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bstract

West Nile virus (WNV) is a positive-sense, single-stranded RNA virus of the family Flaviviridae. WNV persistently infects insect cells, but can
auses acute cytopathic infection of mammalian cells and is an etiologic agent of viral encephalitis in humans. By using a cell line expressing a

NV subgenomic replicon [Rossi, S.L., Zhao, Q., O’Donnell, V.K., Mason, P.W., 2005. Adaptation of West Nile virus replicons to cells in culture
nd use of replicon-bearing cells to probe antiviral action. Virology 331 (2), 457–470], we developed a high-throughput assay and used it to screen
library of small molecule compounds for inhibitors of WNV replication in the absence of live virus. Here we report the identification of novel

mall molecule inhibitors for WNV replicon replication. We demonstrate that the compounds inhibited WNV replication-dependent luciferase
xpression in the replicon cells and reduced WNV viral protein accumulation and viral RNA copy number in the replicon cells. Two classes of
ompounds with multiple hits, parazolotrahydrothophenes and pyrozolopyrimidines, showed preliminary structure–activity relationships. In WNV
nfection assays, one pyrozolopyrimidine compound was confirmed to have antiviral activity. These compounds should be valuable for developing
nti-WNV therapeutic drugs as well as research tools to study the mechanism of WNV replication.

2006 Elsevier B.V. All rights reserved.
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. Introduction

West Nile virus (WNV) is a mosquito-borne virus that was
ntroduced into the US in 1999 (Anderson et al., 1999; Briese
t al., 1999; Lanciotti et al., 1999) and has subsequently spread
cross the country producing tens of thousands of human infec-
ions that have resulted in several hundred deaths. Thus WNV is
significant public health concern for which there is currently
o effective vaccine or antiviral drug therapy (Granwehr et al.,
004). Currently, the only available treatment is supportive, and
he only existing means of prevention is mosquito control, which
as had limited success. WNV is also considered to be an agent

∗ Corresponding author. Tel.: +1 215 489 4937; fax: +1 215 489 4920.
E-mail address: baohua.gu@drexel.edu (B. Gu).

of bioterror concern (Fauci et al., 2005); thus safe and effective
therapeutics are urgently needed.

WNV is a positive-sense, single-strand RNA virus that is a
member of the Flavivirus genus of the Flaviviridae (Brinton,
2002). Its genome is 11 kilobases in length and contains both a
5′- and 3′-non-translated region (NTR). The genome encodes a
single polyprotein, which is proteolytically processed by viral
and cellular proteases into 10 functional proteins (Chambers
et al., 1990). The genes for structural proteins, the capsid (C),
membrane (M; which exists in cells as its precursor, prM),
and envelope (E) are encoded in the 5′ third of the genome,
while those for the nonstructural proteins (NS), NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5 (Chambers et al., 1990) are
encoded by the remainder of the genome. The virus can infect
many cell types and produces plaques. However, the requirement
that infectious virus work be carried out under BL3 conditions
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makes it more difficult to use live virus assays in HTS to identify
antiviral compounds.

Recently, replication competent subgenomic WNV replicon
RNAs have been described (Puig-Basagoiti et al., 2005; Rossi et
al., 2005; Shi et al., 2002). These replicon RNAs contain the 5′-
NTR, a portion of the C-coding region, a polyprotein encoding
NS1–NS5, and the 3′-NTR. Viral RNA replication requires that
the viral RNA-dependent RNA polymerase, NS5, in conjunction
with other viral NS proteins and possibly cell factors (Brinton,
2001), synthesize a minus strand RNA from the RNA template.
The minus strand RNAs, in replicative form, in turn serve as
templates for the synthesis of new genomic RNAs which also
serve as the only viral mRNA in the infected cell.

A stable BHK cell line replicating WNV replicons expressing
a firefly luciferase (Luc) gene co-expressed from a polyprotein
containing the selectable marker gene, neomycin phosphotrans-
ferase (NPT) has been recently described (Rossi et al., 2005).
Here we report the utilization of this cell line in a 96-well for-
mat high-throughput screen (HTS), and report on our initial
success in using this assay to identify compounds with antivi-
ral activity from a screen of a library of >35,000 compounds.
From this screen we have identified several classes of small
molecules that reduced the Luc activity, as well as WNV pro-
tein and RNA synthesis in the WNV replicon cells. In addition,
the anti-viral activity of one compound was confirmed by direct
demonstration of its ability to reduce WNV replication in BHK
c
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2.3. HTS assay to detect reduction in Luc activity and
cytotoxicity of library compounds

BHK 26.5 cells were plated in 96-well plates at
10,000 cells/well in MEM plus 3% FBS. Twenty-four hours
later, compounds were added to a final concentration of
10 �M and 1% DMSO using a Biomek NX Robotic liq-
uid handler (Beckman Coulter, Fullerton, CA). Each 96-well
plate included untreated wells, 1% DMSO-treated wells, and
2.5 �g/ml mycophenolic acid (MPA) (Sigma, St. Louis, MO)
treated wells. Following 24 h incubation the media was removed
and Luc activity measured by adding 100 �l/well of a 1:1 mix-
ture of Steady Glo reagent (Promega, Madson, WI) and culture
medium. After 5 min incubation, the luminescence was read
on a TopCount (Perkin-Elmer, Boston, MA). Cytotoxicity was
measured for primary hit compounds by MTT assay using 96-
well plates incubated in parallel with a set of plates used for
confirmatory Luc assays (as described above). For the MTT
assay, the cell medium was removed and the monolayers were
incubated with 100 �l/well of 0.5 mg/ml MTT for 6 h at 37 ◦C.
The MTT solution was then aspirated and 100 �l/well of the
10% SDS (in 0.01N HCl) was added, followed by spectropho-
tometric quantitation (570 nm) of the insoluble MTT reaction
product.

2.4. WNV yield reduction assay
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. Materials and methods

.1. Cell and media

The BHK 26.5 cell line stably expressing a WNV replicon
ncoding Luc has been described previously (Rossi et al., 2005).
hese cells were maintained in modified Eagle’s media (MEM)
ith 10% FBS, penicillin/streptomycin/plasmacin (InvivoGen.
an Diego, CA), and 400 �g/ml G418 and used between pas-
ages 35 and 40 to ensure reproducibility. HTS assay media
ontained only 3% FBS to reduce cell growth and the amount
f protein that could potentially bind to test compounds, thus
educing their activity.

.2. Chemical library

The chemical library included compounds from the collec-
ions of Asinex Inc. (Moscow, Russia), Chembridge Inc. (San
iego, CA) and Maybridge Inc. (Cornwall, UK). The com-
ounds were selected by computational means for diversity,
olubility and drug-like qualities, eliminating highly reactive
roups and species known to exhibit non-specific biological
ffects, and exhibiting an average molecular weight of approxi-
ately 350 Da. Library stock plates (“mother” plates) contained

ompounds dissolved in tissue-culture grade dimethylsulfoxide
DMSO) at a concentration of 10 mM. Dilution (“daughter”)
lates were produced by 10-fold dilution of the compounds from
he mother plates in DMSO. Both mother and daughter plates
ere sealed with plastic film and stored at −20 ◦C.
To measure activity against live WNV, BHK cells were plated
n 96-well plates at a concentration of 12,000 cells/well. One day
ater the cells were infected with WNV for 1 h at an MOI of 0.05.
he cells were then washed once and refed with fresh DMEM
ontaining dilutions of the test compound. Plates were then incu-
ated at 37 ◦C for 48 h, the supernatant collected and the WNV
roduced titered. For virus titration, Vero cells were plated in
6-well plates at 8000 cells/well and incubated overnight. The
ero cell monolayer were then infected for 1 h with various dilu-

ions of the WNV supernatant, overlaid with media containing
.6% tragacanth (ICN, CA) and incubated at 37 ◦C for 48 h. The
ulture media was then aspirated; the plate was rinsed, air-dried,
nd fixed with 50 �l/well acetone/methanol (50:50). Viral foci
ere detected for enumeration by immunostaining as described
reviously (Rossi et al., 2005).

.5. Western blot analysis

Total cell lysates were harvested from BHK 26.5 cells in
× SDS sample buffer. The lysates were heated at 70 ◦C for
0 min in the presence of DTT before electrophoresis on a
0% Tris–glycine SDS polyacrylamide gel (Invitrogen) in 1×
ris–glycine buffer. The proteins were transferred to PVDF
embranes (Invitrogen). Following the transfer, the mem-

ranes were rinsed once with TBS containing 0.5% Tween-
0 (TBS-Tween) and blocked in TBS-Tween containing 5%
on-fat milk for 1 h. After washing with PBS-Tween, the
embranes were incubated with a polyclonal mouse-anti-
NV ascitic fluid (Rossi et al., 2005) at 1:3000 dilution for

h at 25 ◦C. Followed by washing and incubation with a
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horseradish peroxidase (HRP)-conjugated, goat anti-mouse IgG
(Amersham) diluted 1:5000. The blots were then washed in
PBS-Tween, and treated with Super Signal Chemiluminescent
Reagent (Pierce, Rockford, IL) according to the manufacturer’s
protocol and exposed to X-ray film. For controls, the blots
were stripped and re-probed with an antibody to beta-actin
(Chemicon, Temecula, CA), which was detected as described
above.

2.6. Northern blot analysis

Total cellular RNA was extracted using the RNeasy Kit
(Qiagen, Valencia, CA). Northern blot analysis was performed
as described previously (Gu et al., 2003). Briefly, 5 �g total
RNA was electrophoresed through a 1.0% agarose gel contain-
ing 2.2 M formaldehyde, transferred to a nylon membrane and
immobilized by UV cross-linking (Stratagene, La Jolla, CA).
After pre-hybridization in 5 ml of QuickHyb (Amersham, Pis-
cataway, NJ) solution for 30 min, hybridization was carried out
using alpha-[32P] dCTP-labeled probe made by random primer
labeling of a 2.7 kb NS5 DNA fragment and a human beta-
actin DNA at 65 ◦C. The membrane was washed twice in 2×
SSC/0.1% SDS for 10 min at room temperature and twice in
0.1× SSC/0.1% SDS for 15 min at 68 ◦C. Membranes were
exposed to Molecular Imager FX phosphoimager (BioRad, Her-
cules, CA) and the radiographic signals were collected and
q

3. Results

3.1. HTS optimization

Stable cell lines with autonomously replicating sub-genomic
WNV genomes have been established in several laboratories (see
Section 1). Viral RNA replication in these cells involves multi-
ple viral encoded proteins which form the replication complex
in conjunction with cellular factors, and thus these cells provide
multiple targets that could be disrupted by small molecule-
inhibitors of viral replication. We have recently described a
cell line (BHK 26.5) that stably expresses a WNV replicon that
encodes a Luc reporter gene inserted in the 3′ nontranslated
region (Fig. 1A). It allows viral replication to be monitored by
simply measuring the Luc activity in the cells. To optimize the
use of these BHK 26.5 cells in a Luc-based HTS assay, we eval-
uated the effects of a number of variables. To examine the effects
of cell density, BHK 26.5 cells were seeded at densities rang-
ing from 1500 to 60,000 cells/well. As shown in Fig. 1B, the
Luc signal ranged from 5000 to 180,000 RLU. The signal cor-
related closely with cell number with a slope of approximately
one at lower cell densities (Fig. 1B). We were able to consis-
tently produced easily measurable Luc signals (30,000 RLU) at
a density of 10,000 cell/well, so this density was selected for the
HTS assay. Furthermore, at this density the cells did not become
overly confluent during the assay, a condition in which replicon
c
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ig. 1. (A) Schematic representation of the WNV replicon used for HTS. The WNV an
ene NS1, 2A, 2B, 3, 4A, 4B and 5) shown as boxes. The WNV structural genes (caps
he Neor gene under the control of EMCV IRES were inserted at the 3′-NTR of the re
he linear relationship between cell number and Luc activity.
opy number might be adversely affected (Pietschmann et al.,
d the subgenomic replicon genomes are depicted with the genes (non-structural
id (C), membrane (M) and envelope (E)) were deleted in the replicons. Luc and
plicon. (B) Detection of Luc in 96-well plates of BHK 26.5 cells demonstrating
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Fig. 2. Flow chart of the HTS. Compounds were tested in the HTS assay at
single concentration of 10 �M in single wells. The initial candidate compounds
were selected based on 50% decrease in Luc activity. The initial candidate com-
pounds were re-tested in duplicate 96 wells plates manually for their activity and
cytotoxicity. The positive compounds from the re-test were examined to rule out
the possibility of inhibiting Luc enzyme activity before assayed to determine
their IC50. Western blot (WB) and Northern blot (NB) assays were conducted
to confirm the final candidate compounds.

2001). We next examined the effect of cell passage on Luc activ-
ity and showed that the Luc activity was stable for at least 10
passages (data not shown). All HTS assays were performed with
cells that were within 5 passages from the original frozen stocks
(passage 35–40 from colony selection). We also examined the
impact of DMSO concentration; these studies revealed that the
cells tolerated 1% DMSO, but there was a slight decrease in the
Luc signal when 2% DMSO was used (data not shown). There-
fore, in the HTS assay the DMSO concentration was limited to
1%.

Minimal assay signal variation and consistent high signal
to background ratio is important for an HTS assay. We,
therefore, determined Z′, a statistical measurement of the
distance between the standard deviations for the signal versus
the noise of an assay, by treating multiple samples with
mycophenolic acid (MPA), a known albeit nonspecific, WNV
inhibitor (Morrey et al., 2002). Briefly, 40 wells of a 96-well
plate were treated with 2.5 �g/ml MPA in 1% final DMSO,
and 40 wells were treated with 1% DMSO only. After 24 h,
the Luc was measured. The Z′ calculated by the equation:
1 − (3 × S.D.DMSO + 3 × S.D.MPA)/(meanDMSO − meanMPA)
was approximately 0.5, indicating that the assay is reliable
(Zhang et al., 1999). The assay consistently produced a
signal-to-background ratio of around 8-to-1. Based on these
preliminary studies, we developed an HTS paradigm shown in
flow-chart form in Fig. 2.

3

s

reduction in Luc as the criterion for further evaluation approx-
imately 1100 compounds were identified (∼3% hit rate). This
was considerably higher than expected, suggesting that false
positives from assay variation and/or cytotoxic compounds were
included. Nevertheless, these compounds were picked out from
the “daughter” plates and activity re-evaluated at 10 �M con-
centration manually. Duplicate 96-well plates were prepared for
side-by-side Luc assay and toxicity determination to rule out
obvious toxic compounds. Upon completion of these assays,
most compounds were disqualified as either false positives (they
did not reduce Luc activity in this re-test) or toxic to cells. As
a result, 25 preliminary candidate compounds were selected for
further analysis and triage.

3.3. Luc enzyme inhibitors were ruled out

Although the initial HTS identified compounds that reduced
Luc activity without causing cytotoxicity in the WNV repli-
con BHK 26.5 cell line, it was conceivable that some of these
inhibitors could inhibit the Luc enzyme itself rather than viral
RNA replication. To examine this possibility, all 25 preliminary
candidate compounds were tested in an in vitro Luc enzyme
assay by incubating the compounds with cell lysates prepared
from WNV replicon cells. Under such conditions, replication
of WNV did not contribute to Luc activity and thus inhibitors
of the Luc enzyme could be identified. Fig. 3A shows that
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.2. HTS screening to identify WNV inhibitors

We screened over 35,000 compounds in the HTS assay at a
ingle concentration of 10 �M in single wells. Employing a 50%
s expected, MPA and DMSO did not reduce Luc activity in
his assay. However, the luminescence signal was dramatically
educed by two of the candidate compounds, 52-F2 and 124-F3
ndicating that they were active against the Luc enzyme rather
han the WNV replicon. Consistent with these data, 52-F2 failed
o reduce WNV NS3 protein level (Fig. 3B).

.4. IC50 determination of the hit compounds

In an attempt to quantify and rank the activity of the 23
emaining candidate compounds, a serial dilution of each com-
ound was prepared and assayed with the BHK 26.5 cells
o determine the IC50 for the Luc readout. Fig. 4 shows the
ose–response curves, which revealed that a number of com-
ounds were active only at the highest, 10 �M concentration
ndicating that they are less potent. At the 10 �M highest con-
entrations tested, only three or four compounds produced
C90 values; due to the limited amount of each compound
vailable we were not able to extend testing to determine
C90’s for all the compounds. Although several compounds
ad IC50s between 2 and 5 �M, it is difficult to clearly rank
he compounds based on these results. Therefore, all 23 com-
ounds were carried forward in order not to miss out potential
nhibitors.

.5. Confirmation of the WNV replicon inhibitor
ompounds

The candidate compounds were next further assessed in
econdary assays to ascertain that they inhibited the WNV
eplicon. First, in the Western blot analysis shown in Fig. 5, total
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Fig. 3. (A) In vitro Luc enzyme assay to assess inhibitory activity against Luc enzyme. In two separate experiments, compounds were either tested with 3, 5, 10 �M
(top panel) or only 10 �M concentrations (bottom panel). The cell lysates containing Luc enzyme were incubated with the indicated compounds for 30 min before
luciferin substrate was added and the luminescence was measured after 5 min. One percent DMSO was used as a negative control. (B) Western blot demonstrating
that 52-F2 did not inhibit WNV viral protein accumulation in the WNV replicon cells. 4 × 104 replicon cells in 24-well plates were incubated with the indicated
concentrations of 52-F2 for 48 h. Total cell proteins from the treated cells were separated on SDS-PAGE and transferred to PVDF membrane. The blot was probed
with a monoclonal antibody against WNV proteins. The same blot was probed for Beta-actin for loading controls.

cell proteins were prepared from WNV replicon cells treated
with the hit compounds and the viral protein NS3 was detected
with a polyclonal sera produced in mice infected with WNV
(Rossi et al., 2005). The same blots were stripped and probed for
beta-actin to show equal loading. As shown in Fig. 5, all of the
compounds had minimal effect on the beta-actin level, which is
consistent with the MTT data showing that these compounds are
not cytotoxic at the 10 �M concentration used. The control com-
pound, MPA, reduced WNV NS3 protein level at the 2.5 �g/ml
concentration used. The Western blot data demonstrate that
the tested compounds all reduced WNV NS3 protein level in
replicon cells after 48 h drug treatment. A dose dependency is
also clearly seen with several compounds, e.g.18-D2 and 331-
D11 (structures shown in Table 1). However, a few compounds
reduced viral protein only at the 10 �M, the highest concen-
tration used. Examples include 310-D3 and 309-F6 (Table 1).
Comparison of these Western blot data with the IC50 data
determined with the Luc assay, demonstrated a reasonably good
correlation between Luc reduction and viral protein reduction.

Secondly, to demonstrate that the compounds can inhibit
WNV replicon RNA replication, we utilized Northern blots to
analyze the WNV RNA level in BHK 26.5 cells treated with
a subset of the compounds. 18-B3 and 275-F9 represent two
different classes of compounds (Table 1). In this experiment, a
WNV NS5 probe was used to detect viral RNA and a probe for
human beta-actin was included as loading control. The speci-
fi

RNA to produce a hybridization signal (Fig. 6, lane 7). Fig. 6
shows that after 48 h treatment, WNV RNA was reduced more
than five-fold in cells treated with 2.5 �g/ml MPA (Fig. 6, com-
paring lane 1 with lanes 2 and 3), whereas compounds 18-B3 and
275-F9 reduced WNV RNA by 1.5 and two-fold at 10 �M con-
centration, respectively (Fig. 6, lanes 4 and 5). Consistent with
its inability to reduce WNV protein level (Fig. 3C), the Luc
inhibitor, 52-F2, did not reduce the WNV RNA level (Fig. 6,
lane 6). These data indicate that the candidate compounds that
inhibited WNV replicon protein synthesis also prevented repli-
con RNA replication.

Although the compounds selected from the WNV replicon
screen were shown to reduce replicon protein and RNA synthe-
sis, the data from the Western and Northern blots also showed
that these compounds had limited potency indicating that they
might require further improvement in by chemical modification
to become potent virus inhibitors Nevertheless, several of these
original compounds selected from the WNV replicon based
screen were evaluated in an antiviral assay against WNV live
virus. Five compounds (18-D2, 275-D9, 309-F6, 331-D11, 331-
E11) from three structure-related classes were retrieved from the
mother plate and tested in WNV yield reduction assay. Fig. 7
shows that one of the compounds (309-F6; a pyrozolopyrimi-
dine) had good activity in this assay with the WNV titer being
reduced by approximately 90% at 20 �M. In parallel toxicity
assessment, only slight cell toxicity was observed at 20 �M.
3
city of the NS5 probe is shown by the inability of Huh-7 cell
 09-F6 had an estimated selective index of more than 8.
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Fig. 4. IC50 determination for the candidate compounds. 1 × 104 BHK 26.5
cells in 96 wells were plated 24 h before the addition of various concentrations
of the indicated compounds as described in Section 2. After 24 h, the Luc activ-
ity in the cells was quantitated by using Steady Glo reagent. On the Y-axis,
the luminescence signal relative to control wells treated with 1% DMSO was
shown. On the X-axis, the concentration of the compounds is shown in log
scale.

4. Discussion

In this report, we describe the development and use of a
WNV replicon-based HTS screen and the discovery of com-
pounds with potential antiviral activity from a library of >35,000
compounds. The assay used a preliminary screening concen-
tration of 10 �M and detected antiviral activity by measur-
ing levels of Luc, which was encoded in the WNV replicon.
Preliminary candidate compounds were defined by their abil-
ity to reduce Luc activity by more than 50%. These prelimi-

nary candidates were validated by retesting, and demonstrat-
ing an absence of cytotoxic activity, which would have also
reduced Luc activity in the replicon-bearing cells. Activity of
this “refined” set of hits against WNV replication was con-
firmed by demonstrating that the compounds did not directly
inhibit Luc enzymatic activity, and a demonstration that the
compounds reduced the levels of WNV RNA and protein in
replicon-bearing cells. Several compounds were tested in a live
virus yield reduction assay and an active compound was iden-
tified demonstrating the usefulness of our replicon-based HTS
assay.

Using the replicon assay, we identified 23 compounds that
met our criteria of selective inhibition of WNV RNA and/or
protein accumulation. It is pointed out that we set the cri-
teria relatively low for the purpose of obtaining less potent
compounds to progress to live WNV antiviral assay since it
is not clear how replicon inhibitors can translate into virus
inhibitors. The 23 compounds are summarized in Table 1. It
is our intention that the reported structures could generate inter-
est so similar compounds will be tested in WNV assays. As
shown in Table 1, some of the compounds share common struc-
tural features that can be used to group them into 11 different
classes. Some compounds, 24-C10, 42-E5, 50-A8, 63-C10, 101-
G7, and 207-E5 are chemically attractive (chemically stable,
non-reactive, and easy to synthesize derivatives) and appear to
be well suited for further analysis. However, two compounds,
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-H7 and 182-C2, have simple structures and lack unique-
ess and practically accessible functional groups for further
odification.
Candidate compounds 331-D11 and 331-E11 have similar

hemical structures, but their hydroxyamidine group is poten-
ially reactive and may pose potential stability problems. Fur-
hermore, these two compounds are highly polar and thus may
isplay problematic pharmacokinetics. Therefore, these two
ompounds are less attractive for further development. They did
ot inhibit significantly WNV production.

Of particular interest is the group of parazolotrahy-
rothophene (pyrozoloHTH) compounds that include 18-B3,
8-D2, 18-H5, 20-E7, 253-B10, 253-F8, 253-F11, 253-G8, and
53-H8 (Table 1). This group of compounds all has a pyro-
oloHTH core structure with modification at the aryl phenol
ing group and the 5-position amide group. The IC50 of these
ompounds ranged from 2 to 10 �M in the replicon cell. In
ddition, a few similar compounds exist in our library that
ere not active in the HTS assays (not shown), indicating that

here is a preliminary structure–activity relationship (SAR).
ne representative compound, 18-B3, inhibited the WNV RNA

eplication at 10 �M (Fig. 6), confirming the value of this
lass of compounds. However, when tested in WNV infec-
ion assays, 18-D2 did not show significant activity against the
irus. The difference in activity in the replicon and virus infec-
ion assays indicates that the replicon system might be more
ensitive to this group of compounds. Testing of the other com-
ounds in this group in the virus assay is needed for better
nderstanding.

Four pyrozolopyrimidine compounds (275-D9, 275-F9, 309-
6 and 310-B3) appear to be worthy of further development.
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Fig. 5. Western blot analysis of the WNV protein from compound-treated replicon cells. 4 × 104 cells were seeded in 24-well plates 24 h before the various
concentrations of compounds were added. After 48 h of drug treatment, SDS-Sample buffer were added to the wells to lyse the cells. The protein samples were
separated on SDS-PAGE and transferred to PVDF membrane. Viral protein was detected by probing with a monoclonal antibody against WNV. The same membrane
was stripped and probed for beta-actin with the signals shown at the bottom of the blot. 2.5 �g/ml MPA was used as positive control in the experiment.

Although our candidate pyrozolopyrimidine compounds were
generally less potent than the PyrozoloHTH compounds in the
replicon assays presented here, one pyrozolopyrimidine com-
pound, 275-F9, indeed reduced WNV RNA level in our Northern
blot analysis (Fig. 6). Most importantly, the compound, 309-F6,
inhibited WNV viral production in live virus infection assays
(Fig. 7). This result demonstrates that selecting compounds
even with less activity from the replicon system and testing
them in the virus assay is useful. The chemistry of 309-F6 is
attractive from a synthesis/modification point of view. Since
the similar compound, 275-D9, had no detectable activity in
the WNV infection assay, the information can facilitate SAR
studies.

At the present, the mechanisms of action for our candidate
compounds are not known. Whether the compounds are target-
ing a viral protein or a cellular process that is involved in WNV
replication is not clear. To address this issue, we are attempt-
ing to develop virus resistance to the most potent candidates in
order to find out whether a specific viral protein is targeted by
their action. From the western blot data (Fig. 5), it is tempt-
ing to speculate that none of the compounds inhibited the NS3
protease activity, since inhibition of NS3 would be expected

to alter WNV polyprotein processing and there are no visi-
ble compound-induced changes in viral protein migration on
these blots. Other possible targets include various aspects of
RNA replication. To assess some of these aspects in in vitro, we
are establishing WNV polymerase and RNA helicase assays to
investigate whether the compounds can inhibit these enzymatic
activities.

Although we have identified several candidate antiviral com-
pounds that can inhibit the WNV replication-dependent Luc
activity or reduce WNV viral protein accumulation or inhibit
WN virus production, it is possible that the observed activity
is due to contaminants in the test compounds in the original
library. Re-synthesis and re-testing of the compounds, along
with homologues will be needed to insure the identity of the
agents responsible for the activity we have detected.

Several small molecules, in particular, nucleoside analogs
have been reported to be active in controlling flavivirus infec-
tions (Morrey et al., 2002), supporting the contention that antivi-
ral drugs could be useful in combating the emerging public
health threat produced by WNV infection. Although several of
these nucleoside analogues display higher activity in replicon
assays than our candidate compounds, our candidate compounds
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Table 1
Summary of HTS compounds with activity in WNV replicon cells

Compounda Structure Chemical name Fold decrease
(HTS)b

Fold decrease
(re-test)c

IC50
(�M)d

CC50
(�M)e

18-B3 Thiophene-2-carboxylic acid
[2-(4-methoxy-phenyl)-2,6-dihydro-
4H-thieno[3,4-c]pyrazol-3-yl]-amide

3 2 5 >30

18-D2 N-[2-(4-Methoxy-phenyl)-2,6-
dihydro-4H-thieno[3,4-c]pyrazol-3-
yl]-4-(piperidine-1-sulfonyl)-
benzamide

3 2.8 7.5 >30

18-H5 4-(Piperidine-1-sulfonyl)-N-(2-m-
tolyl-2,6-dihydro-4H-thieno[3,4-
c]pyrazol-3-yl)-benzamide

2 2 7.5 >30

20-E7 Cyclopropanecarboxylic acid [2-
(2,4-dimethyl-phenyl)-2,6-dihydro-
4H-thieno[3,4-c]pyrazol-3-yl]-amide

2.3 2.4 10 >10

253-B10 N-[2-(3-Chloro-phenyl)-2,6-dihydro-
4H-thieno[3,4-c]pyrazol-3-yl]-3,5-
dimethoxy-benzamide

2 2 3 >30

253-F8 4-Isopropoxy-N-[2-(4-methoxy-
phenyl)-2,6-dihydro-4H-thieno[3,4-
c]pyrazol-3-yl]-benzamide

2.5 2 10 >30

253-F11 Benzo[1,3]dioxole-5-carboxylic acid
[2-(4-fluoro-phenyl)-2,6-dihydro-
4H-thieno[3,4-c]pyrazol-3-yl]-amide

3 2 10 >30

253-G8 Benzo[1,3]dioxole-5-carboxylic acid
[2-(4-methoxy-phenyl)-2,6-dihydro-
4H-thieno[3,4-c]pyrazol-3-yl]-amide

2 2 2.5 >30
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Table 1 (Continued )

Compounda Structure Chemical name Fold decrease
(HTS)b

Fold decrease
(re-test)c

IC50
(�M)d

CC50
(�M)e

253-H8 3,4-Diethoxy-N-[2-(4-methoxy-
phenyl)-2,6-dihydro-4H-thieno[3,4-
c]pyrazol-3-yl]-benzamide

2 1.5 10 >30

2-H7 3-(4-Chloro-benzenesulfonyl)-
propionamide

4.5 2.5 2.5 >20

24-C10 2-Oxo-1,2-dihydro-benzo[cd]indole-
6-sulfonic acid
(2,5-dichloro-phenyl)-amide

2.5 1.8 10 >10

42-E5 2-(Toluene-4-sulfonyl)-1,2,3,4-
tetrahydro-isoquinoline-3-carboxylic
acid (4-chloro-phenyl)-amide

7 1.7 7.5 >10

50-A8 6-Phenyl-2-(4,6,8-trimethyl-
quinazolin-2-ylamino)-5,6-dihydro-
3H-pyrimidin-4-one

4.5 2.3 5 >10

63-C10 4-Benzylamino-6-ethoxy-quinoline-
3-carboxylic acid ethyl
ester

3.5 ND 5 >20

101-G7 N-(5-Methyl-isoxazol-3-yl)-4-(4-p-
tolyl-thiazol-2-ylamino)-
benzenesulfonamide

6 2 5 >10

182-C2 1-(4-Cyclohexyl-benzenesulfonyl)-
3,5-dimethyl-piperidine

5 1.4 ND >10
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Table 1 (Continued )

Compounda Structure Chemical name Fold decrease
(HTS)b

Fold decrease
(re-test)c

IC50
(�M)d

CC50
(�M)e

207-E5 N-(3-Ethyl-phenyl)-3-phenyl-2-
(thiophene-2-sulfonylamino)-
propionamide

5 2 10 >10

275-D9 6-(2-Chloro-benzyl)-7-hydroxy-5-
methyl-pyrazolo[1,5-a]pyrimidine-3-
carboxylic acid sec-butylamide

10 2.9 7.5 >10

275-F9 6-(2-Chloro-benzyl)-7-hydroxy-5-
methyl-pyrazolo[1,5-a]pyrimidine-3-
carboxylic acid
(2-cyclohex-1-enyl-ethyl)-amide

27 4.5 7.5 >10

309-F6 6-(2-Fluoro-benzyl)-7-hydroxy-5-
methyl-pyrazolo[1,5-a]pyrimidine-3-
carboxylic acid [2-(ethyl-phenyl-
amino)-ethyl]-amide

7 6 10 >10

310-B3 6-(2-Fluoro-benzyl)-7-hydroxy-5-
methyl-pyrazolo[1,5-a]pyrimidine-3-
carboxylic acid (2-p-tolyl-ethyl)-
amide

17 4 10 >10

331-D11 N-[4-(N-Hydroxycarbamimidoyl)-
phenyl]-2-(4-methoxy-phenyl)-
acetamide

4 2 5 >30

331-E11 N-[4-(N-Hydroxycarbamimidoyl)-
phenyl]-3-(4-methoxy-phenyl)-
propionamide

3 1.5 5 >30

a The name of the compound corresponds to the position of the compound in our 96-well compound library.
b The decrease in Luc in compound-treated wells compared to DMSO control wells in initial HTS single-well assays.
c The decrease in Luc in compound-treated wells compared to DMSO wells in manual re-test.
d IC50: concentration of the compound that produces 50% decrease in Luc. The highest concentration of compounds used in IC50 determination is 10 �M.
e CC50: concentration of compound that produced 50% decrease in MTT signals. Most of the compounds were tested up to only 10 �M; a few were up to 30 �M.
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Fig. 6. Northern blot analysis of compound treated WNV replicon cells. 4 × 104

cells were seeded in 24-well plates. After 24 h, the cells were treated with 1%
DMSO alone (lanes 2 and 3), 2.5 �g/ml MPA (lane 1) or 10 �M of the compounds
275-F6 (lane 4), 18-B3 (lane 5) or 52-F2 (lane 6). After 48 h, total RNA were
isolated, separated on denaturing agrose gels and transferred to nylon membrane.
Total RNA from a non-replicon cell (Huh-7) was loaded in lane 7 as negative
control. A picture of the gel is shown at the bottom of the figure. The membrane
was probed simultaneously with [32P]-dCTP-labeled WNV NS5 and human
beta-actin probes. The signal was quantified using a BioRad phosphoimager
and WNV RNA level was calculated using beta-actin as reference.

may serve as the starting material to generate a “lead” compound
in the rational design of more potent anti-WNV inhibitors. The
compounds that we have detected with our HTS assay do not
appear to have structural similarity to nucleosides, and thus may

Fig. 7. 309-F6 inhibited WN virus production. Antiviral assay for the com-
pounds was conducted as described in Section 2 on BHK cells. The virus
produced in the presence of 1% DMSO or various concentrations of compounds
was tittered on Vero cells. The amount of virus relative to the 1% DMSO control
was plotted on the Y-axis; the concentration of the compound 309-F6 is shown
in �M on the X-axis. Data from two independently treated wells of are shown.

be useful to develop as drugs that could be delivered in a cock-
tail with nucleoside inhibitors. Furthermore, the compounds we
have identified may be useful research tools in dissecting the
molecular mechanisms of WNV replication and viral host inter-
action.
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