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Yellow fever virus (YFV) causes 30,000 deaths worldwide, despite the availability of a vaccine. There are no
approved antiviral therapies for the treatment of YFV disease in humans, and, therefore, these studies were
designed to investigate the anti-YFV properties of T-1106, a substituted pyrazine, in a hamster model of YFV
disease. Intraperitoneal (i.p.) treatment with 100 mg/kg of body weight/day of T-1106 starting 4 h prior to virus
inoculation and continuing twice daily through 7 days post-virus inoculation (dpi) resulted in significantly
improved survival, alanine aminotransferase levels in the serum, weight gain, and mean day to death. Virus
titer in the liver at 4 dpi was significantly reduced in treated animals, as determined by both quantitative
real-time PCR and infectious cell culture assay. No toxicity (weight loss or mortality) was observed at a dose
of 100 mg/kg/day in sham-infected control animals. The observed minimal effective dose of T-1106 was 32
mg/kg/day administered either by oral or i.p. treatment. Therapeutic treatment was effective in significantly
improving survival when T-1106 was administered beginning as late as 4 days after virus challenge with
twice-daily treatment for 8 days at a dose of 100 mg/kg/day. With favorable safety, bioavailability, and postviral
challenge treatment efficacy, T-1106 was effective in the treatment of disease in hamsters infected with YFV and

should be further studied for potential use as a therapy for human YFV disease.

Yellow fever virus (YFV) continues to be a serious human
health concern, causing approximately 30,000 deaths each
year, despite the availability of a vaccine (17). Approximately
15% of infected individuals will develop severe disease, with a
fatality rate of 20 to 50%, making this one of the most lethal
viral infections of humans (8). No approved therapies specific
for treatment of YFV are available. Although the virus is
endemic to Africa and South America, there is potential for
outbreaks of YFV outside the natural range of the virus and
such imported cases have been reported (2, 7, 10). Therefore,
the development of therapies is important, not only for treat-
ment of cases in areas of endemicity but also for cases of
imported viral disease and fulminant disease as a result of
vaccination. A desirable therapy for YFV disease would be one
that is efficacious when given after the onset of clinical signs.

Nonhuman primates have been important models for anti-
viral and vaccine research with YFV, although viral pathogen-
esis in these models tends to be more fulminant, with higher
mortality rates and greater liver pathology compared with
YFV disease in humans (1, 9). A hamster model of YFV
disease has been characterized and is similar to infection of
humans in many ways, and YFV disease in this model tends to
be less virulent than infection in nonhuman primates (13, 16,
18). This hamster model has shown utility in antiviral studies
and has been used for the evaluation of ribavirin and inter-
feron alfacon-1 (6, 12).

T-1106 (3,4-dihydro-3-oxo-4-B-p-ribofuranosyl-2-pyrazinecar-
boxamide) (Fig. 1) is a chemical analog of T-705, a compound
that has been shown to be active against influenza virus in in vivo
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experiments (3, 4, 14). Regarding the mechanism of action for
T-705, it has been reported that T-705 can be converted to the
phosphoribosylated metabolites (T-705RMP and T-705RTP) by
host cellular kinases and the T-705RTP inhibits the influenza
virus polymerase (4). As in the case of T-705, T-1106 has been
shown to inhibit bovine viral diarrhea virus (BVDYV) in vitro, and
the phosphorylation of this compound was observed in several
mammalian cells and in the livers of animals treated with T-1106
(5). In addition, T-1106 triphosphate also inhibited the viral RNA
polymerase of hepatitis C virus in an enzyme assay. The objective
of this research was to determine the efficacy of T-1106 against
YFV infection in the hamster model of YFV disease.

MATERIALS AND METHODS

Animals. Female Syrian golden hamsters with an average weight of 100 g were
used. After a 24-h quarantine period and 7-day acclimation period, animals were
randomly assigned to cages and individually marked with ear tags.

Test articles. T-1106 was provided by Toyama Chemical Company, Ltd., To-
kyo, Japan. The compound was suspended in sterile saline or 0.4% carboxy-
methyl cellulose at various concentrations. Ribavirin was provided by Valeant
Pharmaceuticals (Costa Mesa, CA) and was used as a positive control in these
studies at a dose of 50 mg/kg of body weight/day prepared in sterile saline.
Interferon alfacon-1 (Infergen), a consensus-type interferon, was provided by L.
Blatt (InterMune, Inc., Brisbane, CA) as an aqueous solution and used as a
positive control in cell culture assays.

Virus. The Jimenez strain of hamster-adapted YFV was obtained as a gener-
ous gift from R. B. Tesh (University of Texas Medical Branch, Galveston, TX).
The virus was inoculated intraperitoneally (i.p.) into five adult female hamsters.
The livers of the infected hamsters were removed 3 days post-virus injection (dpi)
and homogenized in a 2X volume of sterile phosphate-buffered saline. This liver
homogenate had a titer of 10°° 50% cell culture infectious doses/ml (CCIDs5)
when titrated on Vero cells.

In vitro evaluation of T-1106. The antiviral activities of T-1106 were evaluated
in vitro by cytopathic effect (CPE) inhibition assays and were determined by
visual (microscopic) examination of the cells, increase of neutral red (NR) dye
uptake into cells, and virus yield reduction. This method was previously devel-
oped by Sidwell and Huffman (15). Seven concentrations of T-1106 were eval-
uated against the Jimenez strain of YFV in 96-well flat-bottom microplates
plated with Vero or CV-1 cells. T-1106 was added 5 to 10 min prior to the
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FIG. 1. Chemical structures of T-1106 and T-705.

addition of virus. Virus was added at 10 CCIDs, per well. Tests were read after
incubation at 37°C for 6 days. For NR uptake, dye (0.34% in medium) was added
to plates after visual examination for 2 h, after which the dye was eluted from the
cells and absorbed dye was quantified. Antiviral activity was expressed as the
50% effective concentration (ECs,), and a selective index (SI) value was obtained
by dividing the 50% cytotoxicity concentration (CCs), obtained from uninfected
cells treated with T-1106, by the ECsy,.

QRT-PCR. Primer pairs (forward, AGTTGATTCCATCTTGGGCTTC; reverse,
ACCTCTTCCTCTCCATCCCATC) and TagMan probe (5’ 6-carboxyfluorescein-
CCTATGGTGGCTCATGGAAGTTGGAAGG-6-carboxy-N,N,N',N'-tetramethyl-
rhodamine-3") specific for nucleotides 4767 to 4860 of the Asibi YFV vaccine
strain (AY640589.1) were used (QIAGEN, Valencia, CA). The one-step Bril-
liant quantitative real-time PCR (QRT-PCR) master mix one-step kit (Strat-
agene, La Jolla, CA) was used for reverse transcription and amplification of YFV
RNA with primers and probe at 0.2 M. One microliter of total cellular RNA
(from a total of 100 pl) extracted from infected or control tissues was used.
Samples were run on a DNA Engine Opticon 2 (MJ Research, Inc., Waltham,
MA). Reverse transcription of cellular RNA was performed for 30 min at 50°C,
followed by PCR, which consisted of 40 cycles of 15 s at 95°C and 60 s at 61°C.
Results are given in terms of relative equivalents, reflecting the amount of YFV
present in the sample as extrapolated from a standard curve obtained from
amplification of a dilution of total RNA obtained 2 dpi from Vero cells infected
with Jimenez YFV.

Serum ALT assay. Serum was collected antemortem by ocular sinus collection
from all of the animals in each group. Alanine aminotransferase (ALT) (SGPT)
reagent (Teco Diagnostics, Anaheim, CA) was used, and the protocol was al-
tered for use in 96-well flat-bottomed microplates. A volume of 50 wl of ALT
substrate was placed in each well of a 96-well plate, and 10 pl of sample was
added at timed intervals. The samples were incubated for 30 min at 37°C, after
which 50 pl of ALT color reagent was added to each sample and incubated for
10 min as above. A volume of 200 ul of ALT Color Developer was then added
to each well and incubated for 5 min. The plate was then read at 505 nm on a
spectrophotometer, and the ALT concentration was determined per the manu-
facturer’s instructions.

Infectious cell culture assay. Vero cells were obtained from the American
Type Culture Collection, Rockville, MD, and were cultured in 96-well flat-
bottom microplates 1 day before use. Tissue samples, obtained at necropsy from
five infected hamsters from each group 4 dpi, were homogenized and then
serially diluted at log concentrations in sterile culture medium from 107! to
1078, The dilutions of tissue homogenate were added to four columns of a
microplate with semiconfluent Vero cells. Plates were placed in a CO, incubator
for 6 days, after which the cells were observed microscopically for virus CPE. The
virus titer of the samples was extrapolated based on tissue weight and observed
titer in dilutions of tissue samples.

Experimental design for animal studies. Hamsters were randomly assigned to
groups, and 8 to 15 animals were included in each. Toxicity controls, consisting
of three animals per group, were included to determine if there was any apparent
toxicity associated with treatment. Normal (healthy) control animals were also
included. A 10~* dilution (10*° CCIDsy) of stock virus was prepared in minimal
essential medium. Hamsters were injected i.p. with 0.1 ml of the diluted virus. A
solution of T-1106 at 100 mg/kg/day was prepared and kept at 4°C until use.
Animals were treated i.p., twice daily (b.i.d.) for 8 days, with treatments 12 h
apart. Mortality was observed daily, and weight was recorded at 0, 3, and 6 dpi.
Weight change was determined by the amount of weight lost or gained between
3 and 6 dpi. Serum was taken 6 dpi to determine the level of serum ALT. To
determine liver virus titer, liver samples were taken on 4 dpi from 5 hamsters
(from groups of 15 animals) and the remaining 10 animals were left for mortality,
weight change, and serum ALT evaluation. Ribavirin, prepared in saline at a
dose of 50 mg/kg/day, was used as a positive control compound, and saline was
used as a placebo control.

In the first experiment, a simple efficacy study was conducted to determine the
effect of T-1106 on hamsters infected with YFV. Follow-up studies were con-
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ducted to determine minimal effective dose (T-1106 tested at 10 and 32 mg/kg/
day), route of treatment (i.p. versus oral gavage [p.o.] treatment), and how long
after virus challenge that drug could be effectively administered (1 through 5
dpi). The above parameters were used to determine efficacy of T-1106 in treat-
ment of YFV disease in hamsters, and T-1106 was given as outlined in the first
antiviral experiment.

Statistical analysis. Survival data were analyzed using the Wilcoxon log-rank
survival analysis (JMP Software, The Statistical Discovery Software; SAS Insti-
tute, Inc). All other statistical analysis was done using one-way Students ¢ test.

RESULTS

T-1106 was not active in CPE reduction assays in Vero or
CV-1 cells and yielded an ECs, of >100 pg/ml (>369 n.M) and
an SI of 1. Interferon alfacon-1 was used as a positive control
and had an ECs, of <0.003 pwg/ml and an SI of >800 in CV-1
cells. No overt toxicity was observed as determined by CPE of
uninfected cells treated with concentrations of T-1106 as high
as 100 pg/ml (data not shown).

Intraperitoneal treatment with 100 mg/kg/day of T-1106,
beginning 4 h prior to virus challenge and continuing b.i.d.
through 7 dpi, significantly improved survival in hamsters chal-
lenged with YFV (Table 1). Animals treated with T-1106 did
not appear to be sick, in contrast to placebo-treated infected
controls, which displayed ruffled fur, hunching, and lethargy.
T-1106 was also effective in significantly improving serum ALT
levels and weight change compared with placebo treatment.
T-1106 appeared to be well tolerated in the toxicity controls in
all studies, with all animals surviving and exhibiting host weight
gain (Table 1).

Treatment with 32 mg/kg/day under the same treatment
regimen described above resulted in complete survival of all
animals and significantly improved serum ALT levels and
weight gain (Table 1). None of the hamsters treated with 100
or 32 mg/kg/day had icteric serum, which is a disease sign
commonly seen in YFV-infected animals. Treatment with 10
mg/kg/day resulted in a survival rate of 80%, but this was not
significantly higher than survival observed in saline-treated
controls (50%). None of the other disease parameters were
significantly improved in animals treated with 10 mg/kg/day of
T-1106. Half of the serum samples from the group of hamsters
treated with 10 mg/kg/day were icteric and had a statistically
higher average serum ALT of 253 = 64 IU/liter (n = 5), as
compared with the nonicteric serum samples from the same
group that had an average of 94 = 36 IU/liter (n = 5) (P <
0.01). Oral treatment with T-1106 at 100 or 32 mg/kg/day,
administered as described above, resulted in significant im-
provement of disease parameters and appeared to be as effec-
tive as i.p. treatment at the same dose (Table 1). Ribavirin
treatment at a dose of 50 mg/kg/day, given at the same treat-
ment schedule as T-1106, resulted in a significant improvement
in survival and weight change.

Liver samples were taken 4 dpi to determine the effect of
T-1106 treatment on YFV titer. A significant decrease in liver
titer, as determined by QRT-PCR and infectious cell culture
assay, was observed in animals treated with T-1106, beginning
4 h before virus challenge and continuing with twice-daily
treatment through 4 dpi (Fig. 2). Treatment with T-1106 be-
ginning 4 dpi did not result in a reduction of liver virus, but this
was not surprising, since animals had been treated only once
with T-1106 before liver samples were taken. A significant
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TABLE 1. Effect of i.p. and p.o. T-1106 treatment® on Syrian golden hamsters challenged with yellow fever virus”
Result for:
Treatment Toxicity controls Infected and treated
No. alive/ Mean wt change? No. alive/ MDD’ + SD Mean serum ALT Mean wt change?
total (g) = SD° total - conen (IU/liter) = SD (g) = SD
Expt 1
T-1106 (100 mg/kg/day i.p.) 3/3 53 %32 12/12%* >21 £ 0.0%%* 56 = 5%* 7.1 £ 1.8%*
Saline 3/3 6.0 £2.0 5/12 9.0 =27 127 = 99 -09 =71
Expt 2
T-1106
32 mg/kg/day i.p. 3/3 83 4.0 10/10%* >21 + 0.0%** 65 =+ 14%** 52 + 1.8%*
10 mg/kg/day i.p. —£ — 8/10 8.0x1.4 174 £ 97 —-1.8 =77
Saline 3/3 53*+29 5/10 6.6 0.5 230 = 88 —=5.7%+9.0
Normal control 3/3 43 21 — — — —
Expt 3
T-1106
100 mg/kg/day p.o. — — 10/10** >21 £ 0.0%%* 56 & 3.3%%* 6.3 £ 3.0%**
32 mg/kg/day p.o. — — 10/10** >21 + 0.0%** 61 + 4.8%* 4.4 + 4.0%*
Ribavirin (50 mg/kg/day i.p.) — — 7/8%* 6.0 £0.0 120 £ 52 1.3 £ 4.0%
Saline 3/3 4.0=*26 2/10 6.8 = 1.0 168 = 115 —4.9 *+6.9
Normal control 3/3 6.7+4.0 — — — —

“ Treated b.i.d. for 7 days beginning at —4 h.
® Jimenez strain (10 CCIDs/animal).

¢ P =0.001, **, P = 0.01, and *, P < 0.05, compared with saline-treated controls.

“ Difference between weights on 3 and 6 dpi.

¢ Standard deviation (SD) was derived from a single experiment with the number of animals indicated in “No. alive/total” column.

/MDD, mean day to death of mice dying prior to 21 dpi.
& —, not applicable.

8

~1

Logun CCIDw/g tissue (black bars) or relative equivalents (grey bars)

Ribavirin, 50
mg/kg/d, ip, bid
9 times beg -4 h

T-1106, 100

mg/kg/d, ip, bid
9 times beg -4 h
FIG. 2. Infectious cell culture assay (black bars) or QRT-PCR
(gray bars) detection of virus titer from liver samples taken 4 dpi from
Syrian golden hamsters infected with YFV and treated with T-1106,
with treatment beginning (beg.) —4 h (9 treatments prior to necropsy)
or 4 dpi (1 treatment prior to necropsy), or ribavirin initiated —4 h (9
treatments prior to necropsy) (¥, P < 0.05 compared with respective

placebo treatment group). Data are from one experiment (n = 5).

T-1106, 100
mg/kg/d, ip, bid
1 time at 4 dpi

Placebo, ip, bid
9 times beg -4 h

reduction of YFV titer was also observed with ribavirin treat-
ment beginning before virus challenge by QRT-PCR, but not
by infectious cell culture assay, the latter because of more
sample variation (Fig. 2).

Animals were treated twice daily with 100 mg/kg/day of
T-1106 beginning at various times after virus challenge, admin-
istered through i.p. injection. Significant improvement in sur-
vival, mean day to death, and weight change was observed in
animals treated up to 3 dpi with T-1106 (Fig. 3 and Table 2).
Serum ALT levels were reduced in groups with treatment
initiated 1, 2, or 3 dpi, but this reduction was not statistically
significant in the group where treatment was initiated 3 dpi. A
significant improvement in survival was also observed with
T-1106 treatment initiated 4 dpi, although other disease pa-
rameters were not significantly improved. There was a slight
reduction in serum ALT in animals treated with T-1106 begin-
ning 4 dpi as compared with placebo treatment, although this
reduction was not statistically significant (Table 2). Treatment
initiated 5 dpi with T-1106 did not significantly improve any
disease parameters.

DISCUSSION

Treatment with T-1106 is effective in improving disease pa-
rameters in hamsters infected with YFV. Prophylactic treat-
ment with T-1106 improved survival, mean day to death, serum
ALT levels, and weight change. Pretreatment also significantly
reduced virus load in the liver, as determined by QRT-PCR
and infectious cell culture assay, indicating that treatment with
T-1106 reduces infectious virus as well as total viral RNA in
the liver. T-1106 may have a direct effect on virus replication,
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Days post-virus inoculation

——T-1106, 100 mg/kg/d, ip, bid X8 beg -4 h
—&—T-1106, 100 mg/kg/d, ip, bid X 8 beg 1 dpi
—&—T-1106, 100 mg/kg/d, ip, bid X 8 beg 2 dpi
—&—T-1106, 100 mg/kg/d, ip, bid X 8 beg 3 dpi
—¥—T-1106, 100 mg/kg/d, ip, bid X 8 beg 4 dpi
—»—T-1106, 100 mg/kg/d, ip, bid X 8 beg 5 dpi
—+—Ribavirin, 50 mg/kg/d, ip, bid X 8 beg -4 h
—-o——Placebo, ip, bid X 8 beg -4 h

FIG. 3. Survival of Syrian golden hamsters infected with yellow
fever virus and treated i.p. with 100 mg/kg/day of T-1106 at various
times after virus challenge (**%, P < 0.001, and **, P < 0.01, com-
pared with placebo). beg, beginning of treatment. Data were compiled
from two separate experiments (Table 2, experiments 3 and 4). T-1106
groups, n = 10 animals/group; ribavirin group, n = 18 animals; placebo
group, n = 20 animals.
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which would be consistent with previous studies that showed
efficacy of the triphosphate form of the compound in the direct
inhibition of the RNA polymerase of hepatitis C virus (5). The
titer reduction could also be an indirect result of an alternative,
unknown mechanism of T-1106, and future experiments will be
conducted to delineate the mode of antiviral action.

A correlation between high serum ALT, icteric serum, and
mortality has been previously observed in this hamster model
of YFV disease (6), which could be due to virus-induced cy-
topathogenesis in the liver (11). None of the samples from
animals treated prior to virus challenge with T-1106 were
icteric, and all of the ALT levels were similar to values in
uninfected hamsters. Treatment initiated 4 dpi did not result in
a reduction of virus in the liver, which was likely due to the
single treatment received before liver samples were taken, and
no improvement in weight change or serum ALT levels was
observed 6 dpi, although there was a significant increase in
survival. The lack of significant reduction of virus titer, weight
change, and serum ALT was likely due to the short interval
between treatment initiation and sample collection.

The endpoint of efficacy of T-1106 appeared to be between
32 and 10 mg/kg/day; although not statistically significant,
there was a trend towards survival in hamsters treated with 10
mg/kg/day. The lack of statistical significance may be due to the
number of animals used per group. Using 32 mg/kg/day as the
minimal effective dose and the well-tolerated dose of 400 mg/
kg/day (Toyama Chemical Company, Ltd.; personal communi-
cation) as the maximum tolerated dose, the selective index of
T-1106 would be 12.5 in hamsters. It is important for an anti-
viral compound to be effective in treating disease after clinical
symptoms are apparent. In this hamster model of YFV infec-
tion, disease symptoms such as liver pathology, including hepa-
tocytic apoptosis and lymphocytic hyperplasia in the spleen,

TABLE 2. Effect of post-virus-exposure, i.p. T-1106 treatment on Syrian golden hamsters challenged with yellow fever virus®

Beginning of

Result for’:

T treatment Toxicity controls Infected and treated
reatment schedule
i No. alive/  Mean wt. change®  No. alive/ " Mean serum ALT Mean wt change®
(b, 8 days) (@) = SD total MDD* £ 8D nen (IUfliter) + SD (@) = SD
Expt 3
T-1106 (100 mg/kg/day) —4h 3/3 8.0 £2.8 10/10***  >21 = 0.0*** 58 £ 2.6%** 6.0 = 4.0**
1 dpi — — 10/10%**  >21 = 0.0*** 56 = 5.7%%* 6.1 = 5.4%*
2 dpi — — 10/10***  >21 = 0.0*** 57 £ 7.4%** 6.3 = 2.2%%*
3 dpi — — 10/10%**  >21 = 0.0*** 79 £ 23 2.9 £ 4,5%*
Ribavirin (50 mg/kg/day) —4h — — 7/8%* 6.0 = 0.0 120 + 52 1.3 = 4.0*
Saline —4h 3/3 4.0x2.6 2/10 6.8 = 1.0 168 = 115 —49 *+ 6.9
Normal control — 3/3 6.7 £4.0 — — — —
Expt 4
T-1106 (100 mg/kg/day) —4h — — 10/10%**  >21 = 0.0%** 55 = 8.1** 7.2 £ 2.1%*
4 dpi — — 7/10%* 6.0 = 0.0 108 + 42 —4.7 = 8.8
5 dpi — — 2/10 74+ 0.9 205 = 81 —69 *+42
Ribavirin (50 mg/kg/day) —4h — — 9/10%%* 9.0 0.0 98 + 17%* 4.1 = 2.5%*
Saline —4h — — 1/10 7.0+ 1.2 183 = 69 -52*+50
Normal control — 3/3 7712 — — — —

¢ Jimenez strain (10 CCIDsg/animal).

bk p < 0.001, **, P < 0.01, and *, P < 0.05, compared with saline-treated controls.

¢ Difference between weights on 3 and 6 dpi.

4 Standard deviation was derived from a single experiment with the number of animals indicated in “No. alive/total” column.

¢ MDD, mean day to death of hamsters dying prior to 21 dpi.
/—, not applicable.
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and elevated serum ALT are observed 3 to 4 dpi (13, 16). Virus
titers also peak in different organs on 4 dpi (6). There was a
slightly diminished effect of T-1106 in the reduction of serum
ALT when treatment was initiated 3 dpi, although the lack of
statistical significance was likely due to high variability in pla-
cebo-treated controls, which is a limitation of the model (6).
These results indicate that T-1106 is effective when adminis-
tered 3 dpi, which correlates with the onset of initial clinical
symptoms in hamsters.

Route of administration of compounds is important in clin-
ical studies, and it is important to determine the optimal route
for treatment. Although i.p. treatment was generally used for
administration of T-1106 in these studies, p.o. treatment was
just as effective. Oral treatment will be important for the clin-
ical use of T-1106 in human patients, and it is important to
note that this route is also effective in this hamster model.

It is unknown why such favorable efficacy in vivo was ob-
served in light of the lack of in vitro activity. It is possible that
the CV-1 and Vero cell lines used for in vitro studies cannot
convert the compound into the active form needed for antiviral
activity. T-1106 has been shown to be active in cell culture
against BVDV in MDBK cells with an SI of 207 (CCs,, 2,900
uM; ECy, 14 M) and is presumed to inhibit the BVDV
polymerase after being converted to the triphosphate in cells
(5). In light of these results, T-1106 was tested in this hamster
model of YFV, where it proved to be active against the virus.

T-1106 and other chemically related compounds have broad
antiviral activity, low toxicity, and favorable efficacy in vivo, and
thus may be promising candidates for therapy in human pa-
tients (3, 4). The efficacy of T-1106 in hamsters infected with
YFV represents an important development in the progress
toward developing effective therapies for the treatment of dis-
ease in humans infected with this virus.
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