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Abstract

Enviradone (EvirD, (E)-1-[(1-methylethyl) sulfonyl}-6-(1-phenyl-1-propenyl)-1 H-benzimida-
zole-2-amine) and Enviroxime (EvirX, 2-amino-1-(isopropyl-sulfonyl)-6-benzimidazole phenyl
ketone oxime) inhibited enterovirus 70 (EV70) and coxsackievirus A24 variant (CA24v) infection
of conjunctival and laryngeal cells. On average, the continuous presence of 1-3 ug of EvirD or
EvirX /ml in cell cultures acutely infected with EV70 or CA24v inhibited virus production (> 2
log,, reduction) and 100% of the viral cytopathogenic effect (CPE). The 50% CPE inhibitory dose
(ID,,) for EvirD and EvirX against 11 EV70 and 15 CA24v isolates ranged from 0.01 to 0.3 ug
and 0.01-0.65 pg/ml, respectively. The mean ID,, for EvitD and EvirX against the 26 AHC
viruses was 0.17 + 0.12 pg and 0.13 + 0.14 ug/ ml, respectively. Pretreatment for 15 min with 3
pg EvirX /ml or for 1-2 h with 3 pg EvirD/ml protected conjunctival cells against viral CPE.
The cells were resistant to infection for 1-2 h at 33 and 37°C after removal of EvirD and EvirX.
The addition of 10 ug EvirD/ml up to 6 h or 10 ug EvirX/ml 1-2 h after low multiplicity
infection inhibited viral CPE. Ten-fold less EvirD inhibited EV70 when added to glioma cells 2 h
before infection than when added 2 h after infection. Our results indicate that EvirX and EvirD
inhibit AHC viruses in vitro at concentrations that are not cytotoxic and suggest that EvirX or
EvirD may be prove useful against AHC.
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1. Introduction

Epidemics of AHC are caused by enterovirus type 70 (EV70) or a variant of
coxsackievirus type A24 (CA24v). The humoral immune responses to AHC viruses are
transient, weak or undetectable (Kono et al., 1977; Christopher et al., 1982; Langford et
al., 1985) and the postepidemic decline in seropositive individuals is thought to be
associated with the recurrence of AHC epidemics (Bern et al., 1992). AHC epidemics
and pandemics have occurred around the world during the past 25 years (Heirholzer and
Hatch, 1985; Wright et al., 1992) with a periodicity similar to influenza (Yin-Murphy,
1984).

Cytolytic EV70 or CA24v infection of conjunctival cells causes the acute onset (< 12
h) of AHC (Wright et al, 1992). AHC is usually benign with total resolution of
symptoms within 14 days. However, CA24v can infect the cells of the upper respiratory
tract and cause a sore throat. EV70 is neurotropic and approximately 1:10,000 AHC
patients, usually males 20—40 years of age, have mild to permanent weakness in the
muscles of the face and / or extremities (Wadia, 1989).

The rapidness and ease of spread of AHC within the family and community, bilateral
infection, and neurologic disease create unique economic and psychological problems
during epidemics (Wolken, 1974; Kono, 1975). The growing concern over the evolution
of more sight-threatening and neurovirulent AHC viruses and the absence of a vaccine
for the prevention of AHC indicate the need for an effective antiviral treatment.

Benzimidazole compounds have been shown to inhibit picornavirus replication,
although their mechanism of action is unknown (DeLong and Reed, 1980; Eggers,
1985). We present our investigation of the antiviral activities of 2 benzimidazole
compounds, Enviroxime (EvirX) and Enviradone (EvirD), against several isolates of
EV70 and CA24v. The results of our in vitro studies indicate that these compounds
inhibit EV70 and CA24v replication and suggest they may be useful in the treatment of
AHC.

2. Materials and methods
2.1. Tissue culture

Chang’s human conjunctival cells (HCC), human HEp-2 cells (epidermoid carcinoma
of the larnyx) and human glioma cells (Hs 683) were obtained from the American Type
Culture Collection (ATCC, Rockville, MD) and were maintained in F-10 medium
supplemented with 10% newborn bovine calf serum (BCS) (GIBCO Laboratories, Grand
Island, NY) and antibiotics. The cells were maintained and microtiter plate (MTP) cell
cultures were prepared for assays and experiments in 96-Well Tissue Culture Clusters
(Costar, Chatlotte, NC) using standard medium and tissue culture techniques (Langford
et al., 1986).

2.2. Viruses

Nine EV70 isolates and 15 CA24v isolates were provided by Drs. M. Yin-Murphy
(Singapore University, Singapore), R. Kono (National Institutes- of Health, Tokyo,
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Table 1
ID;, of EvirD and EvirX against 11 EV70 and 15 CA24v
Virus Origin Ref. m.o.i. IDsy EvirtD ID;, EvirX
Expt.1 Expt.2 Expt.1 Expt. 2
EV70
1670/71 Hokkaido Kono, 1975 5 0.15 0.20 0.10 0.07
J648 /71 Mie, Japan  Mitsui et al., 1972 2 0.08 0.20 0.08 0.05
J648 /71R ? Langford et al., 1986 0.1 ND 001 ND 0.01
SEC146/71 Singapore Yin-Murphy, 1984 3 0.10 0.15 0.10 0.03
SEC148/71 Singapore Yin-Murphy, 1984 S 0.08 0.20 0.20 0.07
R20/71 Morocco Nejmi et al., 1974 2 0.08 0.10 0.30 0.02
HK /71 Hong Kong  Chang et al.,, 1977 02 0.01 0.20 0.01 0.01
AE/72 Thailand Thongcharoen et al., 1978 1 0.10 0.10 0.08 0.03
FSN-72 Thailand Thongcharoen et al., 1978 11 ND 0.10 ND 0.10
FS-24 /74 Thailand Thongcharoen et al., 1978 8 0.10 0.30 0.08 0.10
SDDR /92 Dom. Rep.  Orillac and Langford, 1993 0.1 0.10 0.20 0.07 0.03
Mean 0.09 0.16 0.11 0.04
S.D. +0.04 +0.08 +0.08 +0.03
CA24y
SEC24,/70  Singapore Yin-Murphy, 1984 3 0.08 0.01 0.10 0.01
EH44 /70 Singapore Yin-Murphy, 1984 0.01 0.08 ND 030 ND
HK1/71 Hong Kong Chang et al., 1977 0.05 0.20 ND 0.65 ND
BE65 /75 Singapore Yin-Murphy, 1984 0.01 0.10 ND 0.30 ND
75308 /75 Sri Lanka Higgins and Chapman, 1977 0.05 0.06 ND 0.10 ND
V3309/758 Vellore Christopher et al., 1977 5 ND 030 ND 0.10
3751/75 Brunei Babhrin et al., 1976 0.02 ND 020 ND 0.10
BD/75 Pakistan WHO, 1986 0.10 ND 030 ND 0.10
E2/78 Singapore Yin-Murphy, 1984 0.01 0.30 0.30 0.30 0.10
SEC17/85  Singapore Yin-Murphy, 1989 0.01 0.03 0.01 0.30 0.10
JAPAN 85 Japan Miyamura et al., 1988 0.04 0.60 0.30 0.10 0.03
V3454/85  Vellore Yin-Murphy, 1984 1 ND 030 ND 0.10
Tia 86 Taiwan Chen et al., 1986 0.3 0.03 0.01 0.65 0.10
VW2156,/86 Belgium Yin-Murhhy, 1989 2 0.08 0.30 0.20 0.10
VI1992 /87  Singapore Yin-Murphy, 1989 04 0.30 0.30 0.10 0.10
Mean 0.17 0.20 0.28 0.08
S.D. +0.17 +014 +£020 003
Mean E70/CA24 0.13 0.18 0.21 0.07
S.D. +0.13 +011 +£018 +0.04
Mean (AHC viruses) 0.17 0.13
S.D. +0.12 +0.14

Japan) or C. Jayavasu (Ministry of Public Health, Bangkok, Thailand) (Table 1).
J648 /71R was adapted to infect rabbit eyes (Langford et al., 1986) and SDDR /92 was
isolated from an AHC patient in the Dominican Republic in 1992 (Orillac and Langford,
1993). Poliovirus type 1 strains Sabin (PV-1S) and Mahoney (PV-1M) were obtained
from the ATCC. Virus stocks were prepared in HEp-2 cells as previously described
(Stanton et al., 1977) and stored at — 100°C. EV70 titers were 5- to 10-fold lower in
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HCC and human glioma cells than in HEp-2 cells. Notably, CA24v titers were 5-fold
lower in HCC than in HEp-2 and CA24v replication was not detected in glioma cells.

2.3. Compounds

EvirD (LY 127123, (E)-1-[(1-methylethyl) sulfonyl}-6-(1-phenyl-1-propenyl)-1 H-be-
nzimidazole-2-amine), EvirX (LY 122772, 2-amino-1-(isopropyl-sulfonyl)-6-benzi-
midazole phenyl ketone oxime) and a placebo compound (LY 253963) were provided by
Lilly Research Laboratories (Indianapolis, IN). The compounds were dissolved in
dimethyl sulfoxide (1.0 mg/ ml) and stored at 4°C until diluted in culture media.

2.4. Inhibition of virus production

Dilutions of EvirD and EvirX (0.5 log,, dilution series) in Eagle’s minimum essential
medium with Earle’s salts (GIBCO) supplemented with 2% BCS and antibiotics
(EMEM) (Langford and Kaiwar, 1990) were pipetted (100 ul/ culture) onto triplicate
MTP cultures of HCC or human glioma cells at various times prior to, at the time of, or
at various times after EV70 or CA24v infection. The cultures were incubated at 37°C for
24 h, frozen, and virus yields in triplicate sham and treated cultures were estimated by
virus plaque assay of culture fluids (Stanton et al., 1977). The mean log,, plaque
forming units (PFU)/ ml was determined for each concentration of EvirD and EvirX at
each time point (Reid, 1968).

2.5. Inhibition of viral CPE

As above, 100 ul of each 0.5 log,, dilution of EvirD, EvirX or placebo in EMEM
was pipetted onto triplicate MTP cultures of HCC or HEp-2 at various times prior to, at
the time of, or at various times after EV70 or CA24v infection. The cultures were
incubated at 33 or 37°C until 100% cell death was observed microscopically in the virus
control. The cultures were fixed and stained with 1% crystal violet (w/v) in 20%
methanol. Viral CPE was quantified spectrophotometrically (Dynatech, Guernsey, Chan-
nel Island, Great Britain) (Langford and Kaiwar, 1990). The mean optical density at 590
nm (ODsg,) of crystal violet-stained cell monolayers was calculated and used to
determine the CPE IDs,. The IDj, is the concentration of EvirD and EvirX that inhibited
EV70 and CA24v CPE by 50% (i.e., the concentration that increased the ODs,, in the
virus infected culture to 50% of that in the cell control). The ID,, was calculated by
dividing the mean ODg,, from triplicate drug treated cultures by the mean ODs,, from
respective replicate untreated control cultures X 100. The level of CPE inhibition at
various times after removal of the EvirX and EvirD was determined as above except
HCC were incubated in EMEM containing EvirX or EvirD, fresh EMEM pipetted onto
each culture and then challenged with EV70 or CA24v at 1, 2 and 4 h after removal of
the compounds.

2.6. Statistical analysis

Significance differences between means of virus groups were estimated by Student’s
t-test. The ANOVA test was used to analyze differences between treatments and linear
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regression analysis was performed to assess drug kinetic differences. The computations
were performed on an IBM PC XT equipped with Epistat statistical software.

3. Results
3.1. Inhibition of EV70 or CA24v production and CPE in HCC

EvirX and EvirD inhibited EV70 (J648 /71 and SEC146 /71) and CA24v (SEC24 /70
and Tai 86) yields and CPE in HCC in a dose-dependent manner between 0.1 and 1.0
wng/ ml (Fig. 1). The reduction in EV70 or CA24v yields in infected cultures treated
with EvirD or EvirX was associated with an inhibition of viral CPE. For example,
acutely infected cells incubated in medium containing 0.1 ug EvirD or EvirX/ml
produced 0.1-1.5 log,, less virus than the virus controls. Acutely infected cells treated
with 1 pg EvirX or EvirD /ml produced 2-3 log,, less EV70 or CA24v than the virus
controls. Concomitantly, the OD.y, of the infected cultures treated with 0.1 ug of
EvirX/ml was 0.5-1.0 ODs,, units lower than the OD;,, of cultures treated with 1-3
ug of EvirX/ml and the ODgy, of the cell control (not graphed). Notably, acutely
infected cells continuously incubated in medium containing 1-3 ug EvirX or EvirD / ml
inhibited virus production (> 2 log,, reduction) and inhibited viral CPE by 100%.
Cytotoxicity was observed microscopically in control HCC cultures and in virus infected
HCC incubated for 24 h in medium containing 10 ug EvirD/ml (note that cytotoxicity
was associated with a decrease in the ODyg, in cultures treated with 10 ug EvirD).
Based upon the results of this and similar experiments in HCC and HEp-2 cells (not
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Fig. 1. Dose-response curve of the antiviral activities of EvirX and EvirD against EV70 (J648 /71 and
SEC146/71) and CA24v (SEC24,/70 and Tai 86). Acutely infected HCC were incubated with various
concentrations of the compounds and the mean log,, PFU virus reduction (VR) and CPE (ODsq, of crystal
violet stained cultures) determined. The S.D. were < 0.5 log,, of the VR mears and < 20% -of the ODs,,
means. The results are from 3 independent experiments. ;
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shown), the 50% drug cytotoxic doses (i.e., the concentrations that reduced the ODy,, in
treated cultures to 50% of that in the untreated cell control) for EvirD, EvirX, and
placebo (LY 253963) were estimated to be 10 ug, 60-100 ug and 20 pg/ml,
respectively.

3.2. IDs, of EvirX and EvirD against several epidemic isolates of EV70 and CA24v

The IDg, of EvirD and EvirX was determined for 11 EV70 and 15 CA24v in
laryngeal carcinoma HEp-2 cells (Table 1). The 1Dy, for EvirD and EvirX against 11
EV70 ranged from 0.01 to 0.30 ug/ml with EvirD IDy, means of 0.09 + 0.04 and
0.16 + 0.08 g/ ml and EvirX ID50 means of 0.11 + 0.08 and 0.04 £+ 0.03 ug EvirX/
ml in two experiments. The IDg, for EvirD and EvirX against 15 CA24v ranged from
0.01 to 0.65 wg/ ml with EvirD IDy, means of 0.17 + 0.17 and 0.2 £+ 0.14 ug/ ml and
EvirX ID;, means of 0.28 + 0.2 and 0.08 + 0.03 ug/ml in two experiments. In
comparison, the ID;;, of PV-1M and PV-1S were 0.2-0.6 g EvirD/ml and 0.1-0.3
png EvirX/ml (not shown). While individual isolates varied in their sensitivities to
EvirD and EvirX, no statistical differences (P > 0.4) were detected between mean 1Dy,
of EV70 and CA24v isolates or experiments. The IDy, for EvirD and EvirX against the
26 AHC virus isolates were 0.17 4+ 0.12 and 0.13 £ 0.14 g/ ml, respectively. Notably,
the multiplicity of infection (m.o.i., ranging from 0.01 to 11 PFU/cell), country of
origin, and year of isolation did not affect the IDy, of EvirD or EvirX.

3.3. Effect of pretreatment on prevention of EV70 and CA24v infection

No viral CPE was observed microscopically and control level ODy,, were detected in
EV70 and CA24v infected HCC cultures incubated in EMEM containing 3 ug EvirD or
EvirX /ml for 2 and 4 h before infection (Fig. 2). Unexpectedly, the intracellular levels
of EvirX reached after 15 min of preincubation were sufficient to protect cells against
the CPE of EV70 and CA24v infections. In contrast, inhibition of EV70 and CA24v
CPE by EvirD required 1-2 h of pretreatment.

3.4. Effect of EvirD and EvirX treatment applied after EV70 or CA24v infection

The addition of medium containing 3 or 10 ug EvirD or EvirX/ml to HCC cultures
1 h after infection with EV70 (J648 /71) or CA24v (SEC24/70) (m.o.i.s of 1 and 3
PFU/ cell, respectively) inhibited viral CPE (Fig. 3). Interestingly, 3 and 10 pug
EvirD / ml were more effective at inhibiting the CPE of EV70 and CA24v in HCC than
3 and 10 g EvirX/ ml when added up to 2 h after infection. Notably, EV70 replication
was inhibited by the addition of 10 wg EvirD/ml up to 6 h postinfection.

3.5. Decay of the antiviral activities of EvirX and EvirD
EV70 (J648/71, 1 PFU/cell) and CA24v (SEC24/70, 3 PFU/cell) CPE was

inhibited by intracellular EvirX or EvirD up to 4 h postinfection at 33 and 37°C (Fig. 4).
However, maximal inhibition of EV70 and CA24v CPE was detected in HCC cultures
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Fig. 2. Effect of pretreatment time on inhibition of viral CPE. Triplicate HCC cultures were incubated in
medium containing EvirD or EvirX (3 pg/ml) for various times prior to removal and infection with EV70
(J648 /71) or CA24v (SEC24/70). The cultures were fixed and strained with crystal violet when 100% cell
death was observed in the virus control. The mean ODsy, from 3 experiments are presented. S.D. of the means
were < 0.11 ODygy, unit.

infected 1 h after the removal of media containing 10 ug of EvirD or EvirX /ml. The
antiviral activities of EvirD and EvirX against EV70 and CA24v infection declined
through 4 h. The antiviral activity of EvirX in cells cultured at 33°C declined more
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Fig. 3. Effect of EvirX and EvirD on inhibition of CPE in infected HCC. Medium containing 3 or 10 pg
EvirD or EvirX/ml was added to EV70 or CA24v infected HCC cultures at various times following 1 h of
incubation to allow virus adsorption. After 20 h (EV70) or 36 h (CA24v) incubation, the cells were stained and
the mean ODsq, from replicate cultures treated at each time point was determined (n = 3). The means from
one experiment run in triplicate are presented (S.D. of the ODyy, means < 0.17).



362 M.P. Langford et al. / Antiviral Research 27 (1995) 355-365

EV70 CA24v

1.8
1.6
1.4
1.2

0.8
0.6 1

Optical Denstty (590nm)

0.4

02 T T T T
1 2 4 1 2 4

Times Post Infection (Hrs)

- 33C EvilD —+— 37C EvirD —»-33C EvirX -€3-37C EvirX

Fig 4. Decay of the antiviral activities of EvirD and EvirX with time. HCC were incubated in medium
containing EvirD or EvirX for 2 h at 33 and 37°C and then infected with EV70 or CA24v at various times
after the removal of the medium containing the EvirD or EvirX. The means and S.D. of the ODgg,, for the 33
and 37°C cell controls were 1.14 +0.08 and 1.4 +0.1, respectively. Mean ODy,, from one experiment run in
triplicate are plotted (S.D. < 0.16 ODs, units).

rapidly than the antiviral activity in EvirD-treated cells and EvirX-treated cells incubated
at 37°C (P = 0.01).
3.6. Effect of time-of-addition of EvirD and EvirX on EV70 yields in glioma cells

Incubation of human glioma cells for 2 h prior to EV70 (J648/71) infection in
medium containing 10 ug EvirD or EvirX/ ml or incubation of EV70 infected glioma

EviD EviiX

Log10 PFU Reduction
-

001 01 1 10 001 01 1 10
Concentration (ug/mi)

Fig. 5. Inhibition of EV70 production by different concentrations of EvirD and EvirX in human glioma cells.
Glioma cells were incubated with medium containing various concentrations of EvirD or EvirX for 2 h prior to
EV70 (J648 /71) infection or for 2 h, 1 h after EV70 infection. The mean virus titers (PFU/ml) in triplicate
treated and control cultures were determined by plaque assays (n = 3). The mean virus reductions in two
experiments were calculated and plotted. S.D. were < 0.6 log,, PFU/ml.
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cells in medium containing 10 wg EvirD or EvirX/ml beginning 2 h postinfection
inhibited virus production by > 10° PFU/ml reduction (Fig. 5). Notably, approxi-
mately 10-fold less EvirD than EvirX (i.e. 1 ug versus 10 ug/ml) inhibited virus
production by 10° PFU when added before infection rather than after infection (P <
0.0001). (Cytotoxicity was not observed in glioma cells under these experimental
conditions.)

4. Discussion

We have shown that incubation of conjunctival (HCC), laryngeal (HEp-2) and glioma
cells infected with EV70 or CA24v in medium containing 1-10 pg EvirD or EvirX /ml
reduces viral production and inhibits viral CPE. The mean IDy, of EvirD and EvirX
against EV70 and CA24v, isolated during epidemics spanning a 22-year period, were
similar (0.17 and 0.13 wg/ ml, respectively). The antiviral activities of EvirD and EvirX
were demonstrable at 33 and 37°C. In addition, EvirX and EvirD protect cells against
high multiplicity EV70 and CA24v infection. The maximum antiviral activity of EvirX
was detected after 15 min of incubation while the antiviral activity of EvirD was
detected after 1-2 h of incubation. The antiviral activities of EvirX and EvirD were
dose-dependent and detectable up to 1-2 h after the removal of extracellular EvirX and
EvirD. These results suggest that EvirD and EvirX may inhibit AHC virus infection in
vivo.

Benzimidazoles have been shown to inhibit picornavirus replication by an unknown
mechanism (Tamm and Eggers, 1963) at levels that are 10-fold less than their cytotoxic
levels (Bucknall, 1967). Our results are consistent with these observations, in that, EvirD
and EvirX exhibited maximal antiviral activity against EV70 and CA24v at concentra-
tions of 1-3 wg/ ml/24 h. However, cytotoxicity was detected in HCC and HEp-2 cells
incubated in medium containing > 10 pg EvirD or > 30 ug EvirD/ml/24 h. Thus,
our results indicate that the therapeutic indices for EvirD and EvirX are > 10 and
suggest that a therapeutic effect may be achieved in the eye without drug-induced
complications.

Taken together, our results indicate that AHC viruses are inhibited by EvirX and
EvirD and suggest that EvirX or EvirD may prove useful in the treatment of AHC. Also,
the results suggest that EvirX may prove to be more efficacious than EvirD since the
antiviral activity of EvirX is detected earlier than EvirD and EvirX appears to be less
toxic. Although side effects and poor antiviral activity have been reported in human
clinical trials with EvirX against rhinovirus infection (Hayden and Gwaltney, 1982;
Phillpotts et al., 1983), it may be possible to apply therapeutic levels of EvirX to the
conjunctiva without ocular toxicity. Thus, careful animal model testing is planned to
assess cytotoxicity and the therapeutic effects of these compounds against AHC viruses.
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