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The activity of pleconaril in cell culture against prototypic enterovirus strains and 215 clinical isolates of the
most commonly isolated enterovirus serotypes was examined. The latter viruses were isolated by the Centers
for Disease Control and Prevention during the 1970s and 1980s from clinically ill subjects. Pleconaril at a
concentration of =0.03 M inhibited the replication of 50% of all clinical isolates tested. Ninety percent of the
isolates were inhibited at a drug concentration of =(0.18 M. The most sensitive serotype, echovirus serotype
11, was also the most prevalent enterovirus in the United States from 1970 to 1983. Pleconaril was further
tested for oral activity in three animal models of lethal enterovirus infection: coxsackievirus serotype A9
infection in suckling mice, coxsackievirus serotype A21 strain Kenny infection in weanling mice, and coxsack-
ievirus serotype B3 strain M infection in adult mice. Treatment with pleconaril increased the survival rate in
all three models for both prophylactic and therapeutic dosing regimens. Moreover, pleconaril dramatically
reduced virus levels in target tissues of coxsackievirus serotype B3 strain M-infected animals. Pleconaril
represents a promising new drug candidate for potential use in the treatment of human enteroviral infections.

Picornaviruses, in particular the enterovirus and rhinovirus
groups, are responsible for the majority of human viral disease.
Enteroviruses cause an estimated 10 million to 15 million
symptomatic infections in the United States annually (49).
Enterovirus infections result in myriad disease syndromes in-
volving many organ systems of the body. They are the most
common virus infection of the central nervous system (CNS)
and the leading cause of viral meningitis (42). The annual
number of viral meningitis cases in the United States has been
estimated to be greater than 600,000 (47). Several thousand
additional cases of enteroviral encephalitis are reported each
year, and these often have devastating long-term sequelae (42).
Passive surveillance reports to the Centers for Disease Control
and Prevention (CDC), Atlanta, Ga., indicate that from 1970
to 1979, 46% of enterovirus isolations were from patients di-
agnosed with CNS disease including viral meningitis (35%)
and encephalitis (11%) (6). Enteroviruses also cause signifi-
cant respiratory disease. Viral respiratory infections (VRIs)
associated with enterovirus infections include pharyngitis,
croup, bronchitis, bronchiolitis, infectious asthma, pneumonia,
pleurodynia, and the common cold (8). Other illnesses associ-
ated with enterovirus infection include neonatal enteroviral
disease, paralytic disease, acute hemorrhagic conjunctivitis,
myocarditis, pericarditis, herpangina, and juvenile-onset dia-
betes mellitus (41). Neonates and young children are at the
greatest risk of developing severe and occasionally fatal en-
teroviral infections (2, 3, 32). Patients with compromised hu-
moral immunity, such as those with agammaglobulinemia, who
contract enteroviral infections may develop chronic meningitis
or meningoencephalitis, often with a fatal outcome (30, 42, 45).
Currently, there is no specific antiviral therapy to treat or
prevent enterovirus disease.

Rhinoviruses are also responsible for VRIs and are the lead-
ing agent of the common cold. According to the National
Center for Health Statistics, the U.S. population suffers 1 bil-
lion colds annually (36). In the United States in 1994, 66
million cases of the common cold required medical attention
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or resulted in restricted activity (36). Rhinoviruses are also a
predominant cause of asthmatic exacerbations in both children
and adults (7, 19) and are an underappreciated cause of severe
lower respiratory tract disease (22). As with enterovirus infec-
tions, no specific antiviral medication exists to address rhino-
virus disease.

Pleconaril (Fig. 1) is a novel, orally bioavailable, and system-
ically acting small-molecule inhibitor of enteroviruses and rhi-
noviruses that is being developed for the treatment of diseases
associated with picornavirus infections (1, 43, 46, 51). The drug
is in late-stage clinical trials for the treatment of viral men-
ingitis and VRIs. In support of the clinical development of
pleconaril, we report here on the drug’s in vitro and in vivo
activities against enteroviruses. The activity of pleconaril
against rhinoviruses is described elsewhere (38).

The enterovirus group of the picornavirus family comprises
67 distinct serotypes, including 3 strains of poliovirus, 23 group
A and 6 group B coxsackieviruses, 31 echoviruses (EVs), and 4
“enteroviruses of humans” (31, 35). We have tested pleconaril
in a virus cytopathic effect assay against prototypic enterovirus
strains and against 215 clinical isolates representing the most
commonly isolated enteroviruses. We further report on the in
vivo protective efficacy, antiviral activity, and pharmacokinetics
of the drug in mouse models of lethal enterovirus infection.

(Portions of this study were presented at the 36th Inter-
science Conference on Antimicrobial Agents and Chemother-
apy, New Orleans, La., 15 to 18 September 1996 [38b].)

MATERIALS AND METHODS

Cells and viruses. HeLa (WIS) cells were obtained from Roland Rueckert at
the University of Wisconsin, Madison. LLC-MK,, rhesus monkey kidney cells
and human embryonal rhabdomyosarcoma (RD) cells were obtained from the
American Type Culture Collection, Rockville, Md. Enterovirus clinical isolates
were obtained from Mark Pallansch at CDC. Prototypic enterovirus strains were
purchased from the American Type Culture Collection. The following viruses
were used in studies with animals and were obtained from the indicated inves-
tigators: coxsackievirus serotype A9 (CVA9; C. Wilfert, Duke University),
CVAZ21 strain Kenny (M. Kenny, Merrell Dow Research Institute), and CVB3
strain M (C. Gauntt, University of Texas Health Science Center, San Antonio).

All clinical virus isolates were passaged once in the cell line used for their
original isolation to establish working virus stocks and were then stored as
aliquots in glass ampoules at —80°C. EVs were propagated in RD cells grown in
minimal essential medium (MEM) supplemented with 10% heat-inactivated
fetal bovine serum (FBS). CVA9 and CVB isolates were passaged in LLC-MK,,
cells grown in MEM plus 5% FBS. Viruses were assayed for drug sensitivity in
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FIG. 1. Structure of pleconaril.

the cell line used for their original isolation with the exception of the CVA9
isolates, which were assayed in HeLa cells.

Virus cytopathic effect assay. The sensitivities of enteroviruses to pleconaril
were determined in a cell culture assay that measured the protection by the drug
of an infected cell monolayer from the cytopathic effects of the viruses. Ninety-
six-well tissue culture plates (Costar 3598) were seeded at a density of 2.8 X 10*
cells/well for HeLa cells (in MEM plus 5% FBS), 3.6 X 10* cells/well for
LLC-MK,y, cells (in MEM plus 5% FBS), or 6 X 10* cells/well for RD cells (in
MEM plus 10% FBS). The cells were incubated for 24 h at 37°C in a humidified,
5% CO, atmosphere prior to their use in the assay.

To determine the virus inoculum in the assay, serial 0.5 log,, dilutions of
individual viruses were plated in octuplicate onto their respective cell lines in
medium 199 (M199) plus 5% FBS supplemented with 30 mM MgCl, and 15 pg
of DEAE dextran per ml (complete M199 medium). The plates were incubated
for 3 days and were then fixed with 5% glutaraldehyde and stained with 0.1%
crystal violet. After rinsing and drying, the optical density of the wells at a
wavelength of 570 nm (ODs,,) was read on a Bio-Tek 300 plate reader. The
highest dilution of virus that resulted in an ODs,, reading of =15% of the cell
culture control value was used for drug sensitivity testing.

To test for drug sensitivity, cells in 96-well plates were infected with the
appropriate virus dilution at 37°C in 150 wl of complete M199 medium. During
the 1-h virus attachment period, pleconaril was solubilized in dimethyl sulfoxide
(DMSO) to 400 times the highest concentration to be tested in the assay and was
then serially diluted twofold in DMSO in U-bottom, 96-well polypropylene plates
(Costar 3790) to yield 10 compound dilutions. Two microliters of the DMSO
compound dilutions were then diluted into 198 pl of complete M199 medium to
effect a 100-fold dilution of compound. After virus attachment, 50 .l of this drug
dilution was added to the 150-pl virus inoculum, resulting in a final 400-fold
dilution of compound in 0.25% DMSO. Each drug concentration was run in
quadruplicate. Uninfected cells and cells that received virus in the absence of
compound were included on each plate. The plates were then incubated for 3
days at 37°C in a humidified, 2.5% CO, atmosphere prior to fixation and staining.
The 50% inhibitory concentration (ICsy) was defined as the concentration of
compound that protected 50% of the cell monolayer from virus-induced cyto-
pathic effect.

Cell growth assay. The cytotoxicity of pleconaril in cell culture was determined
in a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye-
based assay (33). The cells were seeded at 1.3 X 10%/ml (200 pl/well) in 96-well
plates such that cell replication remained logarithmic for the 3-day incubation
period. Four hours after seeding, the cells were overlaid with serial twofold
dilutions of pleconaril in quadruplicate. After 3 days at 37°C, the overlay was
removed, 100 wl of MTT at 1 mg/ml in phosphate-buffered saline was added to
each well, and the incubation was continued for an additional 4 h. After careful
aspiration of the unreacted MTT, the resulting blue formazan crystals were
solubilized in 0.04 N HCI in isopropanol, and the ODs,, was determined. The
50% cytotoxic concentration (CCs,) of pleconaril was defined as the highest
concentration of compound that resulted in =50% cell growth compared to that
with the no-drug control.

Mouse studies. The animals used in these studies were housed in an American
Association for Laboratory Animal Care-accredited facility and were cared for in
accordance with the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health (36a).

(i) Compound preparation and dosing. Pleconaril was formulated as a sus-
pension in a 0.5% xanthan gum-1% Tween 80 vehicle. The compound was
administered intragastrically with a 0.5-ml Glaspak syringe fitted with a 24-gauge
feeding needle (Popper and Sons, Inc., New York, N.Y.).

(ii) CVA9 infection of suckling mice. Newborn ICR mouse pups of both sexes
(weight, 1.2 to 1.9 g), born within 24 h of receipt, were obtained with their dams
from Blue Spruce Farms, Altamont, N.Y. The pups were pooled, weighed, and
distributed to the nursing dams in groups of 10. Three cages (30 pups) were
included for each dosage group. Each mouse pup was infected subcutaneously
over the right shoulder within 24 h of birth with CVA9. The amount of virus
inoculated had been titrated to produce approximately 80% mortality in un-
treated animals over the 13-day observation period. Pleconaril was administered
as a single, 0.03-ml dose 2.5 days postinfection. Mouse pups were checked daily
for evidence of paralysis or death (paralyzed animals were killed).

(iii) CVA21 strain Kenny infection of weanling mice. Weanling ICR mice
(females; weight, 9 to 12 g) were obtained from Blue Spruce Farms. Four cages
of five mice each were included for each dosage group. Mice were infected by the
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intraperitoneal route with 0.2 ml of CVA21 strain Kenny (21). The amount of
virus inoculated had been titrated to produce approximately 80% mortality in
untreated animals over the 14-day observation period. Pleconaril was adminis-
tered as a 0.2-ml dose 2 h prior to infection and then 2 h postinfection on day 1.
On days 2 through 5, the animals were dosed twice a day, at 9 a.m. and 3 p.m.
Animals were checked daily for evidence of paralysis or death (paralyzed animals
were killed).

(iv) CVB3 strain M infection of adult mice. Adult BALB/c mice (males;
weight, 18 to 21 g) were obtained from Blue Spruce Farms. Four cages with three
mice each were included for each dosage group. Mice were infected i.p. with 0.2
ml of the myocarditic strain M of CVB3. The amount of virus inoculated had
been titrated to result in 80% mortality in untreated animals over the 17-day
observation period. Pleconaril was administered as described above for the
CVA21 model. Animals were checked daily for evidence of paralysis or death
(paralyzed animals were killed). Fifty percent protective doses with 95% confi-
dence limits were calculated by probit analysis in all efficacy models.

(v) Antiviral effect of pleconaril in CVB3 strain M-infected adult mice. Adult
male BALB/c mice were dosed orally with either 200 mg of pleconaril or vehicle
alone per kg of body weight 2 h prior to infection with an 80% lethal inoculum
of CVB3 strain M. Pleconaril was then readministered at 24-h intervals for a total
of five daily doses. Two hours after the final drug dosing, groups of eight animals
were killed and the virus titers in pancreatic and heart tissue were determined.
Excised organs were weighed and homogenized as 20% (wt/vol) suspensions in
M199 medium with a Duall tissue grinder (Kontes). The homogenate was frozen-
thawed twice and then centrifuged at 200 X g in a Sorvall RT6000D centrifuge
to remove debris. The resulting supernatant was collected and was stored at
—80°C until titration by a plaque assay as described previously (16).

(vi) Determination of serum pleconaril levels in adult mice. Adult male
BALB/c mice were dosed orally with a single 2, 20-, or 200-mg/kg dose of
pleconaril. Blood samples were obtained via cardiac puncture from five mice per
time point for the 2- and 20-mg/kg doses and 15 mice per time point for the
200-mg/kg dose over a 24-h period. Blood from each time point was pooled and
was allowed to clot, and serum was collected after centrifugation. Pleconaril was
extracted from the serum with hexane, dried, and resuspended in methanol.
Samples were assayed for pleconaril concentration determination by a validated
gas chromatography method with electron-capture detection.

RESULTS

Activity of pleconaril in cell culture against prototypic en-
terovirus strains. A panel of 15 prototypic enterovirus strains
representing the most frequently isolated serotypes (49) has
been widely used in diagnostic and research applications and
has served as a general virus reference standard in the field
(31). These strains have also been used for the identification
and evaluation of enterovirus inhibitors (37, 52). The viruses in
this panel were tested for their sensitivities to pleconaril in cell
culture. However, to properly evaluate antiviral activity in cell
culture assays, the CCs,, of the test compound was first deter-
mined so that any inhibitory effects on virus replication could
be distinguished from the effects due to compound cytotoxicity.
We determined the CCs, of pleconaril using an MTT dye-
based assay of cell growth (33). Since different enteroviruses
were tested in different cells, we determined the CCs, of ple-
conaril for each cell culture system. The CCs, of pleconaril for
the cell lines used in these assays ranged from 12.5 to 25 uM
(data not shown). We have used the conservative value of 12.5
uM as the CCs, of pleconaril in estimating compound selec-
tivity.

Pleconaril inhibited 14 of the 15 prototypic enterovirus
strains in the cytopathic effect assay at a concentration range of
0.001 to 1.05 uM (Table 1). We included CVB3 strain M in our
testing since this myocarditic virus is widely used in a mouse
model of enteroviral disease (15). Interestingly, while CVB3
strain M was quite sensitive to pleconaril, CVB3 strain Nancy
was not. The molecular basis for this insensitivity is discussed
elsewhere (16).

Activity of pleconaril in cell culture against enterovirus clin-
ical isolates. Since many of the prototypic enterovirus strains
were isolated in the 1940s and 1950s, we expanded our assess-
ment of the antiviral activity of pleconaril to a larger panel of
more recently recovered clinical isolates. We obtained 215 of
the most commonly isolated enteroviruses collected from clin-
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TABLE 1. Activity of pleconaril against prototypic
enterovirus strains*

Enterovirus serotype

and strain 1Cso (M)
EV3 Morrisey 0.31 = 0.10
EV4 Pesascek 0.02 = 0.005

EVS5 NOYCE ..ttt

EV6 D’Amori.

EV7 Wallace......ccccccviiiiiiiiiiiciicccccccees

EVO Hill oottt 18 £ 0.
EV11 (GIeZOIY) weovieieirieieieeeeieiemeseseneseneseeeeesenseeaenes 0.01 = 0.005
EV24 (DeCamp) 0.01 = 0.003
EV30 (Bastianni) 0.01 = 0.005
CVA9 Bozek 0.005 = 0.002
CVBI1 CONN-S .o 0.002 = 0.0005
CVB2 Ohio-1.. ..0.003 = 0.002
CVB3 NANCY ...t senee >12.5
CVB3 Mottt 0.02=0
CVBA JVB ..ot 0.05 = 0.03

CVBS5 Faulkner 0.001 = 0.0003

“ Prototypic strains of the 15 most commonly isolated enteroviruses (49). The
results are the mean * standard deviation ICs, of at least two independent
determinations.

ical samples by CDC during the 1970s and 1980s. All isolates
were associated with clinical disease, including six fatal infec-
tions (Table 2). Each isolate was tested in the cytopathic effect
assay for its sensitivity to pleconaril in at least two independent
experiments. Pleconaril exhibited potent antiviral activity
against 214 of the 215 clinical isolates (>99%) at a concentra-
tion range of 0.002 to 3.4 wM. A single isolate of EV serotype
24 (EV24) was insensitive to drug (ICs, >12.5 uM). For one-
half of all isolates ICs,s were = 0.03 M (the MIC at which
50% of isolates are inhibited [MICs]). For 90% of all isolates
the ICy, was =0.18 pM (MIC,).

Table 3 summarizes the antiviral activity of pleconaril and
the cell culture selectivity index (CCs,/MIC,,) for pleconaril.
For all isolates, pleconaril exhibited a selectivity index of =34,
indicating that inhibition of virus replication occurred well
below the CCs, of the drug. EV11 isolates, the most prevalent

TABLE 2. Illnesses associated with 215 enterovirus clinical isolates

No. of
isolates

Clinical diagnosis

Meningitis or encephalitis 95¢
GASTTOCTIEETILIS  c.vevveueeereuenieieteteteiecet ettt sttt et a s 10

Fever of unknown origin ..
Pericarditis..........ccceuueee.

Paralysis.....
Poliomyelitis .
Sepsis......
Sudden infant death syndrome ..
Hemorrhagic pneumonia.....
CIoup .ooeeveeeeeeeeneereenennene
Exanthem..
Guillian-Barré syndrome ..
Pancreatitis .........cccccu....

Pleurodynia...
Pneumonitis...
Seizures.........
Other infection........ .
Undiagnosed infection ........cocoeueeeririreeenneecnenecenncereneeecneeeeeens

2

\]\]Pib—‘bﬂb—kbﬂb—kbﬂb—ébil\)l\)[\)l\)b&c\

~
<

“ One fatality.
b Three fatalities.
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TABLE 3. Summary of antiviral activity of pleconaril and selectivity
index for pleconaril against clinical enterovirus
isolates in cell culture

Clinical % of all No. of isolates MICy, Selectivity
isolates isolates” tested” (ICsq range) (nM) index®
CVA9 4.5 14 0.06 (0.005-0.15) 208
CVB1 1.6 13 0.04 (0.008-0.04) 313
CVB2 4.8 14 0.07 (0.005-1.89) 179
CVB3 4.5 15 0.37 (0.02-0.51) 34
CVB4 4.6 10 0.26 (0.08-0.30) 48
CVB5 8.7 16 0.03 (0.01-0.10) 417
EV3 32 15 0.33 (0.02-1.21) 38
EvV4 6.3 18 0.13 (0.005-0.54) 96
EV5 2.0 8 0.26 (0.03-0.39) 48
EVo 5.5 19 0.04 (0.005-0.07) 313
EV7 3.0 11 0.19 (0.013-3.29) 66
EV9 11.3 9 0.10 (0.01-0.15) 125
EV11 12.2 20 0.02 (0.002-0.02) 625
EV24 1.8 12 0.07 (0.002->12.5) 179
EV30 6.8 21 0.05 (0.005-0.11) 250

“ Percentage of 23,481 enteroviruses isolated from 1970 to 1983 (49).

® Number of clinical isolates of the indicated enterovirus serotype tested in the
study described in this report.

¢ Selectivity index in cell culture (CCsy/MICy; see text for details).

of the virus isolates (12.2% of 23,481 isolates) (49), were col-
lectively the most sensitive to pleconaril (MIC,,, 0.02 pM;
selectivity index, 625).

Protective efficacy of pleconaril in mouse models of entero-
virus infection. The results presented above indicate that ple-
conaril has potent and broad-spectrum activity in cell culture
against clinically relevant enterovirus isolates. To extend these
results to the in vivo setting, we examined the oral efficacy of
pleconaril in several well-established mouse models of lethal
picornavirus infection: CVA9 infection of suckling mice (52),
CVAZ21 strain Kenny infection of weanling mice (21), and
CVB3 strain M infection of adult mice (15).

As shown in Fig. 2A, 90% of placebo-treated suckling mice
died within 10 days of CVAY infection. In contrast, a single
oral therapeutic dose of 200 mg of pleconaril per kg given 2.5
days after virus challenge protected animals from lethal infec-
tion. Eighty percent of pleconaril-treated, CVA9-infected an-
imals survived the entire 14-day observation period.

CVAZ21 strain Kenny infection of weanling mice resulted in
greater than 85% mortality within 9 days of challenge (Fig.
2B). Administration of a single oral dose of pleconaril prior to
virus challenge followed by 5 days of twice-daily oral dosing
resulted in the dose-dependent protection of animals from
lethal disease. Dosages as low as 19 mg/kg/day resulted in a
statistically significant increase in survival relative to that for
placebo-treated animals (P = 0.04 by chi-square analysis). One
hundred percent of animals survived the CVAZ21 strain Kenny
infection when they were treated with pleconaril at a dosage of
75 mg/kg/day.

The dose-dependent efficacy of pleconaril was also observed
in the CVB3 strain M-infected adult mouse model. Greater
than 85% of placebo-treated animals died within 12 days from
a lethal CVB3 strain M infection (Fig. 2C). By using the same
dosing regimen used in the CVA21 model described above,
pleconaril protected animals from lethal disease at dosages as
low as 20 mg/kg/day. With the 200-mg/kg/day dosage of ple-
conaril, 90% of animals survived the infection. Control mice
used to assess toxicity (drug- or placebo-treated, mock-infected
mice) were monitored daily for changes in behavior and/or
growth. No overt toxicity was observed in mice under any of
these dosing regimens.
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FIG. 2. Activity of pleconaril in mouse models of enterovirus infection. (A)
CVAO9 in suckling mice; (B) CVA21 strain Kenny in weanling mice; (C) CVB3
strain M in adult mice.

On the basis of the results from these mouse efficacy models,
the 50% protective doses (with 95% confidence intervals) for
pleconaril were 93 mg/kg/day (24 to 157 mg/kg/day), 26 mg/kg/
day, (20 to 31 mg/kg/day), and 12 mg/kg/day (2 to 30 mg/kg/
day) in the models of CVA9 infection of suckling mice, CVA21
infection of weanling mice, and CVB3 infection of adult mice,
respectively.

Effect of pleconaril on viral titers in tissues of CVB3 strain
M-infected mice. To determine if the protective efficacy of
pleconaril observed in mice was attributable to its antientero-
virus activity, we examined virus levels in target tissues of adult
mice infected with CVB3 strain M. Adult male BALB/c mice
were dosed orally with either 200 mg of pleconaril per kg or
vehicle alone 2 h prior to infection with an 80% lethal inocu-
lum of CVB3 strain M. Pleconaril was then readministered at
24-h intervals for a total of five daily doses. Organs were
harvested 2 h after the final drug dosing. As shown in Fig. 3A,
viral titers in the pancreatic tissues of animals treated with
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pleconaril were 1 to 4 log,, lower than those in the pancreatic
tissues of untreated control animals (P = 0.0002 by the Mann-
Whitney nonparametric test). The reduction in the titer in the
heart was even more dramatic, with the hearts of pleconaril-
treated animals exhibiting 4- to >7-log,, reductions in virus
titer (P = 0.0002; Fig. 3B). Two of the eight animals treated
with pleconaril had undetectable levels of virus in the heart on
day 4.

To rule out a drug carryover effect, a known quantity of virus
was spiked into homogenized tissues from mock-infected,
drug- or placebo-treated animals, and the titer was determined
by plaque assay. No difference in virus titer was observed
between the two groups, indicating that pleconaril binding to
CVB3 strain M was completely reversible by dilution and that
no drug carryover effects influenced the experimental viral titer
data (data not shown). Although histopathologic examination
of tissues was not conducted, these results strongly suggest that
pleconaril’s ability to protect mice from lethal disease (Fig. 2)
is due to its profound antiviral effect in treated animals.

Serum pleconaril levels in adult mice. To correlate the in
vivo protective effects of pleconaril and its antiviral activity
with serum drug levels, we examined the pharmacokinetics of
pleconaril in adult mice. Animals were administered a single
2-, 20-, or 200-mg/kg dose of pleconaril by oral gavage, and
serum samples were obtained over the course of 24 h. A dose-
related increase in serum drug levels was observed (Fig. 4).
The concentrations in serum 1 h after administration (the first
time point analyzed) of a 2-, 20-, or 200-mg/kg dose were <100,
738, and 3,140 ng/ml, respectively. These serum drug levels
substantiate the data that indicate that pleconaril protects mice
from lethal disease in the CVB3 infection model (Fig. 2C). The
animals were protected from lethal disease when they were
administered pleconaril at the 20- and 200-mg/kg/day dosages,
with which significant concentrations of pleconaril were ob-
served in serum, but not when they were administered ple-
conaril at a dosage of at 2 mg/kg/day, with which pleconaril
concentrations were below the minimum quantifiable level.
The serum half-lives of pleconaril after administration of the
two higher dosages were 5.3 and 6.5 h, respectively. The areas
under the curve for the 20- and 200-mg/kg doses were 1,994
and 22,739 ng - h/ml, respectively, indicating that the oral
bioavailability of pleconaril is dose proportional at this dosage
range. These serum drug levels are consistent with the phar-
macokinetics of pleconaril observed both in species tested in
preclinical trials (rats and dogs; unpublished data) and in hu-
mans (1).

DISCUSSION

For a drug to successfully manage and control enterovirus
diseases, several significant challenges must be met. First, an
antienterovirus drug must exhibit potent activity against a
broad spectrum of enterovirus serotypes. There are over 67
distinct serotypes of enteroviruses. Any one of these serotypes
is potentially capable of causing any of the many diseases
associated with enterovirus infection. In fact, no single entero-
virus serotype is exclusively associated with any particular dis-
ease. For example, of the 93 patients with clinical diagnoses of
viral meningitis or encephalitis reported in Table 2, 3 patients
were infected with CVA, 31 were infected with CVB, and 56
were infected with EV.

Second, the ideal drug must be available systemically. En-
teroviruses cause systemic infections and, because of this, af-
fect many different organ systems of the body, including the
CNS, heart, lungs, and skin. Consequently, to adequately ad-
dress enterovirus disease in all its manifestations, the antiviral
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FIG. 3. CVB3 strain M titers in pancreases (A) and hearts (B) of placebo- or pleconaril-treated adult mice.

drug must distribute throughout the body. In particular, the
drug must be able to cross the blood-brain barrier, since a
common clinical syndrome associated with enterovirus infec-
tion is viral meningitis (6).

Third, any drug to be used to treat patients afflicted with
enterovirus diseases must be safe. Enteroviruses cause diseases
in all age groups, from enterovirus disease in neonates, to viral
meningitis (predominantly in children) and myocarditis in
young adults, to viral respiratory disease in people of all ages
and chronic and life-threatening infections in immunocompro-
mised and elderly individuals. A drug with an unblemished
safety profile will provide the broadest utility in the treatment
of enterovirus disease.

Pleconaril is the result of the successful application of ratio-
nal drug design. A combination of X-ray crystallography, com-
puter modeling, genetic algorithm methodologies, and tradi-
tional medicinal chemistry was used to chemically design and
optimize the drug to exhibit the desired antiviral activity spec-
trum, in vivo pharmacokinetic properties, and safety profile (4,
5, 9-13, 17, 20, 26, 27, 48).

The mechanism by which pleconaril exerts its antiviral effect
involves inhibition of picornavirus capsid protein function.
Specifically, pleconaril integrates within a hydrophobic pocket
inside the virion, leading to rigidification and compression of
the viral capsid (14, 25, 28, 37, 38, 38a, 39, 40, 48, 52). In doing
s0, pleconaril prevents virus attachment to cells and uncoating
of viral RNA (50), thus interrupting the infection cycle.

The picornavirus capsid structure is relatively conserved
among the enteroviruses and rhinoviruses. However, on the
basis of X-ray crystallographic analyses, there do exist subtle
differences in the sizes and shapes of the hydrophobic pockets
among these viruses (4, 18, 23, 24, 34, 48). By optimizing the
chemical nature of the compound’s ring systems, as well as the
spacer between the rings, pleconaril was designed to provide
the best overall pocket fit for the majority of enteroviruses and
rhinoviruses. As a result, both the antiviral potency and anti-
picornavirus activity spectrum were maximized. As reported
here, pleconaril indeed has broad-spectrum and potent anti-
enterovirus activity. As is described elsewhere, pleconaril also
shows potent, broad-spectrum activity against rhinoviruses
(50).

Pleconaril exhibits excellent oral bioavailability, approaching
70% in both dogs and humans (1; unpublished data). This high
level of bioavailability was achieved by incorporating into the
drug chemical modifications that minimized metabolism of the
molecule by the liver. In particular, introduction of a trifluoro-
methyl substituent onto the oxadiazole ring resulted in global

protection of the compound from degradation by enzymes in-
volved in oxidative metabolic processes (13). The result of this
metabolic stabilization is reflected in the drug’s long serum
half-life after oral dosing. Pleconaril also readily penetrates the
blood-brain barrier. In rats, drug levels in brain tissues ex-
ceeded those in serum after oral dosing (unpublished data).
This feature of the drug is likely due to its lipophilic character.

Another consequence of the metabolic stabilization of the
drug is that fewer and lower levels of drug metabolites are
present in vivo. The presence of fewer metabolites affords
fewer opportunities for encounters with molecules with signif-
icant toxicity. Moreover, given pleconaril’s high antiviral po-
tency and its long serum half-life, low drug doses are sufficient
to achieve target drug levels in the clinical situation. These
features, coupled with the specific and selective antiviral mech-
anism of pleconaril, suggest that pleconaril should have an
excellent safety profile. This indeed appears to be the case. To
date, pleconaril has been administered to over 1,700 individu-
als and has shown no significant drug-related adverse events
over those caused by a placebo.

The results of several trials to evaluate the clinical utility of
pleconaril have been reported. In a double-blind, placebo-
controlled, CVA21 challenge model of VRI, pleconaril-treated
adult volunteers experienced significant improvements in all
measured clinical endpoints (46). Similar positive results were
observed in double-blind, placebo-controlled studies with
adults and children suffering from enteroviral meningitis (29,

10000
] —1+— 2mg/Kg
—4A— 20mg/Kg
—O— 200 mg/Kg
[Pleconaril]
(ng/mL) 4900

Hours Post-Dosing

FIG. 4. Serum pleconaril levels in adult mice after single oral dosing.
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51). Finally, among agammaglobulinemic children suffering
from chronic CNS enterovirus infection, the majority of pa-
tients have experienced significant clinical benefit from a single
course of pleconaril therapy (43, 44).

On the basis of the clinical benefits observed in human trials
to date and on the basis of pleconaril’s broad spectrum of anti-
picornavirus activity, the near-term prospects for a therapeutic
agent for treatment of enterovirus diseases appear promising.
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