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ABSTRACT Monophosphate prodrug analogs of 2=-deoxy-2=-fluoro-2=-C-methylguanosine
have been reported as potent inhibitors of hepatitis C virus (HCV) RNA-dependent
RNA polymerase. These prodrugs also display potent anti-dengue virus activities in
cellular assays although their prodrug moieties were designed to produce high lev-
els of triphosphate in the liver. Since peripheral blood mononuclear cells (PBMCs)
are among the major targets of dengue virus, different prodrug moieties were
designed to effectively deliver 2=-deoxy-2=-fluoro-2=-C-methylguanosine mono-
phosphate prodrugs and their corresponding triphosphates into PBMCs after oral ad-
ministration. We identified a cyclic phosphoramidate, prodrug 17, demonstrating
well-balanced anti-dengue virus cellular activity and in vitro stability profiles. We fur-
ther determined the PBMC concentration of active triphosphate needed to inhibit vi-
rus replication by 50% (TP50). Compound 17 was assessed in an AG129 mouse
model and demonstrated 1.6- and 2.2-log viremia reductions at 100 and 300 mg/kg
twice a day (BID), respectively. At 100 mg/kg BID, the terminal triphosphate concen-
tration in PBMCs exceeded the TP50 value, demonstrating TP50 as the target expo-
sure for efficacy. In dogs, oral administration of compound 17 resulted in high PBMC
triphosphate levels, exceeding the TP50 at 10 mg/kg. Unfortunately, 2-week dog tox-
icity studies at 30, 100, and 300 mg/kg/day showed that “no observed adverse effect
level” (NOAEL) could not be achieved due to pulmonary inflammation and hemor-
rhage. The preclinical safety results suspended further development of compound
17. Nevertheless, present work has proven the concept that an efficacious mono-
phosphate nucleoside prodrug could be developed for the potential treatment of
dengue virus infection.

KEYWORDS dengue, nucleotide analog, monophosphate prodrug, cyclic
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The mosquito-borne dengue virus is endemic to tropical and subtropical regions
throughout the world, making dengue fever the most important mosquito-borne

viral disease afflicting humans. Its global distribution is comparable to that of malaria,
with an estimated 2.5 billion people at risk for epidemic transmission (1). There have
been steady increases in countries affected and incidence since the 1950s, and recent
estimates suggest annual rates of 390 million cases accompanied by 20,000 deaths (2).

Dengue viruses (DENVs) can be further classified into four different serotypes
(DENV-1 to -4), all of which can lead to disease symptoms with various degrees of
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severity. Secondary infection by a different serotype may increase the risk of severe
dengue diseases (3). While diagnosis of dengue virus infection can be rapid and simple,
distinguishing the serotype requires additional instrumentation, usually in a laboratory
setting. Thus, the ideal treatment for dengue fever should possess pan-serotype
activities. Although there is a dengue vaccine available, it is approved in only a few
countries for patients 9 to 45 years old with a history of infection (4). No antiviral is
currently available for the treatment of dengue.

DENV is an enveloped, positive-strand RNA virus belonging to the Flaviviridae family
and the genus Flavivirus. Medically important viruses in this class include yellow fever
virus (YFV), Japanese encephalitis virus (JEV), West Nile virus (WNV), and Zika virus
(ZIKV). The dengue virus genome encodes three structural (C-prM-E) and seven non-
structural (NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5) proteins. The nonstructural protein
NS5 contains both methyltransferase and RNA-dependent RNA polymerase (RdRp)
activities. The RdRp is a virus-specific enzyme which catalyzes the replication of viral
RNA from its own complementary template. It is essential for viral replication and an
attractive target for therapeutic intervention (5).

Nucleoside/nucleotide analogs are a highly successful compound class of antivirals,
as exemplified in the treatment of human immunodeficiency virus (HIV), herpes simplex
virus (HSV), hepatitis B virus (HBV), and hepatitis C virus (HCV) (6). These inhibitors are
converted to their active nucleoside triphosphate forms by host cell machinery and
inhibit the synthesis of viral RNAs or DNAs by acting as chain terminators or substrate
mimics (7). Because the modified nucleoside triphosphates must be recognized by the
highly conserved active site of DENV polymerase, they have a high likelihood of
pan-DENV serotype activity and of providing a high barrier to drug resistance (8). These
features make them very attractive for dengue drug development (9). We previously
reported an adenosine-based nucleoside (NITD-008, compound 1; 7-deaza-2=-C-
ethynyl-adenosine) (Fig. 1A), which potently inhibited DENV both in vitro and in vivo.
However, the development of NITD-008 was terminated due to an insufficient safety
profile (10). 4=-Azido-cytidine (R-1479, compound 2) and its ester prodrug, balapiravir
(compound 3) (Fig. 1A), were originally developed for the treatment of HCV, but their
development was terminated due to hematologic adverse events such as lymphopenia
(11). Azido-cytidine (compound 2) was weakly active against dengue virus infection
(12), and balapiravir (compound 3) failed to reduce viral load in dengue patients (13).
Uridine- and guanosine-based prodrugs are effective against dengue virus in vitro
although in vivo activity has yet to be demonstrated (14, 15).

It is not uncommon that many nucleoside analogs suffer the lack of biological
activities in cellular assays due to poor intracellular conversion to their triphosphates.
In particular, conversion of nucleoside analogs into their nucleotide or nucleoside
monophosphates is often rate limiting or nonproductive (16). On the other hand, the
unprotected monophosphate species are poor drug candidates as they have inade-
quate cellular permeability due to the inability of negatively charged phosphates to
cross the cell membrane. To circumvent these problems, the monophosphate prodrug
approach has been developed to deliver the nucleoside monophosphate directly into
target cells (17). This prodrug approach has proven to be effective in improving the
therapeutic potential of antiviral and anticancer nucleosides (18). For instance, the
uridine-based monophosphate prodrug sofosbuvir is a key component in a number of
HCV combination therapies (19). The excellent efficacy of sofosbuvir is due to the
efficient delivery of the nucleoside triphosphate into the target organ, the liver (20).

Similarly, using nucleotide prodrugs to deliver a high level of active triphosphates
into peripheral blood mononuclear cells (PBMCs) has been successfully demonstrated
in tenofovir disoproxil fumarate and tenofovir alafenamide for HIV (21). The prodrug
tenofovir alafenamide was transiently present in plasma (half-life [t1/2] of �30 min)
when dosed orally to dogs. The exposure was sufficient to drive a high and sustained
level of the active metabolite in PBMCs (21). However, this acyclic ribose modification
has not worked for any RNA viruses, and the strategy could not be generalized to
deliver compounds systemically including to PBMCs. GS-5734 (also known as remde-
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sivir) (22) was initially developed for Ebola virus but was repurposed for the treatment
of SARS-CoV-2 and is administered intravenously (i.v.).

In 2010, Pharmasset (acquired by Gilead in 2012) reported two nucleotide prodrugs
of 2=-deoxy-2=-fluoro-2=-C-methylguanosine, PSI-352938 (compound 4) (23, 24) and
PSI-353661 (compound 5) (25), as potent inhibitors of HCV replication (Fig. 1B). Their
common guanosine-based nucleoside triphosphate 6 was reported to be a potent
inhibitor of HCV NS5B polymerase, with a 50% inhibitory concentration (IC50) value of
5.94 �M. We evaluated these prodrugs and the active triphosphate in our PBMC
dengue virus plaque and dengue virus RdRp enzyme assays, respectively. We subse-
quently embarked on the optimization of the prodrug moieties to deliver the active
triphosphate 6 into PBMCs, one of the major dengue virus replication sites (26).

Here, we report our research leading to a cyclic phosphoramidate prodrug of
2=-deoxy-2=-fluoro-2=-C-methylguanosine for the treatment of dengue starting from the
liver-targeting prodrugs. By design, all prodrugs had amino acid ester linkage which
could serve as a target for ubiquitous esterases in the target cells. The optimized
prodrug 17 resulted in high triphosphate loading in PBMCs after oral administration in
dogs. In addition, compound 17 demonstrated oral efficacies at 100 mg/kg twice a day
(BID) in the dengue mouse model with high triphosphate concentrations in PBMCs,
while the liver-targeting prodrug 5 failed to reduce viremia at an even higher dose (25).

FIG 1 Structures and in vitro biological activities of selected dengue antiviral compounds. (A) Structures and in vitro
biological profile of NITD-008 (1), R-1479 (2), and balapiravir (3). (B) Structures and in vitro biological profile of
PSI-352938 (4), PSI-353661 (5), and their corresponding triphosphate 6 and nucleoside 7 metabolites. (C) Synthesis
of cyclic phosphoramidate prodrugs of 6-O-alkyl-2=-deoxy-2=-fluoro-2=-C-methylguanosine. Reactions conditions
are as follows: (i) t-BuMgCl in tetrahydrofuran; (ii) t-BuOK in DMSO; (iii) separation by preparative reverse-phase
HPLC.
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Based on the correlation between the intracellular triphosphate concentration needed
to inhibit 50% of virus replication (TP50) and the viremia reduction observed in in vivo
efficacy studies, we defined the minimum efficacious dose for a nucleoside/nucleotide
prodrug. Finally, we also report the preclinical development and safety assessment of
compound 17.

RESULTS
Chemistry and structure-activity/-property relationship (SAR/SPR). Figure 1A

illustrates adenosine-based (compound 1) and cytidine-based (compound 2) nucleo-
side analogs active against dengue virus. We employed guanosine-based nucleoside
analog 7 (2=-deoxy-2=-fluoro-2=-C-methylguanosine) and investigated a suitable
prodrug moiety to effectively deliver the monophosphate into PBMCs. As shown in Fig.
1B, compound 7 is not active, but the linear prodrug 5 had excellent activity, suggest-
ing that the conversion of compound 7 to the corresponding monophosphate is the
rate-limiting step. To confirm activity against dengue virus RdRp, we performed an in
vitro dengue virus RdRp assay with the active triphosphate form. The resulting IC50 is
1.1 �M, confirming our hypothesis.

From various types of nucleotide prodrugs, we focused our attention on 3=,5=-cyclic
phosphoramidates (27). To access the cyclic phosphoramidate prodrugs, the nucleoside
starting material, 6-O-alkyl-2=-deoxy-2=-fluoro-2=-C-methylguanosine 8, was prepared
according to the literature (28). The guanosine analog 8 was reacted with pentafluo-
rophenyl ester agent 9 in the presence of tert-butylmagnesium chloride (tert-BuMgCl)
as a base to yield the linear phosphoramidate product 10 as a mixture of diastereomers.
The cyclization step was carried out by treatment of compound 10 with tert-butoxide
(t-BuOK) in dimethyl sulfoxide (DMSO) to afford a diastereomeric mixture of cyclic
product 11, which was separated by reverse-phase high-performance liquid chroma-
tography (RP-HPLC) to yield each single phosphorous stereoisomer, Sp or Rp (Fig. 1C).
The phosphorous stereochemistry of one of the cyclic phosphoramidates, compound
17, was assigned an Rp configuration as determined by single-crystal X-ray analysis (Fig.
2). The X-ray structure of compound 17 indicates that the phosphoramidate moiety is
cis oriented to the guanine base through H bond formation between the carbonyl and
7-NH2. In the 31P nuclear magnetic resonance (NMR) spectroscopy, the phosphorous
peak of Rp isomer 17, rather than the corresponding Sp isomer, appeared in the upper
field. This observation was applied to assign the phosphorous stereochemistry for the
rest of the analogs.

FIG 2 Single X-ray crystal structure of compound 17, represented as ball and stick model. The oxygen,
nitrogen, fluorine, and phosphorous atoms are colored in red, blue, green, and orange, respectively.
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Over 150 cyclic phosphoramidates were synthesized with variations in the ester,
amino acid, phosphorous stereoisomer, and C-6 substitutions on the guanine base. As
highlighted in Table 1, the prodrugs were assessed by cellular anti-dengue virus
activity, plasma stability, liver fraction S9 stability, and intestinal fraction S9 stability to
select the best prodrug with a balanced profile. Most of the prodrugs had a half-life of
over 120 min in plasma and in the intestinal S9 fraction in higher species (dogs and
human). The cyclic prodrug 12 had the same amino acid moiety and phosphorus
stereochemistry (Sp) as compound 5 but showed a 2-fold-longer half-life than the linear
prodrug 5 in the human liver S9 fraction. The Rp isomer 13 was much less potent, with
a 2-fold-longer liver S9 fraction half-life than the Sp isomer 12. The corresponding
(R)-alanine analogs 14 and 15 led to reduced anti-dengue virus activity. The glycine
analog 16 had similar potency and stability profiles as the alanine prodrug 13. The ethyl
ester 17 showed 3-fold improvement in potency while maintaining similar stability in
the liver S9 fraction. The methyl ester 18 had a good stability profile but was less potent
than compound 17. The more lipophilic 6-O-iPr analog 19 did not change levels of
anti-dengue virus activity and in vitro stability. Based on balancing antiviral activities
and in vitro stability profiles, alanine-based prodrugs with different combinations of
esters and stereoisomers (compounds 12, 14, 17, and 18) were selected for further
characterization.

Cyclic phosphoramidate prodrugs of 2=-deoxy-2=-fluoro-2=-C-methylguanosine
show correlations between triphosphate levels and antiviral activities in PBMCs.
Selected cyclic phosphoramidate prodrugs 12, 14, 17, and 18 as well as the linear
phosphoramidate PSI-353661 (compound 5) were assessed for their levels of triphos-
phate conversion in vitro. Compounds were incubated in human PBMCs at 10 �M for
24 h. At least two biological replicates were conducted for each compound (three
technical replicates for each biological replicate). A trend of linear correlation was
observed between triphosphate levels and potencies in human PBMCs (Fig. 3), and the
most potent compound, 12, showed the highest triphosphate level in vitro.

Cyclic phosphoramidate prodrugs of 2=-deoxy-2=-fluoro-2=-C-methylguanosine
show different PK profiles in dogs. The cyclic phosphoramidate prodrugs showed
low plasma stability in rodents but high plasma and liver S9 fraction stability in dogs
and humans (Table 1). Thus, dogs were chosen as the preclinical species relevant for the
pharmacokinetic (PK) assessment of the selected prodrugs.

Compounds 12, 14, 17, and 18 were dosed i.v. (0.5 mg/kg) and orally (p.o.) (3 mg/kg)
in dogs to determine the pharmacokinetic parameters of the intact prodrug and

TABLE 1 Anti-dengue virus activities and in vitro stability profiles of cyclic phosphoramidate prodrugs of 6-O-alkyl-2=-deoxy-2=-fluoro-2=-C-
methylguanosinea

Compound R1b R2c R3

Sp or
Rp

PBMC
EC50 (�M)d

t1/2 (min) in
plasma in:

t1/2 (min) in liver
S9 fraction in:

t1/2 (min) in
intestinal
S9 fraction in:

Human Dog Rat Human Dog Human Dog

4e Rp �25 �120 NDf �120 �120 ND ND ND
5e Sp 0.17 �120 �120 �5 18 51 �120 72
12 i-Pr Me (L-Ala) Et Sp 0.072 �120 �120 �5 36 56 �120 �120
13 i-Pr Me (L-Ala) Et Rp 0.67 �120 �120 �5 63 110 �120 �120
14 i-Pr Me (D-Ala) Et Sp 0.37 �120 �120 6 �120 �120 �120 �120
15 i-Pr Me (D-Ala) Et Rp 1.1 �120 �120 6 105 73 ND ND
16 i-Pr H (Gly) Et Rp 0.33 �120 �120 �5 58 91 ND ND
17 Et Me (L-Ala) Et Rp 0.23 �120 �120 �5 76 116 �120 �120
18 Me Me (L-Ala) Et Rp 0.46 �120 �120 �5 �120 �120 �120 �120
19 Me Me (L-Ala) i-Pr Rp 0.43 113 �120 �5 �120 �120 ND ND
20 Et i-Pr (D-Val) Et Sp 0.23 �120 �120 66 82 61 �120 �120
aThe structure of 6-O-alkyl-2=-deoxy-2=-fluoro-2=-C-methylguanosine with associated R groups is shown in Fig. 1C.
bi-Pr, iso-propyl; Et, ethyl; Me, methyl.
cThe associated amino acid is shown in parentheses.
dDENV-2 plaque assay in human PBMCs.
eStructure is shown in Fig. 1B.
fND, not done.
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metabolite 7 in plasma (Table 2) as well as the triphosphate 6 in PBMCs (Table 2 and
Fig. 4). Compound 17 showed the highest intracellular triphosphate level in PBMCs
after oral dosing; thus, it was selected for further characterization.

Compound 17 shows pan-serotype and good antiviral activities in multiple cell
lines. The activities of compound 17 against all four DENV serotypes were examined in
primary human PBMCs and in cell lines other than PBMCs. Compound 17 was active
against all DENV serotypes, as shown in Table 3. It also showed good activity in multiple
cell lines, which may be important for in vivo efficacy as DENV infection shows a broad
tissue tropism (29).

FIG 3 Correlation between triphosphate levels versus potencies in human PBMCs. For the PBMC
triphosphate level, different prodrugs (compounds 12, 5, 17, 14, and 18) were incubated in human PBMCs
at 10 �M for 24 h, and then the intracellular triphosphate concentration was measured by LC-MS/MS.
Data were obtained from at least two biological replicates. The DENV-2 EC50 was obtained from the
human PBMCs plaque assay. See Materials and Methods for further details.

TABLE 2 Pharmacokinetic parameters of prodrugs 12, 14, 17, and 18

Drug and routea Parameterb

Value for the prodrugc

12 14 17 18

Intact prodrug in plasma
i.v. Vss (l/kg) 0.4 ND 0.5 0.5

ER (%) �100 67 45
t1/2 (h) 0.1 0.3 0.3

p.o. Cmax (�M) 1.0 0.8 2.5 1.8
Tmax (h) 0.08 0.25 0.08 0.25
AUClast (�M·h) 0.3 0.5 1.6 1.3
F (%) 25 ND 44 24

Nucleoside metabolite 7 in plasma
i.v. t1/2 (h) 4.0 4.0 3.4 3.9
p.o. Cmax (�M) 0.8 0.8 0.5 1.3

Tmax (h) 0.5 0.5 2 1
AUC0–24 (�M·h) 4.1 2.4 4.5 6.8

Triphosphate metabolite 6 in PBMCs
p.o. Cmax 0.7 0.9 2.7 0.7

Tmax 1.0 16 11 4.7
AUC0–24 8.5 13.0 43.5 12.3

aBeagle dogs (n � 3) were dosed i.v. at 0.5 mg/kg and p.o. at 3 mg/kg.
bVss, volume of distribution at steady state; ER, hepatic extraction ratio, calculated from the i.v. clearance
using a dog liver blood flow of 42 ml/min/kg; t1/2, elimination half-life; Cmax, maximum concentration; Tmax,
time to reach maximum concentration; AUClast, area under the concentration-time curve (from t � 0 until
the last measurable concentration); AUC0 –24, area under the concentration-time curve for t � 0 to 24 h; F,
bioavailability.

cND, not determined.
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Compound 17 is converted to the active triphosphate 6 in PBMCs across
multiple species. For preclinical development, various animal models are typically
used to assess the pharmacokinetics, efficacy, and safety of a compound. To assess the
relevant species for further characterization, the triphosphate conversion of compound
17 was assessed in vitro. As shown in Table 4, the prodrug was converted to different
levels of triphosphate in the PBMCs of all the species relevant for safety and efficacy
assessment (mouse, rat, dog, monkey, and human).

TP50 and determination of exposure target for efficacy. Although the AG129
viremia mouse model was considered a suitable model for testing anti-dengue virus
efficacy (30), it was very challenging to use this animal model due to high esterase
activity in plasma, resulting in in vivo metabolism and thus little exposure of the intact
prodrug. We measured the active triphosphate 6 in PBMCs as potency is driven by the

FIG 4 Pharmacokinetic profiles of triphosphate 6 in PBMCs. Selected prodrugs (compounds 12, 14, 17,
and 18) were dosed orally (3 mg/kg) to Beagle dogs, and the PBMC triphosphate concentration from each
prodrug was measured by LC-MS/MS. Error bars represent standard deviations (n � 3 dogs).

TABLE 3 In vitro activities and cytotoxicities of compound 17 across multiple serotypes
and cell lines

Cell type Assay type Parameter Activity (�M)

PBMC DENV-1 (48 h) EC50 0.18 � 0.06
DENV-2 (48 h) EC50 0.23 � 0.04
DENV-3 (48 h) EC50 0.36 � 0.33
DENV-4 (48 h) EC50 0.37 � 0.14

THP-1 DENV-2 EC50 0.46 � 0.20
KU812 DENV-2 high-content imaging EC50 1.41

K562 DENV-2 EC50 2.79 � 0.22
Cytotoxicity CC50 �100

293T DENV-2 EC50 3.40
Huh-7 DENV-2 replicon expressing luciferase EC50 1.73 � 1.06
HepG2 Cytotoxicity CC50 �100
MT-4 Cytotoxicity CC50 �100

TABLE 4 Conversion of prodrug 17 to triphosphate in the PBMCs of multiple species

Compound 17 concn (�M)a

Triphosphate concn (�M) in PBMCs of:b

Mouse Rat Dog Monkey Human

10 8.5 � 2.5 ND 2.8 � 0.4 39.2 � 14.5 15.9 � 10.6
100 53.4 � 8.4 8.8 � 0.5 13.8 � 1.8 22.6 � 6.4 59.7 � 19.4
aCompound was incubated in PBMCs at 10 and 100 �M for 24 h, and then the triphosphate concentration
was measured by LC-MS/MS.

bData are means � standard deviations (n � 3 biological replicates). ND, not determined.
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intracellular triphosphate level (Fig. 3). For pharmacokinetic/pharmacodynamic (PK/PD)
correlation, we determined the TP50, which is the intracellular triphosphate concentra-
tion that inhibits virus replication by 50% (or the amount of triphosphate generated in
cells at the 50% effective concentration [EC50] of the prodrug). The TP50 becomes the
exposure target in PBMCs for in vivo efficacy.

Due to the sensitivity limitation of the analytical method, it was not possible to
measure the PBMC triphosphate concentration at the EC50 of the prodrug. Thus, we
incubated human PBMCs for 24 h with higher prodrug concentrations (3, 10, 30, and
100 �M) and observed the intracellular triphosphate levels, which followed Michaelis-
Menten enzyme kinetics (Fig. 5), as has been reported for other triphosphates (12).
Saturation was observed at the higher prodrug concentration.

The TP50 experiments were conducted with compound 17 in three biological
replicates (three technical replicates for each biological replicate). From each biological
replicate, the Michaelis-Menten equation was used to fit the curve, as described in
Materials and Methods (see “TP50 determination”). Using the same batch of PBMCs, the
EC50 was also determined as described in Materials and Methods (see “In vitro antiviral
assays”). The TP50 value was extrapolated from the EC50 of the prodrug. The average
TP50 value from all the biological replicates was 0.78 � 0.43 �M.

Compound 17 shows in vivo efficacy in a dengue mouse model. Compound 17
(given p.o. at 10, 30, 100, and 300 mg/kg BID for 3 days) was assessed in the AG129
viremia mouse model. The infection of mice with DENV-2 (strain TSV01) leads to viremia
which peaks on day 3 postinfection (30). A dosing scheme with the blood-sampling
schedule is depicted in Fig. 6A.

Nucleoside metabolite 7, but not the intact prodrug, was detectable in plasma. This
is expected as the prodrug half-life in mouse plasma is likely less than 5 min, similar to
that in rat plasma (Table 1). Triphosphate 6 was not detected in plasma, as expected,
as the conversion of the prodrug to the active triphosphate happens intracellularly.
Table S1 in the supplemental material shows the pharmacokinetic parameters obtained
for metabolite 7 and a trend of dose proportionality.

Efficacy was observed at 100- and 300-mg/kg BID doses as the viremia was signif-
icantly reduced by 28- and 54-fold (or 1.6- and 2.2 logs), respectively. The 10- and
30-mg/kg BID doses were not efficacious as the viremia reduction was only 3- and
4-fold, respectively, and was not significant (Fig. 6B).

The PBMC triphosphate level was quantified from a pool of 6 mice from the 30- and
100-mg/kg BID groups. At 72 h after the first dose (terminal sampling, the same time
points as the viremia readout), the intracellular triphosphate levels of the 30- and
100-mg/kg BID groups were 0.39 and 1.43 �M, respectively (Fig. 6C). Corresponding to
the observed efficacy, the terminal triphosphate concentration exceeded the TP50

(0.78 �M) for the 100-mg/kg BID group but not for the 30-mg/kg BID group.
Dose escalation study for preclinical development. Compound 17 underwent

crystal form selection and formulation optimization to obtain the highest oral bioavail-
ability in dogs (Table S2). Using the optimized solid dispersion formulation, the PBMC
triphosphate levels and dose proportionality were reassessed in dogs (p.o. at 10, 30,
100, and 300 mg/kg). A dose proportionality was observed for the intact prodrug and
metabolite 7 in plasma (Fig. 7A and B and Table 5). The intact prodrug had a short
half-life (�1 h), while metabolite 7 had a long half-life (9 to 13 h) and constituted the
major metabolite in dog plasma. Other phosphoramidate intermediates were also
detected in plasma but at lower levels and with much shorter half-lives (data not
shown).

Upon administration of a single oral dose of compound 17, prolonged exposure of
triphosphate 6 in PBMCs was observed. The triphosphate half-life was 3.5 days in dogs.
A trend of dose proportionality was observed in spite of the high variability of the
triphosphate levels (Fig. 7C and Table 5).

Compound 17 in vitro and in vivo safety assessment. Compound 17 was assessed
in multiple cell lines (HepG2, K562, and MT-4) (31) and found to be clean (Table 3), as
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well as in various in vitro biochemical assays, including the mini-Ames test for geno-
toxicity, assays of the hERG (human ether-a-go-go related gene) channel for cardiovas-
cular toxicity and CYP450 inhibition for drug-drug interactions, a micronucleus assay for
mutagenicity, and determination of various receptor, ion channel, and kinase profiles.
The compound did not show significant inhibition in any of these assays. Of note,
PSI-353661 (compound 5) had also been assessed in various cytotoxicity assays, includ-
ing in HepG2, Huh-7, and BxPC3 cells, and the compound demonstrated a CC50 of
�80 �M (32), suggesting low in vitro cytotoxic liability for this compound series.

With no observed in vitro toxicity, compound 17 was progressed to 2-week rat and
dog toxicology studies. Compound 17 was administered by oral gavage at 100, 300,
and 1,000 mg/kg/day in rats and at 30, 100, and 300 mg/kg/day in dogs. The compound
was tolerated in rats when given at doses up to 1,000 mg/kg/day for 14 consecutive
days. Unfortunately, compound 17 was poorly tolerated in dogs. On days 7 to 9,
significant findings in the lung (inflammation and hemorrhage) led to a severe decline
in canine health, moribund animals, and necessary termination of some animals from
the highest dose group. The findings were dose related, and mild pulmonary inflam-
mation and hemorrhage were already observed in one of the six dogs in the 30-mg/
kg/day group. The no observed adverse effect level (NOAEL) was not achieved in dogs.
Table S3 shows the triphosphate levels in dog PBMCs obtained on day 1 and day 14.

DISCUSSION

Our objective is to develop an oral dengue drug that is efficacious and safe.
Nucleoside analogs offer several advantages as dengue drug candidates as they target
an essential virus-specific enzyme, RdRp (5), and have pan-serotypic activity and a high
resistance barrier (8). As PBMCs are among the major viral replication sites (26), the
active triphosphate concentration in PBMCs was used as a pharmacological marker for
efficacy in addition to the EC50 value generated in PBMCs. The same measurement of
triphosphate concentration in the target organs has also been used as a pharmaco-
logical marker for HIV (33). Since there are several steps for nucleoside analogs to
become active in the cell, it is essential to set up the in vitro assay with conditions that
are as similar to those in the target organ as possible.

The use of 4G2 antibody-enhanced PBMC infection warrants special explanation. We
tried several cell types and were surprised that the variation is much greater for
nucleoside analogs than for other antiviral compounds. For instance, PSI-352938 (com-

FIG 5 TP50 determination. Compound 17 (3, 10, 30, and 100 �M) was incubated in human PBMCs for
24 h, and the intracellular triphosphate concentration was measured. A Michaelis-Menten equation was
used for curve fitting. The TP50 was calculated from extrapolating the DENV-2 EC50 of compound 17 to
the triphosphate concentration. See Materials and Methods for more details. Experiments were con-
ducted in three biological replicates. The graph represents one of the three biological experiments (error
bars represent standard deviations from three technical replicates in each experiment). The average TP50

is 0.22 � 0.12 pmol/1e6 cells (0.78 � 0.42 �M) (means � standard deviations from 3 biological
replicates).
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pound 4) (Fig. 1B) has submicromolar activity in Huh-7 cells but is inactive in PBMCs.
The discrepancy is due to initial CYP3A4-mediated dealkylation of the cyclic phosphate
moiety (34). This prompted us to carefully select the cell types which best mimic the
pathogenesis of dengue virus. We finally settled for PBMCs as they are among the
target cells for dengue virus. To improve the efficiency of the infection, we used
antibody enhancement using 4G2 antibody and detection by plaque assay.

Several successful examples of nucleoside antivirals have been developed for HIV,
HSV, HBV, and HCV therapeutic areas (6). For dengue virus, several different nucleosides
have been studied, i.e., NITD-008 and balapiravir. NITD-008 demonstrated good oral
efficacy in the dengue mouse model, but it was unable to progress to human clinical
trials due to an insufficient safety profile (10). Balapiravir was repurposed from HCV in
a phase II dengue clinical trial, but failed to reduce viral load in the patients (13).
Although the reasons remain to be fully understood, one potential reason could be that
the activation of PBMCs during dengue virus infection led to reduction in the potency
of balapiravir, as described previously (12). We chose our starting point to be 2=-deoxy-
2=-fluoro-2=-C-methylguanosine as its active triphosphate showed potent inhibition for
dengue virus RdRp with an IC50 value of 1.1 �M. PSI-352938 (compound 4) and
PSI-353661 (compound 5) also displayed inhibition of DENV in Huh-7 cells containing
dengue virus replicon, with EC50 values of 0.76 �M and 0.044 �M, respectively (Fig. 1B).
PSI-352938 passed preclinical safety assessments and was well tolerated at doses of up
to 1,600 mg once daily in a phase I study (20). In a later phase II study, this compound

FIG 6 Efficacy study and PBMC triphosphate analysis in the dengue viremia mouse model. (A) Dosing scheme of efficacy study in
AG129 mice. Compound 17 was dosed p.o. immediately after infection at 10, 30, 100, and 300 mg/kg BID for 3 days (total doses of
20, 60, 200, and 600 mg/kg/day). Each dose group contained 6 mice. Plasma was sampled at 1, 3, 6, 24, 48, 50, 52, 55, and 72 h after
the first dose for intact prodrug and nucleoside 7 analysis. A plasma sample was also taken at 72 h after the first dose (terminal
sampling) for viremia readout. PBMCs were collected during the terminal time points for triphosphate analysis. (B) Compound 17
shows efficacy in AG129 mice. Viremia readout from each mouse was done on day 3 (at terminal time points) by plaque assay. Error
bars represent standard deviations (n � 6 mice). Compound 17 reduced viremia by 3-, 4-, 28- and 54-fold at doses of 10, 30, 100, and
300 mg/kg/day BID, respectively. The viremia reductions at doses of 100 and 300 mg/kg BID are significant (P � 0.0001). The difference
in the viremia reduction levels between the 30- and 100- or 300-mg/kg BID groups are also significant (P � 0.01 or P � 0.0001,
respectively). *, P � 0.01; ***, P � 0.0001. (C) PBMC triphosphate concentration from 30- and 100-mg/kg BID groups. Blood from 6 mice
was pooled at the terminal time point (72 h after the first dose) to collect PBMCs. The terminal triphosphate concentrations were 0.39
and 1.43 �M for the 30- and 100-mg/kg BID groups, respectively. The terminal triphosphate level from the 100-mg/kg BID group
exceeded TP50.
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caused liver function abnormalities after 13 weeks of dosing (35). Similarly, PSI-353661
was not ideal against dengue virus as it had a short half-life in the liver S9 fraction
(�20 min) and was designed for targeting the liver, not for systemic distribution, as
required.

We suspected that the triphosphate metabolite could be the reason for liver toxicity
and hypothesized that modification of the prodrug moiety could change the com-
pound distribution and thus reduce liver toxicity. Our prodrugs are specifically de-

FIG 7 Pharmacokinetic profiles of the intact prodrug (A), major metabolite nucleoside 7 in plasma (B), and triphosphate metabolite
6 in PBMCs (C) upon single rising doses of compound 17 in Beagle dogs. Error bars represent standard deviations (n � 3 dogs). The
triphosphate concentration in PBMCs was determined only from the 10- and 30-mg/kg groups. At 10 mg/kg, the PBMC triphosphate
level exceeded TP50.

TABLE 5 Pharmacokinetic parameters of compound 17 dosed orally in solid dispersion
formulation to Beagle dogsa

Parameterb

Value for the parameter at the indicated dose (mg/kg) of:c

Intact prodrug Nucleoside 7 Triphosphate 6

10 30 100 300 10 30 100 300 10 30

Cmax (�M) 1.9 4.6 17.3 24.9 0.5 1.3 3.4 7.5 13.1 22.3
Tmax (h) 0.5 0.5 0.7 0.7 2.3 3.0 3.0 3.0 32d 9.3d

AUClast (�M·h) 1.9 5.6 33.6 72.6 7.2 17.0 46.4 130.6 957.6 1879.9
t1/2 (h) 0.4 0.7 1.1 4.7 8.9 26.9 8.6 31.1 86.6 86.6
aCompound 17 was dosed orally at 10, 30, 100, and 300 mg/kg in solid dispersion formulation to Beagle
dogs (n � 3).

bCmax, maximum concentration; Tmax, time to reach maximum concentration; AUClast, area under the
concentration-time curve (t � 0 until the last measurable concentration; for intact prodrug and nucleoside,
t � 0 up to 24 h [Fig. 7A and B]; for triphosphate, t � 0 to 168 hours); t1/2, half-life.

cIntact prodrug and major metabolite 7 were measured in plasma from all dose groups. Triphosphate 6 was
measured in PBMCs only from the 10- and 30-mg/kg dose groups.

dHigh interanimal variability observed (Fig. 7C).
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signed to maximize the stability in gastrointestinal and liver tissue and in systemic
circulation before penetrating into PBMCs. Once inside PBMCs, the intracellular en-
zymes would unmask the prodrug moieties easily, allowing further metabolism to the
active triphosphate. We used in vitro stability in liver and intestinal S9 fractions and
plasma stability, together with cellular anti-dengue virus activity in PBMCs, to find the
most balanced compound. From various types of nucleotide prodrugs, we became
interested in the 3=,5=-cyclic phosphoramidates (27). This particular prodrug could offer
additional advantages compared to those of the linear phosphoramidates like PSI-
353661 (compound 5) as they masked the 3=-free OH and reduced a degree of
rotational freedom, potentially allowing for improved cell entry and prolonged meta-
bolic stability in the liver. In addition, 3=,5=-cyclization eliminated the release of toxic
aromatic alcohols like phenol and naphtol. Over 150 cyclic phosphoramidates were
synthesized, with variations in the ester, amino acid, phosphorous stereoisomer, and
C-6 substitution on the guanine base. Based on balanced in vitro dengue virus and
stability profiles (Table 1), we selected alanine prodrugs with different combinations of
esters and stereoisomers (compounds 12, 14, 17, and 18) for further characterization.
We directly monitored the concentration of the active triphosphate 6 in PBMCs and
observed a trend of linear correlation between potencies and PBMC triphosphate levels
(Fig. 3). This correlation is expected as the triphosphate is the pharmacologically active
form inhibiting viral replication through termination of RNA chain synthesis (7, 10).

In vivo pharmacokinetic profiling for the selected prodrugs 12, 14, 17, and 18 was
performed in dogs with i.v. administration at 0.5 mg/kg and p.o. at 3 mg/kg to establish
plasma clearance, oral bioavailability, and triphosphate loading in PBMCs over 24 h
(Table 2; Fig. 4). Prodrug 12 had the least stability (the highest clearance) both in vitro
in the liver S9 fraction and in vivo. Compound 17 showed the highest level of
triphosphate in PBMCs (about 3-fold), albeit with high interanimal variabilities due to
the multiple enzymes required for the conversion. It has been reported that small
modifications of phosphoramidate prodrugs could change the triphosphate conversion
dramatically (36). Overall, compound 17 becomes our lead compound to progress for
further characterization as it achieved both good pharmacokinetic profiles (Tables 1
and 2) and in vitro potencies across different serotypes and cell lines (Table 3). To assess
the relevance of various animal models for pharmacokinetics, efficacy, and safety
evaluation for further preclinical development, we tested compound 17 for triphos-
phate conversion in PBMCs of multiple species (Table 4). In fact, species difference in
triphosphate conversion has been well documented (34, 36–38). We demonstrated that
compound 17 was converted to the active triphosphate in the PBMCs of all the relevant
species, including mice and monkeys, which enable compound assessment in the two
different dengue virus infection animal models if needed (30, 39).

To develop pharmacokinetic/pharmacodynamic (PK/PD) correlation and determine
the minimum efficacious dose of prodrug 17, we determined the TP50 (Fig. 5). TP50 is
the intracellular triphosphate concentration at which 50% of the viral replication is
inhibited (12). Next, we wanted to assess if the level of triphosphate can be translated
to efficacy in vivo using a dengue viremia mouse model (30). Due to the abundant
carboxylesterases in the plasma of rodent species (40), oral doses of 100 and 300 mg/kg
BID for 3 days were needed to achieve at least a 1-log viremia reduction (1.6- and
2.2-log viremia reductions, respectively), while the efficacy was not observed at 10 and
30 mg/kg (Fig. 6). The PBMC triphosphate concentration on day 3 reached TP50

(0.78 �M) for the 100-mg/kg BID group (1.43 �M) but not for the 30-mg/kg BID group
(0.39 �M). Based on these in vitro and in vivo results, we defined here for the first time
the minimum efficacious dose for a nucleos(t)ide prodrug as the dose that is required
to maintain a triphosphate concentration in PBMCs above the TP50. By applying this
principle to dog species, whose plasma stability is close to that of human, compound
17 reached the TP50 already at 10 mg/kg (Fig. 7C).

Once we were able to estimate the minimum efficacious dose in dogs, the com-
pound was prepared for preclinical toxicology evaluation in vivo. A solid dispersion
formulation was developed to improve the oral bioavailability and enable compound
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safety assessment at high doses. Single-dose pharmacokinetic studies were conducted
in dogs to confirm the PBMC triphosphate level and assess the dose proportionality.
Compound 17 showed a trend of dose proportionality for the intact prodrug and free
nucleoside metabolite in plasma as well as for the triphosphate level in PBMCs. The
level of triphosphate was sustained at a level above the TP50 for at least 1 week after
a single dose of 10 mg/kg (half-life of 3.5 days), making the compound possible for a
single-dose cure (Fig. 7; Table 5). The long intracellular half-life has been reported for
other nucleoside triphosphates in vivo (19) as well as in vitro in lymphocyte- or
monocyte-derived cells (41, 42). We also observed it when we conducted PBMC studies
with a close analog of compound 17 (see Fig. S1 in the supplemental material).

Compound 17 was further assessed for safety in 2-week rat and dog toxicology
studies. Although the half-life of compound 17 in rat plasma is �5 min, the triphos-
phate could still be detected in PBMCs upon multiple oral doses. Compound 17 was
tolerated in rats but not in dogs. At 100 and 300 mg/kg/day, clinical signs accompanied
by weight loss were already observed on day 7, causing early termination for these two
groups. Liver was not the target organ for this compound, unlike PSI-352938. This
indicates that our prodrug moiety has changed the compound distribution. However,
tubular degeneration of the kidneys, lung inflammation, and hemorrhage were ob-
served, among other findings. The pathology findings in dogs were dose related.
NOAEL (no observed adverse effect level) was not achieved in this study. Due to the
severity and only partial reversibility of the adverse findings, further development of
compound 17 was not pursued.

Although compound 17 did not progress to the clinical stage, the orally bioavailable
prodrug is pioneering the field. A phosphoramidate prodrug has never been shown to
be suitable for oral administration as phosphoramidates usually break down in the liver.
Although the tenofovir-based prodrugs are orally bioavailable, they are significantly
different as this type of modification is unlikely to work in RNA viruses. Another
example of a phosphoramidate prodrug is remdesivir. It was initially developed for
Ebola virus but later repurposed for the treatment of SARS-CoV-2. It has to be delivered
intravenously as the drug will be extensively metabolized if given orally. This severely
limits the accessibility of the drug as it has to be administered in a hospital setting. We
demonstrated that it is possible to have an orally available phosphoramidate drug by
modifying the prodrug moiety. We postulate that this concept can be applied to
remdesivir. By changing the linear prodrug portion to a cyclic one, we believe that it
can make remdesivir orally bioavailable and broaden its application outside a hospital
setting.

Taking these results together, we have shown the potential of monophosphate
prodrugs for dengue virus infection and demonstrated a suitable prodrug moiety to
effectively deliver the monophosphate into PBMCs upon oral dosing. We have ad-
dressed the efficacy of monophosphate prodrugs by demonstrating a proof of concept
in a mouse model. We established the TP50 (the intracellular triphosphate concentra-
tion at which 50% of the virus replication is inhibited) for a guanosine analog as an
exposure target and defined the minimum efficacious dose as the one that is required
to maintain a triphosphate concentration in PBMCs above the TP50. This concept could
be universally applied and will be useful to evaluate the efficacy of any dengue virus
nucleos(t)ide monophosphate prodrug.

MATERIALS AND METHODS
Materials. All nucleoside/nucleotide compounds were synthesized at the Novartis Institute for

Tropical Diseases (NITD). The solid dispersion batch of compound 17 consisted of 20% (wt/wt) active
ingredient, 40% (wt/wt) hypromellose acetyl succinate (HPMC-ASLF; Shin-Etsu Chemical, Tokyo, Japan),
35% (wt/wt), hypromellose (HPMC-E3; Shin-Etsu Chemical, Tokyo, Japan), and 5% (wt/wt) sodium lauryl
sulfate (SLS; Sigma-Aldrich, St. Louis, MO). 8-Bromoadenosine 5=-triphosphate (Br-ATP) and hexylamine
were from Sigma-Aldrich. Acetonitrile (liquid chromatography mass spectrometry [LC-MS] grade) was
from Merck (Darmstadt, Germany). All other solvents, reagents, and chemicals were either of molecular
biology grade or of the highest chemical grade available from Sigma-Aldrich or Thermo Fisher Scientific
(Waltham, MA) unless otherwise mentioned.
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Pooled liver S9 fraction (Gentest, Corning, NY) and intestinal S9 fraction (XenoTech, Kansas City, KS)
were from mixed genders for human and from males for all other species. Plasma matrix for in vitro
stability assays were from mixed genders and obtained from Seralab (West Sussex, UK). Cryopreserved
human PBMCs (individual donors) were purchased from AllCells (Alameda, CA) or ReachBio (Seattle, WA).
Written consent from the donors was available for all samples. All experiments involving human matrices
were approved by the Institutional Review Board of Novartis prior to the start of the experiments. PBMCs
from other species (pooled) were from 3H Biomedical (Uppsala, Sweden). C6/36, THP-1, KU812, K562, and
293T cells were from American Type Culture Collection (ATCC, Manassas, VA).

Vacutainer cell preparation tubes (CPTs) (with sodium citrate; 4-ml draw capacity) were from BD
Biosciences (Franklin Lakes, NJ). The collagen I-coated plates were from Thermo Fisher Scientific. HEPES
buffer, RPMI 1640 medium, and penicillin-streptomycin were from Life Technologies (Carlsbad, CA).
PhosSTOP (phosphatase inhibitor) and protease inhibitor cocktail (cOmplete) tablets were from Roche
Applied Science (Penzberg, Germany).

Stability in plasma, liver, and intestinal S9 fraction. Stability assays in plasma, liver, and the
intestinal S9 fraction were performed as previously described (43, 44). Briefly, the metabolic reaction was
initiated by addition of compounds to the matrices. Incubation was conducted in a shaking water bath
(37°C), and time points were sequentially taken. Samples were quenched with ice-cold acetonitrile and
analyzed by LC with tandem MS (LC-MS/MS). The half-life (t1/2) was calculated from the rate of compound
depletion.

In vitro antiviral assays. Antiviral assays in PBMCs were performed by plaque assay as previously
described (12). The EC50 was calculated by Prism (GraphPad Software, La Jolla, CA) using the equation for
a sigmoidal dose-response (variable slope) curve.

The Huh-7 cell dengue virus replicon assay was previously described (14). The cells harbor stable
subgenomic dengue virus RNA capable of replicating in the cells without the structural proteins that are
necessary for formation of mature virions. For the 293T cell dengue virus plaque assay, 3 � 104 cells were
seeded in a 96-well collagen I-coated plate in 100 �l of medium (Dulbecco’s modified Eagle’s medium
[DMEM] supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin) 1 day prior to
infection. The medium was removed, and the cells were infected with the virus-antibody complex at a
multiplicity of infection (MOI) of 3 in the same medium without serum for 1 h at 37°C. The medium was
then removed and replaced with DMEM supplemented with 2% fetal bovine serum and 1% penicillin-
streptomycin for another 2 days. The EC50 was calculated using a plaque assay as described previously.
THP-1 and KU812 assays were performed as described previously (45). A K562 assay was performed
similarly at an MOI of 1. A cytotoxicity assay was also performed as previously described (15, 31).

An RdRp assay was conducted as previously described (12). Briefly, a 244-nucleotide RNA with the
sequence 5=-(TCAG)20(TCCAAG)14(TCAG)20-3= was used as a template (46). Compounds with various
concentrations were mixed with the RNA template (100 nM), dengue virus RdRp (100 nM), 0.5 �M
BBT-GTP (where BBT is 2’-[2-benzothiazoyl]-6’-hydroxybenzothiazole), and 2 �M ATP, CTP, and UTP in the
buffer containing 50 mM Tris HCl, pH 7.5, 10 mM KCl, 0.5 mM MnCl2, and 0.01% Triton X-100 for 120 min.
The amount of substrate produced and IC50 were determined as described previously (47).

In vitro triphosphate conversion studies in PBMCs. Cryopreserved PBMCs were thawed and
incubated in RPMI medium containing 2% fetal bovine serum, 1% penicillin-streptomycin, and a
designated concentration of the prodrug. After the intracellular conversion into the corresponding
triphosphate reached steady state (24 h at 37°C in the incubator), the cells were spun down for 10 min
(at ambient temperature, 135 � g) and washed with cold 0.9% NaCl solution in 1 mM HEPES. The wash
buffer was carefully removed with a micropipette, and PBMC lysis was carried out before triphosphate
measurement by LC-MS/MS.

TP50 determination. The TP50 was derived using Michaelis-Menten kinetics with increasing prodrug
concentrations in human PBMCs as previously described (12). Briefly, cryopreserved human PBMCs were
incubated with compound 17 (3, 10, 30, and 100 �M) for 24 h. The cells were then lysed, and the PBMC
triphosphate level was analyzed by LC-MS/MS. The intracellular triphosphate concentrations were
plotted against the prodrug concentrations used for the incubation. A Michaelis-Menten equation of
Y � A[X]/B � [X] was used to fit the curve, where [Y] is the triphosphate concentration, A is the calculated
maximum triphosphate concentration extrapolated from the graph, [X] is the prodrug concentration, and
B is the calculated prodrug concentration at which its triphosphate reached half of its maximal value. The
TP50 value [Y] was extrapolated when the prodrug concentration [X] was equal to its EC50 in PBMCs.

PBMCs lysis. Cell lysis buffer containing 50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1% IGEPAL CA-630,
1 mM phenylmethylsulfonyl fluoride (PMSF), 1� protease inhibitor stock solution (Roche), and 1�
PhosSTOP tablet was freshly made and used within 2 h.

PBMCs were lysed by addition of cell lysis buffer at 10 million cells/ml (or as otherwise mentioned)
and incubated at room temperature for 10 min. The cell debris was then spun down at 15,800 � g for
20 min (4°C). The lysate was transferred into new tubes, snap-frozen in liquid nitrogen, and stored at
	80°C until used for triphosphate LC-MS/MS analysis.

PBMC isolation and lysis in in vivo studies. To increase the sensitivity of triphosphate detection,
PBMCs were collected and lysed at a concentration of 30 million cells/ml from each dog or a pool from
AG129 mice. To isolate PBMCs from animals, blood was drawn to Vacutainer CPTs at the indicated time
points in the figures and immediately processed. The CPTs were centrifuged at ambient temperature for
20 min (1,500 � g). A whitish layer (PBMCs) under the plasma layer was pipetted into a 15-ml conical
centrifuge tube. Phosphate-buffered saline (PBS; 10 ml) was added, and the mixture was centrifuged at
ambient temperature for another 10 min (700 � g). The plasma supernatant was then carefully aspirated
using a vacuum pump while ensuring that the PBMC pellet remained at the bottom of the tube. The
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pellet was then resuspended with PBS (1 ml) and vortexed at the lowest setting. The suspension was
transferred to an Eppendorf tube and lysed. A 5-fold-larger amount of protease inhibitor was used for
lysing mouse PBMCs to ensure the stability of the triphosphate. The samples (cell lysate) were stored at
	80°C for triphosphate LC-MS/MS analysis.

Bioanalysis by LC-MS/MS. Analyses were performed with reverse-phase liquid chromatography (LC)
coupled to tandem mass spectrometry (MS/MS). Electrospray ionization (ESI) was used in positive mode
for intact prodrug and nucleoside 7 and in negative mode for triphosphate 6. Analysis was most
challenging in the rodent matrix due to the ex vivo instability of intact prodrug in plasma and
triphosphate in cell lysate.

To stabilize the intact prodrug in plasma, an inhibitor cocktail of NaF and citric acid (20 mM NaF and
40 mM citric acid final concentration) was added to the blood collection tubes. Plasma was obtained by
centrifuging the blood for 5 min (4°C) at 10,000 � g. A 175-�l extraction solution mixture (acetonitrile-
methanol-acetic acid, 90:10:0.2 [vol/vol]) containing a generic internal standard (warfarin) was added to
25 �l of plasma. The sample plates were shaken and then centrifuged for 10 min (4°C, 2,884 � g). The
supernatant was collected, and 5 �l was injected to the LC-MS/MS system. The mobile phase was 20 mM
ammonium acetate plus 1% acetic acid (A) or 1% acetic acid in 100% acetonitrile (B). Prodrug and
metabolite separation was performed on a Hydro-RP column (100 by 3 mm, 2.5-�m particle size; Phe-
nomenex, Torrance, CA) at 600 �l/min with the following gradient: 0% to 80% B for 2 min and 80% B for
another 1.5 min. MS/MS detection was performed with a 4000 QTRAP instrument (Sciex, Framingham,
MA). Multiple reaction monitoring (MRM) transitions of m/z 489.4/310.2 and m/z 300.3/152.1 were used
to detect prodrug 17 and metabolite 7, respectively. Calibration and quality control (QC) samples used
a matched matrix (e.g., naive AG129 mouse plasma), and the lower limit of quantification (LLOQ)
obtained was 15.75 nM for both analytes.

To stabilize the triphosphate in PBMC lysates extracted from mice, a larger amount of protease
inhibitor was used, as described above for PBMC isolation in in vivo studies. To retain the very polar
triphosphate on a reverse-phase LC column, hexylamine was used for ion pairing.

An equal volume of acetonitrile-water mixture (1:1) containing an internal standard (Br-ATP) was
added to the PBMC lysate. The mixture was vortexed and centrifuged (1,431 � g at ambient temperature)
for 10 min. The supernatant (5 �l) was then injected to the LC-MS/MS system (4000 QTRAP; Sciex,
Framingham, MA). Ion pair chromatography was used for separation on a Gemini-NX column (5 by 2 mm,
3-�m pore size; Phenomenex, Torrance, CA). Mobile phases A and B were water and an acetonitrile
mixture, respectively, containing 5 mM ammonium acetate and 5 mM hexylamine, buffered at pH 8.5.
Gradient elution (700 �l/min) was achieved with 5% to 60% mobile phase B within 3.5 min. Detection
was in negative mode with MRM transitions of m/z 538.2/159.0 and m/z 585.9/159.0 for the triphosphate
6 and Br-ATP, respectively. A matched matrix (e.g., mouse PBMC lysate) with cell concentrations similar
to those of the samples was used for calibration and QC. The LLOQ was 0.065 pmol/3 million cells. The
triphosphate concentration per cell volume (in �M) was calculated using the corpuscular volume of 283 fl
for PBMCs (48).

In vivo pharmacokinetic and toxicology studies. All Novartis animal studies were approved by the
institutional review boards of the different sites where the experiments were carried out and by the
respective authorities.

The pharmacokinetic studies of compounds 12, 14, 17, and 18 were conducted in Beagle dogs by
intravenous administration (i.v., 0.5 mg/kg) or oral gavage (p.o., 3 mg/kg). A solution formulation
containing 20% polyethylene glycol (PEG) 300, 5% Solutol HS-15, and 5% dextran in water was used for
this study (Fig. 4; Table 2). Blood samples (3.5 ml; anticoagulant, K2EDTA) were collected at 0.08, 0.25, 0.5,
1, 2, 4, 8, and 24 h postdosing.

The rising dose and 2-week toxicology studies of compound 17 (Fig. 7; Table 5) were performed in
Wistar Han rats and Beagle dogs at Charles River Laboratories Preclinical Services Montreal (Sherbrooke,
Canada) under the sponsorship of Novartis with solid dispersion formulation (see Materials and Methods
section) and doses as described in Results.

The noncompartmental pharmacokinetic parameters from various studies were calculated using
either Watson LIMS (Thermo Fisher Scientific, Waltham, MA) or WinNonlin, version 5.01 (Pharsight
Corporation, Mountain View, CA).

In vivo efficacy studies. AG129 mice (lacking alpha/beta interferon [IFN-�/�] and IFN-� receptors
[30]) were obtained from Biological Resource Center (BRC), Singapore. Male and female AG129 mice aged
8 to 14 weeks (weighing 20 to 30 g) were used. Infection with DENV-2 (strain TSV01) was given
intraperitoneally (500 �l, 1.4 � 107 PFU/ml). Solid dispersion of compound 17 was dosed p.o. immedi-
ately after infection. The doses were 10, 30, 100, and 300 mg/kg BID for 3 consecutive days. Plasma
samples were collected on days 1 and 3 postinfection for intact prodrug and nucleoside 7 analysis (Fig.
6A, dosing scheme). Pooled blood samples of 6 mice were collected at 72 h after the first dose (terminal
sampling) for PBMC triphosphate analysis. Stabilization of the prodrug and triphosphate in the matrices
was as described in the LC-MS/MS section above. Plasma was also obtained from the terminal time point
of each mouse for viremia readout by plaque assay.
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