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Summary

The biological response modifier 7-thia-8-oxoguanosine was evaluated in mice
against the hepatotropic Adames strain of Punta Toro virus. When administered
intraperitoneally in divided doses, significant protection from death was conferred
at doses of 50 and 100 mg/kg/day given 24 and 17 h pre-virus inoculation, 25-100
mg/kg/day administered 4 h pre- and 3 h post-virus challenge, and 12.5 to 100 mg/
kg/day administered 24 and 31 h after virus inoculation. These doses preventing
death reduced liver icterus scores, serum alanine aminotransferase and aspartate
aminotransferase levels, and liver and serum virus titers relative to placebo con-
trols. Full daily doses administered at 24 h were somewhat less protective to mice
than divided daily doses starting at the same time. The initiation of treatment could
be delayed as late as 36 h after virus inoculation, resulting in complete protection
from mortality at 100 mg/kg/day. This prevention of death occurred despite the
acute nature of the infection which resulted in deaths by 96 h in the placebo-treated
controls. These results show that 7-thia-8-oxoguanosine has both prophylactic and
therapeutic potential as an anti-Phlebovirus agent. Interferon induction appears to
be the reason for antiviral activity in this model, since up to 10000 units of
interferon/ml were induced in mice 1 h after treatment with 100 mg 7-thia-8-oxo-
guanosine per kg, and antibody to interferon o/ administered shortly after treat-
ment with the nucleoside negated the antiviral effect.

Phiebovirus; Nucleoside; Interferon inducer
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Introduction

Phleboviruses are members of the family Bunyaviridae, which are negative
stranded RNA: viruses (Cash et al., 1979). They are important pathogens in the
Mediterranean area, parts of Africa, and South America (Sabin, 1948; Travassos da
Rosa et al., 1983). Representatives of this group, Rift Valley fever virus and
Sandfly fever virus, can be considered important targets of studies to devise treat-
ments for the debilitating diseases they cause. A major epidemic of Rift Valley
fever in 1985 was responsible for thousands of cases of infection and over 500
deaths in Egypt (Meegan et al., 1981). Since this particular strain of virus can be
quite dangerous to man, we have developed the closely related Punta Toro virus
(PTV) model as a less virulent virus for evaluating anti-Phlebovirus agents. The
antiviral agents ribavirin (Sidwell et al., 1988b) and ribamidine (Sidwell et al.,
1988a) were effective in treating the hepatotropic form of this disease in mice.

Part of our antiviral evaluations using the PTV model involves studying biologi-
cal response modifiers which exert their effects on cells of the immune system.
These agents do not usually show antiviral activity in cell culture because non-
immune cells are predominantly used for viral assays. The nucleoside analog 7-
thia-8-oxoguanosine is a novel biological response modifier of this type that is
known to induce interferon (Smee et al., 1990c). It was reported to inhibit a broad
spectrum of RNA and DNA viruses in animal infection models (Smee et al., 1989;
Smee et al., 1990b). One of these, San Angelo virus, is in the same family as PTV
but belongs to the California group of bunyaviruses (Sather and Hammon, 1967)
instead of the Phlebovirus group. 7-Thia-8-oxoguanosine was effective in prevent-
ing death by San Angelo virus in mice when administered prior to or within 24 h
after virus challenge (Smee et al., 1989; Smee et al., 1990b). In the present report
7-thia-8-oxoguanosine is shown to be effective in the treatment of hepatotropic
PTV infections in mice. Interferon induction and action appear to be responsible
for the biological activity of the compound.

Materials and Methods
Compounds and reagents

5-Amino-3-f-p-ribofuranosylthiazolo[4,5-d]pyrimidine-2,7(3H,7H)-dione  (7-
thia-8-oxoguanosine) was provided in dry powder form by the U.S. Army Medical
Research Institute of Infectious Diseases via Technassociates, Inc. (Rockville,
MD). Since the compound is rather insoluble in saline at neutral pH (Smee et al.,
1989), it was prepared in 2% sodium bicarbonate (pH 8.6-8.9) for injection into
mice. Bicarbonate also served as the placebo control for animal studies. Antibody
to interferon o/f was purchased from Lee Biomolecular, San Diego, CA; it was
diluted in sterile water for injection.
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Virus

The Adames strain of PTV as described by Sidwell et al. (1988b) was used. The
virus was originally isolated from patients presumably infected in Panama. It was
twice plaque purified in a derivative strain of continuously passaged LLC-MK,
cells, virus pools were made, and the virus titrated in mice.

Animals

Specific pathogen-free female C57BL/6 mice weighing 10-12 grams were
obtained from Simonsen Laboratories (Gilroy, CA) for these studies. Larger mice
become resistant to lethal infection. The animals were quarantined 2448 h prior to
use, housed five or ten to a cage, and fed Wayne Laboratory Chow and tap water
ad libitum. ‘

Interferon (IFN) titrations

Disposable 96-well microplates containing confluent monolayers of L929 cells
were exposed to half-log;, dilutions (0.1 ml/well) of mouse serum samples presu-
med to contain interferon. After one day, 100-320 cell culture infectious doses of
vesicular stomatitis virus were added to each well. After 2-3 days the cells were
examined for virus-induced cytopathic effect (CPE). Interferon titers were
expressed as the maximum dilution of supernatant fluid which inhibited CPE by
50%. This assay was developed by Sidwell and Huffman (1971).

Toxicity determinations

Uninfected mice were weighed prior to treatment with high doses (100 to 700
mg/kg) of 7-thia-8-oxoguanosine administered in half-daily increments 7 h apart.
The animals were weighed the next day and deaths recorded for 21 days. From
these results non-toxic doses were selected for antiviral experiments.

In vivo chemotherapy studies

Mice were inoculated subcutaneously (s.c.) with 10 50% lethal doses of PTV
(approximately 10° cell culture infectious doses in LLC-MK, cells). 7-Thia-8-
oxoguanosine was evaluated at several doses, with intraperitoneal (i.p.) treatments
given in single or 2 injections (7 h apart) at various times pre- or post-virus inocu-
lation. Other studies with this compound have shown that multiple days of dosing
do not enhance antiviral activity (Smee et al., 1989). Initially there were 20 mice in
each treated group and 40 mice in the placebo controls. Five sham-infected animals
were treated with each drug dosage as toxicity controls, while uninfected untreated
mice served as normal controls. The toxicity and normal control mice were main-
tained in an area remote from the infected mice. These were weighed prior to
initial treatment and again 18 h after the last treatment. Four days after virus inocu-
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lation, 10 infected animals from each treatment group and 20 placebo-treated con-
trol mice were killed, bled, and their livers removed. Hepatic icterus, characterized
by discoloration of the liver, was assigned a score from 0 (normal) to 4 (maximal
discoloration). These livers were frozen at —70°C and later assayed for virus titer in
LLC-MK; cells as described previously (Sidwell et al., 1988b). Serum alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST) determinations were
made using colorimetric kits (Sigma Chemical Co., St. Louis, MO). Animals not
killed on day 4 were held for 21 days after virus inoculation, and deaths were rec-
orded daily.

Survivor increases were evaluated using chi square analysis with Yates’ cor-
rection. The Student’s 7-test was used to analyze increases in mean survival times
of animals that died before day 21, reductions in ALT, AST and reduced PTV titers
in livers and sera. Liver score inhibition was compared using ranked sum analysis.
In all cases, values of statistical significance were determined by comparing treated
groups to respective placebo controls. The thresholds of statistical significance
were P<0.05 and P<0.01, using two-tailed analyses.

Results
Toxicity of 7-thia-8-oxoguanosine in uninfected animals

Several doses of 7-thia-8-oxoguanosine from 100 to 700 mg/kg given one day
only were evaluated for acute toxicity in mice (Table 1). Divided daily doses of
2400 mg/kg caused death and/or severe weight loss. The pattern of death was
somewhat erratic at these doses, probably because the compound was administered
as a suspension. The maximum tolerated dose using this treatment regimen was
300 mg/kg.

TABLE |

Acute toxicity of 7-thia-8-oxoguanosine in C57BL/6 mice

Dose” (mg/kg) Survivors/total Body weight change® (g)
0 5/5 +0.3

100 5/5 +0.2

200 5/5 0.0

300 5/5 +0.6

400 2/5 -1.5

500 5/5 -2.1

600 3/5 -1.7

700 4/5 =20

*Given as a divided dose 7 h apart.
®Determined 24 h after the last treatment. Values are relative to initial weights.
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Prophylactic antiviral activity of 7-thia-8-oxoguanosine

Based upon previous studies against other types of viruses (Smee et al., 1989;
Smee et al., 1990b) prophylactic treatments with the nucleoside were administered
24 and 17 h before virus challenge. Doses of 50 and 100 mg/kg/day were signifi-
cantly effective in reducing mortality (Fig. 1A), whereas 12.5 and 25 mg/kg were
inactive. In Fig. 1B are seen survival data for mice treated at —4 and +3 h relative
to virus inoculation. Using this regimen, the compound was more effective, with
doses of 25 to 100 mg/kg providing nearly complete protection from the otherwise
lethal infection.

Other disease parameters for these groups of mice are presented in Table 2. For
treatments starting at —24 h, liver icterus scores, ALT and AST values, and liver
and serum virus titers were substantially reduced at 50 and 100 mg/kg. Likewise,
these same parameters were reduced in mice treated with nucleoside starting at —4
h using doses as low as 25 mg/kg. Generally, doses significantly reducing these dis-
ease parameters were the same as those reducing mortality. Additional antiviral
effects were observed on liver scores at 25 mg/kg (—24 and —17 h treatments) and
12.5 mg/kg (—4 and +3 h treatments), and on AST values and liver virus titers at
12.5 mg/kg (—4 and +3 h treatments) that did not correlate with increases in surviv-
al.

Therapeutic antiviral activity of 7-thia-8-oxoguanosine

Treatments were initiated after virus inoculation at +24 and +31 h. Doses from
12.5 to 100 mg/kg/day were highly effective in preventing death compared to pla-
cebo controls (Fig. 2A). Because of these encouraging results, another experiment

! Pl F = A 22 v

Percent Survival

21 0 2 4

“*P<0.01 Days Post-Virus Inoculation

Fig. 1. Effect of divided prophylactic treatments with 7-thia-8-oxoguanosine on PTV-induced mor-

tality in mice. A: treatments given 24 and 17 h before virus inoculation; B: treatments given 4 h before

and 3 h after virus inoculation. Symbols: placebo (0); 7-thia-8-oxoguanosine at 12.5 (@), 25 (@), 50
(W), and 100 (M) mg/kg/day.
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TABLE 2

Effect of prophylactic treatments with 7-thia-8-oxoguanosine on PTV infections in mice

Dosage Disease parameter”
(mg/kg/day) | iverscore®  ALTS AST? Mean liver virus Mean serum
(mean £ SD)  (mean+ SD)  (mean + SD) titer virus titer

(logp = SD) (logio = SD)

Treatments given 24 and 17 h before virus inoculation

100 1.8 + 0.8 716 £ 792° 545+ 4870 35+ 1.7° 41+1.7°
50 1.6+ 1.3 1708 £ 1404° 1630 £2112°2 25427 45+1.6
25 23+1.7 4888 £4224 6416 £5506 53124 6.0+ 1.0
12.5 3.1£17 7927 £3120 9376 +4632  5.7+24 6.3+0.7

0 3.5+08 6534 +3738 8268 +5357 6.1%1.6 6.210.6

Treatments given 4 h before and 3 h after virus inoculation

100 0.0 £0.0° 170 £ 1082 76 + 58° 14 +2.3? 24428
50 0.0+ 0.0° 286 + 199° WT£327 27+19° 42423
25 0.6+1.3° 1166 + 1327° 1036 £ 1046° 3.2+2.3° 32428
12.5 27+1.4 4262 +3279 3338 £2825% 47+1.7 56+2.1

0° 35408 6534 £ 3738 8268 +£5357 6.1+1.6 62+0.6

Normals 0.0+0.0 225+ 221 5429 0.0+ 0.0 0.0 £ 0.0

‘Determined 4 days after virus challenge.

®Score of 0 (normal liver) to 4 (maximum discoloration).

“Serum alanineaminotransferase activity (Sigma-Fraenkel units/ml).

‘Serum aspartateaminotransferase activity (Sigma-Fraenkel units/ml).

“This is the same placebo control as was used for —24 and —17 h treatments, since the studies were run
concurrently.

'P<0.05; *P<0.01.
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Fig. 2. Effect of divided therapeutic treatments with 7-thia-8-oxoguanosine on PT V-induced mor-

tality in mice. A. treatments given 24 and 31 h after virus inoculation; B: treatments given 36 and 43

h after virus inoculation. Symbols: placebo (0); 7-thia-8-oxoguanosine at 6.25 (A), 12.5 (), 25 (@),
50 ('¥), and 100 (M) mg/kg/day.
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TABLE 3
Effect of therapeutic treatments with 7-thia-8-oxoguanosine on PTV infections in mice

Dosage Disease parameter”
(mg/kg/day) Liver score” ALT® AST! Mean liver virus Mean serum
(mean £ SD) (mean £ SD)  (mean = SD) titer virus titer

(logo £ SD) (logio £ SD)

Treatments given 24 and 31 h after virus inoculation

100 0.4+ 0.2 174 £ 85° 71 +27° 1.6 £ 1.8 1.9 +2.3?
50 0.1 £0.22 127 + 982 46 +20° 0.8+1.3° 0.0 £0.0°
25 1.1+ 1.5 1060 + 19062 1073 £2169>° 1.0x2.2? 1.5+£2.3°
12.5 24415 3001 £2413  3114£2929° 44+ 1.8 56120

6.25 31214 5675 £ 990 6125+ 1818 6.0+ 1.0 57+13
0° 35408 6534 +3738 8268+5357 6.1+1.6 62106

Treatments given 36 and 43 h after virus inoculation

100 14+1.2° 397 + 380° 336+383° 1.1+1.9 19+ 1.8
50 30+1.1 2188 £2179' 2084 +2202' 4.1+24' 44+1.7
25 3.7+£02 4894 + 2048 4598 +2154 6.1%1.2 61105
12.5 39403 6433 £2695  6600+3090 6.9+0.6 65%1.0

0 3.6+0.5 4310+£2333  4053+2683 58+1.8 56+13

Normals 0.0£0.0 156 + 74 275 0.0%0.0 0.0£0.0

Legends are the same as in Table 1.
'P<0.05; °P<0.01.

was performed to determine if treatments could be given even later in the infection.
Treatments administered at 36 and 43 h after virus challenge were also effective,
but only at the 100 mg/kg dose (Fig. 2B). The overall infection in this latter exper-
iment was somewhat less severe as 30% of the placebo controls lived, compared to
0% in the earlier study.

The effects of 7-thia-8-oxoguanosine on other disease parameters for these
therapeutic treatment regimens are presented in Table 3. The inhibition of these
parameters by the nucleoside again largely correlated with survival data. Doses of
25 to 100 mg/kg (+24 and +31 h treatments) markedly suppressed all disease par-
ameters. At 12.5 mg/kg decreases in liver score, AST values and liver virus titers
were statistically significant. The dose of 100 mg/kg (+36 and +43 h treatments)
significantly reduced all disease parameters. At 50 mg/kg, all parameters but liver
score were significantly reduced.

Effects of divided-daily versus once-only treatments on anti-PTV activity

It was previously reported that divided-daily doses of 7-thia-8-oxoguanosine
were more effective than single doses against other types of virus infections (Smee
et al., 1989; Smee et al., 1990b). An experiment was conducted to determine how
effective the single treatment regimen would be against PTV infections. The fol-
lowing mortality results (survivors/total) were achieved by single daily treatments
administered 24 h after virus challenge: 100 mg/kg (6/10), 50 mg/kg (10/10), 25
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IFN Titer (log 10 Units/ml)

< T T T T —r—

0 1 2 3 4 5
Hours after TOGuo Treatment
Fig. 3. IFN induction in C57BL/6 mice after single i.p. injections of 7-thia-8-oxoguanosine (TOGuo).

Symbols: nucleoside at 25 (A), 50 (@), and 100 (M) mg/kg. Five mice/group were used at each time
point. Standard deviations ranged from 0.5 (lower values) to 0.9 (higher values).

mg/kg (9/10), 12.5 mg/kg (3/10) and placebo (5/20). This compares to twice daily
treatments (Fig. 2A) where 90-100% survival was achieved by 12.5-100 mg/kg
when all mice in the placebo control died. Significant reductions in liver scores,
ALT and AST values, liver and serum virus titers were evident at 25, 50, and 100
mg/kg in the single treatment studies (data not shown). These combined results
demonstrate that the divided daily treatment regimen was more effective at lower
(12.5 mg/kg) and higher (100 mg/kg) doses than the single treatment regimen.

IFN induction and its role in antiviral activity

Previously we reported that 7-thia-8-oxoguanosine induced IFN in Swiss Webs-
ter mice (Smee et al., 1990c). To ascertain whether the cytokine is induced in
C57BL/6 mice, animals were treated with the compound and their sera were col-
lected for IFN analysis at varying times (Fig. 3). Doses of 25, 50 and 100 mg/kg
given in single injections induced over 10%, 10° and 10* log units of interferon per
ml, 1 h after 7-thia-8-oxoguanosine administration. IFN levels declined steadily at
3 and 5 h.

TABLE 4
Effect of antibody to interferon o/p on the anti-PTV activity of 7-thia-8-oxoguanosine in mice

7-Thia-8-oxoguanosing®  Anti-IFN o/’ Survivors/total (%) Mean days to death
(mg/kg/day) (units/mouse)
0 0 1/10 42114
25 0 8/10 (80’ 95+2.1
50 0 10/10 (100)! >21
0 4000 0/7 (0) 33+£05
25 4000 0/10 (0) 43+05
50 4000 0/10 (0) 3607

“Treatments were given 24 and 31 h after PTV inoculation.
®Mice received 2000 units of antibody 30 min after each treatment with 7-thia-8-oxoguanosine.

'P<0.01.
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To determine a protective role of 7-thia-8-oxoguanosine-induced IFN in PTV
infections, treated mice received antibody to IFN o/f (Table 4). Mice receiving 7-
thia-8-oxoguanosine at 25 and 50 mg/kg had survival rates of 80 and 100%,
whereas all animals receiving the nucleoside plus anti-IFN o/p died. These results
indicate a major role of IFN in anti-PTV activity.

Discussion

7-Thia-8-oxoguanosine was effective against PTV infections whether admin-
istered prophylactically or therapeutically. Its efficacy was greatest when treat-
ments were initiated 24 h after virus challenge, but it is impressive that treatments
begun as late as 36 h were also effective, albeit only at the high dose. Previous
studies have indicated that the animals are showing signs of the disease by 36 h
(Sidwell et al., 1988b), and some of the mice are dead by 96 h. The minimum
effective dose against PTV infections was about 25 mg/kg. The maximum tolerated
dose in injected mice was 300 mg/kg, indicating a therapeutic index (maximum
tolerated dose divided by minimum effective dose) of approximately 12.

As an antiviral agent, 7-thia-8-oxoguanosine was found to be most effective
against Semliki Forest, banzi, and encephalomyocarditis viruses when admin-
istered in divided daily doses rather than in full-daily injections (Smee et al., 1989;
Smee et al., 1990b). Such was also found to be the case against PTV infections.
Single treatments of 100 mg/kg were less active than lower doses, suggesting that
too much of the compound led to less immune activation. By dividing the dose, 7-
thia-8-oxoguanosine showed good responses in doses as low as 12.5 mg/kg against
PTV.

The mode of action of the compound against PTV was investigated and IFN
induction appears to be the key factor for anti-PTV activity. The level of IFN indu-
ced in C57BL/6 mice and its persistence were similar to IFN induction in Swiss
Webster mice (Smee et al., 1990c). Antibodies to IFN o/p negated the protective
effect of 7-thia-8-oxoguanosine. In work performed with Semliki Forest virus,
Smee et al. (1990c¢) established that the in vivo antiviral activity of the nucleoside
could also be eliminated by treatment of mice with anti-interferon antibodies. In
the same report natural killer cell induction by the nucleoside did not appear to be
a significant protective factor. It is important to note that the IFN inducer bropirim-
ine (Wierenga, 1985) is also active against Punta Toro virus infections in vivo
(Sidwell et al., manuscript submitted), and Pifat and Smith (1987) have shown the
murine PTV infection to be highly sensitive to IFN.

Although no studies were conducted using several days of treatment, previous
work with 7-thia-8-oxoguanosine against other virus infections showed that daily
treatments do not increase compound efficacy (Smee et al., 1989). This most likely
relates to the fact that hyporesponsiveness occurs with IFN inducers following
repeated daily administration (Giese and Kirchner, 1988; Stringfellow, 1977,
Stringfellow et al., 1979). In addition, certain virus infections themselves have
been shown to create a state of hyporesponsiveness to IFN inducers in the host
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(Stringfellow et al., 1977). Some of these effects can be overcome by treatment of
the animals with prostaglandins (Stringfellow, 1980). Since 7-thia-8-oxoguanosine
was active 24-36 h after virus challenge, PTV may not induce the hyporesponsive-
ness state in mice as do some other viruses. This point will require further investi-
gation.

7-Thia-8-oxoguanosine was previously evaluated against San Angelo bunyavi-
rus (Smee et al., 1989; Smee et al., 1990b), which is in the same family of viruses
as PTV. Thus, some comparisons of antiviral activity in the two virus models is
warranted. The activity of the nucleoside against San Angelo virus was observed at
doses as low as 5 mg/kg/day (given at —24 and —18 h). Under similar conditions, it
was effective at 50 mg/kg against PTV. Efficacy against PTV was achieved at 12.5
mg/kg by starting treatments at +24 h, however. In another study it was shown that
7-thia-8-oxoguanosine had only moderate antiviral activity against San Angelo
virus at 200 mg/kg (the only dose evaluated) when administered as late as 24 h
after virus inoculation. The differences in these results may reflect the models
themselves and where the viruses replicate. San Angelo virus replicates to high tit-
ers in mice, leading to encephalitis and death (Smee et al., 1989), whereas the
Adames strain of PTV is primarily hepatotropic (Sidwell et al., 1988b). Infections
caused by encephalitis viruses apparently are difficult to treat once virus has
entered the brain (at an early time point after virus inoculation), as was determined
by Stringfellow and colleagues (1974a,b) using two different IFN inducers against
encephalomyocarditis (EMC) virus in mice. The effects of IFN and associated
immunomodulation apparently do not affect the brain to the degree necessary to
shut down virus replication there. In related work performed with EMC virus, the
ability of 7-thia-8-oxoguanosine to delay death was correlated with suppression of
virus replication in visceral organs and tissues, contributing to delays in virus repli-
cation in the brain (Smee et al., 1990a).

The results indicate that 7-thia-8-oxoguanosine is effective in the treatment of
PTV infections in mice. Because of these results, the compound is a possible candi-
date for follow-up studies in models of related viruses such as Rift Valley fever
virus. The role of this and other IFN inducing agents to treat serious bunyavirus
infections deserves further exploration.
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