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Dengue virus (DENV) is the most prevalent mosquito-borne viral pathogen that infects humans. Neither a
vaccine nor an antiviral therapy is currently available for DENV. Here, we report an adenosine nucleoside
prodrug that potently inhibits DENV replication both in cell culture and in a DENV mouse model. NITD449
(2�-C-acetylene-7-deaza-7-carbamoyladenosine) was initially identified as a parental compound that inhibits
all four serotypes of DENV with low cytotoxicity. However, in vivo pharmacokinetic studies indicated that
NITD449 had a low level of exposure in plasma when dosed orally. To increase the oral bioavailability, we
covalently linked isobutyric acids to the 3�- and 5�-hydroxyl groups of ribose via ester linkage to NITD449,
leading to the prodrug NITD203 (3�,5�-O-diisobutyryl-2�-C-acetylene-7-deaza-7-carbamoyl-adenosin). Pharma-
cokinetic analysis showed that upon oral dosing of the prodrug, NITD203 was readily converted to NITD449,
resulting in improved exposure of the parental compound in plasma in both mouse and rat. In DENV-infected
AG129 mice, oral dosing of the prodrug at 25 mg/kg of body weight reduced peak viremia by 30-fold. Antiviral
spectrum analysis showed that NITD203 inhibited various flaviviruses (DENV, yellow fever virus, and West
Nile virus) and hepatitis C virus but not Chikungunya virus (an alphavirus). Mode-of-action analysis, using
a luciferase-reporting replicon, indicated that NITD203 inhibited DENV RNA synthesis. Although NITD203
exhibited potent in vitro and in vivo efficacies, the compound could not reach a satisfactory no-observable-
adverse-effect level (NOAEL) in a 2-week in vivo toxicity study. Nevertheless, our results demonstrate that a
prodrug approach using a nucleoside analog could potentially be developed for flavivirus antiviral therapy.

Dengue virus (DENV), the causative agent for dengue fever,
is a mosquito-borne pathogen with significant impacts on pub-
lic health and economy. It was confined to South East Asia in
the 1950s, but since then, DENV has increased in its spread in
geographic areas and in the number of infected patients (6). It
is now estimated that 2.5 billion people are at risk for DENV
infection, with about 50 million to 100 million human infec-
tions, leading to over 20,000 deaths each year. The disease
spectrum ranges from mild undifferentiated fever to life-
threatening dengue hemorrhage fever (DHF) and dengue
shock syndrome (DSS) (18). There is no clinically approved
vaccine or antiviral therapy for DENV. Thus, DENV presents
an increasingly unmet medical need to develop anti-DENV
therapeutics.

DENV belongs to the family of Flaviviridae, which contains
three genera, Hepacivirus, Pestivirus, and Flavivirus. The genus
Flavivirus contains many important human pathogens, such as
West Nile virus (WNV), yellow fever virus (YFV), Japanese
encephalitis virus (JEV), tick-borne encephalitis virus
(TBEV), and DENV (4). Dengue virus is further subdivided
into four serologically distinct serotypes, named dengue virus
serotypes 1 to 4. The DENV genome consists of a positive-

strand RNA of approximately 10.7 kb. A single open reading
frame, flanked by 5� and 3� untranslated regions (UTRs), en-
codes a long polyprotein, which is processed into three struc-
tural (capsid, premembrane or membrane, and envelope) and
seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5) proteins by both viral and host proteases. The NS5
gene encodes at least two enzymatic functions essential for
viral propagation, the methyltransferase (MTase) domain at its
N terminus and the RNA-dependent RNA polymerase
(RdRp) domain at its C terminus. The RdRp, together with
other viral and host proteins, is responsible for synthesis of
both negative- and positive-strand RNAs. As this enzymatic
function is devoid in host cells, the viral RdRp presents an
attractive antiviral target.

Inhibitors of viral polymerases are broadly divided into nu-
cleoside and nonnucleoside inhibitors. Nucleoside inhibitors
have been the dominant class of antivirals available in the
market; approximately half of the antivirals are nucleoside
analogs for the treatment of HIV, hepatitis B virus (HBV), and
herpes simplex virus (HSV) (3). Most nucleoside inhibitors
have to be converted into their corresponding triphosphate
form by host enzymes before acting as chain terminators to
inhibit viral replication. Nonnucleoside inhibitors usually bind
to the allosteric site, which is usually away from the polymerase
active site. We recently showed that both the nucleoside and
the nonnucleoside approaches could be used for development
of DENV inhibitors (19, 20).

Here, we report the discovery of another adenosine nucle-
oside analog, 2�-C-acetylene-7-deaza-7-carbamoyladenosine
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(NITD449), that potently inhibits DENV in cell culture. How-
ever, NITD449 showed poor exposure when orally (p.o.) dosed
in animals. The low level of bioavailability of NITD449 was
overcome by adding isobutyric acids to NITD449 via ester
linkage, leading to a prodrug, 3�,5�-O-diisobutyryl-2�-C-acety-
lene-7-deaza-7-carbamoyladenosine (NITD203). The prodrug
NITD203 inhibited various members from genus flavivirus as
well as hepatitis C virus (HCV), but NIT3203 did not inhibit
Chikungunya virus (an alphavirus). Importantly, NITD203 ex-
hibited potent in vivo efficacy in a dengue viremia mouse
model. The study has demonstrated that the prodrug approach
could potentially be used for development of flavivirus thera-
peutics.

MATERIALS AND METHODS

Synthesis. Two compounds, 2�-C-acetylene-7-deaza-7-carbamoyladenosine
(NITD449) and 3�,5�-O-diisobutyryl-2�-C-acetylene-7-deaza-7-carbamoyl-
adenosine (NITD203) (Fig. 1A), were analyzed in this study. The synthesis of
NITD449 (Fig. 1A) was recently reported (1a). Further esterification of
NITD449 with isobutyric acid led to the prodrug NITD203. Triethylamine (89 �l,
0.64 mmol, and 4.0 eq) was added to a stirred solution of NITD449 (52 mg, 0.16
mmol, and 1.0 eq) in dimethylformamide (DMF) (2 ml) and cooled to 0°C, after
which isobutyric anhydride (0.39 ml, 2.5 mmol, and 2.5 eq) and a catalytic

amount of 4-dimethylaminopyridine (DMAP) (1 mg) were added. The reaction
mixture was stirred at 0°C for 30 min; formic acid (15 �l) and water (1 ml) were
then added to quench the reaction. The crude product was purified by prepar-
ative high-performance liquid chromatography (HPLC) with a gradient of ace-
tonitrile in water from 5% to 95% in 30 min. After lyophilization, NITD203 (31.9
mg, 0.067 mmol, and 42.1%) was obtained as a white solid. 1H NMR (300 MHz,
deuterated methanol [MeOD]): � 8.17 (1H, s), 8.12 (1H, s), 6.39 (1H, s), 5.55
(1H, d, J � 6.6 Hz), 4.50 to 4.30 (3H, m), 2.95 (1H, s), 2.79 to 2.60 (2H, m), 1.28
to 1.10 (12H, m). 13C NMR (75 MHz, MeOD): � 178.5, 177.7, 169.1, 159.6,
153.6, 152.3, 126.9, 112.8, 102.8, 91.8, 81.0, 80.1, 79.2, 77.1, 76.5, 64.8, 35.2, 35.1,
19.5, 19.4. Electrospray ionization-mass spectrometry (ESI-MS): calculated. For
C22H27N5O7: found, 474.36. Optical rotation: [�]D � �55.85° (c � 1.0, meth-
anol [MeOH], 26°C).

In vitro antiviral assays. Three types of in vitro antiviral assays were per-
formed. Type one assay measured viral titer reduction in the presence of com-
pounds. Vero cells were seeded in a 12-well plate (4 � 105 cells per well). At 24 h
postseeding, the cells were infected with the indicated viruses at a multiplicity of
infection (MOI) of 0.1 and treated immediately with the compound. For
DENV-2 (New Guinea C) and YFV (17D vaccine strain), culture medium was
collected at 48 h postinfection. For Chikungunya virus (Ross strain), culture
medium was collected at 22 h postinfection. Plaque assays were used to deter-
mine the viral titers (11).

A type two assay, known as cell-based flavivirus immunodetection (CFI), was
performed to measure the amount of viral E protein in infected cells. A549 cells
(human alveolar basal epithelial cells) were seeded to a 96-well plate (2 � 104

cells/well). The cells were infected with DENV-2 (MOI of 0.3) on the following
day. During the infection, the cells were incubated with a compound-virus mix-
ture for 1 h with shaking every 10 to 15 min. The culture fluid was then replen-
ished with fresh medium containing compounds. On day 2 postinfection, the cells
were washed with phosphate-buffered saline (PBS), fixed with 100% methanol at
4°C for 10 min, and detected for intracellular viral E protein by an enzyme-linked
immunosorbent assay (ELISA). The ELISA used mouse monoclonal antibody
4G2 against the DENV E protein and goat anti-mouse IgG conjugated with
horseradish peroxidase as the primary and secondary antibodies, respectively.

The type three assay used Huh-7 cells carrying a luciferase-reporting replicon
of hepatitis C virus (HCV) (5). The replicon cells were incubated with the
compound and assayed for luciferase activities at 48 h posttreatment. The anti-
viral efficacy against HCV was estimated by the reduction of luciferase signals.
Besides the above-mentioned antiviral assays, an MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] assay was performed to estimate com-
pound cytotoxicity. Approximately 1 � 104 cells per well were seeded to a 96-well
plate. On the following day, the cells were incubated with various concentrations
of the compound for 48 h. Cell viability was then quantified using an MTT assay
in accordance with the manufacturer’s protocol (American Type Culture Col-
lection).

Analysis of the effect of serum on antiviral activity. A modified CFI assay was
performed to examine the effect of serum on the 50% effective concentrations
(EC50s) of compounds. A549 cells were seeded a day prior to the compound
treatment, as described for the CFI assay. No compound was added during the
1-h viral inoculation period, after which the cells were replenished with fresh
medium. The compounds, together with serum proteins, were added to the
medium. EC50 measurement was performed on day 2 postinfection.

In vivo PK studies. The Institutional Animal Care and Use Committee
(IACUC), registered with the Agri-Food and Veterinary Authority (AVA) of
Singapore, approved all animal experimental protocols. Mice and rats were
allowed to acclimatize before initiation of pharmacokinetic (PK) experiments.
Feed and water were given ad libitum to the mice. Compounds were formulated
at a concentration of 2.5 mg/ml for a dose of 25 mg/kg of body weight adminis-
tered orally (p.o.) and at a 1-mg/ml concentration for a dose of 5 mg/kg injected
intravenously (i.v.). An optimized formulation was developed for both com-
pounds on the basis of their respective solubility levels. Blood samples were
collected from three animals at 0.02 (i.v. only), 0.08 (p.o. only), 0.25, 0.5, 1, 2, 4,
8, 16, and 24 h postdosing. Rats were fasted overnight prior to the study and until
4 h postdosing. Water was given ad libitum. Serial blood samplings were collected
from groups of three rats at 0.17, 0.5, 1, 2, 4, 8, 17, 24, 32, and 48 h postdosing.
Heparinized blood was centrifuged at 13,000 rpm for 7 min at 4°C, and plasma
was harvested and stored at �20°C until analysis.

Extraction and LC-MS analysis of the compound. Plasma samples were ex-
tracted with acetonitrile-methanol-acetic acid (90:9.8:0.2) for analytes. Analyte
quantification was performed by liquid chromatography-tandem mass spectrom-
etry (LC–MS-MS). Liquid chromatography was performed using an Agilent 1100
HPLC system (Santa Clara, CA), with a Phenomenex Synergi Hydro-RP 100-Å
(2.5 �m; 2 by 100 mm) column at an oven temperature of 40°C, coupled with a

FIG. 1. Antiviral activities of NITD449 and NITD203. (A) Com-
pound structure. (B) Cytotoxicity analysis. A549 cells were incubated
with NITD449 or NITD203 at various concentrations for 48 h. Cell
viability was then measured using an MTT assay and presented as a
percentage of colorimetric absorbance derived from the compound-
treated cells, compared with that from the mock-treated cells. (C) An-
tiviral activities in cell culture. CFI assays were performed to deter-
mine the EC50s for different DENV strains. Plaque assays were used to
determine the EC50 for infection of human PBMC cells. Averages of
results from two independent experiments are presented. See Materi-
als and Methods for details. The EC50s for NITD008, previously re-
ported in reference 19, are included for comparison.
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QTRAP4000 triple quadruple mass spectrometer (Applied Biosystems, Foster
City, CA). Instrument control and data acquisition were performed using the
Applied Biosystems software program Analyst 1.4.2. The mobile phases used
were (i) 20 mM ammonium acetate and (ii) acetonitrile-formic acid (99.9:0.1,
vol/vol), and a gradient was used, with a flow rate of 0.7 ml/min and a run time
of 6 min. Under these conditions, the retention times of NITD449 and NITD203
were 2.5 and 3.0 min, respectively. Compound detection using the mass spec-
trometer was performed in electrospray positive-ionization mode, using multiple
reaction monitoring (MRM) for specificity (NITD449 transitions 334.1/178.1 and
334.1/161.2 and NITD203 transitions 474.4/178.2 and 474.4/161.1), together with
their optimized mass spectrometry (MS) parameters. The lower limits of quan-
tification were 9.2 ng/ml in plasma for both NITD449 and NITD203.

Pharmacokinetic analysis. The mean value from the three animals at each
time point was plotted against time to give the plasma concentration time profile.
Pharmacokinetic parameter values were determined using WinNonlin Profes-
sional, version 5.0.1 (Pharsight, CA), by noncompartmental modeling using soft-
ware model 200 for oral dosing and model 201 for intravenous dosing. The oral
bioavailability (F) value was calculated as the ratio between the area under the
curve (AUC) observed following oral administration and the AUC observed
following intravenous administration, corrected for dose (F � AUCp.o. � dosei.v./
AUCi.v. � dosep.o.).

In vivo animal efficacy studies. AG129 mice lacking alpha/beta interferon and
gamma interferon receptors were used in our mouse efficacy study (15). DENV-2
(strain TSV01) suspension (a total of 2 � 106 PFU in 0.4 ml) was injected
intraperitoneally on the first day. Immediately after viral inoculation, 0.2 ml of
compound dissolved in vehicle (ethanol-polyethylene glycol [PEG]-5% dextrose
in water [D5W] at a ratio of 10:30:60) was given to AG129 mice via oral gavage
twice per day for three consecutive days. On day 4, blood samples were taken,
and viral titers were determined using a plaque assay, as previously described
(13).

RESULTS

NITD449 as a potent inhibitor of DENV. During the search
for nucleoside inhibitors of DENV, we identified NITD449, an
adenosine analog (Fig. 1A). Compared with adenosine,
NITD449 contains three modifications: a carbon substitution
for N-7 of the purine, an amide at the C-7 position of the
purine, and an acetylene at the 2� position of the ribose. An
MTT assay showed that NITD449 was not cytotoxic in cell
culture up to 12.5 �M and that cytotoxicity was observed at
�25 �M (Fig. 1B). The compound inhibited all four serotypes
of DENV in a CFI assay (a cell-based ELISA that measured
the amount of viral E protein) (see details in Materials and
Methods), with EC50s of 1 to 7 �M (Fig. 1C). In addition to
A549 cells, NITD449 also showed anti-DENV activity on hu-
man peripheral blood mononuclear cells (PBMC), with an
EC50 of 5 �M (Fig. 1C). The results demonstrated that
NITD449 potently inhibits DENV in cell culture.

Low-level systemic absorption of NITD449 in mouse and
rat. To prepare for an in vivo efficacy study, we determined the
pharmacokinetic parameter values of NITD449 in mice. Compar-
ison of different formulation recipes showed that the compound
was optimally formulated by dissolving it in 1.5 equimolar of HCl
using 0.1 N HCl (pH adjusted to 3.5 with 1 N NaOH) topped off
with 100 mM citrate buffer (pH 3.5). After intravenous (i.v.)
injection of 5 mg/kg, the compound showed a low volume of
distribution at steady state (Vss; 0.26 liters/kg) and a moderate
systemic clearance (CL; 21.88 ml/min/kg), with a short to medium
elimination half-life (t1/2; 1.31 h) (Fig. 2A and Table 1). Following
oral (p.o.) dosing of 25 mg/kg, NITD449 exhibited a low level of
oral bioavailability (F; 1%) and a maximum concentration of drug
in plasma (Cmax; 0.27 �M) that was lower than the EC50s (1 to 7
�M). The poor systemic exposure was mainly due to low absorp-
tion (AUC extrapolated to infinity [AUC�] � 0.42 �M/h).

We also analyzed the pharmacokinetic parameter values of
NITD449 in rats (Fig. 2B and Table 1). Compared with the
results from mice, the compound showed an improved half-life
(t1/2 � 8.33 h), a low systemic clearance (CL � 8.98 ml/min/kg),
and a moderate volume of distribution (Vss � 2.71 liters/kg).
However, it still exhibited a low level of oral bioavailability
(F � 2%) and a low maximum plasma concentration (Cmax �
0.27 �M). Collectively, the results indicated that NITD449 was
poorly absorbed following oral dosing, resulting in low-level
systemic exposure.

The prodrug NITD203 exhibits improved antiviral potency
and systemic exposure. To overcome the limitation of poor
exposure of NITD449, we took a prodrug approach and syn-
thesized NITD203. Compared with NITD449, NITD203 con-
tained isobutyric esters at the 3� and 5� positions of ribose (Fig.
1A). Such modifications are expected to increase the hydro-
phobicity of the compound, leading to improvement of gastro-
intestinal absorption and cell membrane penetration. The
isobutyric ester from NITD203 was expected to be removed by
host esterases to generate NITD449 (see the figure in the
supplemental material). In vitro analysis showed that NITD203
had a good antiviral activity, with EC50s of �1 �M for all four
serotypes of DENV in both A549 and human PBMC cells (Fig.
1C). The compound was not cytotoxic up to 25 �M (Fig. 1B).
Interestingly, the prodrug NITD203 showed a better potency
than the parental compound NITD449, most likely due to the
increased cellular uptake of the prodrug.

Next, the pharmacokinetic parameter values of NITD203 in
both mice and rats were analyzed. In these experiments,

FIG. 2. Pharmacokinetic analysis of NITD449 and NITD203. Mice
(A) and rats (B) were intravenously injected (i.v.) with 5 mg/kg of
NITD449, orally dosed (p.o.) with 25 mg/kg of NITD449, or orally
dosed with NITD203. Plasma concentrations of NITD449 (ng/ml) over
time are presented. The dotted line in panel A indicates the lower limit
of quantification (LOQ); the LOQ for NITD449 and NITD203 was 9.2
ng/ml; values below the LOQ are not included in the graphs. Plasma
concentrations are indicated with standard deviations (n � 3).
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NITD449 plasma levels were quantified following oral dosing
of the animals with the prodrug NITD203 (Fig. 2). As summa-
rized in Table 1, the pharmacokinetic profile of NITD449
(derived from its prodrug NITD203) revealed a much im-
proved exposure and oral bioavailability, indicating that the
prodrug approach provides a clear benefit to the overall phar-
macokinetics of this nucleoside analog. When normalized to
dose, peak plasma concentration and systemic exposure were
	30-fold increased when NITD449 was administered as the
prodrug NITD203 compared to the values observed following
dosing of NITD449. Similar results were obtained for rats,
confirming that the pharmacokinetic parameter values of
NITD449 were improved when NITD449 was administered as
the prodrug NITD203 (Table 1). The rat experiments also
showed that the Cmax and AUC� values increased proportion-
ally as the dose of NITD203 increased from 26.5 to 84.1 mg/kg,
indicating that neither absorption nor elimination processes
were saturated at these doses. Throughout the above-men-
tioned experiments, the levels of NITD203 were below the
detection limit in both animal species and at all time points,
even immediately following administration, indicating a rapid
conversion of the prodrug to NITD449. Overall, the results
clearly demonstrate that the prodrug improves the antiviral
potency and pharmacokinetic properties.

Antiviral spectrum of NITD203. To examine the antiviral
spectrum of NITD203, we tested whether the compound in-
hibits other members of the Flavivirus genus. A viral titer
reduction assay showed that the compound suppressed both
DENV-2 and YFV in a dose-responsive manner (Fig. 3A). At
12.5 �M, NITD203 suppressed the viral titers of DENV-2 and
YFV by 1,000- and 100-fold, respectively. To examine the
antiviral activity against WNV, we tested the compound in cells
infected with WNV replicon-packaged particles. The WNV
replicon particles were prepared by trans packaging a lucif-
erase-reporting replicon with homologous viral structural pro-
teins (10). The compound inhibited the luciferase activity de-
rived from the WNV replicon, indicating that NITD203
inhibits WNV RNA replication. Next, we tested the compound
in cells bearing a luciferase-reporting replicon of HCV (geno-

type 1b), a member from genus Hepacivirus. Remarkably, the
compound suppressed the luciferase signal from the HCV rep-
licon, with an EC50 of 0.03 �M. In contrast, it did not inhibit
Chikungunya virus (a plus-strand RNA alphavirus). These re-
sults indicate that NITD203 selectively inhibits viruses within
the family Flaviviridae.

Mode-of-action analysis. A luciferase-reporting replicon of
DENV-2 was used to analyze the mechanism of inhibition of
NITD203. The luciferase reporter was engineered into the
replicon, where the viral structural genes were deleted (11).
After electroporation of the replicon RNA into BHK-21 cells,
the transfected cells were treated with NITD203 and assayed
for luciferase activities at various time points. As shown in Fig.
3B, NITD203 did not affect the 2- to 4-h luciferase signals
(representing input replicon translation) but significantly sup-
pressed the luciferase activities at 24 to 40 h posttransfection
(representing translation of newly synthesized replicon RNA).
The results suggest that the compound inhibits DENV through
suppression of viral RNA synthesis.

As an alternative means to study the mode of action, we
tried to select resistant viruses by passaging DENV on Vero
and other cells in the presence of increasing concentrations of
inhibitors. To our surprise, no resistance virus could be ob-
tained after multiple attempts; some of the passaging experi-
ments lasted more than 2 months (data not shown). For ex-
ample, the wild-type virus was continuously cultured for four
rounds at each of the following concentrations: 0.4 �M, 0.8
�M, 1.2 �M, 1.6 �M, 2.0 �M, and 2.4 �M. The passaging
either eliminated the virus or yielded lower titers of viruses
that were not resistant to the inhibitor. These results suggest a
high barrier to resistance selection in vitro.

Effect of human plasma proteins on antiviral efficacy of
NITD449 and NITD203. The in vivo efficacy of the compound
is often confounded by the binding of the compound to plasma
proteins. To address this question, we examined the effect of
human plasma proteins on the efficacies of NITD449 and
NITD203 against DENV. Addition of the human serum pro-
teins human serum albumin (HSA; 40 mg/ml) and alpha-1-acid
glycoprotein (AGP; 2 mg/ml) did not increase the EC50 by

TABLE 1. Pharmacokinetic parameter values for NITD449 and its prodrug NITD203 observed following oral and
intravenous administration to female CD-1 mice and female Wistar rats

Species Compound Dose(s)
(mg/kg)

PK parametera value for indicated route

Oral Intravenousb

Cmax (�M) Tmax (h) AUC� (�M/h) F (%) Vss (liters/kg) CL
(ml/min/kg) t1/2 (h)

Mouse NITD449e 25 0.27 1 0.42 1 0.26 21.88 1.31
NITD449 from NITD203f 24.2,c 17.0d 6.01 0.08 12.57 32

Rat NITD449e 24.8 0.27 0.17 3.15 2 2.71 8.98 8.33
NITD449 from NITD203f 26.5, 18.7d 3.65 0.5 13.71 13
NITD449 from NITD203g 84.1, 59.2d 14.2 0.5 33.45 10

a Cmax, maximum concentration of drug in plasma; Tmax, time to maximum concentration of drug in plasma; AUC�, area under the curve extrapolated to infinity;
Vss, volume of distribution at steady state; CL, clearance; t1/2, elimination half-life; F, oral bioavailability.

b The intravenous doses of NITD449 were 5mg/kg in the mouse and 5.9mg/kg in the rat.
c The administered dose of the prodrug NITD203 (mg/kg).
d The corresponding dose of the conversion product NITD449 (mg/kg).
e The solution formulation was 0.1 N HCl (1.5 equimolar amount) and 1 N NaOH (pH adjusted to 3.5), topped off with 100 mM citrate buffer (pH 3.5).
f The solution formulation was 10% ethanol, 30% polyethylene glycol 400 (PEG 400), and 60% of 5% dextrose in water (D5W).
g The solution formulation was 20% solutol HS15, 30% PEG 300, and 50% of 100 mM citrate buffer (pH 3).
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more than 1-fold (Table 2). The results suggest that human
plasma proteins have minimal effect on compound potency.

In vivo efficacy of NITD203. We used a dengue viremia
mouse model to examine the in vivo efficacy of NITD203.
Infection of AG129 mice (lacking alpha/beta interferon and
gamma interferon receptors) with DENV-2 (strain TSV01)
develops viremia that peaks on day 3 postinfection (13). Using
this model, we previously found that the peak viremia could be
used to indicate the in vivo antiviral activity of inhibitors (13).
As shown in Fig. 4, oral dosing of infected mice with NITD203
at 3, 10, and 25 mg/kg twice a day, starting immediately after
infection, reduced peak viremia by 2.7-, 4.4-, and 30-fold, re-
spectively. As a positive control, we also treated the infected
mice with NITD008, a different adenosine nucleoside inhibitor
of DENV that we have described earlier (19). Treatment with

NITD008 at 25 mg/kg suppressed peak viremia by about 10-
fold, indicating that NITD203 is 3-fold more potent than
NITD008 in vivo. However, a Student t test showed that, at a
P value of 0.08, the difference in viremia between the
NITD203-treated mice and the NITD008-treated mice did not
reach the statistical significance threshold represented by a P
value of �0.05. Nevertheless, the results demonstrate that
NITD203 has potent in vivo efficacy.

Toxicity and safety analyses of NITD203. To estimate the in
vitro toxicity of NITD203, we assessed the compound in more
than 110 biochemical assays, including the Ames test for gene
toxicity, the hERG channel for cardiovascular toxicity,

FIG. 3. Antiviral spectrum and mode-of-action analysis. (A) Vero cells were infected with the indicated viruses at an MOI of 0.1 and treated
immediately with NITD203. For DENV-2 and YFV, culture medium was collected at 48 h postinfection and measured for viral titers using plaque
assays. For Chikungunya virus, culture medium was collected at 22 h postinfection and measured for viral titer. For WNV, Vero cells were infected
with virus-like particles (containing a luciferase replicon) at an MOI of about 0.1; the infected cells were assayed for luciferase activity at 24 h
postinfection; relative luciferase activities were presented, with the level for the mock-treated replicon cells set as 100%. For HCV, Huh-7 cells
carrying a luciferase replicon HCV (5) were incubated with NITD203 and assayed for luciferase activities at 48 h posttreatment. Average results
and standard deviations (n � 3) are presented. (B) Transient DENV-2 replicon assay. A luciferase reporter replicon of DENV-2 was transfected
into BHK-21 cells. The transfected cells were immediately incubated with the indicated concentrations of the compound and measured for
luciferase activities at various time points posttransfection (p.t.). The effects of compound (1 �M and 3 �M) on viral translation and RNA synthesis
were quantified by the luciferase signals at 2 to 4 h p.t. and at 24 to 40 h p.t., respectively. Average results and standard deviations (n � 3) are
presented.

TABLE 2. Effect of human serum albumin and alpha-1-acid
glycoprotein on EC50s of NITD449 and NITD203

Assay conditiona
EC50 (�M)

NITD449 NITD203

No HSA or AAG 2.61 0.69
40 mg/ml HSA 4.76 0.79
2 mg/ml AAG 2.52 0.76
40 mg/ml HSA and 2 mg/ml AAG 4.64 0.85

a A549 cells were infected with DENV-2 (New Guinea C) at an MOI of 0.3 for
1 h without the compound. After removal of the viral inoculum, one set of the
infected cells was incubated with medium containing various concentrations of
NITD449 or NITD203, and another set of cells was incubated with medium
containing the compound plus human serum albumin (HSA) and/or alpha-1-acid
glycoprotein (AAG). On day 2 postinfection, viral titers in culture fluids were
determined by a CFI assay. See Materials and Methods for details.

FIG. 4. In vivo efficacy of NITD203. AG129 mice were intraperi-
toneally inoculated with 2 � 106 PFU of DENV-2 (strain TSV01) on
day 0. The infected mice (6 or 8 animals per group) were immediately
treated with the indicated doses of NITD203 orally twice per day for
three consecutive days. The peak viremia on day 4 postinfection was
quantified by a plaque assay. For comparison, the infected mice were
treated with 25 mg/kg of NITD008, and the reduction of peak viremia
is presented.
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CYP450 inhibition for drug-drug interaction, and the micro-
nucleus assay for mutagenicity as well as assays for various
receptors, ion channels, and kinase profiles. The compound
did not show significant inhibition in any of these assays (data
not shown).

Next, we tested the in vivo toxicity by orally dosing male
Wistar rats (10 weeks old) at 10, 30, and 75 mg/kg/day of
NITD203 for 2 weeks. Five animals were used for each dosing
group and were monitored for clinical signs, body weight, and
mortality. For the 10-mg/kg/day group, none of the three ani-
mals showed any clinical signs or body weight loss. For the
30-mg/kg/day group, one animal had to be prematurely killed
on day 8 due to poor health condition, one animal was found
dead on day 10, and all three other animals were sacrificed on
day 10 because of body weight loss. For the 75-mg/kg/day
group, two and three animals had to be prematurely sacrificed
on days 6 and 7, respectively, due to severe body weight loss.
Clinical signs were observed for the 30- and 75-mg/kg dosing
groups, including decreased motor activity, pale appearance,
piloerection, and chromodacryorrhea (dried material [red]
around the nose). Overall, the results showed that NITD203
was clinically well tolerated at 10 mg/kg/day for 2 weeks but
was not tolerated at 30 and 75 mg/kg/day.

DISCUSSION

A number of approaches have been taken to develop small
molecule inhibitors of DENV and other flaviviruses (7). Al-
though many inhibitors have been reported to possess anti-
DENV activities in vitro, in vivo efficacy has been achieved only
by two adenosine analog inhibitors (13, 19) and iminosugar
inhibitors of host �-glucosidase (e.g., castanospermine) (17).
Among the three in vivo-active compounds, NITD008 (7-
deaza-2�-C-acetylene-adenosine; EC50, 0.5 to 2.6 �M) (Fig.
1C) was more potent than the other nucleoside inhibitor (7-
deaza-2�-C-methyl-adenosine; EC50, 15 �M) (8, 13) and cas-
tanospermine (EC50, 1 to 86 �M, depending on cell types)
(17). Here, we report another nucleoside analog, NITD203,
which appears to have a better potency than NITD008 both in
vitro (Fig. 1C) and in vivo (Fig. 4). These results, together with
the fact that about half of the antivirals in clinical use are
nucleoside analogs (3), clearly suggest that the nucleoside ap-
proach has the potential for development of flavivirus therapy.

During the course of the study, NITD449 was initially iden-
tified as a potent inhibitor of DENV in cell culture. However,
NITD449 suffered from a low level of oral bioavailability (F �
1 to 2%). We took a prodrug approach to overcome this
problem by synthesizing NITD203, an isobutyric ester deriva-
tive of NITD449. The prodrug molecules for nucleosides are
usually amino acid- or aliphatic acid-ester derivatives of pa-
rental compounds. The ester prodrug efficiently enters cells via
a peptide transport mechanism for amino acid-prodrug or via
a better passive penetration for aliphatic acid-prodrug and is
rapidly converted to the parental compound by enzymatic hy-
drolysis, leading to a significant increases in oral bioavailability
and the cellular uptake of the parental compound. This ap-
proach has been well established during the development of
the prodrug of acyclovir (16). For HCV, three nucleoside in-
hibitors of NS5B under clinical development are all ester pro-
drugs: NM283 (valopicitabine) is a 3�-O-valinyl ester of 2�-C-

methylcytidine (9), R1626 is a tri-isobutyric ester prodrug of
R1479 (4�-C-azidocytidine) (12), and R7128 is a di-isobutyric
ester prodrug of PSI-6130 (
-D-2�-deoxy-2�-fluoro-2�-C-
methyulcitidine) (1). In this study, we showed that the isobu-
tyric ester prodrug of NITD449 improved the oral bioavailabil-
ity from 1% to 32% in mouse and from 2% to 10 to 13% in rat
(Table 1). In agreement with the prodrug mechanism, we
found that after oral dosing, the amount of the prodrug
NITD203 was below the detection limit in animals at all times,
even immediately after dosing, indicating a rapid conversion to
the parental compound NITD449.

One challenge for development of nucleoside analogs for
therapeutics is the unpredictable toxicity. NITD203 showed
potent efficacy in a dengue mouse model but failed in achieving
a no-observable-adverse-effect level (NOAEL) in the 2-week
toxicity test when dosed at 30 and 75 mg/kg/day. Although the
compound did not show side effects at 10 mg/kg/day, only a
4-fold reduction of viremia was observed when mice were
treated at this dose (Fig. 4). Similar in vivo toxicity results were
found for NITD008 (19). These results indicate that these
compounds have very marginal therapeutic windows, which
have prohibited their further development. A common side
effect of nucleoside compounds is mitochondrial toxicity, which
usually involved inhibition of mitochondrial polymerase �,
leading to a gradual decrease in mitochondrial DNA (2). How-
ever, most nucleoside analogs that cause mitochondrial toxicity
are deoxynucleoside analogs. The nucleoside analogs for
DENV and other RNA viruses are ribose nucleosides and,
thus, are less likely to cause mitochondrial toxicity. Indeed,
treatment of human cells with NITD008 did not reduce the
mitochondria DNA content, nor did the treatment increase
the lactic acid production in mitochondria; furthermore, the
triphosphate form of NITD008 did not inhibit human DNA
polymerase �, 
, or � in vitro (unpublished results). We are
currently investigating the cause of toxicity and trying to over-
come the side effects.

With regard to toxicity, two major points should be consid-
ered during development of DENV therapeutics. First, the
AG129 mouse used in the current in vivo efficacy experiments
lacks alpha/beta interferon and gamma interferon receptors
(14). The defect in the innate immunity of the AG129 mouse
may underestimate the real in vivo efficacy of compounds.
Since NITD203 inhibited other flaviviruses in cell culture (Fig.
3), it would be informative to determine its potency against the
flaviviruses that have well-established animal models using im-
munocompetent mice (e.g., WNV, JEV, and YFV). Second,
dengue is an acute disease with a fever duration of less than a
week (4), so the length of therapeutic treatment is expected to
be less than a week. This is in contrast to the antiviral therapy
of chronic diseases, such as HIV infection, which requires
long-term treatment. The difference between the acute and
chronic diseases should be considered during preclinical de-
velopment of DENV inhibitors.

In summary, we have identified a new adenosine nucleoside
inhibitor of DENV. An isobutyric ester prodrug was success-
fully used to improve the bioavailability of the parental com-
pound. The ester prodrug showed a good potency in a dengue
viremia mouse model. Besides DENV, the compound inhib-
ited a broad spectrum of flaviviruses as well as HCV. However,
the compound could not reach a satisfactory NOAEL in rats
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when they were dosed at �30 mg/kg/day. Further studies are
needed to understand the nature of the toxicity and to improve
the therapeutic window of the current compound.
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