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It has previously been shown that several
antiviral compounds, interferon, and in-
ducers of interferon are effective in prevent-
ing Herpes simplex virus, type 1, (HVH)
infections (1-7). The comparative efficacy
of these agents has been difficult to evalu-
ate, partly because they generally have been
studied under different experimental condi-
tions. In addition combination therapy for
HVH infection has not been thoroughly ex-
plored. The present study therefore was un-
dertaken to compare under similar experi-
mental conditions the therapeutic effective-
ness of six antiviral agents during systemic
HVH infection in mice. Combinations of
some of the drugs also were evaluated. The
drugs tested were adenine arabinoside
(ARA-A) cytosine arabinoside (ARA-C),
idoxuridine (IDU), phosphonoacetic acid
(PAA), and the interferon inducer polyino-
sinic.polycytidylic acid (In.Cn). Particular
emphasis was placed on examining the tox-
icity of the various compounds and effec-
tiveness against HVH-induced mortality.

Materials and methods. Mice and virus.
HVH, type 1 strain VR3, was originally ob-
tained from Dr. A. J. Nahmias and was
passaged in primary rabbit kidney cells. The
virus infectivity was determined by the mi-
croplaque assay in BHK-21 cells. NIH Gen-
eral Purpose Swiss male mice of 22-27 g
were used throughout the study. They were
inoculated ip with 2 LDy, (10°° TCID;,) of
HVH in 0.2 ml of Eagle’s MEM medium
with 2% fetal bovine serum. Most deaths in
these mice occurred between the seventh
and eleventh days after infection. On Day 7
after infection histologic examination of the
livers of infected mice revealed multiple
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areas of focal necrosis with polymorphonu-
clear cell infiltration: less pathologically se-
vere lesions were usually found in the brains
and lungs of HVH-infected mice. HVH was
consistently isolated from the brains (10%-
106 PFU/g) but rarely from the livers of such
mice.

Drugs. All drugs were administered ip.
Drugs injected on the same day as virus
were given 2 hr after the virus. ARA-A was
obtained in powder form from the Parke
Davis Co., and suspended in distilled water
to a final concentration of 40 mg/ml. The
ARA-A was not soluble in water, and there-
fore the fine particles of ARA-A were well
suspended before the injection. IDU was
obtained from Calbiochem and diluted with
phosphate buffered saline at pH 7.2, to a
final concentration of 40 mg/ml. ARA-C
was obtained from the Upjohn Co. and di-
luted with sterile water to a concentration of
5 mg/ml. Double-stranded In.Cn was pur-
chased from P. L. Biochemicals, and pre-
pared as a 1.0 mg/ml solution in phosphate
buffered saline, pH 7.6.

Interferon was prepared in mouse C-243
cells using Newcastle disease virus as de-
scribed previously (8). The final concentra-
tion was 10* reference units per ml. Phos-
phonoacetic acid (PAA) was obtained from
Abbott Laboratories and diluted with dis-
tilled water to a final concentration of 20
mg/ml.

Statistics. Significance of differences in
mortality was determined using the chi-
square test. Significance of differences in
survival time was determined using the
Mann-Whitney U test. Percent protection
was calculated by the formula, mortality
rate in virus controls minus rate in treated
group divided by mortality rate in virus con-
trols multiplied by 100.

Results. Comparison of ARA-A, ARA-C,
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338 ANTIVIRALS IN HVH INFECTION OF MICE
TABLE 1. IDU, ARA-C, orR ARA-A Toxicity AND PROTECTION AGAINST HSV IN MiIcg®
Mortality
Drug only Virus infected®
Expt.
no. Drug Dose (mg/kg) Dead/total Mortality (%) Dead/total Mortality (%)
1 ARA-C 100 5/10 50 '15/15 100
ARA-C 50 2/10 20 12/15 80
ARA-C 25 0/10 0 13/15 87
IDU 1000 9/10 90 15/15 100
IDU 500 2/10 20 11/15 73
IDU 250 0/10 0 9/13 70
None 18/30 60
2 ARA-A 1000 0/10 0 2/15 13¢
ARA-A 500 2/10 20 0/15 o
IDU 250 1/10 10 11/15 73
ARA-C 25 2/10 20 13/15 87
None 24/30 80
3 ARA-A 1000 2/10 20 1/15 7
ARA-A 500 0/10 0 0/15 o
IDU 250 2/10 20 7/15 47
ARA-C 25 0/10 0 11/14 79
None 13/30 40
4 ARA-A 250 0/20 0 1/20 5
ARA-C 15 0/15 0 12/15 80
ARA-C 10 0/15 0 11/15 73
ARA-C 5 0/15 0 11/15 73
IDU 150 0/15 0 10/15 67
IDU 100 0/15 0 9/15 60
IDU 50 0/15 0 11/15 73
None 20/30 67

¢ Treatment started 2 hr after virus and repeated daily for a total of five doses ip.
b Virus-infected mice were inoculated ip with 2 LD, (10*° TCIDs) of HSV.

“P<0.01.
4P <0.05.

and IDU for toxicity and protection (Table
I). In these experiments treatment was
started 2 hr after virus and repeated daily
for a total of five doses ip. All three dosage
schedules of ARA-A used (1000, 500, and
250 mg/kg/day ip) were highly effective in
reducing mortality in HVH-infected mice.
ARA-C and IDU both exhibited significant
toxicity at the highest doses used as mea-
sured by deaths in the uninfected controls.
At a dose of IDU without obvious toxicity
(150 mg/kg/day or less), no antiviral effect
of IDU could be demonstrated. Similarly, a
nontoxic dose of ARA-C (15 mg/kg/day or
less) was not protective; mice which re-
ceived the relatively nontoxic dose of 25
mg/kg/day of ARA-C have a significantly
decreased survival time when compared to
untreated infected mice (P < 0.01). Thus,
ARA-A was highly effective when begun 2

hr after HVH infection, while ARA-C and
IDU over a wide range of doses were not
effective under similar experimental condi-
tions.

Toxicity of and protection against HVH in
mice by PAA (Table II). 1t has been re-
ported previously that PAA, at a dose of
200 mg/kg/day, is effective in preventing
paralysis and death of mice when given sys-
temically 24 or 72 hr after HVH infection
(9). In the present study the same dose of
PAA was nontoxic following systemic treat-
ment of mice. However, as shown in Table
II, no significant protection was noted. In
similar experiments (not shown) there also
was no protection even when mice were
treated with PAA 24 hr before virus infec-
tion.

Postinfection treatment with ARA-A of
HVH-infected mice. Experiments were per-



ANTIVIRALS IN HVH INFECTION

OF MICE 339

TABLE II. PAA Toxicity AND PAA PRrOTECTION AGAINST HSV IN Mick.

Mortality

Drug only Virus infected”

Expt. Dose (mg/
no. Drug kg)

Days of
treatment

Dead/total

Survival

time sig-
Mortal- Mortal- nifi-
ity (%) Dead/total ity (%) cance

1 PAA 200
None

3-8

2 PAA
None

200 1-6

3 PAA
None

200 1-3

1/10 10

ND?

ND

14/15 93 0.7
14/15 93
ND 8/14 57 0.4
10/15 67
ND 5/15 33 0.3
9/15 60

¢ 2 LDj (10°-° TCIDs,) of HSV injected ip on Day 0.

% Not done.

formed to determine how late in the course
of HVH infection therapy with ARA-A
could be initiated and still be effective (Fig.
1). Treatment with ARA-A (1000 mg/kg/
day for 5 days) begun 2 or 3 days after virus
inoculation was still highly effective in pre-
venting deaths. Thus therapy with ARA-A
was effective when begun as late as 3 days
after experimental HVH infection.
Combination therapy against HVH infec-
tion in mice. Since by themselves ARA-A,
interferon, and In.Cn (an inducer of inter-
feron; (10)) have been shown to prevent
HVH infection in mice, a series of experi-
ments were performed to determine if com-
binations of these drugs, could provide even
more protection than the drugs alone. In
numerous experiments no mortality or ob-
vious morbidity was noted in mice which
received just In.Cn or interferon at the dose
levels used in the above experiments. Simi-
larly, administration of both In.Cn and in-
terferon was without obvious toxicity in un-
infected mice. Treatment with either In.Cn
or interferon beginning on Day 3 did not
result in significant reduction in mortality
(Table IIT). Treatment with In.Cn was not
continued beyond 2 days since hyporespon-
siveness of continued interferon production
occurs after 2 days of treatment (10). Treat-
ment with interferon (10* units daily for 5
days) beginning on Days 3 and 4 gave er-
ratic protection in preliminary experiments.
Since many of the deaths in these experi-
ments occurred after termination of inter-
feron treatment, additional experiments

70+

50

% PROTECTION

30+ 1

201 7

1 1 1 ade- 1 1
0 1 2 3 4 5

DAY AFTER INFECTION ARA-A TREATMENT STARTED

Fic. 1. Postinfection treatment with ARA-A (100
mg/kg/day ip for 5 days) of HVH-infected mice. Each
dot represents percentage protection in an individual
experiment when therapy was begun on the indicated
day.

were performed using 8 days of treatment.
Slight but significant protection by inter-
feron as measured by survival time occurred
in two of two experiments (Table III) (Ex-
periments 2 and 3), but mortality was not
significantly reduced by interferon treat-
ment. Combined In.Cn and interferon ther-
apy resulted in both a decrease in mortality
and a prolonged survival time. However,
when the combined In.Cn and interferon
therapy group was compared directly with
the group which received only interferon,
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TABLE III. TuerapY wiITH INTERFERON AND IN.CN AGAINST HSV INFECTION IN MICE.

Mortality
Mortality ~ Survival time
Expt. no. Drug Dose schedule Dead/total (%) significance

1 In.Cn 100 ug Days 3, 4 6/15 40 04
In.Cn 50 ug Days 4, 5 7/15 47 1.0
Interferon 10* units Days 3-7 11/15 73 0.5
Interferon 10* units Day 4-8 9/15 60 0.9
In.Cn + Interferon 100 ug Days 3.4

10* units Days 5-9 7/15 47 0.18

None 8/15 53

2 In.Cn 100 ug Days 3. 4 12/15 80 0.8
Interferon 10* units Days 4-11 9/15 60 0.01
In.Cn + Interferon 100 ug Days 3, 4

10* units Days 4-11 7/15 47 0.03

None 12/15 80

3 In.Cn 100 pg Days 3. 4 14/15 93 0.9
Interferon 10* units Days 4-11 12/15 80 0.05
In.Cn + 100 ug Days 3. 4
Interferon 10* units Days 4-11 7/15 47 0.03
None 14/15 93

“ P <0.05.

the survival times and the decreased mortal-
ity were not significantly different.

It has recently been reported that ARA-
A and human interferon are synergistic in
vitro against HVH (11); the possibility was
therefore suggested that combined therapy
with interferon and ARA-A might be signif-
icantly more effective in vivo than therapy
with either agent alone. In other experi-
ments, not shown here, ARA-A was com-
bined with either In.Cn (four experiments)
or interferon (three experiments) in the
therapy of this experimental HVH infec-
tion. The dosages of these drugs were: (a)
ARA-A, 1000 mg/kg/day for 5 days begin-
ning on Day 3 or 4; (b) In.Cn 50 or 100 ug/
day for 2 days beginning on Day 3 or 4; (c)
interferon 10* units/day for 5 or 8 days be-
ginning on Day 3 or 4. The combinations
were no more effective in decreasing mor-
tality or prolonging survival time than the
ARA-A alone. In fact the combination of
ARA-A and In.Cn proved to be toxic, giv-
ing a mortality range of 33 to 90% in the
uninfected controls. Even when the dosage
of In.Cn was decreased to 12.5 ug daily for
2 days, in combination with ARA-A at
1000 mg/kg daily for S days, there was still
high mortality in the uninfected controls.
Only when the dose of ARA-A was reduced

to 500 mg/kg/day for 5 days was there
no mortality in the uninfected controls.
When HVH-infected mice were treated with
this nontoxic combination (500 mg/kg/day
ARA-A and 100 pg In.Cn for 2 days and 50
g In.Cn/day for 3 more days), no reduc-
tion in mortality or increase in survival time
was observed.

Discussion. The present findings extend
the previous demonstrations of efficacy of
ARA-A by showing its clear superiority
over the five other antiviral agents tested
under the same conditions against HVH in-
fection of mice. Interferon at the highest
dose used was less protective than was
ARA-A while ARA-C, IDU, PAA, and
In.Cn had no antiviral effect in the present
system. Of the several combinations of anti-
viral drugs tested, none was significantly
more effective than either agent alone. Un-
expectedly the protective and nontoxic
1000 mg/kg dose of ARA-A, when com-
bined with nontoxic doses of In.Cn, resulted
in a synergistic mortality of 33-90% in unin-
fected mice.

Similar to the present findings a number
of previous studies of ARA-A have shown it
to be effective in the treatment of HVH and
vaccinia virus infections in mice, even when
therapy with ARA-A was initiated as late as
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48 hr after infection (1, 4, 5, 7). In three of
these previous studies, treatment with
ARA-A appeared to be superior to that
with IDU when the two drugs were used in
the same experiments (1, 4, 5). Particularly
encouraging has been the recent report of a
double-blind trial which demonstrated the
effectiveness of systemic ARA-A in the
treatment of herpes simplex keratouveitis in
man (12).

It has been somewhat more difficult to
demonstrate a significant protective effect
of either ARA-C or IDU in experimental
viral infections. In mice, ARA-C has been
shown to be effective only when HVH and
drug were both given by intracerebral inoc-
ulation (1, 13, 14). In an experimental
HVH infection in rats, which are relatively
resistant to the toxic effects of ARA-C, a
beneficial effect of ARA-C was observed
even when initiation of therapy was delayed
for 3 days after virus inoculation (15). Simi-
lar to the present findings in mice, ARA-C
was noted to have a deleterious effect on
disseminated herpes zoster infection of man
(16). Reports such as these emphasize the
necessity of very careful evaluation of anti-
viral drugs which have significant side ef-
fects, particularly immunosuppressive ef-
fects. Consistent with the present findings,
no effect of IDU on mortality has been
noted in experimental HVH infection of
mice or encephalitis and disseminated HVH
infection in marmosets (17, 18), although
some beneficial effects were noted in guinea
pigs (19, 20).

In contrast to our negative findings with
PAA, it has been noted to be effective in
several experimental HVH infections in
mice, even when therapy was delayed 72 hr
after initiation of infection (9). Possible rea-
sons for the differences in protection include
strain of virus or mice and routes of adminis-
tration and dissemination of virus.

By using combinations of different anti-
viral agents which are effective through dif-
fering mechanisms of action and which pos-
sess differing toxicities, it was hoped that
more effective therapy of this experimental
infection could be obtained. This was partic-
ularly true since ARA-A and interferon
have been reported recently to be synergis-
tic in vitro against HVH (11). In fact, this
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sort of added effectiveness was not noted.

The superior therapeutic effectiveness of
ARA-A may be related to its relative lack of
toxicity. The deleterious effects of ARA-C
during HVH infections in mice and man
(16) emphasize the need for careful evalua-
tion of potentially toxic drugs. Equal cau-
tion must be used in the evaluation of com-
binations of antiviral drugs, since unex-
pected toxicities may be noted when differ-
ent drugs are combined. The observed com-
bined toxicity of nontoxic doses of ARA-A
and effective but nontoxic doses of In.Cn
(as determined previously (23)) provides
such an example.

Summary. The therapeutic effectiveness
of six antiviral agents and certain combina-
tions were evaluated under the same experi-
mental conditions during systemic HVH in-
fection of mice. The agents used were ade-
nine arabinoside (ARA-A), cytosine arabi-
noside (ARA-C), idoxuridine (IDU), polyi-
nosinic.polycytidylic acid (In.Cn), inter-
feron, and phosphonoacetic acid (PAA).
Treatment with ARA-A begun as late as 3
days after the virus infection was highly ef-
fective in preventing death. Interferon be-
gun on Day 4 prolonged survival. In similar
experiments, no antiviral effect of either
IDU or PAA could be demonstrated, while
therapy with ARA-C potentiated the infec-
tion. Of the drug combinations tested, none
was more effective than the better agent
alone. Unexpectedly a protective and non-
toxic dose of ARA-A when combined with a
nontoxic dose of In.Cn resulted in a syner-
gistic mortality in uninfected mice.
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