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A mouse model of western equine encephalitis (WEE) was characterized for use in antiviral studies. Virus
was detected in several tissues, most notably an average titer of 9.5 ± 1.1 log10 50% cell culture infectious
doses (CCID50)/g tissue in the brains of infected animals. Signs of WEE included limb weakness, paralysis,
involuntary spasms or extension of limbs, clenching of paws, hunching, ruffling of fur, and eye exudates,
many of which are indicative of neurological disease. The pyrazinecarboxamide derivative, T-705, was
estern equine encephalitis virus
-705
ntiviral
ncephalitis
ouse

found to be active in Vero cells against WEE virus (WEEV) with an 90% effective concentration (EC90) of
49 �g/ml (selective index [SI] > 20). Treatment with T-705 in this WEE mouse model resulted in significant
improvement in survival and mean day to death after oral treatment administered twice a day for 7 days
at a dose of 400 mg/(kg d). Virus titer in the brain was not significantly reduced, despite a 1-log reduction
in average brain titer in treated animals on 4 dpi. Signs of disease were relatively mild in treated animals,

. Trea
the b
reatment but were not eliminated
mice, further illustrating

T-705, a pyrazinecarboxamide derivative, has been shown to
ave broad-spectrum activity against several RNA viruses. Most
otably, this compound is effective against influenza in cell cul-
ure as well as in animal models through inhibition of the viral
olymerase enzyme (Furuta et al., 2002, 2005; Sidwell et al., 2007;
akahashi et al., 2003) and is currently undergoing clinical trials for
he treatment of influenza infection in man (Anon., 2007). Other
NA viruses that are effectively treated by T-705 in animal models

nclude yellow fever virus (Julander et al., 2009), West Nile virus
Morrey et al., 2008), and several bunya and arenaviruses (Gowen
t al., 2007). With efficacy seen in an encephalitic West Nile virus
odel, it was anticipated that T-705 might also be effective in the

reatment of western equine encephalitis virus (WEEV) infection in
ell culture as well as in a mouse model.

WEEV is an alphavirus that causes occasional outbreaks of
uman disease (Calisher, 1994) and is listed as a category B agent
n the NIH Biodefense and Emerging Diseases list as an agent

f bioterrorism concern (Sidwell and Smee, 2003). Emphasis has
een placed on finding therapeutic options for viruses on the NIH

ist (http://www3.niaid.nih.gov/topics/emerging/list.htm), which
laces value on the discovery of broad-spectrum antiviral agents.
he present study is in line with this philosophy- attempting

∗ Corresponding author. Tel.: +1 435 797 7215; fax: +1 435 797 3959.
E-mail address: justin.julander@cc.usu.edu (J.G. Julander).

166-3542/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2009.02.201
tment with T-705 improved morbidity and mortality of WEEV-infected
road-spectrum activity of T-705 in the treatment of RNA viruses.

© 2009 Elsevier B.V. All rights reserved.

to show efficacy of the broad-spectrum antiviral T-705 against
WEEV.

Hamsters, which are very susceptible to WEEV infection, were
used in previous antiviral studies, but neurological signs of dis-
ease are not observed in infected hamsters, despite relatively high
virus titer detected in the brain (Julander et al., 2007). While
performing a titration of WEEV (VR-70, American Type Culture
Collection) administered intraperitoneally (i.p.) in C57BL/6 mice
(18–20 g, Charles River Laboratories) disease signs that were indica-
tive of neurologic involvement were observed, which included limb
weakness, paralysis, hunching, and fur ruffling. Challenge doses of
103.9 or 104.9 pfu/ml given i.p. resulted in high mortality (80–90%),
which correlated with observation of the aforementioned disease
signs. Infection of mice by s.c. injection with 104.9 pfu/ml resulted
in low morbidity and mortality (1/7 showed neurologic disease
signs and died shortly thereafter). It appeared that route of virus
challenge had a large influence on the progression of neurological
disease.

Disease parameters of 6–8-week-old C57BL/6 mice infected with
WEEV were evaluated to determine appropriate markers of morbid-
ity for use in antiviral studies. Virus was detected by infectious cell
culture assay in several tissues, including brain, liver, spleen, kid-
ney, and serum of infected mice (Fig. 1), but not in sham-infected
controls (data not shown). While virus was detected in all of the

tissues tested, brain titers reached the highest levels, had a more
consistent distribution, and peaked 4 dpi, which was similar to pre-
viously published data (Liu et al., 1970). The brain is also the target
organ in WEE models (Aguilar, 1970), as well as in human infection
(Anderson, 1984), which underlies the potential importance of a

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
http://www3.niaid.nih.gov/topics/emerging/list.htm
mailto:justin.julander@cc.usu.edu
dx.doi.org/10.1016/j.antiviral.2009.02.201
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the difference was not statistically significant (Fig. 3). A significant
3-log drop in brain titer was observed in hamsters infected with
WNV and treated with T-705, suggesting that this compound can
cause significant reductions in brain titers of flaviviruses (Morrey
ig. 1. (A) Titer, measured as log10 50% cell culture infectious doses (CCID50)/g tis
ost-virus infection (dpi) with 103.9 pfu/ml WEEV. (B) Time-course weight change (

herapeutic agent that can lower the titer in the brains of infected
nimals.

An average mortality rate of 78% (range 76–100%) was observed
n mice infected with WEEV in four separate experiments. The mean
ay to death of these animals was 5.6 ± 1.2 dpi, which was around
day longer than mean day to death of hamsters infected with

he same virus strain (Julander et al., 2007). Significant (P < 0.01)
eight loss was observed beginning 4 days post-virus injection

dpi), which continued through 6 dpi (Fig. 1).
Ninety percent of a group of 10 mice showed disease signs,

hich included limb weakness, paralysis, ruffled fur, and hunch-
ng (Table 1). More serious disease signs were generally followed
y death, and included lying prone, involuntary extension of limbs,
abored breath, lack of motility, and exudates from the eyes (data
ot shown). With high mortality, weight loss during later disease
ourse, measurable signs of disease, high virus titers in the brain,
nd a moderate infection interval around 6 days, this mouse model
f WEE appeared to be suitable for antiviral studies.

To evaluate the utility of this model for antiviral testing, the
road-spectrum compound T-705 (Toyama Chemical Co., Tokyo,
apan) was selected. Initial tests to determine the activity of this

ompound against WEEV were conducted with various half-log
oncentrations of T-705 between 1000 and 3.2 �g/ml in 96-well
at-bottomed microplates plated with Vero cells (ATCC CCL-81)
nd read after 3 days incubation at 37 ◦C. T-705 had a 90% effec-

able 1
ccurrence of major disease signs in mice infected with western equine encephalitis
irus.

ymptom Timinga Affected/totalb # multiple
symptoms/ #
affectedc

imb weakness 4 dpi 8/10 6/8
aralysis 3–7 dpi 7/10 7/7
acrimation 5–7 dpi 3/10 3/3
ying prone 3–7 dpi 6/10 6/6
eath 4–8 dpi 10/10 N/A

a Time when disease parameter was observed.
b Number of animals displaying the disease sign per total animals infected.
c Number of animals that displayed other signs of disease per number affected
ith the original symptom.
r ml serum, of WEEV in various tissues taken from mice on 2, 3, 4, 5, and 6 days
ice infected with WEEV.

tive concentration (EC90) against WEEV of 49 �g/ml (312 �M) as
determined by virus yield assay. The 50 % cytotoxic concentration
(CC50) was >1000 �g/ml (6.4 mM), generating a selective index of
>20. Activity was confirmed in a second cell culture experiment that
yielded similar results (data not shown).

To determine the efficacy of this compound in mice, T-705 was
administered twice a day (bid) by oral gavage for 8 days begin-
ning 4 h prior to virus challenge. Mice treated with 400 mg/(kg d)
of T-705 had a significant improvement in survival and mean day
to death as compared with that of placebo-treated mice (Fig. 2).
Despite significant improvement in the survival curve, 60% of mice
treated with T-705 died of WEE as compared with 80% mortality in
the placebo-treated infection control group.

Treatment with T-705 resulted in a 1-log drop in mean infectious
cell culture titers on 4 dpi in the brains of infected mice, although
Fig. 2. Survival of C57BL/6 mice infected with WEEV and treated twice a day for
8 days with T-705 given p.o. [n = 15], or −4 h and 2 dpi with ampligen given i.p.
[n = 10] (***P < 0.001, **P < 0.01, as compared with placebo-treated controls [n = 20],
as determined by Wilcoxon log-rank survival analysis).
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Takehara, M., 1977. Antiviral effects of double-stranded RNA from rice dwarf virus on
ig. 3. Brain titers of C57BL/6 mice infected with WEEV and treated twice a day for
days with T-705 administered orally at a dose of 400 mg/(kg d). Lines represent
ean titers for each group (P = 0.3287 as determined by one-way Student’s t-test).

t al., 2008), but it is unknown whether this drop is a result of
irect inhibition of virus in the brain or from an earlier reduction
f peripheral virus that ultimately results in lower levels of virus
nfecting the brain. The 1-log10, non-significant reduction in virus
iter in the brains of treated mice may reflect a more widespread
ystemic reduction in virus titer. Generally, WEEV-infected mice
hat display signs of neurological disease would succumb to infec-
ion. Several mice treated with T-705, however, showed signs of
rain disease, but subsequently recovered, suggesting the pos-
ibility of amelioration of disease by T-705 despite neurological
nvolvement.

The immunomodulatory double-stranded RNA, ampligen
HEMISPHERx, Philadelphia, PA), was included as a positive con-
rol. A dose of 12 mg/kg of ampligen was administered i.p. −4 h
nd 2 dpi. Complete survival was observed in mice treated with
mpligen (Fig. 2). These results are similar to those from previously
ublished studies reporting the treatment of WEE with double
tranded RNA, including dsRNA extracted from rice dwarf virus and
oly I:C (Takehara, 1977), as well as treatment with both free and

iposome encapsulated poly ICLC (Wong et al., 2005). Neurological
isease signs were also observed, but were generally mild limb
eakness or temporary paralysis and all mice that exhibited signs

ecovered (data not shown).
From these studies, this mouse model appears to be suitable

or antiviral studies in the development of therapies for human
EEV-infection. With significant titers in the brains of infected
ice, significant weight change, observable disease signs, and high
ortality, antiviral compounds can be evaluated with these param-
ters to gauge efficacy. T-705 showed moderate efficacy, although
reatment was initiated just prior to virus challenge. Future studies,
herefore, should be conducted to further evaluate this compound
n the treatment of WEE, specifically evaluating the effect of treat-

ent initiated after virus infection.
earch 82 (2009) 169–171 171
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