
S

A
e

M
J
a

b

a

A
R
R
A

K
D
R
A
N
E
F

8
a
e
2
e
c
a
B
R
a
a
A
R
t
o
t

s
2

d
M

0
d

Antiviral Research 87 (2010) 78–80

Contents lists available at ScienceDirect

Antiviral Research

journa l homepage: www.e lsev ier .com/ locate /ant iv i ra l

hort communication

novel nucleoside analog, 1-�-d-ribofuranosyl-3-ethynyl-[1,2,4]triazole (ETAR),
xhibits efficacy against a broad range of flaviviruses in vitro

ichael McDowell a, Sarah R. Gonzalesb, Sidath C. Kumarapperumab, Marjan Jeselnikb,
effrey B. Arterburnb, Kathryn A. Hanleya,∗

Department of Biology, New Mexico State University, Las Cruces, NM 88003, USA
Department of Chemistry and Biochemistry, New Mexico State University, Las Cruces, NM 88003, USA

r t i c l e i n f o

rticle history:
eceived 7 January 2010
eceived in revised form 14 April 2010
ccepted 14 April 2010

eywords:

a b s t r a c t

Antiviral therapies are urgently needed to control emerging flaviviruses such as dengue, West Nile,
and yellow fever. Ribavirin (RBV) has shown activity against flaviviruses in cultured cells, but
efficacy in animal models has generally been poor. In a preliminary screen of novel, synthetic 1-�-d-
ribofuranosyl-azole analogs, two compounds, 1-�-d-ribofuranosyl-3-ethynyl-[1,2,4]triazole (ETAR) and
1-�-d-ribofuranosyl-4-ethynyl-[1,3]imidazole (IM18), significantly reduced the replication of dengue
engue virus
ibavirin
ntiviral
ucleoside analog

virus serotype 2 (DENV-2) in cultured Vero cells. In the current study we demonstrated that the effective
concentration 50 (EC50) of ETAR for DENV-2 is substantially lower than both IM18 and RBV. Moreover,
ETAR reduced the replication of five additional flaviviruses, including DENV serotypes 1, 3 and 4, Langat
virus and Modoc virus, ≥1000-fold relative to untreated controls. Addition of exogenous guanosine to
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DENV-2 infected cells ne
tion is a major mechanism
treatment of flavivirus in

The genus Flavivirus (family Flaviviridae) consists of more than
0 species of single-stranded, positive-sense RNA viruses (Cook
nd Holmes, 2006), including a number of globally significant
merging pathogens such as dengue virus (DENV) (Kyle and Harris,
008), West Nile virus (WNV) (Kramer et al., 2008), and tick-borne
ncephalitis virus (Randolph, 2009). Effective antiviral therapies,
urrently unavailable for any flavivirus, are urgently needed to
meliorate the disease burden imposed by flaviviruses (Ghosh and
asu, 2008; Sampath and Padmanabhan, 2009; Stein and Shi, 2008).
ibavirin (RBV) has shown activity against all flaviviruses tested in
broad array of cell types in vitro but efficacy in vivo has gener-

lly been poor (Monath, 2008; Sampath and Padmanabhan, 2009).
dditionally, RBV can be toxic in vivo (Bodenheimer et al., 1997;
ussmann et al., 2006). A compound that exhibited a lower effec-
ive dose and toxicity than RBV while retaining its broad spectrum
f activity would be particularly desirable as a candidate flavivirus

herapy (Sampath and Padmanabhan, 2009).

We have previously synthesized a panel of 21 novel nucleo-
ide analogs, some based on the structure of RBV (Chung et al.,
008; Kumarapperuma et al., 2007). One of these compounds, 1-

Abbreviations: ETAR, 1-�-d-ribofuranosyl-3-ethynyl-[1,2,4]triazole; IM18, 1-�-
-ribofuranosyl-4-ethynyl-[1,3]imidazole; DENV, dengue virus; LGTV, Langat virus;
ODV, Modoc virus; WNV, West Nile virus; RBV, ribavirin.
∗ Corresponding author. Tel.: +1 575 646 4583; fax: +1 575 646 4791.

E-mail address: khanley@nmsu.edu (K.A. Hanley).

166-3542/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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the antiviral effects of both RBV and ETAR, indicating that GTP deple-
ction for both drugs. ETAR represents a promising drug candidate for the
ns.

© 2010 Elsevier B.V. All rights reserved.

�-d-ribofuranosyl-3-ethynyl-[1,2,4]triazole (ETAR) inhibited the
replication of Hantaan and Andes virus with effective concentra-
tion 50 (EC50) values of 10 and 4.4 �M, respectively (Chung et al.,
2008). A previous screen at 50 �M showed that two of the 21 com-
pounds, ETAR and 1-�-d-ribofuranosyl-4-ethynyl-[1,3]imidazole
(IM18), inhibited DENV serotype 2 (DENV-2) replication in Vero
cells by ≥tenfold. Both compounds possess an ethynyl group and
isostructural relationship to RBV through replacement of the 3-
carboxamide group of the parent scaffold (Fig. 1A).

Efficacy of both compounds was compared to RBV to assess the
relative effect of the alkyne-substituents and the effect of replac-
ing a nitrogen atom with CH at the 2-position of the heterocycle.
Each compound was diluted in water to create a 10 mM stock and
subsequently diluted in cell culture media. Vero cells were grown
to confluency in 24-well plates as previously described (Hanley et
al., 2003), media was removed, DENV-2 was added at a multiplic-
ity of infection (MOI) of 0.1 in 100 �L of media and allowed to
adsorb for 2 h, and then 900 �L of each compound was added to
quadruplicate wells in serial twofold dilutions, giving final concen-
trations ranging from 400 to 1.6 �M. Control cells were infected
and mock-treated with media. Cells were incubated for 5 days and
supernatants were harvested and titered via serial dilution fol-

lowed by immunostaining as previously described (Hanley et al.,
2003). The EC50 and EC90 of each compound were determined using
a 4 parameter, nonlinear regression of dose response inhibition
by plotting log (inhibitor (concentration)) vs. viral titer (variable
slope) using GraphPad Prism (GraphPad Software, San Diego, CA).

dx.doi.org/10.1016/j.antiviral.2010.04.007
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:khanley@nmsu.edu
dx.doi.org/10.1016/j.antiviral.2010.04.007
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Fig. 1. (A) Structure of RBV, ETAR, and IM18. (B) Replication kinetics of DENV-2 in
V
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concentration of 12.5 or 200 �M, respectively, as described above,
ero cells infected at MOI 0.1 and treated with 50 �M ETAR, RBV, or media (mock)
h post-infection. Dashed line indicates limit of detection of the assay.

he EC50 of ETAR was 9.5 �M, an order of magnitude lower that
hat of RBV, which was 73.2 �M, a typical value for the efficacy of
BV against DENV infecting this cell type (Buckwold et al., 2007;
rance et al., 2003; Day et al., 2005; Huggins et al., 1984; Julander
t al., 2007; Kirsi et al., 1983; Leyssen et al., 2000; Van Aerschot et
l., 2003). The EC50 of IM18, 106.1 �M, was similar to that of RBV
nd thus IM18 was not characterized further. The EC90 values were
76.9, 259.7, and 402.9 �M for ETAR, RBV, and IM18, respectively.

To measure the effect of ETAR on virus replication kinetics, repli-
ate wells of Vero cell monolayers were infected with DENV-2 and
reated with ETAR or RBV or mock-treated with media as described
bove, and cell supernatants were harvested from quadruplicate
ells from each treatment on days 0-5, 8 and 10 post-infection.

reatment with 50 �M ETAR delayed the onset of detectable repli-
ation by four days and suppressed titer at day 5 post-infection
00,000-fold relative to the control (Fig. 1B). In contrast, treatment
ith 50 �M RBV delayed the onset of detectable virus replication by

nly one day and no difference in virus titer between the RBV treat-
ent and the control treatment was evident by day 5 post-infection

Fig. 1B). The data in Fig. 1B are representative of multiple, simi-
ar experiments that we have conducted, in which treatment with
0 �M ETAR delayed viral replication by 2–4 days and suppressed
eak titer by 1000- to 100,000-fold. To determine the breadth of
fficacy of ETAR against flaviviruses, Vero cell monolayers were
nfected as described above with DENV-1, 2, 3 or 4, Langat virus
LGTV) or Modoc virus (MODV) at MOI 0.1 in triplicate and treated
ith 50 �M ETAR or RBV or mock-treated with media. ETAR inhib-

ted the replication of all six viruses by ≥1000-fold (Fig. 2) relative to
ock-treated cells while RBV caused only about a fivefold suppres-

ion. In this experiment ETAR suppressed the replication of DENV-2
y 10,000-fold, slightly less than its effect in Fig. 1B. In many simi-

ar experiments we have conducted, the minimum suppression of
ny of the designated flaviviruses treated with 50 �M ETAR was

00-fold. In combination with the finding that ETAR inhibits the
eplication of bunyaviruses (Chung et al., 2008), these data suggest
hat ETAR may possess the same broad spectrum of activity as RBV.
Fig. 2. Efficacy of 50 �M ETAR against six flaviviruses in Vero cells. Dashed line
indicates limit of detection of the assay.

To assess toxicity of ETAR, Vero cells were propagated to con-
fluency in 96-well tissue culture treated plates and media was
removed. RBV or ETAR was added to wells in triplicate to give
twofold increasing concentrations from 25 to 1000 �M in a total
volume of 100 �L. Mock-treated cells received 100 �L of media.
Plates were incubated as described above for 5 days, after which
10 �L of resazurin (In Vitro Toxicology Assay Kit, Sigma–Aldrich,
St. Louis, MO) was added to all wells. Plates were incubated 2 h
and absorbance was read on a plate reader (TiterTek, Huntsville,
AL, USA) at 600 nm. Cytotoxicity for Vero cells was not detected at
1000 �M, the highest concentration used, for ETAR or RBV. Thus
the cytotoxic concentration 50 (CC50) of ETAR greatly exceeded its
EC50. Chung et al. (2008) also found that ETAR was not toxic to Vero
cells at concentrations below 880 �M. However the CC50 of ETAR
for proliferating CEM cells was 7 �M. ETAR caused no clinical symp-
toms in suckling mice treated with 12.5 mg/kg, but treatment with
50 mg/kg caused 20% mortality (Chung et al., 2008).

Five different mechanisms for the antiviral action of RBV
have been proposed (Graci and Cameron, 2006): (1) inhibition of
the enzyme inosine monophosphate dehydrogenase (IMPDH), (2)
inhibition of viral RNA capping, (3) inhibition of the viral RNA-
dependent RNA polymerase (RdRp), (4) mutagenesis, leading to
error catastrophe, and (5) immuno-modulation promoting a Th1
type immune response. Although RBV has been shown to cause
error catastrophe and inhibition of methyltransferase in WNV (Day
et al., 2005) and DENV-1 (Benarroch et al., 2004), respectively, the
major mode of action of RBV against most flaviviruses appears to
be inhibition of IMPDH, as demonstrated by the ability of supple-
mentary guanosine to reverse the antiviral effect of RBV (Leyssen
et al., 2005; Takhampunya et al., 2006)

To assess the importance of IMPDH inhibition for ETAR activ-
ity, Vero cell monolayers were infected with DENV-2 as described
above. Triplicate wells were treated with either ETAR or RBV at final
to reduce viral titer by at least 50% relative to mock-treated virus
controls. Triplicate wells were also treated concurrently with one
of the two drugs at the specified concentrations along with either
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Takhampunya, R., Ubol, S., Houng, H.S., Cameron, C.E., Padmanabhan, R., 2006. Inhi-
bition of dengue virus replication by mycophenolic acid and ribavirin. J. Gen.
0 M. McDowell et al. / Antiv

2.5 �M guanosine (Sigma-Aldrich), adenosine (Sigma-Aldrich) or
ytidine (Sigma-Aldrich) Additionally, triplicate wells of DENV-2
nfected cells were treated with each nucleoside alone at 12.5 �M,
r mock-treated with media. Cell supernatants were harvested 5
ays post-infection, stored and titered as described above. Treat-
ent with RBV reduced DENV-2 replication by approximately

00-fold; addition of guanosine but not adenosine or cytidine
eversed this effect. Similarly, guanosine but not adenosine or cyti-
ine reversed the 50-fold reduction in titer caused by ETAR. None
f the three nucleosides affected the level of viral replication in the
bsence of an antiviral drug treatment.

Chung et al. (2008) reported that treatment of Vero cells with
2 �M ETAR and 42 �M RBV for 4 h resulted in reduction of GTP

evels by 79% and 42%, respectively. In contrast with the findings
f the current study, they also found that supplementation with
uanosine had little effect on the efficacy of RBV against Han-
aan virus (Sun et al., 2007) and curtailed but did not abolish the
ntiviral effect of ETAR (Chung et al., 2008). In combination, these
ata suggest that ETAR enacts both direct antiviral effects on bun-
aviruses as well as indirect effects mediated by GTP depletion,
hile its antiviral effects on flaviviruses are wholly attributable to
TP depletion

In conclusion, ETAR is a promising, broad-spectrum antiviral
rug with substantially higher efficacy than RBV against fla-
iviruses and comparable toxicity in vitro. Moreover, the findings
n the current study suggest that ETAR, like RBV, exerts its antifla-
iviral effects via inhibition of IMPDH. The greater efficacy of ETAR
n vitro offers hope that the drug may be efficacious in vivo at sig-
ificantly lower concentrations than RBV, thereby mitigating its
otential toxicity.
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