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In a recent clinical trial, balapiravir, a prodrug of a cytidine analog (R1479), failed to achieve efficacy (reducing viremia after
treatment) in dengue patients, although the plasma trough concentration of R1479 remained above the 50% effective concentra-
tion (EC50). Here, we report experimental evidence to explain the discrepancy between the in vitro and in vivo results and its
implication for drug development. R1479 lost its potency by 125-fold when balapiravir was used to treat primary human periph-
eral blood mononuclear cells (PBMCs; one of the major cells targeted for viral replication) that were preinfected with dengue
virus. The elevated EC50 was greater than the plasma trough concentration of R1479 observed in dengue patients treated with
balapiravir and could possibly explain the efficacy failure. Mechanistically, dengue virus infection triggered PBMCs to generate
cytokines, which decreased their efficiency of conversion of R1479 to its triphosphate form (the active antiviral ingredient), re-
sulting in decreased antiviral potency. In contrast to the cytidine-based compound R1479, the potency of an adenosine-based
inhibitor of dengue virus (NITD008) was much less affected. Taken together, our results demonstrate that viral infection in pa-
tients before treatment could significantly affect the conversion of the prodrug to its active form; such an effect should be calcu-
lated when estimating the dose efficacious for humans.

Dengue virus (DENV) is the most prevalent mosquito-borne
virus that causes human disease. A recent study estimated

that 390 million humans are infected and that 96 million infected
humans exhibit disease symptoms annually (1). No licensed vac-
cine or antiviral for the prevention and treatment of DENV is
currently available. Upon transmission by infected mosquitoes,
the virus first infects dendritic cells, spreads to lymph nodes, and
disseminates to various tissues and organs. Although the sites of
DENV replication in natural human infections remain to be con-
clusively defined, monocytes and macrophages in peripheral
blood mononuclear cells (PBMCs) were reported to be major rep-
lication sites in patients (2, 3).

Nucleoside analogs represent the major class of antiviral
drugs in clinical use (4). To exert antiviral effects, nucleoside
analogs must be converted to the triphosphate form (by host
and/or viral kinases) before being incorporated into the viral
DNA/RNA chain by viral polymerase. Balapiravir is an ester
prodrug of the cytidine analog 4=-azidocytidine, also known as
R1479 (Fig. 1A). It was originally developed as treatment
against hepatitis C virus (HCV) infection (5, 6). Although bala-
piravir exhibited potency in HCV-infected patients, its clinical
development was discontinued due to unacceptable toxicity
(7). Since R1479 has anti-DENV activity in vitro, balapiravir
was repurposed for a phase II trial for treatment of DENV
infection. Surprisingly, no viremia reduction was observed in
balapiravir-treated dengue patients, even though the maxi-
mum concentration in plasma (Cmax) of R1479 surpassed the
compound concentration required to reduce virus production
by 50% (the 50% effective concentration [EC50]) (8). Here we
provide data showing that the discrepancy between the in vitro
and in vivo efficacy outcomes is likely due to impaired com-
pound metabolism in DENV-infected cells. The lesson learned
from the balapiravir study in dengue patients has general im-
plications for the development of prodrugs as therapeutics.

MATERIALS AND METHODS
Antiviral assays. Cryopreserved human PBMCs were purchased from
AllCells, LLC (Alameda, California). Written consent from the donors
was available for all samples. All experiments involving human PBMCs
were approved by the Institutional Review Board at the Novartis Institute
for Tropical Diseases prior to the start of the experiments. All compounds
were dissolved in 100% dimethyl sulfoxide (DMSO). The final concentra-
tion of DMSO was 1% in all assays. For each experiment, cells were resus-
pended to 1 � 107 cells/ml in RPMI medium supplemented with 1%
penicillin-streptomycin solution. Approximately 5 � 105 cells were
seeded into each well in a 96-well plate. DENV serotype 2 (DENV-2; strain
MY-10340) was preincubated with 0.38 �g/ml chimeric 4G2 antibody (in
which the mouse Fc region is replaced with that from human; provided by
Paul MacAry, National University of Singapore) for 30 min at 4°C to form
a virus-antibody complex before it was added to the PBMCs at a multi-
plicity of infection (MOI) of 1. The plate was further incubated at 37°C for
1 h before addition of serially diluted compounds. Finally, RPMI medium
was added such that the final concentration of the medium contained 2%
fetal calf serum. At 24 or 48 h postinfection (p.i.), the viral titers in the
culture fluids were quantified using a plaque assay. EC50s were calculated
by GraphPad Prism (version 5.02) software (GraphPad Prism, Inc.) using
the equation for a sigmoidal dose-response (variable slope).

For the delayed-treatment experiment, human PBMCs were infected
with DENV-2 without compound for the first 24 h, as described above. At
24 h p.i., compounds were added to the infected cells at the indicated
concentrations. At 48 h p.i., culture fluids were subjected to plaque assay
to estimate viral titers. EC50s were calculated as described above.

For activation of PBMCs, PBMCs were pretreated with 5 ng/ml of
phorbol myristate acetate (PMA) for 16 h in RPMI medium supple-
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mented with 1% penicillin-streptomycin solution and 10% fetal calf se-
rum. On the next day, the cells were washed to remove PMA, infected with
DENV-2 (MOI, 1), and immediately treated with compounds, as de-
scribed above. At 48 h p.i., viral titers in the culture fluids were measured
by plaque assay to estimate EC50s.

To determine the effect of cytokines on the EC50s of the compounds,
we first treated PBMCs with various cytokines for 16 h prior to viral
infection in RPMI medium supplemented with 1% penicillin-streptomy-
cin and 10% fetal bovine serum (FBS). The final concentrations for the
selected cytokines were 200 U/ml beta interferon (IFN-�), 10 ng/ml
gamma interferon (IFN-�), 25 ng/ml interleukin-10 (IL-10), 100 ng/ml
IFN-�-induced protein 10 (IP-10), 10 ng/ml tumor necrosis factor alpha
(TNF-�), or 50 ng/ml granulocyte-macrophage colony-stimulating factor
(GM-CSF). The cells were then spun down and used for infection in the
presence of various concentrations of compounds and cytokines at the con-
centrations stated above. The final medium contained RPMI supplemented
with 1% penicillin-streptomycin and 2% FBS. At 48 h p.i., the viral titers in the
culture fluids were quantified using a plaque assay.

In vitro RdRp assay. R1479 triphosphate was synthesized in-house.
The inhibitory activity of the compound against full-length NS5 of
DENV-4 was measured using a modified elongation RNA-dependent
RNA polymerase (RdRp) assay as previously described (9, 10). Briefly, a

cDNA representing 244-nucleotide single-strand heteropolymeric RNA
[sshRNA; containing the sequence 5=-(TCAG)20(TCCAAG)14(TCAG)20-
3=] was prepared using overlapping PCR, cloned into pUC57 under the
control of the T7 polymerase promoter, and verified by sequencing. The
sshRNA transcripts, predicted to be devoid of secondary structure by
RNA structure (version 3.5) software (11), were transcribed in vitro using
a RiboMAX large-scale RNA production system T7 kit (Promega). After
purification, 2.5 �M sshRNA was annealed with individual primers at a
ratio of 1:2 by heating at 95°C for 5 min, followed by cooling to room
temperature. The primers used were C1 (3=-AGTCAGTCAGTCAGTGT-
5=), A1 (3=-GTCAGTCAGTCAGTCTC-5=), G1 (3=-TCAGTCAGTCAGT
CACA-5=), and T1 (3=-CAGTCAGTCAGTCAGAG-5=).

For determination of the 50% inhibitory concentration (IC50) using
an elongation assay, 5 �l of serially diluted compounds was mixed with 15
�l of DENV-4 full-length NS5 in 50 mM Tris HCl, pH 7.5, 10 mM KCl, 0.5
mM MnCl2, and 0.01% Triton X-100 for 20 min at room temperature.
Thereafter, 10 �l of the RNA and nucleoside triphosphate mixture was
added to the wells to start the reaction. The final concentrations of RNA
and protein were 100 and 200 nM, respectively. For testing NITD008
triphosphate (an ATP analog), 1.5 �M 2=-[2-benzothiazoyl]-6=-hydro-
benzothiazole (BBT)-ATP together with 0.5 �M GTP, CTP, and UTP was
used. For testing R1479 triphosphate, 0.5 �M BBT-CTP together with 0.5
�M ATP, GTP, and UTP was used. The plate was sealed, shaken, centri-
fuged, and incubated at room temperature for 90 min. For terminating
the reaction, 20 �l of 2.5� Stop buffer (200 mM NaCl, 25 mM MgCl2, 1.5
M deoxyethanolamine (DEA), pH 10; Promega) containing 25 nM calf
intestinal alkaline phosphatase (CIP; NEB) was added to the reaction
mixtures. After further incubation at room temperature for 60 min, the
plate was read at excitation and emission wavelengths of 422 nm and 566
nm, respectively (10). The values for the IC50 were similarly calculated
using GraphPad Prism (version 5.02) software as described above.

Cytokine release from DENV-infected human PBMCs. Human
PBMCs were infected with DENV-2 as described above. At 24 and 48 h
p.i., culture fluids were subjected to IL-10 (Biolegend), TNF-� (Bioleg-
end), and IFN-� (PBL Interferon Source) measurements by enzyme-
linked immunosorbent assays according to the manufacturers’ instruc-
tions.

Analysis of intracellular R1479 triphosphate. PBMCs were incu-
bated in RPMI medium containing 2% FBS, 1% penicillin-streptomycin,
and various concentrations of R1479. After the intracellular conversion
into the corresponding triphosphate reached steady state (24 h at 37°C),
the cells were spun down, washed with cold 0.9% NaCl solution in 1 mM
HEPES, pH 7.5, and lysed in radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Igepal CA-630) containing
protease and phosphatase inhibitors (Roche Diagnostics). After lysing the
cells at room temperature for 10 min, the cell debris was spun down at
13,000 � g and 4°C for 20 min. For every million PBMCs, 100 �l of RIPA
buffer was used for lysis. The lysates were transferred into new tubes,
snap-frozen in liquid N2, and stored at �80°C. For bioanalytical studies,
50 �l of the PBMC lysate (in RIPA buffer) was mixed with 150 �l aceto-
nitrile containing 1% NH4OH and 3 �g/ml Br ATP as an internal control.
The amount of triphosphate nucleoside analog was measured by liquid
chromatography-tandem mass spectrometry. Since the volume of indi-
vidual PBMCs was previously reported to be about 300 fl (12), the intra-
cellular concentration of the triphosphate nucleoside analog was calcu-
lated (amount of triphosphate nucleoside analog per cell volume). The
intracellular concentration of the triphosphate nucleoside analog was
then plotted against the concentrations of the test compound used in the
incubations. Using Michaelis-Menten kinetics with the formula Y �
A[X]/B 	 [X], where Y is the concentration of triphosphate R1479, A is
the calculated maximum concentration of triphosphate R1479 extrapo-
lated from the graph, [X] is the concentration of R1479, and B is the
calculated concentration of R1479 at which its triphosphate R1479
reached half of its maximal value, the intracellular concentration of the

FIG 1 Balapiravir-related structures and R1479 triphosphate-mediated inhi-
bition of DENV polymerase activity. (A) Structures of balapiravir, R1479, and
R1479 triphosphate. After oral doing of balapiravir, balapiravir is converted to
R1479, followed by R1479 triphosphate. (B) Inhibition of DENV polymerase
activity by R1479 triphosphate and NITD008 triphosphate. See Materials and
Methods for details. Average results of six independent experiments are
shown; error bars represent standard deviations.
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triphosphate nucleoside analog at which 50% of the virus yield was inhib-
ited (TP50) was derived at the EC50.

Pharmacological analysis and in vivo mouse efficacy. Pharmacolog-
ical exposure of balapiravir was analyzed in CD-1 female mice. Briefly,
CD-1 mice were dosed with 28.1 mg/ml of balapiravir dissolved in 5%
(vol/vol) Solutol HS15 nonionic solubilizer and emulsifying agent in 50
mM citrate buffer, pH 3, via oral gavage. To calculate the bioavailability
and half-life of balapiravir in plasma, mice were similarly dosed with 5.7
mg/kg of body weight of balapiravir via intravenous injection. For the
efficacy study, AG129 mice deficient in IFN-�/� and IFN-� receptors
were used in a mouse DENV infection model (13) to test the antiviral
activity of balapiravir. Briefly, DENV-2 strain TSV01 was injected intra-
peritoneally at 1.8 � 106 PFU per mouse. Immediately after viral inocu-
lation, 0.2 ml of compound dissolved in the same vehicle used in the
pharmacological experiment 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 (13). Statistical
analysis was performed by the log-rank test and Student’s t test using
SigmaPlot/SigmaStat software (Systat Software Inc.).

All experiments involving animals were approved by the institutional
review board (IRB) of the Novartis Institute for Tropical Diseases prior to
the start of the experiments.

RESULTS
R1479 triphosphate inhibits DENV polymerase-mediated RNA
synthesis. Figure 1A shows the key molecules during conversion
of balapiravir to its active triphosphate form. The ester moieties of
balapiravir are removed after gut absorption, generating R1479 as

the major circulating form in plasma. After uptake of R1479 into
cells, cellular kinases convert R1479 to its triphosphate form,
which is used by DENV polymerase and results in termination of
viral RNA synthesis. Factors that change any step of the above-
described process could affect the in vivo efficacy. To examine
whether balapiravir has genuine anti-DENV activity, we chemi-
cally synthesized the triphosphate form of R1479 and tested its
activity in a biochemical DENV polymerase assay. As a positive
control, we included a triphosphate form of NITD008, a known
adenosine analog inhibitor of DENV polymerase (14). The
triphosphate molecules of both R1479 and NITD008 inhibited
RNA synthesis, with IC50s of 0.89 and 1.29 �M, respectively (Fig.
1B). The result demonstrates that R1479 triphosphate has intrin-
sic activity against DENV polymerase.

Decreased potency of R1479 in delayed treatment of DENV-
infected PBMCs. We examined the activity of R1479 against
DENV-2 in primary human PBMCs. Initially, we treated the
PBMCs with R1479 immediately after infection. R1479 showed
EC50s of 0.103 and 0.249 �M when infected PBMCs were treated
for 24 and 48 h, respectively (Fig. 2A). These EC50s are more po-
tent than the EC50s previously reported for primary human mac-
rophages (1.3 to 3.2 �M) (8). The difference in EC50s between the
two studies could be in part due to the different methods used to
quantify virus: reverse transcription-PCR in the previous study
(8) and plaque assay in the current study. As a control, NITD008
exhibited EC50s of 0.179 and 0.275 �M when the infected PBMCs
were treated for 24 and 48 h, respectively (Fig. 2B). The result
indicates that R1479 has potent anti-DENV activity when cells are
treated immediately after infection.

We reasoned that when patients received balapiravir, DENV
infection had already been well established. Indeed, patients re-
cruited in the clinical trial had a median interquartile range (IQR)
of illness duration of 27.5 to 45.13 h (8). The EC50 derived from
delayed treatment should be more reflective of the therapeutic
condition. We therefore performed a delayed-treatment experi-
ment. Specifically, R1479 was added to DENV-2-infected PBMCs
at 24 h p.i.; viral titers were quantified at 48 h p.i. (giving a total
treatment time of 24 h). Surprisingly, the delayed treatment re-
sulted in an EC50 of 12.85 �M (Fig. 2A). Compared with the EC50

derived from the immediate 24-h treatment (0.103 �M), R1479
lost its potency by 125-fold in the delayed treatment. The results
demonstrate that viral infection could change the potency of bala-
piravir in human PBMCs. As a control, the potency of NITD008
decreased by 7.2-fold, with a change in the EC50 from 0.179 �M in
the immediate treatment to 1.288 �M in the delayed treatment
(Fig. 2B; Table 1).

Intracellular conversion of R1479 to its triphosphate form.
To exclude the possibility that the observed antiviral potency was
due to an unknown off-target effect, we directly monitored the

FIG 2 Effect of treatment procedure on the EC50s of the compounds tested.
PBMCs were infected with DENV-2 at an MOI of 1 and immediately treated
with the indicated compounds; viral titers in the culture fluids were quantified
at 24 h or 48 h postinfection. Alternatively, PBMCs were infected with
DENV-2 for 24 h, after which the infected cells were treated with the indicated
compounds for 24 h (labeled “delayed 24 h”). Viral titers in the culture fluids
were measured by plaque assay. EC50 curves for R1479 (A) and NITD008 (B)
are shown. Average results of five independent experiments are shown; error
bars represent standard deviations.

TABLE 1 EC50 values of R1479 and NITD008 in DENV-infected
PBMCs with different treatment procedures

Treatment

EC50 (�M)

R1479 NITD008

Immediate, 24 h 0.103 
 0.013 0.179 
 0.081
Immediate, 48 h 0.249 
 0.016 0.275 
 0.122
Delayed, 24 h 12.85 
 4.00 1.288 
 0.244
Immediate, 48 h, PMA-activated cells 4.86 
 1.21 0.566 
 0.039
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formation of R1479 triphosphate inside the cell. The identity of
the intracellular derivative(s) of R1479 was monitored by mass
spectroscopic analysis using a chemically synthesized R1479
triphosphate as a standard. The synthetic R1479 triphosphate ap-
peared at an elution time of 4.36 min (Fig. 3A). After incubating
PBMCs with 3 �M R1479 for 24 h, approximately 5.08 pmol of
intracellular R1479 triphosphate was generated per million cells
(Fig. 3B). No R1479 triphosphate was detected from cells without
R1479 treatment (Fig. 3C). Since the average volume of individual
PBMCs is about 300 fl (12), the intracellular concentration of
R1479 triphosphate upon incubation with 3 �M R1479 was cal-
culated to be 16.9 �M. Using the same method, we determined the
intracellular concentrations of R1479 triphosphate after incubat-
ing PBMCs with various concentrations of R1479 (Fig. 3D); these
data allowed us to estimate the intracellular concentration of
R1479 triphosphate in PBMCs after 24 h of immediate treatment
(when they were incubated with the EC50 of R1479 in the me-

dium) to be 0.98 �M (TP50). The TP50 value of R1479 in PBMCs is
close to the IC50 (0.89 �M) derived from the polymerase enzyme
assay (Fig. 1B).

As a positive control, we also quantified intracellular NITD008
triphosphate after incubating PBMCs with various concentrations
of NITD008 under the same conditions (data not shown). The
TP50 of NITD008 was estimated to be 1.89 �M, close to the IC50

(1.29 �M) of NITD008 triphosphate from the polymerase assay
(Fig. 1B). Collectively, the results demonstrate that intracellular
R1479 triphosphate is responsible for the antiviral activity ob-
served in cell culture.

Next, we measured the intracellular concentration of R1479
triphosphate in PBMCs that were preinfected with DENV-2 (Fig.
3D). Specifically, PBMCs were first infected with DENV-2 for 24
h, the infected cells were incubated with various concentrations of
R1479 for another 24 h, and the intracellular concentrations of
R1479 triphosphate were measured. As shown in Fig. 3D, com-

FIG 3 Measurement of intracellular R1479 triphosphate. (A to C) High-pressure liquid chromatography profiles of PBMC lysates spiked with 14.5 �M R1479
triphosphate (A), PBMC lysates after 24 h of incubation with 3 �M R1479 in the medium (B), and PBMC lysates without incubation with any compound (C).
(D) Determination of the intracellular concentration of R1479 triphosphate at 24 h of incubation. Various concentrations of R1479 were incubated with PBMCs
that were mock infected or preinfected with DENV-2 for 24 h. After 24 h of compound incubation, the cells were lysed and quantified for R1479 triphosphate.
The best-fitting curves were generated using the Michaelis-Menten equation. One outlier data point at the 100 �M concentration under the preinfection
condition was omitted in the plotting.

DENV Infection Depotentiates Balapiravir Efficacy

February 2014 Volume 88 Number 3 jvi.asm.org 1743

http://jvi.asm.org


pared with the intracellular concentrations of R1479 triphosphate
in naive PBMCs, those in preinfected PBMCs were consistently
lower. The results demonstrate that preinfection of PBMCs with
DENV reduces the amount of R1479 converted to its triphosphate
form.

Activation of PBMCs by DENV infection decreases the po-
tency of R1479. We hypothesized that viral infection induced the
production of cytokines and chemokines, which activated PBMCs
to reduce the conversion of R1479 to its triphosphate form (15).
To test this hypothesis, we measured the production of IL-10,

TNF-�, and IFN-� in the culture fluids after PBMCs were infected
with DENV-2 (Fig. 4A); these cytokines are typically associated with
early DENV infection (3). Only IL-10 was detected at 24 p.i., whereas
all three cytokines were observed at 48 postinfection. The results in-
dicate that PBMCs produce cytokines upon DENV infection.

We examined whether stimulation of PBMCs by PMA affected
the potency of R1479. After PBMCs were stimulated with PMA (5
ng/ml) overnight, the cells were infected with DENV-2 and im-
mediately treated with R1479; the EC50 was determined to be 4.86
�M at 48 h p.i. (Fig. 4B). Compared with the EC50 (0.249 �M)
derived from the inactivated PBMCs, R1479 lost its potency by
almost 20-fold in the PMA-activated cells (Table 1). In contrast,
PMA activation did not significantly affect the EC50 of NITD008
(Fig. 4C and Table 1). These results demonstrate that PBMC acti-
vation can affect the antiviral potency in a nucleoside-dependent
manner.

We then assessed the impact of some major inflammatory me-
diators produced during DENV infection on the potency of
R1479. PBMCs were pretreated with individual cytokines whose
levels are reported to be elevated after DENV infection (IFN-�,
IFN-�, IP-10, TNF-�, IL-10, or GM-CSF) for 16 h, after which the
cells were tested for the EC50s of R1479. As previously reported
(3), pretreatment of cells with IFN-� or IFN-� suppressed virus
production by �10-fold (Fig. 5A); consequently, the EC50s could

FIG 4 (A) Cytokine production after PBMCs were infected with DENV-2 for
24 h and 48 h. PBMCs were infected with DENV-2 at an MOI of 1; the indi-
cated cytokines were measured at 24 and 48 h postinfection. (B and C) PBMCs
were first activated with PMA for 24 h; the activated cells were infected with
DENV-2 at an MOI of 1 and immediately treated with R1479 (B) or NITD008
(C); viral titers in the culture fluids were quantified by plaque assay at 48 h
postinfection. Average results of four experiments are shown; error bars rep-
resent standard deviations.

FIG 5 Effects of various cytokine treatments on viral yield and compound
potency. (A) Measurement of viral yield under different cytokine treatments
compared to that for a mock-treated sample; (B) EC50s and fold change in
R1479 and NITD008 potencies under various cytokine treatments.
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not be accurately measured. Pretreatment with IP-10 or IFN-�
did not affect the virus yield. In contrast, pretreatment of cells with
IL-10 or GM-CSF increased the virus yield by 14-fold and 33-fold,
respectively (Fig. 5A); it remains to be determined how IL-10 and
GM-CSF stimulate DENV production. Remarkably, pretreatment
of PBMCs with IP-10, TNF-�, IL-10, or GM-CSF decreased the
potency of R1479 by 6.3-, 18.9-, 19.2-, or 9.8-fold, respectively
(Fig. 5B). In contrast, pretreatment of PBMCs with the same panel
of cytokines did not significantly affect the potency of NITD008
(Fig. 5B). The results demonstrate that distinct cytokines could
activate PBMCs, leading to the reduced potency of R1479.

No efficacy of balapiravir in the DENV AG129 mouse model.
A mouse model of DENV viremia was used to examine the in vivo
efficacy of balapiravir (13). AG129 mice lacking IFN-�/� and
IFN-� receptors were infected with DENV-2 and treated with as-
cending doses of balapiravir by oral gavage twice daily at 5, 25, and
100 mg/kg per dose. Animals were sampled on day 3 p.i., at the
peak of viremia, for analysis of viral titers in the blood. Balapiravir
treatment produced a marginal reduction in viremia at all doses
that did not reach statistical significance (P � 0.05) compared to
the results for the vehicle-treated animals (Fig. 6), demonstrating
no efficacy even when it was dosed at up to 100 mg/kg twice daily
for 3 days. As a positive control, mice treated with NITD008
showed a robust 20-fold reduction of viremia when they were
dosed at 25 mg/kg twice daily (Fig. 6).

Table 2 summarizes the pharmacokinetic parameters of bala-
piravir in mice. After oral dosing of the CD-1 mice with 28.1
mg/kg of balapiravir, R1479 reached a Cmax and a minimum con-
centration in plasma (Cmin) of 24.38 �M and 6.34 �M, respec-
tively, at 2 h and 24 h postdosing. The results suggest that the lack
of efficacy in mouse is not likely due to a low level of exposure to
the compound, as the compound was dosed twice daily at up to
100 mg/kg. We currently do not know why balapiravir did not
show protection in the DENV mouse model (see Discussion be-
low).

DISCUSSION

The goal of this study was to understand why balapiravir failed to
show efficacy in a recent clinical trial for the treatment of dengue
virus infection. Human pharmacokinetic data showed that, after
oral dosing at 1,500 and 3,000 mg of balapiravir, the median Cmins
of R1497 reached 3.56 and 5.82 �M, respectively (8). Since the
EC50s of R1479 in primary human macrophages were estimated to
be 1.3 to 3.2 �M in that study (8), balapiravir should have reduced
the level of viremia in dengue patients. Here, we took two ap-
proaches to investigate the discrepancy between the in vitro and in
vivo data. The first approach was to exclude the possibility that the
antiviral activity observed in cell culture was caused by an off-
target mechanism. To address this point, we showed that (i)
R1479 triphosphate is a potent inhibitor of DENV polymerase in a
biochemical RNA elongation assay and (ii) R1479 triphosphate is
indeed generated inside cells after incubation with R1479. Our
results clearly indicate that R1479 is a genuine inhibitor of DENV
through blocking viral RNA synthesis.

The second approach was to examine the cell culture potency
of R1479 in a delayed treatment. The rationale behind this ap-
proach is that, when patients receive treatment, viral replication
has already been well established (8). Surprisingly, delayed treat-
ment decreased the potency of R1479 by 125-fold compared with
the potency of a treatment given concomitantly with the infection.
The compromised EC50 is about 2- to 5-fold higher than the
plasma Cmin of R1497 in patients. Therefore, the decreased po-
tency in delayed treatment could account for the lack of potency in
patients. This information is critical for future antiviral develop-
ment, as it is important to use the EC50 derived from the delayed
treatment to estimate the minimum exposure required to achieve
efficacy in humans.

Our data indicate that cytokines induced upon viral infection
could affect the conversion of R1479 to its triphosphate form,
leading to decreased potency in the delayed treatment. This
conclusion was supported by three pieces of evidence. (i) Repre-
sentative cytokines, TNF-�, IL-10, and IFN-�, were produced by
human PBMCs upon DENV-2 infection. These data are in agree-
ment with the observation that the levels of these cytokines were
elevated in dengue patients (8). (ii) PMA stimulation of PBMCs
decreased the potency of R1479 under a nondelayed treatment
condition. In line with our results, activation of PBMCs was pre-

TABLE 2 Pharmacological parameters of balapiravir in micea

Parametera Value

Cmax
b 24.38 �M

Tmax
b 2.00 h

AUCall
b 96.25 �g · h/ml

AUCinf
b 133.05 �g · h/ml

t1/2
c 14.15 h

a Cmax, maximum concentration of balapiravir in plasma after dosing; Tmax, the time at
which Cmax is reached; AUCall, integral area under the plasma balapiravir
concentration-versus-time curve for the time points at which they were measured
(between 0 and 24 h); AUCinf, integral area under the plasma balapiravir
concentration-versus-time curve from 0 h and extrapolated to infinity; t1/2, half-life of
balapiravir, or the time required for the concentration of balapiravir to reach half of its
original value.
b Parameters derived from CD-1 mice that were orally dosed with 28.1 mg/ml of
balapiravir.
c Parameters derived from CD-1 mice that were dosed with 5.7 mg/kg of balapiravir via
intravenous injection.

FIG 6 In vivo efficacy testing of balapiravir in a mouse model of DENV
viremia. AG129 mice were intraperitoneally inoculated with DENV-2 and
subsequently treated twice daily with vehicle fluid, positive-control compound
NITD008, or a series of escalating doses of balapiravir of up to 100 mg/kg twice
daily. The peak viremia levels on day 3 p.i. were quantified by plaque assay and
are expressed as the number of PFU/ml of blood plasma, shown on a logarith-
mic scale. Whereas twice-daily dosing with NITD008 at 25 mg/kg resulted in a
statistically significant 20-fold reduction of viremia compared to that in the
vehicle-treated mice, twice-daily dosing with balapiravir at 5 mg/kg resulted in
only a slight nonsignificant 2-fold reduction of viremia and no further reduc-
tion at higher doses.
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viously shown to change the activity of nucleosides in HIV infec-
tion (15). (iii) Pretreatment of PBMCs with individual cytokines
significantly reduced the potency of balapiravir. Our results
showed that the effect of preinfection on antiviral potency in
PBMCs is nucleoside dependent. Compared with NITD008 (an
adenosine analog), the potency of R1479 was more significantly
affected by preinfection with DENV. Future studies are needed to
determine whether the observed effect with R1479 is specific to
this molecule or, rather, is pyrimidine specific.

Balapiravir has shown efficacy in a dose-dependent manner
when treating HCV-infected patients. This is in contrast to the
lack of efficacy in dengue patients. Although both HCV and
DENV belong to the Flaviviridae family, the pathogenesis of the
two viruses is different. HCV causes chronic liver diseases,
whereas DENV causes systemic acute diseases. Besides the re-
duced potency of balapiravir in PBMCs that are preinfected with
DENV, two other factors may contribute to the lack of efficacy in
dengue patients. (i) The kinetics of conversion of R1479 to its
triphosphate form could be too slow for the successful treatment
of dengue patients. This is evidenced by the fact that when HCV
patients were treated with balapiravir, there was a delay in the
reduction in the level of viremia during the first 36 h after treat-
ment (7). This is a critical time period for the treatment of dengue
patients, as the viremia drops rapidly after fever development.
Indeed, R1479 was shown to be a poor substrate for deoxycytidine
kinase, the enzyme that converts R1479 to its monophosphate
form; a closely related compound required more than 40 h to
reach the maximum concentration when it was incubated with
primary human hepatocytes at 2 �M (16). (ii) We found that
R1479 had an EC50 of 22.85 �M in the Huh-7 DENV replicon
assay (unpublished data). In contrast, R1479 showed an EC50 of
1.28 �M in the Huh-7 HCV replicon assay (6). Since liver hepa-
tocytes were one of the major replication sites in dengue patients
(17), the low efficacy of balapiravir in DENV-infected hepatocytes
could also contribute to the lack of efficacy.

Nucleoside analogs are prone to cell type-specific activity (18,
19). This is reflected by the EC50 variation when R1479 was tested
in PBMCs and various immortalized cell lines; the EC50s were
estimated to be 0.249, 3.57, 0.626, 14.25, and 22.85 �M in DENV-
infected PBMCs, THP-1, KU812, A549, and Huh-7 cells, respec-
tively (Table 1 and data not shown). This property underlines the
importance of using the right cell type to determine antiviral ac-
tivity. Although DENV replication can be detected in blood cells,
other tissues and organs may also contribute to the overall viremia
during infection. Therefore, for a potential anti-DENV drug, nu-
cleoside analogs with consistent potency in various cell types are
better candidates than compounds with potency limited to a few
cell types.

In summary, this study has provided experimental evidence to
explain why balapiravir failed to show efficacy in dengue patients.
Viral infection-mediated cell activation can decrease the antiviral
activity of a prodrug whose conversion to its active form requires
a host enzyme(s). The magnitude of such an effect on efficacy is
compound dependent (as exemplified by the cytidine-based com-
pound R1479 and the adenosine-based compound NITD008) and
should be factored to estimate the dose efficacious for humans.
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