1 AMERICAN Antimicrobial Agents
B Scirer | and Chemotherapy®

ANTIVIRAL AGENTS

L)

Check for
updates

Nucleoside Analogs with Selective Antiviral Activity against
Dengue Fever and Japanese Encephalitis Viruses

Keivan Zandi,>* Leda Bassit,® Franck Amblard, Bryan D. Cox,® Pouya Hassandarvish,® Ehsan Moghaddam,® Andrew Yueh,©
Gisele Olinto Libanio Rodrigues,® Ingredy Passos,? Vivian V. Costa,® Sazaly AbuBakar,® Longhu Zhou,® James Kohler,?

Mauro M. Teixeira,>9 Raymond F. Schinazi?

2Center for AIDS Research, Laboratory of Biochemical Pharmacology, Department of Pediatrics, Emory University School of Medicine, Atlanta, Georgia, USA

bTropical Infectious Disease Research and Education Center, Department of Medical Microbiology, Faculty of Medicine, University of Malaya, Kuala Lumpur, Malaysia

“Institute of Biotechnology and Pharmaceutical Research, National Health Research Institutes, Taiwan, Republic of China

dCenter for Research and Drug Development, Instituto de Ciencias Bioldgicas, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil

ABSTRACT Dengue virus (DENV) and Japanese encephalitis virus (JEV) are impor-
tant arthropod-borne viruses from the Flaviviridae family. DENV is a global public
health problem with significant social and economic impacts, especially in tropical
and subtropical areas. JEV is a neurotropic arbovirus endemic to east and southeast
Asia. There are no U.S. FDA-approved antiviral drugs available to treat or to prevent
DENV and JEV infections, leaving nearly one-third of the world’s population at risk
for infection. Therefore, it is crucial to discover potent antiviral agents against these
viruses. Nucleoside analogs, as a class, are widely used for the treatment of viral in-
fections. In this study, we discovered nucleoside analogs that possess potent and se-
lective anti-JEV and anti-DENV activities across all serotypes in cell-based assay sys-
tems. Both viruses were susceptible to sugar-substituted 2'-C-methyl analogs with
either cytosine or 7-deaza-7-fluoro-adenine nucleobases. Mouse studies confirmed
the anti-DENV activity of these nucleoside analogs. Molecular models were assem-
bled for DENV serotype 2 (DENV-2) and JEV RNA-dependent RNA polymerase replica-
tion complexes bound to nucleotide inhibitors. These models show similarities be-
tween JEV and DENV-2, which recognize the same nucleotide inhibitors. Collectively,
our findings provide promising compounds and a structural rationale for the devel-
opment of direct-acting antiviral agents with dual activity against JEV and DENV in-
fections.

KEYWORDS Dengue virus, Japanese encephalitis virus, antiviral agents, nucleoside
analogs

engue virus (DENV) and Japanese encephalitis virus (JEV) are members of the

genus Flavivirus, belonging to the family Flaviviridae. Many flaviviruses are arthro-
pod borne and cause severe infections in humans and vertebrate animals. DENV has
four serotypes (DENV-1 to DENV-4), which collectively pose a health threat to 2.5 billion
people worldwide, with 50 million to 100 million human infections and 500,000 cases
of dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) annually (1-3).
JEV is one of the most important neurotropic flaviviruses that causes encephalitis in
humans. Symptoms range from mild febrile illness to mortal illness, especially in
children, with about 67,900 cases each year (4). JEV is endemic in eastern and southern
Asia (including China, Indonesia, Nepal, Thailand, Saipan Island, Pakistan, and the Torres
Strait) and Australia, with fatality rates of 20% to 30% and life-long neurological
impairments and sequelae among one-half of the survivors (5-8). Despite a licensed
vaccine to prevent JEV infection, infections occur annually due to a lack of complete
coverage and access (9). A tetravalent DENV vaccine also exists but remains partially
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effective (10) and recently was withdrawn by the manufacturer (11). Importantly, there
are no approved and efficient antiviral agents for the prevention and treatment of these
severe pathogens. Therefore, effective antiviral modalities that reduce morbidity and
mortality rates for these infections are essential.

Nucleoside analogs represent a well-established class of antiviral agents that inhibit
viral replication. Notable drugs in this class are emtricitabine and tenofovir disoproxil
fumarate for HIV-1 infections and sofosbuvir as the curative agent for hepatitis C virus
(HCV) infections (12, 13). These drugs are delivered as nucleoside or nucleotide prod-
rugs, which are then processed by host kinases to the active nucleoside triphosphate
(NTP) analog. The NTP analog is then misincorporated by viral polymerase into the
growing viral genome, halting replication. Flaviviruses encode a conserved RNA-
dependent RNA polymerase (RdRp) enzyme responsible for replicating the positive-
sense RNA genome (14, 15).

To address the paucity of effective nucleoside inhibitors, a small library of 14
nucleoside analogs was evaluated for the ability to inhibit DENV and JEV replication in
cell culture. Among the analogs, four compounds inhibited replication of JEV and all
DENV serotypes and demonstrated efficacy in a mouse model of DENV-2 infection. Two
of the compounds demonstrated dual selective in vitro antiviral activity against JEV and
DENV.

RESULTS

Cytotoxicity study. Nucleosides and nucleotide prodrugs (Fig. 1) were first sub-
jected to a cytotoxicity assay using MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] in BHK-21 and Vero cells (corre-
sponding to cell lines used for antiviral activity). All compounds exhibited minimal
toxicity up to 100 uM in both Vero and BHK cell lines. The maximum nontoxic
concentration (MNTC), at which 90% of the cells were viable, was >50 uM for all
compounds (Table 1). Subsequent antiviral assays were conducted at concentrations
lower than the MNTC.

Nucleoside inhibitors of JEV. A replicon assay using a rapid luciferase-based
readout was used to evaluate potential antiviral activity. Fourteen compounds were
evaluated for potential antiviral activity using a JEV replicon cell line. Among them,
compounds 3, 5, and 10 exhibited significant inhibitory effects in JEV replicon cells (Fig.
2A), with compound 10 showing the strongest anti-JEV activity (50% effective concen-
tration [ECs,] of 2.3 uM). The remaining compounds did not show efficient inhibition of
JEV at concentrations up to 50 uM. The three active compounds (compounds 3, 5, and
10) identified during our initial JEV replicon evaluation were then tested against a
replication-competent virus. As expected, each of these compounds exhibited potent
anti-JEV activity in a focus-forming unit reduction assay (FFURA) (Fig. 3A). Com-
pounds 3, 5, and 10 were tested in a concentration-dependent manner, using a
virus yield reduction assay with a quantitative reverse transcription (qRT)-PCR
readout (Fig. 3B), and showed potent inhibitory activity against in vitro replication
of JEV in Vero cells (90% effective concentration [EC4,] values of 4.5, 3.9, and
4.7 uM, respectively) (Table 2).

Molecular model of JEV RdRp replication complex. To better understand how
nucleotide antiviral agents are recognized by the viral polymerase, a molecular model
of the JEV RdRp replication complex bound to the triphosphate form of compound 10
in the active site was constructed (Fig. 4). Several crystal structures of the JEV RdRp
exist, providing molecular insight into the overall structure of the protein. However,
these structures lack the RNA template/primer and catalytic active site metals. The
recent structures of the HCV RdRp with RNA template/primer and incoming nucleotide
serve as valuable templates to build models of the tertiary JEV replication complex. JEV
residues in contact with the nucleic RNA template/primer were modeled using the HCV
structural template (16), and residues not in contact with the nucleic components were
kept in the same conformation as in the JEV crystal structure (17). The structure was
further refined by multiple rounds of molecular minimization using Prime. The 7-deaza-
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FIG 1 Chemical structures of nucleoside analogs 1 to 14.

7-fluoro-adenine base forms canonical base pair bonds with the template uridine and
planar stacking interactions with Arg474. The 2’-OH group contributes to a hydrogen
bonding network with Ser604 and Asn613. The 2’'-C-methyl group is positioned in a
hydrophobic pocket formed by the B-carbon of Ser604 and the - and y-carbons of

TABLE 1 Cytotoxicity of nucleoside analogs in Vero and BHK-21 cells using an MTS assay

Vero cells BHK-21 cells
Compound CCyo (uM) MNTC (M) CCsp (M) MNTC (M)
1 >200 52 >200 50
2 >200 50 >200 >50
3 >200 >100 >200 >100
4 >200 50 >200 >50
5 >200 >50 >200 >50
6 >200 >50 >200 >50
7 >200 >50 >200 >50
8 >200 >100 >200 >100
9 >200 >100 >200 >100
10 >200 >50 >200 >50
11 >200 50 >200 50
12 >200 >50 >200 51
13 >200 >50 >200 >50
14 >100 >100 >200 >100
Cycloheximide 0.2 0.09 0.16 0.1
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FIG 2 Primary antiviral evaluation of nucleoside analogs. (A) DENV replicon cell line. (B) JEV replicon cell line. All 14
nucleoside/nucleotide prodrug compounds (C1 to C14) were evaluated in the DENV and JEV replicon systems at five
concentrations. Percent inhibition, relative to untreated controls, is plotted versus concentration for each compound. Of
the 14 compounds tested, compounds 3, 5, and 10 exhibited significant inhibitory activity against JEV and compounds 5,
9, and 10 showed significant inhibitory activity against DENV-2 in a replicon cell line.

Arg474. The triphosphate group forms electrostatic interactions with Arg474, Lys694,
and two active site Mn2™ ions.

Nucleoside inhibitors of DENV. The same 14 nucleoside analogs were assayed
against DENV using a BHK-21 cell line harboring the DENV-2 replicon system.
Compounds 5, 9, and 10 exhibited the most potent inhibitory activities in this assay
(Fig. 2B). Among them, compound 10 showed the most potent (EC,, of 0.8 uM) and
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FIG 3 Inhibition of JEV replication by nucleoside/nucleotide prodrug analogs. (A) FFURA. Compounds 3,
5, and 10 showed significant inhibitory effects against JEV focus presentation, compared to untreated
and infected controls, at 25 wM. (B) Virus yield reduction assay data. Compounds 3, 5, and 10 inhibited
the Nakayama strain of JEV in Vero cells in a dose-dependent manner, using qRT-PCR for the virus yield
assay. Results are presented as the means * SDs from triplicate assays from three independent
experiments. The solid lines represent the fits of the data points to obtain EC, and EC,.
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TABLE 2 EC;, and EC,, values of nucleoside analogs for JEV in Vero cells by qRT-PCR?

Compound ECs, (M) ECyo (M)
3 15.7 £ 0.26 48.8 £ 0.7
5 0.66 = 0.12 227 = 041
10 0.85 £ 0.17 3.5 + 053

aAll values are means * SDs.

specific activity against the DENV-2 replicon, followed by compounds 5 and 9
(Fig. 2B).

Active agents identified in the initial replicon evaluation were then tested against
replication-competent DENV from all four serotypes using the FFURA. Compounds 5, 9,
and 10 inhibited the formation of DENV foci by all serotypes at 50 uM, thereby
confirming antiviral activity (Fig. 5A). To quantitate potency, these three agents were
evaluated in the virus yield reduction assay at various concentrations, with gRT-PCR
readout (Fig. 5B). The three compounds reduced viral production by all serotypes in a
concentration-dependent manner. Compound 10 was the most effective, demonstrat-
ing potent activity against DENV-2 (EC,, of 0.4 uM) (Table 3). Compound 5 also showed
inhibitory activity against all DENV serotypes, with the lowest ECy, value against
DENV-3 (EC;, of 2.4 uM), followed by DENV-4, DENV-2, and DENV-1 (EC,, values of 2.6,
2.8, and 2.9 uM, respectively). Compound 9 was the least active agent of the three, with
EC,, values ranging from 9.9 uM against DENV-3 to 12.9 uM against DENV-4, but
without significant toxicity in Vero cells (50% cytotoxic concentration [CCg,] of
>200 uM).

Molecular model of DENV RdRp replication complex. Like those for JEV, many
structures for DENV-2 and DENV-3 RdRp are available but lack information regard-
ing the replication complex, RNA template/primer, and active site. A model of the
DENV RdRp replication complex with the triphosphate form of compound 10 in the
active site was generated using an approach similar to that described for JEV.
DENV-2 (PDB accession no. 5K5M) was utilized because this structure resolves residues
near the proposed active site (see Materials and Methods) (18). Loops near the RNA
template/primer and active sites were modeled using the HCV replication complex, and
the remaining protein was positioned in accordance with the DENV-2 structure. This
model indicated that the 7-deaza-7-fluoro adenine nucleobase forms canonical hydro-

RNA Dependent RNA Polymerase

LYS690

Methyltransferase

FIG 4 Molecular model of the JEV replication complex with compound 10 triphosphate in the active site.
The full-length JEV NS5 was used as a structural template for both RdRp and methyltransferase subunits.
Residues near the RNA template/primer and the active site were modeled using the HCV replication
complex. Inset, key protein-ligand interactions within the active site, showing the 2'-C-methyl pocket
formed by Arg470 and Ser600 (surface).

July 2019 Volume 63 Issue 7 €00397-19 aacasm.org 5


https://www.rcsb.org/pdb/explore/explore.do?structureId=5K5M
https://aac.asm.org

Zandi et al.

(A) DENV-1 DENV-2 DENV-3 DENV-4

C10

C5
Cc9
No Drug
(B) 100-
= =
) -
£ =, 2
w X n >
2 2 40
s >
204
1] T T T T — 0 T T T
-0.5 0.0 0.5 1.0 1.5 2.0 -0.5 0.0 0.5 1.0 1.5 2.0
Log of Concentration uM Log of Concentration uM
DENV-1 DENV-2
1004
]
80 =
) 2
@ 60 >
> o »
wn 2
= 40+ s
£ >
204

-0.5 0.0 0.5

10 15 20 0.5 0.0 0.5 1.0 1.5 2.0
Log of Concentration uM Log of Concentration uM
DENV-3 DENV-4

FIG 5 Inhibition of DENV replication by nucleoside/nucleotide prodrug analogs. (A) FFURA. FFURA images for compounds
5,9,and 10 at 25 uM against each DENV serotype, compared to untreated controls, are shown. (B) Virus yield assay. Effects
of compounds 5 (circles), 9 (triangles), and 10 (squares) on DENV yields in dose-response assays for each serotype were
evaluated using qRT-PCR. Results are presented as the means * SDs from triplicate assays from three independent
experiments. The fits of the data points to obtain EC., and EC,, values are provided (solid lines).

gen bonds with the template and stacks with Arg207 (Fig. 6). The 7-fluoro moiety
interacts with Arg472, particularly with NeH (3.10 A) and the imine =NH,* (3.58 A). The
2'-C-methyl group occupies a pocket formed between Arg472 and Ser600. The triphos-

phate group is held in place by electrostatic interactions between Lys469, Arg472,
Lys689, and two Mn2* ions.
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TABLE 3 Inhibitory activity of nucleoside analogs on DENV serotypes 1 to 4 in Vero cells using a qRT-PCR assay?®

DENV-1 DENV-2 DENV-3 DENV-4
Compound  EC,, (uM) ECoo (M) ECso (M) ECoo (M) ECs, (1M) ECoo (M) ECs, (M) ECoo (M)
5 29 + 031 228+ 09 28 +02 32412 24+ 04 18309 26+ 061 30.1 + 0.9
9 122+042 56 =16 1.1 + 04 849 + 09 9.9 + 0.25 757 + 08 125+ 09 66.8 + 0.85
10 096 + 0.2 136 +14 046 =008 27+ 09 085+ 007 49+ 06 087 + 008 58+ 08

aResults are means = SDs from replicates.

In vivo activity against DENV-2. Based on the compelling in vitro antiviral activity
of compound 10 against flaviviruses, it was further assessed for efficacy using an in vivo
model of DENV-2 infection in A129 mice. A129~/~ mice were chosen because they are
immunodeficient, specifically lacking type | alpha interferon (IFN-«) and IFN-B recep-
tors. Type | IFNs (IFN-« and IFN-B) play significant roles in preventing viral replication
and protecting against arboviral infections, including DENV infections (19, 20). They are
the gold standard models to evaluate virus replication and therapeutic drugs, due their
elevated susceptibility to infection. Here, A129 male mice were infected with 1 X 103
PFU of a clinical isolate of DENV-2 (strain 05K3295), resulting in elevated viral loads in
serum, spleen, liver, and brain, as observed in the vehicle-treated control group,
consistent with previous reports (Fig. 7A to D) (19, 21-23). Treatment with compound
10 (10 mg/kg, intraperitoneally [i.p.], once a day) on day 0 potently prevented viral
replication in all organs (Fig. 7, blue symbols). Treatment with compound 10 at day 2
postinfection reduced DENV-2 replication in serum, spleen, and liver but not in brain
(Fig. 7, red symbols). These results demonstrate that compound 10 exerts strong
antiviral activity in vivo against DENV.

Several markers were evaluated to determine the effects of compound 10 in
mitigating DENV-associated disease. DENV-2 infection in A129 mice decreases platelet
levels at peak infection (Fig. 8A). Treatment of infected mice with compound 10 at
day 0 of infection prevented thrombocytopenia induced by DENV infection. When
administered 2 days postinfection, compound 10 restored platelet levels but not to
the degree of uninfected controls. Accordingly, untreated mice exhibited signifi-
cantly decreased body weight (a sign of morbidity) on days 3 to 6 postinfection,
when mice were moribund and euthanized (Fig. 8B). In contrast, mice treated with
compound 10 on day O retained healthy body weight through the 6-day study
period. When mice were treated 2 days postinfection, there was a delay in the body
weight loss of approximately 1 day, relative to the vehicle-treated control group.

FIG 6 Molecular model of the DENV-2 replication complex with compound 10 triphosphate in the active
site. DENV-2 RdRp was used as a structural template, and residues near the RNA template/primer and the
active site were modeled using the HCV replication complex. Inset, key protein-ligand interactions within
the active site, showing the 2'-C-methyl pocket formed by Arg207 and Ser336 (blue surface).
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FIG 7 Antiviral effects of compound 10 against DENV-2 in vivo. A129 mice (5 to 8 mice per group) were
infected with DENV-2 (1 X 103 PFU) on day 0, and viral loads were quantified with a plaque assay on day
6 postinfection. Compound 10 was administered daily (10 mg/kg), via the i.p. route, as a pretreatment
(from day 0 to day 6) or therapeutically (from day 2 to day 6). Viral loads recovered from serum (A), spleen
(B), liver (C), and brain (D) were determined. The median values for viral loads are represented as lines.
#, P < 0.05, in comparison to the vehicle-treated infected group.

Leukocyte counts in blood were compared between mock-treated, vehicle-treated,
and compound 10-treated mice (Fig. 8C). DENV-2 infection of A129 mice induced
massive increases in total and differential leukocyte counts, including lymphocytes,
neutrophils, and monocytes, by day 6 of infection. Similar to findings for platelets
and weight loss, compound 10 treatment (initiated at either day 0 or day 2) resulted
in statistically significant reductions in levels of circulating leukocytes, especially
neutrophils.

Several markers of the inflammatory response to DENV infection were measured
in control and compound 10-treated animals, namely, myeloperoxidase (MPO)
activity in spleen and brain (indicative of neutrophil accumulation in tissues) and
interleukin 6 (IL-6) and chemokine (C-C motif) ligand 5 (CCL5) serum levels (Fig. 8D
and E). There were increases in MPO levels in spleen and brain and IL-6 and CCL5
levels in serum in DENV-infected mice, in comparison to control littermates. Ad-
ministration of compound 10 as a pretreatment (day 0) or therapeutic administra-
tion (day 2 postinfection) greatly reduced neutrophil influx into the spleen and
brain, to levels near those found in uninfected mice. These results parallel the
observation that compound 10 treatment reduced levels of IL-6 and CCL5 in serum
(Fig. 8D and E).

Lastly, hepatic damage induced by DENV-2 infection was assessed by histo-
pathological analysis (Fig. 8H). In the vehicle-treated group, hepatic lesions were
confirmed by the presence of inflammatory infiltrates concentrated in the perivas-
cular area and spreading out into the liver parenchyma. The infiltrates were
composed predominantly of polymorphonuclear and mononuclear cells, including
neutrophils, macrophages, and multinucleated giant cells. Areas of hemorrhage and
hepatocyte edema and degeneration were also evident in vehicle-treated mice.
Compound 10 treatment of DENV-2-infected mice (either on day 0 or on day 2
postinfection) was associated with marked reductions in histopathological scores
and decreases in hepatic damage (Fig. 8H).
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of different cell types (leukocytes, mononuclear cells, and neutrophils) normalized to the total cell counts. (D) Neutrophil influx into the spleen. (E) Neutrophil
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DISCUSSION

Of the 14 nucleoside analogs evaluated, two compounds (compounds 5 and 10)
potently and selectively inhibited JEV and all serotypes of DENV with minimal
toxicity (summarized in Tables 1, 2, and 3). Compounds 5 and 10 are nucleoside
analogs with a 2’-C-methyl sugar moiety, differing only in their respective bases.
Compound 5 (2'-C-methyl-cytidine [2’-C-MeC]) has been reported previously as a
potent inhibitor of certain flaviviruses (24). Compound 10 (7-deaza-7-fluoro-2'-C-
methyl-adenosine [DFMA]) is chemically related to other 2’-C-methyl-adenosine
derivatives known to inhibit flaviviruses such as HCV (25).

Since compounds 5 and 10 are also known to inhibit HCV RdRp, JEV, and all
serotypes of DENV, DENV-2 models were compared to the HCV replication complex. All
but three residues in direct contact with the incoming NTP are conserved among the
three viruses, similar to observations reported with other flavivirus RdRp models (26).
The active sites for binding to compound 10 are compared among DENV-2, JEV, and
HCV in Fig. 9. Interestingly, despite possessing sequence identity near the 2'-OH group,
2'-deoxy-2'-fluoro analogs that inhibit HCV (compounds 1 and 4) showed no activity
against DENV and JEV. However, in vitro anti-DENV activity of these two compounds in
Huh-7 and human peripheral blood mononuclear cells was reported (27, 28). This is
likely because prodrugs are not metabolized to the active drug in Vero cells, compared
to cell systems with the right prodrug cleavage enzyme. Three residues differ between
HCV and JEV/DENV-2 in the active site. There are also differences in the activities of
compounds 3 and 9 against DENV and JEV, as the EC,, for compound 3 against JEV was
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FIG 9 Comparison of HCV, JEV, and DENV-2 active sites bound to 7-deaza-7-fluoro-2'-C-methyl-ATP. The RNA template and
primer strands are shown in green and blue, respectively. The Mn2* ions are shown as purple spheres. The active site
sequences from a stamp structural alignment for HCV, JEV, and DENV-2 are provided, and residues in direct contact with the
incoming NTP are highlighted in yellow.

15.5 uM but the compound showed an inhibitory effect of just 20% against the DENV-2
replicon at 50 uM (Fig. 2B). In contrast, compound 9 exhibited an ECy, of 12.5 uM
against DENV-2 but showed only 38% inhibitory activity against the JEV replicon at
50 uM. The Arg48 residue in HCV is replaced by Lys in JEV/DENV-2 to retain
interactions with the y-phosphate group of the nucleotide. The His223 residue near the
v-phosphate group in HCV (wild-type Cys) is mutated to Gly in our models of JEV and
DENV-2 replication. The Phe224 residue in HCV is positioned near the 4'-CH of the
active site nucleotide, and this residue is replaced by the larger Trp for JEV and DENV-2.
This structural difference may explain why 4'-azido nucleoside analogs inhibit HCV but
are inactive against JEV and DENV-2, as demonstrated in this study (compound 13) (29).

Because of its potency, compound 10 (DFMA) was chosen for in vivo studies using
a model of DENV-2 infection in A129 mice. Treatment with compound 10 reduced
DENV-2 loads in mice and ameliorated the disease pathology of infection. Compound
10 delivered as a preventative (day 0) or therapeutic (day 2 postinfection) modality
prevented loss of body weight, mitigated viral induction of inflammation, and pro-
tected against hepatic edema. Hallmark features of human DHF/DSS are vascular
leakage, greater viral burdens, elevated serum cytokine levels, hypotension, and throm-
bocytopenia (27, 28). Although leukopenia is a common feature found in patients with
DENYV infections, normal white blood cell counts or leukocytosis may also occur during
DENV infections, as observed in experimental models (19, 20) and in children (30). Here
we showed that compound 10 delivered as a preventative (day 0) or therapeutic (day
2 postinfection) modality prevented loss of body weight, mitigated viral induction of
inflammation, ameliorated leukocytosis induced by infection, especially by reduction of
circulating neutrophil levels, and protected against hepatic edema. Treatment with
compound 10 reduced DENV-2 loads in several organs of mice, including the central
nervous system (CNS), and ameliorated tissue damage due to infection. DENV is not
classically considered a neurotropic virus, but it may cause encephalitis in humans (31,
32) and in immunosuppressed mice, including A129~/~ and AG129~/~ mice. Here we
demonstrated that compound 10 was also able to prevent DENV dissemination to and
replication in the CNS of A129 mice, suggesting that this compound may cross the
blood-brain barrier.
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Further investigation of the in vivo efficacy of compound 10 against JEV is recom-
mended for future studies. These results support nucleoside analogs as attractive
candidates for antiviral agents for DENV. Lee and colleagues (33) evaluated compound
5 in a different cell culture system and showed anti-DENV activity in Huh-7 cells but
with an EC, of 11.2 uM for DENV-2, which was higher than our EC,, value for DENV-2.
They also showed in vivo antiviral activity of compound 5 when the compound was
given immediately after virus inoculation but not when the compound was given in a
therapeutic manner. In contrast, we observed that compound 10 was effective when
given to A129 mice on a therapeutic schedule. It is unclear why a nucleoside analog
was effective in our system but not in the study by Lee and colleagues (33). One
possibility to explain such discrepancy is that we used A129 mice for our in vivo studies,
whereas Lee and colleagues (33) used AG129 mice, which lack receptors for IFN-vy in
addition to lacking receptors for type | IFNs. In the context of DENV infection, several
studies showed enhanced levels of IFN-y in DENV-infected humans, although the
precise role of this cytokine in clinical DENV infections is somewhat controversial
(34-36). Some studies suggested that levels of this cytokine may be positively corre-
lated with disease in humans (36), but others showed that increased IFN-y production
was correlated with higher survival rates in DHF patients (35). We showed previously
that IFN-y plays an essential role in host resistance by controlling DENV replication
through a mechanism dependent on nitric oxide production (19, 20). In the presence
of IFN-y, as in our A129 mice, compound 10 may interact positively with the host
immune response to deal with the acute infection.

In conclusion, we identified two compounds with dual activity against JEV and all
DENV serotypes at low micromolar concentrations. By inhibiting viral replication, these
agents inhibit focus formation using infectious virus. The mouse experiments showed
the potential of compound 10 for further studies, as it could decrease the viral loads in
an infected animal model, with amelioration of the disease pathology. From molecular
modeling studies of the DENV-2 and JEV RdRp replication complexes, we indirectly
demonstrated that these compounds act on the conserved viral polymerase. These
agents exhibited no significant toxicity in the cell lines used for the studies and serve
as potential candidates for drug development. The approaches and findings presented
here offer a rationale and promise to reduce the global burden of emerging or
reemerging flaviviruses such as DENV and JEV.

MATERIALS AND METHODS

Cells and viruses. C6/36 mosquito cells and African green monkey kidney (Vero) cells (ATCC) were
grown and maintained in Eagle’s minimum essential medium (EMEM) (Gibco) containing 10% fetal
bovine serum (FBS) (Gibco), at 28°C and 37°C, respectively, in the presence of 5% CO,. Baby hamster
kidney (BHK-21) cell-derived replicon cell lines for DENV and JEV (BHK-DENV and BHK-JEV, respectively)
(37) were grown in Dulbecco’s minimum essential medium (DMEM) (Gibco) supplemented with 2% FBS
and 1 mg/ml G418.

DENV-2 New Guinea C strain was used along with four distinct clinical DENV isolates, representative
of the four DENV serotypes (DENV-1, DENV-2, DENV-3, and DENV-4). In addition, JEV Nakayama strain
(GenBank accession number HE861351) was selected. For in vivo experiments, we used a clinical isolate
of DENV-2 (strain 05K3295) from the Eden study in Singapore (38), which was kindly provided by Eng Ong
Ooi from Duke-NUS Singapore. Viral stocks were propagated in C6/36 Aedes albopictus cells and titrated
as described previously (19). Plaques were detected after 5 days of infection.

These viruses were identified and maintained at the virology laboratory of the Tropical Infectious
Disease Research and Education Center, Faculty of Medicine, University of Malaya (Kuala Lumpur,
Malaysia). C6/36 cells were infected with each DENV or JEV strain separately, and supernatants were
harvested after observation of a cytopathic effect. Viral stocks were prepared and titrated on C6/36 cells
using the focus-forming assay, as described previously, and were stored at —80°C for future experiments
(39). Of note, during virus propagation and antiviral assays, the concentration of FBS was reduced to 2%.

Nucleoside analogs. Nucleoside derivatives (designated compounds 1 to 14) were synthesized in
our laboratory according to previously reported procedures (29, 40-45) and were at least 95% pure, as
estimated by liquid chromatography-mass spectrometry (LC-MS) and nuclear magnetic resonance (NMR)
analyses. Chemical structures for compounds 1 to 14 are summarized in Fig. 1.

Cytotoxicity assay. The cytotoxicity of nucleoside analogs was evaluated in vitro using Vero and
BHK-21 cells with an MTS assay kit (Promega, Madison, WI), according to the manufacturer’s instructions.
Briefly, monolayers of both cell lines were prepared in separate, 96-well, cell culture plates. The cells were
treated with increasing concentrations of tested compounds in triplicate, followed by 4 days of incuba-
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tion at 37°C. The MTS solution was then added, the cells were incubated for 4 h at 37°C, and resultant
absorbance values for each well were determined at 570 nm using a 96-well plate reader (Tecan,
Mannendorf, Switzerland). Concentration-response curves were constructed using GraphPad Prism 6
(GraphPad Software Inc., San Diego, CA, USA), and the CC,, of each compound was calculated. Results
were represented as the means = standard deviations (SDs) from triplicate assays from three indepen-
dent experiments.

DENV and JEV replicon cellular assay systems. The BHK-DENV and BHK-JEV replicon cell lines were
plated at a density of 1 X 10* cells/well in separate, tissue culture-treated, white, 96-well plates (Pro-
mega). After 80% cell confluence was attained, the culture medium was replaced with DMEM containing
2% heat-inactivated FBS and different concentrations of tested compounds, in triplicate. Treated cells
were then incubated for 48 h at 37°C with 5% CO,. The culture medium was removed, and cells were
lysed with 100 ul of lysis buffer (Promega) after washing with phosphate-buffered saline (PBS). The
luciferase activity was evaluated according to the manufacturer’s protocol (Promega). The luminescence
signal was plotted against the logarithmically transformed concentrations of the tested compounds.

Virus yield reduction assay. Monolayers of Vero cells were prepared in 24-well cell culture
microplates and overlaid for 1 h with DENV or JEV separately (multiplicity of infection of 0.1). After virus
adsorption, cells were washed three times with cold sterile PBS to remove unattached viruses, and then
the cells were treated for 2 days with increasing concentrations of the tested compounds. After 2 days,
the supernatant was harvested and the yield of DENV or JEV was quantified using specific qRT-PCR for
DENVs or JEV, respectively. The antiviral activity of each nucleoside analog was also investigated using
a FFURA, as described previously (46, 47).

DENV and JEV qRT-PCR. DENV genomic RNA was extracted from the supernatants of infected cells
on day 2 postinfection, using an RNA extraction kit (Qiagen, Hilden, Germany). Next, one-step qRT-PCR
was carried out in a final volume of 20 ul containing 5 ul of diluted RNA, 1 ul of probe/primer mix, 10
wul of real-time master mix, and 4 ul of nuclease-free water (PrimerDesign, Southampton, UK). Quanti-
tative PCR measurements were performed using a StepOnePlus real-time PCR system (Applied Biosys-
tems, Foster City, CA, USA), according to the manufacturer’s protocol. Raw data were analyzed with
StepOne 2.2.1 software.

JEV extracellular genomic RNA (representative of JEV yield) was harvested from the JEV-infected Vero
cells as described earlier. A JEV qRT-PCR assay was performed using the SensiMix SYBR green reagent
(Quantace, Watford, UK) in a reaction mixture with JEV-specific forward and reverse primers (48, 49). All
samples were assayed in triplicate. The amplifications were performed on the StepOnePlus real-time PCR
system (Applied Biosystems), as described previously (47).

Focus-forming unit reduction assay. The antiviral activity of each compound was determined by
measuring the reduction in the number of DENV or JEV infectious foci in Vero cells following treatment,
as described previously (46, 47). Briefly, DENV- or JEV-infected Vero cells were treated at 48 h postinfec-
tion with increasing concentrations of each test compound and were incubated for 4 or 2days
(posttreatment), respectively. The antiviral activity of each compound was determined after visualizing
and counting viral foci. Results were confirmed by the virus yield reduction assay using qRT-PCR.

Molecular modeling of viral complexes. The full-length JEV nonstructural protein 5 (NS5) (PDB
accession no. 4K6M) and the DENV-2 NS5 (PDB accession no. 5K5M) were structurally aligned with the
HCV RdRp replication complex with incoming ADP (PDB accession no. 4WTD) by using the MultiSeq tool
in VMD (16-18, 50). This process identified sequences from parent DENV-2 and JEV crystals that were
structurally analogous to those within 5.0 A of the RNA template/primer and the active site in the HCV
replication complex. Models of the NS5 RdRp replication complex were constructed using Prime chimeric
homology modeling (Schrodinger Suite 2016-3; Schrodinger, LLC, New York, NY) with the OPLS3 force
field. A model for the JEV replication complex (UniProtKB identifier P27395) used the HCV RdRp structural
template for loops within 5 A of nucleic acids and the full-length JEV template of PDB accession no. 4K6M
for non-active-site sequences. The model was built using the knowledge-based approach in the module
and included the RNA template/primer, active site ATP from the cocrystallized ADP, and active site Mn2+
ions from the HCV crystal. The priming loop (residues 789 to 808) was deleted because of artifactual
positioning that clashed with the RNA template/primer. The active site was visually inspected to correct
poor residue positioning (e.g., Trp536), and the structure was minimized using Prime gradient minimi-
zation with the OPLS3 force field. A final minimization was performed with Prime molecular mechanics-
generalized Born and surface area (MM-GBSA) scoring, with the ligand of interest bound to the active site
and optimization of residues within 5.0 A. A model of the DENV-2 RdRp replication complex was
constructed using the same work flow with the template structure of PDB accession no. 5K5M. This
structure was selected for DENV because it provided the best positioning of an active site loop (residues
455 to 472) that was absent in other reported structures.

Ethics statement for mouse studies. The study was performed in strict accordance with the ethical
and animal experiment regulations of the Brazilian government (law 11794/2008). The experimental
protocol was approved by the Committee on Animal Ethics of the Universidade Federal de Minas Gerais
(permit protocol 169/2016). All surgery was performed under ketamine/xylazine anesthesia, and all
efforts were made to minimize animal suffering. Studies with DENV-2 were conducted under biosafety
level 2 containment at the immunopharmacology laboratory of the Instituto de Ciencias Bioldgicas at the
Universidade Federal de Minas Gerais, Brazil.

For in vivo experiments, A129 mice (deficient for the type | IFN receptor [IFNa/BR~/~] and originally
from The Jackson Laboratory [reference no. 010830]) were obtained from Bioterio de Matrizes da
Universidade de Sao Paulo. Adult mice (7 to 9 weeks of age) were kept under specific-pathogen-free
conditions. A159 mice (5 to 8 mice per group) were inoculated with 1 X 103 PFU DENV-2 (strain 05K3295)
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by the i.p. route. Disease signs (presence of ruffled fur, partial or complete hindlimb weakness or
paralysis, and loss of body weight) were monitored daily. Moribund mice with =10% body weight loss
were euthanized; this time point generally occurred between day 3 and day 6 after DENV-2 inoculation
(peak of DENV infection). In parallel, some mice received pretreatment (from day 0 to day 6) or
therapeutic treatment (from day 2 to day 6) once a day, via the i.p. route, with compound 10 diluted in
200 ul of PBS, at a dose of 10 mg/kg per day. Vehicle-treated mice received 200 ul of PBS once a day, via
the i.p. route.

Titration of virus. Viral loads in serum and mouse tissues (spleen, liver, and brain) were assessed by
a plaque assay in Vero cells, as described previously (51). Results were measured as PFU per gram of
tissue weight or milliliter of supernatant.

Hematological analysis. Blood was obtained from the vena cava, in heparin-containing syringes, on
day 6 of DENV-2 infection. Platelets were analyzed as described (51). Total leukocyte counts were
obtained by using a Neubauer chamber. Differential counts were determined with staining with a
Panotico kit (Interlab) and subsequently were quantified microscopically in blood smears from each
mouse.

MPO activity assay. The extent of neutrophil accumulation in the spleen and brain of control and
DENV-infected mice was measured by assaying MPO activity, as described previously (19).

Measurement of cytokine and chemokine concentrations. The concentrations of the cytokine
(IL-6) and the chemokine (CCL5) in the serum of control and DENV-infected mice were measured using
commercially available antibodies, according to the procedures supplied by the manufacturer (R&D
Systems).

Histopathological analysis. Liver samples from euthanized mice were obtained on day 6 after
DENV-2 infection. Histopathological analyses were performed as described (19). Briefly, after collection,
samples were immediately fixed in 10% buffered formalin for 48 h and embedded in paraffin. Tissue
sections (thickness, 4 wm) were stained with hematoxylin and eosin and evaluated under a microscope
(Axioskop 40; Carl Zeiss, Gottingen, Germany) adapted to a digital camera (PowerShot A620; Canon,
Tokyo, Japan). Histopathology scoring was performed as adapted from reference 19, evaluating hepa-
tocyte swelling and degeneration and cellular infiltration/hemorrhage, on a 4-point scale (0, absent; 1,
minimal; 2, moderate; 3, serious; 4, severe), in each analysis. For easy interpretation, the overall score was
taken into account, and all of the parameters totaled 12 points. A total of two sections for each animal
were examined, and the results were plotted as the median of damage values for each mouse.

Statistical analysis. The EC;, and CCs, values for the tested compounds were determined using
GraphPad Prism for Windows 5 (Graph Pad Software), as the means = standard errors of the mean (SEMs)
from triplicate assays from three independent experiments. Selectivity index values were calculated as
the CC,,/EC,, ratio for each compound. For in vivo experiments, results are shown as means * SDs
except for viral loads, which were expressed as medians. Body weight loss was calculated by subtracting
the baseline values obtained before infection. Differences were compared by using analysis of variance,
followed by Student-Newman-Keuls post hoc analysis or, alternatively, t tests using nonparametric
analysis (Mann-Whitney test). GraphPad Prism 5.0 software was used for all analyses. Results with P values
of <0.05 were considered significant.
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