. (Ed.), Human Enterovirus Infections. ASM
Press, Washington, DC, pp. 221–238.

Al-Nakib, W., Higgins, P.G., Barrow, G.I., Tyrrell, D.A.J.,
Andries, K., Bussche, G.V., Taylor, N., Janssen, P.A.J.,
1989. Suppression of colds in human volunteers challenged
with rhinovirus by a new synthetic drug (R 61837). Antimi-
crob. Agents Chemother. 33, 522–525.

Barrow, G.I., Higgins, P.G., Tyrrell, D.A.J., Andries, K.,
1990. An appraisal of the efficacy of the antiviral R 61837
in rhinovirus infections in human volunteers. Antiviral
Chem. Chemother. 5, 278–283.

Black, S., 1983. Treatment of overwhelming neonatal ECHO 5
virus infection with intravenous gamma globulin (abstract
314). In: Program and Abstracts of the 23rd Interscience
Conference on Antimicrobial Agents and Chemotherapy
(Las Vegas). American Society for Microbiology, Washing-
ton, DC, p. 140.

Bultman, B.D., Eggers, H.J., Galle, J., Haferkamp, O., 1983.
Age dependence of paralysis induced by echovirus type 9 in
infant mice. J. Infect. Dis. 147, 999–1005.

Buontempo, P., Cox, S., Wright-Minogue, J., DeMartino, J.,
Skelton, A., Albin, R., Rozhon, E., Girijavallabhan, V.,
O’Connell, J.F., 1997. SCH 48973: a potent, broad spec-
trum antienterovirus compound. Antimicrob. Agents
Chemother. 41, 1220–1225.

Capobianchi, M.R., Matteucci, D., Giovannetti, A., Soldaini,
E., Bendinelli, M., Stanton, J.G., Dianzani, F., 1991. Role
of interferon in lethality and lymphoid atrophy induced by
coxsackievirus B3 infection in mice. Virol. Immunol. 5,
103–110.

CDC, 1996. Progress toward global eradication of poliomyeli-
tis. MMWR 45, 565–568.

CDC, 1997a. Progress toward poliomyelitis eradication —
Africa, 1996. MMWR 46, 321–325.

CDC, 1997b. Progress toward poliomyelitis eradication —
Europe and central Asian republics. MMWR 46, 994–
1000.

Chebath, J., Benech, P., 1987. Constitutive expression of (2%-5%)
oligo A synthetase confers resistance to picornavirus infec-
tion. Nature 330, 587–588.

Cherry, J.D., 1987. Enteroviruses: polioviruses (poliomyelitis),
coxsackieviruses, echoviruses, and enteroviruses. In:
Feigin, R.D., Cherry, J.D. (Eds.), Textbook of Pediatric
Infectious Diseases, 2nd ed. Saunders, Philadelphia, pp.
1729–1841.

Chonmaitree, T., Baron, S., 1991. Bacteria and viruses induce
production of interferon in the cerebrospinal fluid of chil-
dren with acute meningitis: a study of 57 cases and review.
Rev. Infect. Dis. 13, 1061–1065.

Chonmaitree, T., Ford, C., Sanders, C., Lucia, H.L., 1988.
Comparison of cell cultures for rapid isolation of en-
teroviruses. J. Clin. Microbiol. 26, 2576–2580.

Cox, S., Bunotempo, P., Wright-Minogue, J., DeMartino, J.,
Skelton, A., Ferrari, E., Schwartz, J., Rozhon, E., Linn,
C., Girijavallabhan, V., O’Connell, J.F., 1996. Antipicor-
navirus activity of SCH 47802 and analogues: in vitro and
in vivo studies. Antiviral Res. 32, 71–79.

Dagan, R., 1996. Nonpolio enteroviruses and the febrile young
infant: epidemiologic, clinical and diagnostic aspects. Pedi-
atr. Infect. Dis. J. 15, 67–71.

Dagan, R., Menegus, M.A., 1986. A combination of four cell
types for rapid detection of enteroviruses in clinical speci-
mens. J. Med. Virol. 19, 219–228.

Dalakas, M.C., 1995. Enteroviruses and human neuromuscu-
lar diseases. In: Rotbart, H.A. (Ed.), Human Enteroviruses
Infections. ASM Press, Washington, DC, pp. 387–398.

Dalakas, M.C., Sever, J.L., Madden, D.L., Papadopoulos,
N.M., Shekarchi, I.C., Albrecht, P., Krezlewicz, A., 1984.
Late postpoliomyelitis muscular atrophy: clinical, viro-
logic, and immunologic studies. Rev. Infect. Dis. 6, S562–
567.

DeLong, D.C., Nelson, J.D., Wu, E., Warren, B., Wikel, J.,
Templeton, R.J., Dinner, A., 1978a. Virus inhibition stud-
ies with AR-36. III. Relative activity of syn and anti
isomers (abstract 34) In: Program and Abstracts of the
18th Interscience Conference on Antimicrobial Agents and
Chemotherapy. American Society for Microbiology, Wash-
ington, DC.

DeLong, D.C., Nelson, J.D., Wu, C.Y.E., Warren, B., Wikel,
J., Chamberlin, J., Montgomery, D., Paget, C.J., 1978b.
Virus inhibition studies with AR-336. I. Tissue culture
activity (abstract S-128) In: Abstracts of the 78th Annual
Meeting of the American Society for Microbiology 1978.
American Society for Microbiology, Washington, DC, p.
234.

Douglas, R.M., Moore, B.W., Miles, H.B., Davies, L.M.,
Graham, N., Ryan, P., Worswick, D., Albricht, J., 1986.
Prophylactic efficacy of intranasal alpha A2-interferon
against rhinovirus infections in the family setting. N. Engl.
J. Med. 314, 65–70.



H.A. Rotbart et al. / Anti6iral Research 38 (1998) 1–1412

Eggers, H.J., Koch, M.A., Furst, A., Daves, G.D. Jr.,
Wilczynski, J.J., Folkers, K., 1970. Rhodamine: a selective
inhibitor of the multiplication of echovirus 12. Science 167,
294–297.

Enders, J.F., Weller, T.H., Robbins, F.C., 1949. Cultivation of
the Lansing strain of poliomyelitis virus in cultures of
various human embryonic tissues. Science 109, 850–887.

Fox, M.P., McKinlay, M.A., Diana, G.D., Dutko, F.J., 1991.
Binding affinities of structurally related human rhinovirus
capsid-binding compounds are related to their activities
against human rhinovirus type 14. Antimicrob. Agents
Chemother. 35, 1040–1047.

Fromtling, R.A., Castaner, J., 1997. VP-63843. Drugs Future
22, 40–44.

Geniteau-Legendre, M., Forestier, F., Quero, A.M., German,
A., 1987. Role of interferon, antibodies and macrophages
in the protective effect of Corynebacterium par6um on
encephalomyocarditis virus-induced disease in mice. An-
tiviral Res. 7, 161–167.

Greenberg, S.B., Harmon, M.W., Couch, R.B., Johnson, P.E.,
Wilson, S.Z., Dacso, C.C., Bloom, K., Quarles, J., 1982.
Prophylactic effect of low doses of human leukocyte inter-
feron against infection with rhinovirus. J. Infect. Dis. 145,
542–546.

Grist, N.R., Bell, E.J., 1984. Paralytic poliomyelitis and non-
polio enteroviruses: studies in Scotland. Rev. Infect. Dis. 6,
S385–S386.

Groarke, J.M., McKinlay, M.A., Dutko, F.J., Pevear, D.C.,
1995. Coxsackievirus B3 mutants resistant to WIN 63843
are attenuated for virulence in mice: molecular analysis of
the drug resistant phenotype. Antiviral Res. 26, A300.

Haller, A.A., Semier, B.L., 1995. Translation and host cell
shutoff. In: Rotbart, H.A. (Ed.), Human Enterovirus In-
fections. ASM Press, Washington, DC, pp. 113–133.

Hayden, F., Albrecht, J.K., Kaiser, D.L., Gwaltney, J.M.,
1986. Prevention of natural colds by contact prophylaxis
with intranasal alpha 2-interferon. N. Engl. J. Med. 314,
71–75.

Hayden, F.G., Gwaltney, J.M. Jr., 1982. Prophylactic activity
of intranasal enviroxime against experimentally induced
rhinovirus type 39 infection. Antimicrob. Agents
Chemother. 21, 892–897.

Hayden, F., Gwaltney, J.M., 1983. Intranasal interferon al-
pha2 for prevention of rhinovirus infection and illness. J.
Infect. Dis. 148, 543–550.

Hayden, F., Gwaltney, J.M., 1984. Intranasal interferon-a2
treatment of experimental rhinovirus colds. J. Infect. Dis.
150, 174–180.

Hayden, F.G., Andries, A., Janssen, P.A.J., 1992. Safety and
efficacy of intranasal pirodavir (R 77975) in experimental
rhinovirus infection. Antimicrob. Agents Chemother. 36,
727–732.

Heinz, B.A., 1990. Escape mutant analysis of a drug-binding
site can be used to map functions in the rhinovirus capsid.
In: Laver, W.G., Air, G.A. (Eds.), Use of X-Ray Crystal-
lography in the Design of Antiviral Agents. Academic
Press, San Diego, CA, pp. 173–186.

Heinz, B.A., Vance, L.M., 1995. The antiviral compound
enviroxime targets the 3A coding region of rhinovirus and
poliovirus. J. Virol. 69, 4189–4197.

Heinz, B.A., Rueckert, R.R., Shepard, D.A., Dutko, F.J.,
McKinlay, M.A., Fancher, M., Rossmann, M.G., Badger,
J., Smith, T.J., 1989. Genetic and molecular analysis of
spontaneous mutants of human rhinovirus 14 that are
resistant to an antiviral compound. J. Virol. 63, 2476–
2485.

Hellen, C.U.T., Wimmer, E., 1995. Enterovirus genetics. In:
Rotbart, H.A. (Ed.), Human Enterovirus Infections. ASM
Press, Washington, DC, pp. 25–72.

Hogle, J.M., Chow, M., Filman, D.J., 1985. Three-dimen-
sional structure of poliovirus at 2.9 A resolution. Science.
229, 1358–1365.

Ichimura, H., Shimase, K., Tamura, I., Kaneto, E., Kurimura,
O., Aramitsu, Y., Kurimura, T., 1985. Neutralizing anti-
body and interferon-alpha in cerebrospinal fluids and sera
of acute aseptic meningitis. J. Med. Virol. 15, 231–237.

Ishitsuka, H., Ohsawa, C., Ohiwa, T., Umeda, I., Suhara, Y.,
1982. Antipicornavirus flavone Ro 09-0179. Antimicrob.
Agents Chemother. 22, 611–616.

Jantausch, B.A., Luban, N.L.C., Duffy, L., Rodriquez, W.J.,
1995. Maternal plasma transfusion in the treatment of
disseminated neonatal echovirus 11 infection. Pediatr. In-
fect. Dis. J. 14, 154–155.

Johnston, J.M., Overall, J.C. Jr., 1989. Intravenous im-
munoglobulin in disseminated neonatal echovirus II infec-
tion. Pediatr. Infect. Dis. J. 8, 254–256.

Johnson, K.L., Sarnow, P., 1995. Viral DNA synthesis. In:
Rotbart, H.A. (Ed.), Human Enterovirus Infections. ASM
Press, Washington, DC, pp. 95–112.

Jubelt, B., Wilson, A.K., Ronka, S.I., Guidinger, P.I., McKin-
lay, M.A., 1989. Clearance of a persistent human en-
terovirus infection of the mouse central nervous system by
the antiviral agent disoxaril. J. Infect. Dis. 159, 866–871.

Kandolf, R., Canu, A., Hofschneider, P.H., 1985. Coxsackie
B3 virus can replicate in cultured human foetal heart cells
and is inhibited by interferon. J. Mol. Cell. Cardiol. 17,
167–181.

Kenny, M.T., Dulworth, J.K., Barger, T.M., Daniel, J.K.,
1987. Antipicornavirus activity of some diaryl methanes
and aralkylaminopyridines. Antiviral Res. 7, 87–97.

Kishimoto, C., Crumpacker, C.S., Abelmann, W.H., 1988.
Prevention of murine coxsackie B3 viral myocarditis and
associated lymphoid organ atrophy with recombinant hu-
man leucocyte interferon alpha A/D. Cardiovasc. Res. 22,
732–738.

Klingel, K., Stephan, S., Suater, M., Zell, R., McManus,
B.M., Bultman, B.D., Kandolf, R., 1996. Pathogenesis of
murine enterovirus myocarditis: virus dissemination and
immune cell targets. J. Virol. 70, 8888–8895.

Langford, M.P., Carr, D.J., Yin-Murphy, M., 1985. Activity
of arildone with or without interferon against acute hemor-
rhagic conjunctivitis viruses in cell culture. Antimicrob.
Agents Chemother. 28, 578–580.



H.A. Rotbart et al. / Anti6iral Research 38 (1998) 1–14 13

Langford, M.P., Kadi, R.M., Ganley, J.P., Yin-Murphy, M.,
1988. Inhibition of epidemic isolates of coxsackie virus
type A24 by recombinant and natural interferon alpha and
interferon beta. Intervirology 29, 320–327.

Last-Barney, K.L., Marlin, S.D., Pal, K., Cahill-Feehan, C.,
McNally, E.J., Jeanfavre, D.D., Merluzzii, V.J., 1993.
Method for detection of picornavirus capsid binders with
soluble intracellular adhesion molecule 1. Antimicrob.
Agents Chemother. 37, 1693–1695.

Lopez-Guerrero, J.A., Pimentel-Muinos, F.X., Fresno, M.,
Alonso, M.A., 1990. Role of soluble cytokines on the
restricted replication of poliovirus in the monocytic U937
cell line. Virus Res. 16, 225–230.

McKinlay, M.A., Steinberg, B.A., 1986. Oral efficacy of WIN
51711 in mice infected with human poliovirus. Antimicrob.
Agents Chemother. 29, 30–32.

McKinlay, M.A., Frank, J.A., Steinberg, B.A., 1986. Use of
WIN 51711 to prevent echovirus type 9-induced paralysis
in suckling mice. J. Infect. Dis. 154, 676–681.

McKinney, R.E., Katz, S.L., Wilfert, C.M., 1987. Chronic
enteroviral meningoencephalitis in agammaglobulinemic
patients. Rev. Infect. Dis. 9, 334–356.

Melnick, J.L., 1990. Enteroviruses: polioviruses, coxsack-
ieviruses, echoviruses, and newer enteroviruses. In: Fields,
B.N., Knipe, D.M. (Eds.), Virology. Raven Press, New
York, pp. 549–605.

Melnick, J.L., Godman, G.C., 1951. Pathogenesis of coxsack-
ievirus infection. Multiplication of virus and evolution of
muscle lesions in mice. J. Exp. Med. 93, 247–266.

Melnick, J.L., Rennick, V., 1980. Infectivity titers of en-
teroviruses as found in human stools. J. Med. Virol. 5,
205–220.

Merigan, T., Reed, S., Hall, T., Tyrrell, D., 1973. Inhibition of
respiratory virus infection by locally applied interferon.
Lancet i, 536–567.

Miller, M.J., 1997. Viral taxonomy. Clin. Infect. Dis. 25,
18–19.

Miller, F.D., Monto, A.S., DeLong, D.C., Exelby, A., Bryan,
E.R., Srivastava, S., 1985. Controlled trial of enviroxime
against natural rhinovirus infections in a community. An-
timicrob. Agents Chemother. 27, 102–106.

Modlin, J.F., Polk, B.F., Horton, P., Etkind, P., Crane, E.,
Spiliotes, A., 1981. Perinatal echovirus infection; risk of
transmission during a community outbreak. N. Engl. J.
Med. 305, 368–371.

Monto, A.S., Schwartz, S.A., Albrecht, J.K., 1989. Ineffective-
ness of postexposure prophylaxis of rhinovirus infection
with low-dose intranasal alpha 2b interferon in families.
Antimicrob. Agents Chemother. 33, 387–390.

Muir, P., Nicholson, F., Spencer, G.T., Ajetunmobi, J.F.,
Starkey, W.G., Khan, M., Archard, L.C., Cairns, N.J.,
Anderson, V.E., Leigh, P.N., Howard, R.S., Banatvala,
J.E., 1996. Enterovirus infection of the central nervous
system of humans: lack of association with chronic neuro-
logical disease. J. Gen. Virol. 77, 1469–1476.

Ninomiya, Y., Aoyama, M., Umeda, I., Suhara, Y., Ishitsuka,
H., 1985. Comparative studies on the modes of action of

the antirhinovirus agents Ro 09-0410, Ro 09-0179, RMI
15,731, 4%6-dichloroflavan, and enviroxime. Antimicrob.
Agents Chemother. 27, 595–599.

Ninomiya, Y., Shimma, N., Ishitsuka, H., 1990. Comparative
studies on the mode of action of rhinovirus capsid binding
agents, chalcone amides. Antiviral Res. 15, 61–74.

Okada, I., Matsumori, A., Matoba, Y., Tominaga, M., Ya-
mada, T., Kowai, C., 1992. Combination treatment with
ribavirin and interferon for coxsackievirus B3 replication.
J. Lab. Clin. Med. 120, 569–573.

Otto, M.J., Fox, M.P., Fancher, M.J., Huhrt, M.F., Diana,
G.D., McKinlay, M.A., 1985. In vitro activity of WIN
51711, a new broad-spectrum antipicornavirus drug. An-
timicrob. Agents Chemother. 27, 883–886.

Patick, A.K., Ford, C., Binford, S., et al., 1997. Evaluation of
the antiviral activity and cytotoxicity of peptide inhibitors
of human rhinovirus 3C protease, a novel target for antivi-
ral intervention. In: Abstracts of the 10th International
Conference on Antiviral Research, Atlanta, GA, p. A75.

Pevear, D.C., Fancher, M.J., Felock, P.J., Rossmann, M.G.,
Miller, M.S., Diana, G.D., Treasurywala, A.M., McKin-
lay, M.A., Dutko, F.J., 1989. Conformational change in
the floor of the human rhinovirus canyon blocks adsorp-
tion to HeLa cell receptors. J. Virol. 63, 2002–2007.

Pevear, D.C., Seipel, M.E., Pallansch, M., McKinlay, M.A.,
1996. In vitro efficacy of VP 63843 against field isolates of
non-polio enteroviruses. In: Abstracts of the 36th Inter-
science Conference on Antimicrobial Agents and
Chemotherapy, New Orleans, LA, p. 181.

Phillpotts, R.J., DeLong, D.C., Wallace, J., Jones, R.W.,
Reed, S.E., Tyrrell, D.A.J., 1981. The activity of envirox-
ime against rhinovirus infection in man. Lancet ii, 1342–
1344.

Phillpotts, R.J., Wallace, J., Tyrrell, D.A.J., Tagart, V.B.,
1983. Therapeutic activity of enviroxime against rhinovirus
infection in volunteers. Antimicrob. Agents Chemother.
23, 671–675.

Pitkaranta, A., Linnavouri, K., Houi, T., 1991. Virus-induced
interferon production in human leukocytes: a low respon-
der to one virus can be a high responder to another virus.
J. Interferon Res. 11, 17–23.

Racaniello, V.R., 1995. Early events in infection: receptor
binding and cell entry. In: Rotbart, H.A. (Ed.), Human
Enterovirus Infections. ASM Press, Washington, DC, pp.
73–93.

Rewers, M., Atkinson, M., 1995. The possible role of en-
teroviruses in diabetes mellitus. In: Rotbart, H.A. (Ed.),
Human Enterovirus Infections. ASM Press, Washington,
DC, pp. 353–385.

Rombaut, B., Vrijsen, R., Boeye, A., 1985. Comparison or
arildone and 3-methylquercetin as stabilizers of poliovirus.
Antiviral Res. Suppl. 1, 67–73.

Rombaut, B., Andries, K., Boeye, A., 1991. A comparison of
WIN 51711 and R 78206 as stabilizers of poliovirus virions
and procapsids. 72, 2153–2157.

Rotbart, H.A., 1995. Meningitis and encephalitis. In: Rotbart,
H.A. (Ed.), Human Enterovirus Infections. ASM Press,
Washington, DC, pp. 271–289.



H.A. Rotbart et al. / Anti6iral Research 38 (1998) 1–1414

Rotbart, H.A., Kirkegaard, K., 1992. Picornavirus pathogene-
sis: viral access, attachment, and entry into susceptible
cells. Semin. Virol 3, 483–499.

Rotbart, H.A., Sawyer, M.H., Fast, S., Lewinski, C., Murphy,
N., Keyser, E.F., Spadoro, J., Kao, S.Y., Loeffelholz, M.,
1994. Diagnosis of enterovirus meningitis using the poly-
merase chain reaction with a colorimetric microwell detec-
tion assay. J. Clin. Microbiol. 32, 2590–2592.

Rotbart, H.A., Brennan, P.J., Fife, K.H., et al., 1996. En-
terovirus meningitis in adults (abstract H41). 36th Inter-
science Conference on Antimicrobial Agents and
Chemotherapy, New Orleans, LA, p. 170,

Rotbart, H.A., Ahmed, A., Hickey, S., Dagan, R., Mc-
Cracken, G.H., Whitley, R.J., Modlin, J.F., Caxcino, M.,
O’Connell, J.F., Menegus, M.A., Blum, D., 1997. Diagno-
sis of enterovirus infection by polymerase chain reaction of
multiple specimen types. Pediatr. Infect. Dis. J. 16, 409–
411.

Rozhon, E., Cox, S., Buontempo, P., O’Connell, J., Slater, W.,
DeMartino, J., Schwartz, J., Miller, G., Arnolod, E.,
Zhang, A., Morrow, C., Jablonski, S., Pinto, P., Verace,
R., Duelfer, T., Girijavallabhan, V., 1993. SCH 38057: a
picornavirus capsid-binding molecule with antivial activity
after the initial stage of viral uncoating. Antiviral Res. 21,
15–35.

Rueckert, R.R., 1990. Picornaviruses and their replication. In:
Fields, B.N., Knipe, D.M. (Ed.), Virology. Raven Press,
New York, pp. 507–548.

Samo, T.C., Greenberg, S.B., Couch, R.B., Quarles, J., John-
son, P.E., Hook, S., Harmon, M.W., 1983. Efficacy and
tolerance of intranasal applied recombinant leukocyte A
interferon in normal volunteers. J. Infect. Dis. 148, 535–
542.

Sasaki, O., Karaki, T., Imanishi, J., 1986. Protective effect of
interferon on infections with hand, foot and mouth disease
virus in newborn mice. J. Infect. Dis. 153, 498–502.

Schiff, G.M., Sherwood, J.R., Young, E.C., Mason, L.J.,
1992. Prophylactic efficacy of WIN 54954 in prevention of
experimental human coxsackievirus A21 infection and ill-
ness. Antiviral Res. 17 (Suppl.), 92.

Schiff, G.M., McKinlay, M.A., Sherwood, J.R., 1996. Oral
efficacy of VP63843 in coxsackievirus A21 infected volun-
teers. In: Abstracts of the 36th Interscience Conference on
Antimicrobial Agents and Chemotherapy, New Orleans,
LA, p. 171.

Strikas, R.A., Anderson, L.J., Parker, R.A., 1986. Temporal
and geographic patterns of isolates of nonpolio enterovirus
in the United States, 1970–1983. J. Infect. Dis. 153, 346–
351.

Tebbe, M.J., Spitzer, W.A., Tang, J., 1997a. Oral bioavailabil-
ity screening of the antirhinoviral vinyl acetylene benzimi-

dazoles. In: Abstracts of the 10th International Conference
on Antiviral Research, Atlanta, GA, p. A89.

Tebbe, M.J., Spitzer, W.A., Victor, S., et al., 1997b. Antirhi-
noviral vinyl acetylene benzimidazoles. In: Abstracts of the
10th International Conference on Antiviral Research, At-
lanta, GA, p. A75.

Turner, R.B., Hayden, F.G., 1992. Efficacy or oral WIN
54954 for the prophylaxis of experimental rhinovirus infec-
tion. Antiviral Res. 17 (Suppl.), 92.

Turner, R.B., Dutko, F.J., Goldstein, N.H., Lockwood, G.,
Hayden, F.G., 1983. Efficacy of oral WIN 54954 for
prophylaxis of experimental rhinovirus infection. Antimi-
crob. Agents Chermother. 37, 297–300.

Valduss, D., Murray, D.L., Karna, P., Lapour, K., Dyje, J.,
1993. Use of intravenous immunoglobulin in twin neonates
with disseminated coxsackie B1 infection. Clin. Pediatr.
(Phila) 32, 561–563.

Webster, A.D.B., Rotbart, H.A., Warner, T., Rudge, P., Hy-
man, N., 1993. Diagnosis of enterovirus brain disease in
hypogammaglobulinemic patients by polymerase chain re-
action. Clin. Infect. Dis. 17, 657–661.

Wikel, J.H., Paget, C.J., DeLong, D.C., Nelson, J.D., Wu,
C.Y.E., Paschal, J.W., Dinner, A., Templeton, R.J.,
Chaney, M.O., Jones, N.D., Chamberlin, J.W., 1980. Syn-
thesis of syn and anti isomers of 6-[[(hydroxyimino)
phenyl]methyl]-1-[(1-methylethyl)sulfonyl]-I H-benzimida-
zol-2-amine. Inhibitors or rhinovirus multiplication. J.
Med. Chem. 23, 368–372.

Wong, S.N., Tam, A.Y., Ng, T.H., Ng, W.F., Tong, C.Y.,
Tang, T.S., 1989. Fatal coxsackie B1 virus infection in
neonates. Pediatr. Infect. Dis. J. 8, 638–641.

Woods, M.G., Diana, G.D., Rogge, M.C., Otto, M.J., Dutko,
F.J., McKinlay, M.A., 1989. In vitro and in vivo activities
of WIN 54954, a new broad-spectrum antipicornavirus
drug. Antimicrob. Agents Chemother. 33, 2069–2074.

Yasin, S.R., Al-Nakib, W., Tyrell, D.A.J., 1990. Pathogenecity
for humans of human rhinovirus type 2 mutants resistant
to or dependent on chalcone Ro 09-0410. Antimicrob.
Agents Chemother. 34, 963–966.

Zhang, A., Nanni, R.G., Arnold, G.F., Oren, D.A., Li, T.,
Jacobo-Molkina, A., William, R.L., Kamer, G., Ruben-
stein, D.A., Li, Y., Rozhon, E., Cox, S., Bumotempo, P.,
O’Connell, J., Schwartz, J., Miller, G., Nash, C., Bauer, B.,
Versace, R., Ganguly, A., Girijavallabhan, V., Arnold, E.,
1991. Structure of a complex of human rhinovirus 14 with
a water soluble antiviral compound SCH 38057. J. Mol.
Biol. 230, 857–867.

Zhang, A., Nanni, R.G., Oren, D.A., Rozhon, E.J., Arnold,
E., 1992. Three-dimensional structure-activity relationships
for antiviral agents that interact with picornavirus capsids.
Semin. Virol. 3, 453–471.

.


