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Abstract

Vaccines and antivirals to combat dengue, Zika, and other flavivirus pathogens present a major,
unmet medical need. Vaccine development has been severely challenged by the antigenic diversity
of these viruses and the propensity of non-neutralizing, cross-reactive antibodies to facilitate
cellular infection and increase disease severity. As an alternative, direct-acting antivirals targeting
the flavivirus envelope protein, E, have the potential to act via an analogous mode of action
without the risk of antibody-dependent enhancement of infection and disease. We previously
discovered that structurally diverse small molecule inhibitors of the dengue virus E protein exhibit
varying levels of antiviral activity against other flaviviruses in cell culture. Here we demonstrate
that the broad-spectrum activity of several cyanohydrazones against dengue, Zika, and Japanese
encephalitis viruses is due to specific inhibition of E-mediated membrane fusion during viral entry
and provide proof of concept for pharmacological inhibition of E as an antiviral strategy /n vivo.
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Dengue virus (DENV), Zika virus, and other flaviviruses (e.g., West Nile, St. Louis
encephalitis, etc.) are significant human pathogens against which we lack effective
countermeasures. Over 390 million DENV infections occur annually resulting in
approximately 500,000 hospitalizations each year due to severe dengue and an estimated
2.5% fatality rate for those with severe denguel. As evidenced during the explosive spread
of Zika virus in the Western Hemisphere earlier this decade, introduction of pathogenic
flaviviruses into geographic locations where prior immunity does not exist can have
devastating public health consequences. Vaccine development has been challenging due to
the diversity of the four DENV serotypes (DENV1-4) and the propensity of non-neutralizing
antibodies to enhance viral infection? and disease severity3. The only marketed DENV
vaccine, Dengvaxia, is effective in boosting natural immunity in those who have been
previously infected but significantly increases the risk of severe disease for immune-naive
vacinees who are later infected*—2. As an alternative countermeasure, we have pursued small
molecules that bind to the viral envelope protein, E, on the surface of the virion and prevent
viral entry. Such agents have the potential to block infection by engaging their target, E,
extracellularly in a way analogous to antibodies but without the risk of antibody-dependent
enhancement of infection and disease.

E exists on the surface of mature dengue virions as ninety prefusion dimers and performs
multiple functions in viral entry. Entry is initiated upon attachment of the virion to the host
cell through interaction of E’s domain I11 with any of a number of different attachment
factors on the plasma surface (e.g., DC-SIGN, Tim/Tam phosphatidylserine receptors)0-12,
This leads to internalization of the virion viaa clathrin-dependent process13-1°,
Acidification of the endosomal compartment triggers fusion of the viral and endosomal
membranes driven by reorganization and refolding of E as a postfusion trimeric species16-18,
This critical event creates a fusion pore that enables the viral genome to escape into the
cytoplasm where it can be expressed and where viral replication can ensue.

We previously used both phenotypic and target-based approaches to discover diverse small
molecules that bind to the DENV prefusion E dimer (E;) on the virion surface and block
infection by preventing E-mediated membrane fusion19-21, Both photocrosslinking and loss-
of-binding site-directed mutagenesis experiments performed with recombinant, soluble E
indicate that these compounds target a pocket between domains | and |1, and sequence
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alignments suggest that this site is at least partially conserved across other flaviviruses?2.
Consistent with this idea, we previously found that representative compounds from multiple
chemical series of DENV E inhibitors have variable levels of activity against West Nile,
Japanese encephalitis, and/or Zika viruses (WNV, JEV, ZIKYV, respectively) in cell culture
experiments monitoring viral infectivity?1~22; however, the biochemical mechanism of this
broad-spectrum activity was uncharacterized. Interestingly, while multiple compounds from
two pyrimidine series were observed to inhibit WNV, JEV, and ZIKYV, they appear more
selective for DENV over these other flaviviruses. In contrast, cyanohydrazone 3-110-22
uniquely exhibits comparable inhibition of DENV, WNV, JEV, and ZIKVZ2, A potential
explanation for 3-110-22’s unusual breadth of antiviral activity is that non-specific, E-
independent mechanisms, including colloidal compound aggregation or other pan-assay
interference (PAINS) properties, contribute significantly to its antiviral mechanism.
Alternatively, 3-110-22 and related cyanohydrazones might truly inhibit multiple
flaviviruses by making conserved interactions with the same pocket of DENV, WNV, JEV,
and ZIKV E proteins. Distinguishing between these possibilities is critical for establishing
whether specific pharmacological inhibition of multiple flavivirus E proteins is possible.

Countermeasures against DENV, ZIKYV, and other flavivirus pathogens represent a major
unmet medical need. Agents with broad-spectrum activity against multiple flavivirus species
are of particular interest due to the potential for the emergence or reemergence of new
flavivirus species and the limited resources currently available for flavivirus drug
development efforts. Towards this goal, here, we demonstrate that 3-110-22 and other related
cyanohydrazones inhibit multiple flaviviruses by specific inhibition of E-mediated
membrane fusion. While some cyanohydrazones exhibit activity in PAINS assays, we show
that this activity is separable from the ability to inhibit multiple flaviviruses. We further
report development of a cyanohydrazone, JBJ-01-162-04, with improved /in vivo properties
and use of this compound to establish proof-of-concept for this new class of antivirals in a
murine model of DENV infection.

RESULTS AND DISCUSSION

The cyanohydrazone class of DENV E inhibitors have activity against multiple flaviviruses

DENV E inhibitor 3-110-22 was developed through a medicinal chemistry effort guided by a
cell-based assay (“viral infectivity assay”; Fig. 1A) in which single-cycle viral yield was
quantified as a readout of productive viral entry. Analogous virological assays were used to
demonstrate 3-110-22’s activity against WNV, JEV, and ZIKV22. To ensure that the antiviral
effects we observed is due to inhibition of E’s function in viral entry and not due to other on-
or off-target effects, we limit inhibitor treatment to pre-incubation with the viral inoculum
and the first hour of cellular infection, then wash the cells to remove extracellular virus and
inhibitor prior to the addition of fresh medium. At twenty-four hours post-infection,
corresponding to a single replication cycle, supernatants are collected and the yield of
infectious virions is quantified as a metric of productive viral infection. To more broadly
examine the spectrum of antiviral activity of the parent cyanohydrazone scaffold, we
selected a subset of compounds from our prior studyl®, changing either the hydrophobic
head group (3-110-series) or maintaining the furan head group and changing the substituent
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on the benzene (3-149-series) (Fig. 1B). We quantified activity of these cyanohydrazones
against DENV2, ZIKV, and JEV in the viral infectivity assay (Fig. 1A) to determine antiviral
ICqy values — defined as the inhibitor concentration required to reduce the single cycle viral
yield by 90% relative to the DMSO-treated control in this assay — for each virus-inhibitor
pair.

All four cyanohydrazones exhibit significant antiviral activity against DENV2, ZIKV, and
JEV, albeit with varying potencies and selectivities (Figs. 1B, 1C, and S1). Consistent with
our previous report22, 3-110-22 inhibits the infectivity of all three flaviviruses at
concentrations below 10 uM (DENV2 ICg 2.3 UM, ZIKV [Cgg 4.2 UM, JEV ICgqq 8.6 UM)
with a modest selectivity for DENV > ZIKV > JEV. 3-110-2 exhibits potent activity against
both DENV2 (ICgg 1.0 pM) and ZIKV (ICgq 4.8 uM) but has significantly less activity
against JEV (ICqp > 20 uM). Compounds 3-149-3 and 3-149-15 both inhibit DENV2
infectivity with 1Cqq values of 15.6 and 11.8 uM, respectively, but whereas 3-149-3 exhibits
more narrow-spectrum activity against DENV2 and JEV over ZIKV, 3-149-15 exhibits
comparable inhibition of DENV2 and JEV infectivity while not inhibiting ZIKV. Notably,
all of the compounds exhibit equipotent inhibition of at least two viruses.

To test whether these compounds inhibit DENV, ZIKV, and JEV by preventing E-mediated
membrane fusion, we examined their effects on fusion in a liposome-based /7 vitro assay.
For these experiments, we chose 3-110-22 since it has the highest antiviral potency across all
three viruses. Briefly, we prepared liposomes in which we encapsulated trypsin, and then
mixed these liposomes with virions in the presence and absence of inhibitor at both neutral
and acidic pH. E-mediated fusion of the viral and liposome membranes at acidic pH creates
a fusion pore that renders the viral core protein accessible to the protease; absence of fusion
due to neutral pH or small molecule inhibition of E results in protection of core from trypsin
digestion (Fig. 1D). E on the external face of the virion lipid bilayer is never accessible to
the protease and serves as an internal control for liposome integrity. We monitored the levels
of core and E proteins by immunoblotting and showed that 3-110-22 blocks fusion of all
three viruses in a concentration-dependent manner (Fig. 1E). Together, these results indicate
the antiviral activity of 3-110-22 and other cyanohydrazone inhibitors against DENV, ZIKV
and JEV is due to a shared mechanism of action that targets E-mediated membrane fusion.

PAINS properties do not significantly contribute to the activity of the cyanohydrazones

Pan-assay interference compounds (PAINS) are a major source of artifacts in small molecule
screening. A major source of PAINS activity is the formation of colloidal aggregates
between 50-1000 nm in radius that can partially denature proteins upon absorption, leading
to promiscuous inhibitory activity23-25. Although the range of viral activities across the
3-110- and 3-149-compounds suggests that specific interactions with each E protein are
responsible for the observed antiviral activity and argue against non-specific, target-
independent mechanisms of inhibition, we previously observed that PAINS properties can
contribute significantly to antiviral activity in a high-throughput screen for inhibitors of
DENV?2 E2! (Lian, 2018). We therefore sought to assess the cyanohydrazone inhibitors for
PAINS properties explicitly. To do this, we first tested their activity against the established
counter-screening enzyme malate dehydrogenase (MDH)23-24, We also evaluated compound
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promiscuity by counter-screening against vesicular stomatitis virus (VSV), a rhabdovirus
with a structurally unrelated envelope glycoprotein and divergent mechanism of viral
entry26-28,

We observed some inhibition of VSV by the cyanohydrazones at relatively high
concentrations (= 10 uM for the 3-110 series, = 25 pM for the 3-149 series) that were for the
most part significantly higher than the concentrations at which we observe activity against
flaviviruses (Figs. 2A, 2B, and S2A). In examining potential PAINS activity in the
enzymatic assay, we observed non-specific inhibition of MDH activity by 3-110-22 and
3-110-2 with ICgq values of 47 £ 11 uM and 8 + 4 uM, respectively (Figs. 2A, 2C, and S2B)
that was abolished in the presence of detergent (ICsg >100 pM). In contrast, 3-149-3 and
3-149-15 exhibit little to no detergent-sensitive activity against MDH (1C5q 70 £+ 26 pM and
>100 uM, respectively). While these data indicate that PAINS properties may contribute to
the antiviral activity of the 3-110-series, the significantly less potent inhibition of VSV by
both 3-149- and 3-110-series and the absence of promiscuous activity for the 3-149-series in
the MDH assay demonstrate that the activity of the cyanohydrazones against multiple
flaviviruses is independent of compound aggregation and nonspecific interactions.

Medicinal chemistry optimization to improve in vivo properties.

Towards the goal of evaluating the efficacy of cyanohydrazone inhibitors of flavivirus E
proteins /in vivo, we performed preliminary studies with 3-110-22 and observed that this
compound causes acute toxicity in mice (data not shown) and exhibits poor stability in the
presence of mouse microsomes /in vitro, with half-life (T4/) of 13.1 minutes. To improve the
metabolic stability and toxicity profile of 3-110-22, several functional groups (small
halogen, cyclic aliphatic amines, morpholine and imidazole) were individually added to the
trifluoromethyl-benzene ring to generate a series of JBJ analogs (Table 1). Analogs
JBJ-01-162-02, -03, and -04 exhibit significantly improved half-lives of 73.0, >120, and 64.8
minutes, respectively.

We verified that both JBJ-01-162-03 and -04 retain 3-110-22’s activity against DENV in the
infectivity assay (Fig. 1A) (ICqp values 1.6 £ 0.6 uM and 1.5 + 0.4 pM versus 2.5 = 0.1 pM,
respectively; Table 1 and Figs. 3A and S3A) and found that JBJ-01-162-04 exhibits reduced
cellular cytotoxicity compared to the parental compound (Table 1 and Fig. S3B). For
JBJ-01-162-03 and -04, CCsq values are 20-fold or more greater than antiviral 1Cgq values,
indicating that the antiviral activity of these compounds is not due to general cytotoxicity.
Additionally, we tested the JBJ series of compounds for PAINS properties and observed that
whereas both JBJ-01-162-02 and -03 exhibit detergent-sensitive inhibition of malate
dehydrogenase comparable to that of 3-110-22 (Fig. S3B), JBJ-01-162-04 lacks this non-
specific activity (Fig. 3B).

Based on its superior stability, toxicity profile, lack of PAINS activity, and antiviral potency,
we selected JBJ-01-162-04 for additional characterization prior to /77 vivo experiments. We
measured an equilibrium dissociation constant (Kp) for its interaction with the recombinant,
soluble prefusion DENV?2 E protein (SE,) by biolayer interferometry, observing a Kp of 1.4
+ 0.5 pM (Fig. 3C), consistent with a direct interaction with its intended target. We also
confirmed that JBJ-01-162-04 inhibits viral fusion in the liposome-based assay in a
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concentration-dependent manner (Fig. 3D). Together, these efforts enabled advancement of
JBJ-01-162-04 as a suitable candidate to assess antiviral efficacy in a murine model.

JBJ-01-162-04 reduces DENV viral burden in vivo.

To evaluate JBJ-01-162-04’s antiviral efficacy /n vivo, we utilized the AG129-DENV?2 S221
model. Mouse-adapted strain DENV2 S221 strain was cloned following alternate passaging
of DENV?2 strain PL046 in mosquito cells and mice2%-30, Infection of mice lacking
interferon receptors (e.g., AG129) leads to productive viral replication and

dissemination2® 31-32_ The model is well-established for evaluating inhibition of DENV by
small molecules and siRNAs30: 33, We first verified that JBJ-01-162-04 potently inhibits
DENV?2 strain S221, observing an antiviral 1Cgg of 1.4 + 0.6 uM (Fig. 4A) against DENV2
S221 in the viral infectivity assay. We further confirmed this activity in a multi-cycle
experiment in which we infected at a low multiplicity of infection (MOI 0.01) to allow viral
spread. JBJ-01-162-04 potently reduced viral yield in supernatants collected at 48 and 72
hours post-infection, with 5 pM JBJ-01-162-04 sufficient to reduce viral yield by over 95%
during the multi-cycle infection (Fig. 4B). At lower concentrations, the antiviral effect
observed decreases over time, presumably due to amplification of the virus and decreased
stoichiometric ratio of inhibitor:target. Notably, this is avoided at inhibitor concentrations
high enough to prevent viral replication (e.g., 5 uM).

In preliminary examination of JBJ-01-162-04’s pharmacokinetics (PK) properties in mice,
we first tested oral and intravenous administration of JBJ-01-162-04 (Table S1), but the
limited oral bioavailability of only 14% prompted us to examine intraperitoneal
administration as an alternative. JBJ-01-162-04 was administered twice daily at 20 mg/kg
for 3 days, and the concentration of compound in the plasma and liver tissue of mice at 4, 8,
and 12 hours after JBJ-01-162-04 treatment was measured on days 1 and 3 (Fig. 4C).
Inhibitor exposures in plasma and liver decreased over the course of 4 to 12 hours from 75.8
UM to 2.9 M in plasma and 37.2 uM to 13.0 uM in liver on day 3. Based on these results,
we chose twice daily dosing at 40 mg/kg as a regimen that would enable us to maintain a
plasma concentration of JBJ-01-162-04 above the antiviral ICqq value of 1.4 uM measured
in the infectivity assay (Fig. 4A).

To evaluate the antiviral activity of JBJ-01-162-04 in vivo, 6- to 8-week old AG129 mice
were treated prophylactically with either JBJ-01-162-04 at 40 mg/kg or vehicle via the
intraperitoneal route twice daily starting one day prior to inoculation with 1x103 plaque-
forming units (PFU) of mouse-adapted DENV2-S221. Under these conditions, we
previously observed that the peak of viremia occurs on day 3 post-infection and decreases on
day 4 and thereafter (data not shown). Quantification of viremia on day 3 post-infection
showed that JBJ-01-162-04 reduces viremia when compared to the vehicle controls (Fig.
4D). Although this effect is modest, we subsequently determined that JBJ-01-162-04 has a
high level of plasma-protein binding (> 99.9%; data not shown). This reduces
JBJ-01-162-04’s antiviral activity /n vitroin a concentration-dependent manner (Fig. 4E),
and almost certainly limits the compound’s antiviral effect /n vivo. Taking this into account,
the reproducible antiviral effect we observed is notable and suggests that further medicinal
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chemistry to reduce JBJ-01-162-04’s plasma protein-binding would enable more potent
inhibition.

Countermeasures against DENV, ZIKYV, and other flavivirus pathogens represent a major
unmet medical need. While effective vaccines represent the gold standard for prevention of
infection, the genetic diversity of the four DENV serotypes and antibody-dependent
enhancement of infection and disease have, to date, complicated efforts to develop a broadly
protective vaccine. These challenges are exacerbated by recent studies indicating cross-
reactivity of ZIKV with anti-DENV antibodies and vice versa and demonstrating that cross-
reacting DENV antibodies enhance ZIKV infection and disease in murine models34-39,
Antivirals provide an alternative approach to limit transmission and reduce disease by
reducing viral burden and disease severity in those with confirmed infection or by preventing
infection entirely if administered prophylactically. In the case of ZIKV, persistence of virus
in body fluids for weeks to months after the onset of symptoms*%-42 suggests that antivirals
may be needed to accelerate elimination of the virus from immune-privileged sites. The
antiviral effect sufficient to have a significant clinical impact on DENV, ZIKV, and other
flavivirus infections has not been established. This is largely due to limitations of current
animal models for evaluating impact on flavivirus pathogenesis but also due to the lack of
antivirals against DENV, ZIKV, or other flavivirus pathogens. Indeed, despite efforts in both
industry and academia®3, direct-acting antivirals targeting essential viral enzymes akin to
those now used successfully to treat human immunodeficiency virus (HIV) and hepatitis C
virus (HCV) have not been developed for any flaviviruses.

We hypothesized that small molecules that bind to the viral envelope protein, E, can
potentially engage their target extracellularly and block infection analogously to antibodies
but without the risk of antibody-dependent enhancement of infection and disease. Although
the genetic diversity of DENV and other flaviviruses that has confounded vaccine
development efforts could potentially stymie the development of E-targeting antivirals, our
discovery of small molecules that can block the entry of multiple flaviviruses in vitrohas
indicated otherwise. In contrast to surface epitopes that are the main targets of the antibody
response, the small molecule E inhibitors target a pocket located at the interface of domains
I and Il. This is a hinge region for the conformational changes in E triggered by low pH, and
thus, residues in this pocket may be functionally conserved. Consistent with this, mutations
introduced to the analogous pocket of other flavivirus E proteins have been shown to affect
the pH threshold for viral fusion4=4°. We also note that we have experienced difficulties in
selecting for antiviral resistance by serial passage of DENV2 in the presence of inhibitors or
engineering resistance by site-directed mutagenesis of the pocket (reference 22 and
unpublished data), suggesting that mutation of this pocket may be functionally constrained.
Here, we have shown that multiple cyanohydrazones can block the entry of DENV, ZIKYV,
and JEV through inhibition of E-mediated fusion. This antiviral activity cannot be attributed
to non-specific or PAINS-like mechanisms but, rather, appears to reflect conserved
interactions of these compounds with the E protein. We further demonstrate that
JBJ-01-162-04 inhibits DENV in an /n vivo model and thus provide the first demonstration
of antiviral activity for inhibition of a flavivirus by this mechanism /n vivo. Collectively,
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these findings provide proof of concept for the development of direct-acting antivirals that
can block E-mediated membrane fusion of multiple flavivirus pathogens.

Experimental Section

Compound synthesis and characterization

Starting materials, reagents, and solvents were purchased from commercial suppliers and
were used without further purification unless otherwise noted. All reactions were monitored
using a Waters Acquity UPLC/MS system (Waters PDA e\ Detector, QDa Detector, Sample
manager - FL, Binary Solvent Manager) using Acquity UPLC® BEH C18 column (2.1 x 50
mm, 1.7 um particle size): solvent gradient = 85 % A at 0 min, 1 % A at 1.7 min; solvent A
= 0.1 % formic acid in Water; solvent B = 0.1 % formic acid in acetonitrile; flow rate : 0.6
mL/min. Reaction products were purified by flash column chromatography using
CombiFlash®Rf with Teledyne Isco RediSes® normal-phase silica flash columns (4 g, 12 g,
24 g, 40 g or 80 g) and Waters HPLC system using SunFire™ Prep C18 column (19 x 100
mm, 5 um particle size): solvent gradient = 80 % A at 0 min, 10 % A at 25 min; solvent A =
0.035 % TFA in Water; solvent B = 0.035 % TFA in MeOH; flow rate : 25 mL/min. 1H
NMR spectra were recorded on 500 MHz Bruker Avance 111 spectrometers and 13C NMR
spectra were recorded on 125 MHz Bruker Avance 111 spectrometer. Chemical shifts are
reported in parts per million (ppm, 8) downfield from tetramethylsilane (TMS). Coupling
constants (J) are reported in Hz. Spin multiplicities are described as br (broad), s (singlet), d
(doublet), t (triplet), g (quartet), m (multiplet).

1. Representative Procedure: Synthesis of JBJ-01-162-01 [(E)-2-
(benzofuran-2-yl)-N-(4-(4-methylpiperazin-1-yl)-3-(trifluoromethyl)phenyl)-2-
oxoacetohydrazonoyl cyanide].—

O\

To a solution of 4-(4-methylpiperazin-1-yl)-3-(trifluoromethyl)aniline (154 mg, 0.51 mmol)
in 6 MVhydrochloric acid (1 mL) was added dropwise a solution of sodium nitrite (41 mg,
0.59 mmol) in water (1 mL) at 0 °C under icebath. After stirring at room temperature for 30
min, a mixture of sodium acetate (49 mg) and 3-(benzofuran-2-yl)-3-oxopropanenitrile (100
mg, 0.54 mmol) in 1,4-dioxane (2 ml) was added to the reaction mixture. After stirring for 6
hr, the reaction mixture was filtered through celite, and the filtrate was diluted with EtOAc
and washed with sat. NaHCO3 and brine. The organic layer was dried over sodium sulfate,
filtered and concentrated under reduced pressure. The resulting residue was purified by
prepHPLC to give JBJ-01-162-01 as a yellowish solid (103 mg, 42 %).
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1H NMR (500 MHz, DMSO-d5) & 9.79 (br s, 1H), 7.97 (s, 1H), 7.95 - 7.93 (m, 1H), 7.90 -
7.83 (m, 2H), 7.75 (d, /= 8.5 Hz, 1H), 7.70 (d, /= 8.9 Hz, 1H), 7.58 (t, /= 7.8 Hz, 1H),
7.41 (d, J=7.5 Hz, 1H), 3.56 - 3.40 (m, 4H), 3.20 - 3.07 (m, 4H), 2.90 (s, 3H); LC/MS
(ESI) calcd. CozHo1F3N5O5 [M+H]* /2 456.16, found 456.22; retention time 0.99 min.

JBJ-01-162-02 [(E)-2-(benzofuran-2-yl)-N-(3-(4-methylpiperazin-1-yl)-5-
(trifluoromethyl)phenyl)-2-oxoacetohydrazonoyl cyanide].—

1H NMR (500 MHz, DMSO-a) 6 9.85 (br s, 1H), 7.97 (s, 1H), 7.84 (d, J= 7.6 Hz, 1H),
7.75(d, J=8.2 Hz, 1H), 7.58 (t, /= 7.6 Hz, 1H), 7.42 (t, /= 7.6 Hz, 1H), 7.36 (br s, 2H),
7.19 (s, 1H), 4.00 (br s, 2H), 3.53 (br s, 2H), 3.27 - 3.03 (m, 4H), 2.89 (s, 3H); LC/MS (ESI)
calcd. CogHo1F3N5O5 [M+H]*" m/z456.16, found 456.28; retention time 1.1 min.

JBJ-01-162-03 [(E)-2-(benzofuran-2-yl)-N-(4-morpholino-3-
(trifluoromethyl)phenyl)-2-oxoacetohydrazonoyl cyanide].—
N
o |l

— S

N
Nf

CF,

N

L_o
1H NMR (500 MHz, DMSO-c%) & 9.85 (br s, 1H), 7.98 (s, 1H), 7.92 (d, J= 1.8 Hz, 1H),
7.88 (d, J= 7.9 Hz, 1H), 7.85 - 7.81 (m, 1H), 7.75 (d, J= 8.2 Hz, 1H), 7.70 (d, J= 8.9 Hz,
1H), 7.57 (t, J= 7.6 Hz, 1H), 7.40 (t, J= 7.5 Hz, 1H), 3.74 - 3.68 (m, 4H), 2.89 - 2.82 (m,

4H); LC/MS (ESI) calcd. CyoH1gF3N4O3 [M+H]* mm/z443.13, found 443.19; retention time
1.6 min.

JBJ-01-162-04 [(E)-2-(benzofuran-2-yl)-N-(3-(4-methyl-1H-imidazol-1-yl)-5-
(trifluoromethyl)phenyl)-2-oxoacetohydrazonoyl cyanide].—
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CF,

1H NMR (500 MHz, DMSO-d4) 6 8.31 (s, 1H), 7.83 (br s, 1H), 7.73 (d, J= 7.6 Hz, 1H),
7.66 (d, J=8.2 Hz, 1H), 7.63 (s, 1H), 7.62 - 7.59 (m, 3H), 7.44 (t, J=7.6 Hz, 1H), 7.33 (t, J
= 7.5 Hz, 1H), 2.18 (s, 3H); LC/MS (ESI) calcd. CooH15F3N505 [M+H]* m/z438.12, found
438.17; retention time 1.1 min.

JBJ-01-162-05 [(E)-2-(benzofuran-2-yl)-N-(4-((4-ethylpiperazin-1-yl)methyl)-3-
(trifluoromethyl)phenyl)-2-oxoacetohydrazonoyl cyanide].—

_ I/CF3
SN
~N

1H NMR (500 MHz, DMSO-a) & 9.38 (br s, 1H), 8.01 (s, 1H), 7.97 (s, 1H), 7.89 (d, /= 7.9
Hz, 1H), 7.85 (s, 2H), 7.77 (d, J= 8.2 Hz, 1H), 7.59 (t, /= 7.8 Hz, 1H), 7.42 (t, J= 7.5 Hz,
1H), 3.72 (s, 2H), 3.15 (g, /= 7.3 Hz, 2H), 3.05 - 2.90 (m, 4H), 2.42 (t, /= 11.9 Hz, 2H),
1.22 (t, J=11.9 Hz, 3H); LC/MS (ESI) calcd. Cy5H5F3N50, [M+H]* m/z 484.20, found
484.29; retention time 0.98.

JBJ-03-019-01 [(E)-2-(benzofuran-2-yl)-N-(4-fluoro-3-(trifluoromethyl)phenyl)-2-
oxoacetohydrazonoyl cyanide].—
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F

1H NMR (500 MHz, DMSO-d) & 7.97 (s, 1H), 7.95 - 7.90 (m, 1H), 7.87 (d, J= 7.9 Hz,
1H), 7.74 (d, J= 8.5 Hz, 1H), 7.63 (t, J= 9.6 Hz, 1H), 7.56 (t, J= 7.8 Hz, 1H), 7.40 (t, J=
7.5 Hz, 1H); LC/MS (ESI) calcd. C1gH1gF4N30, [M+H]* m/z376.07, found 376.07;
retention time 1.6 min.

JBJ-03-019-02 [(E)-2-(benzofuran-2-yl)-N-(3-fluoro-5-(trifluoromethyl)phenyl)-2-
oxoacetohydrazonoyl cyanide].—

CF;

1H NMR (500 MHz, DMSO-d) & 8.00 (s, 1H), 7.89 (d, J= 7.6 Hz, 1H), 7.76 (s,1H), 7.73
(d, J= 8.5 Hz, 1H), 7.62 - 7.57 (m, 2H), 7.50 (t, J= 8.2 Hz, 1H), 7.41 (t, J= 7.5 Hz, 1H);
LC/MS (ESI) calcd. C1gH1gF4N30, [M+H]* m/z376.07, found 376.07; retention time 1.6
min.

Synthesis of 3-110-22, 3-110-2, 3-149-3, and 3-149-15 were previously described1%-20,

Vero cells (ATCC, RRID:CVCL_0059), baby hamster kidney-derived BHK-21 cells
(laboratory of Eva Harris, University of California, Berkeley), C6/36 cells derived from
Aedes albopictus (Diptera: Culicidae) embryonic tissue (ATCC, RRID:CVCL_Z230),
Spodoptera frugiperda cells (Sf9) (laboratory of Stephen C. Harrison, Cat # B825-01
Invitrogen/Thermo Fisher Scientific), and 7richoplusia ni cells (High Five™, laboratory of
Stephen C. Harrison, Invitrogen/Thermo Fisher Scientific) were maintained as previously
described?1-22,

All work with infectious virus was performed in a biosafety level 2 (BSL2) laboratory using
additional safety practices as approved by the Harvard Committee on Microbiological
Safety. Dengue virus serotype 2 strain New Guinea C (DENV2 NGC; Lee Gehrke, MIT),
dengue virus serotype 2 strain S221 (DENV2 S221; Sujan Shresta, La Jolla Institute for
Allergy and Immunology), and Zika virus (ZIKV) strain PF-251013-18 (Didier Musso,

ACS Infect Dis. Author manuscript; available in PMC 2020 March 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Antibodies

Page 12

Institut Louis Malarde, Tahiti Island, French Polynesia) were propagated in C6/36 cells as
previously described?1-22, The Japanese encephalitis virus (JEV) vaccine strain SA14-14-2
was kindly provided by Gregory Gromowski (Walter Reed Army Institute of Research). The
viral stocks used in the current study were produced in C6/36 cells, and were not propagated
more than twice.

Monoclonal antibody 4G2 against the DENV E protein was produced from culture
supernatants of hybridoma D1-4G2-4-15(ATCC HB-112, RRID:CVCL_J890). Mouse
hybridoma producing monoclonal antibody 6F3.1 against DENV2 core protein was
generously provided by John Aaskov (Queensland University of Technology)°. Rabbit
polyclonal antibodies against the ZIKV core protein, rabbit polyclonal antibodies against the
JEV E protein, and mouse monoclonal antibodies against the JEV core protein were
purchased from GeneTex (GTX133317, GTX125867 and GTX634153, respectively).
Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG and anti-rabbit 1gG
antibodies were obtained from Bio-Rad Laboratories (170-6516 and 170-6515,
respectively).

Cytotoxicity assay

Cytotoxicity was evaluated against BHK-21 cells using a commercially available kit
(CellTiter-Glo, Promega) following the manufacturer’s instructions. Values for the
concentrations that cause 50% cytotoxicity (CCsg) were calculated using the nonlinear fit
variable slope model (GraphPad Software).

Plague-forming assay (PFA) and focus-forming assay

DENV?2 and JEV titers were quantified by plaque-formation assay (PFA) on BHK-21 cells,
and ZIKV titers were quantified by PFA on Vero cells following published procedures?1-22,
Incubation times for plaque formation at 37 °C were 2.5 days (ZIKV), 3 days (JEV), or 4.5
days (DENV2). Where indicated, DENV?2 titers were quantified by focus-formation assay
(FFA) on BHK-21 cells. The procedure was as described above for PFA except that after
incubation at 37°C for 3 days, the cells were fixed with methanol for 15 min at —20°C and
then immunostaining was performed using monoclonal antibody 6F3.1 against the DENV2
core protein.

Viral infectivity assays for ICqg determination

Virus inocula were diluted in EBSS to achieve an MOI of 1, and were pre-incubated with the
given small molecule at varying concentrations for 45 min at 37 °C. The mixture was then
added to cells for 1 hour at 37 °C to allow infection, after which the inoculum was remved,
and the cells were washed with 1x PBS to remove unbound virus and compound. Cells were
overlaid with medium lacking inhibitor and incubated at 37 °C for 24 hours. Unless stated
otherwise, culture supernatants were harvested at this time, stored at —80 °C, and the yield of
infectious particles produced was quantified by PFA or FFA. The values for the
concentrations that lead to 90% inhibition (ICgq) were calculated using the nonlinear fit
variable slope model (GraphPad Software).
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Antiviral activity assays were performed with the following cell lines: DENV infections,
PFA, and FFA performed in BHK-21; JEV infections and PFA performed in BHK-21; ZIKV
infections and PFA performed in Vero; VSV-eGFP infections performed in BHK-21.

Vesicular stomatitis virus-eGFP (VSV-eGFP) counter screen

Virus inocula were diluted in EBSS to achieve a MOI of 1 and were preincubated with the
given small molecule at varying concentrations for 45 min at 37 °C. The virus-inhibitor
mixture was then added to cells for 1 h at 37 °C to allow infection, after which the inoculum
was removed, and the cells were washed with 1X PBS to remove unbound virus and
compound. Cells were overlaid with medium lacking inhibitor and incubated at 37 °C for 6
h, corresponding to a single cycle of infection. Following removal of the supernatants, the
cells were washed with 1X PBS and overlaid with PBS and then imaged. Fluorescence
(excitation 473 nm, emission 650 nm) was measured using a Typhoon FLA 9500 (GE
Healthcare Life Sciences) and quantified using ImageJ software (http://imagej.nih.gov/ij/).

Capsid protection assay to monitor fusion of virions with liposomes

The composition of liposomes was designed to mimic late endosomal membranes as
previously described19-20.51-52 | jnosomes were made with (1,2-dioleoyl-sn-glycero-3-
phosphocholine) (DOPC) (Avanti Polar Lipids), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) (Avanti Polar Lipids), L-a-phosphatidylinositol, Soy (PI),
bis(monooleoylglycero)phosphate, S,R Isomer (BMP) and cholesterol (Avanti Polar Lipids)
at 4/1/1/2/4 molar ratio in TAN buffer (20 mM triethanolamine, 100 mM NacCl, pH 8.0).
Lipids were dried down and resuspended thoroughly by vortexing and sonication.
Liposomes were prepared by extrusion through a 0.2 micron filter after five freeze/thaw
cycles. For trypsin-containing liposomes, 3.8 mg of trypsin was added to 0.38 mL of lipids
(2.8 mg each) after the third freeze/thaw cycle, prior to extrusion. Liposomes were separated
from unincorporated trypsin by size-exclusion chromatography using a 10/300 Increase
Superdex 200 column (GE Healthcare) on an Akta fast performance liquid chromatography
(FPLC) system.

50 uL of DENV2, strain NGC (5x10° PFU); ZIKYV, strain PF13 (9.5x10° PFU); and JEV,
strain SA14-14-2 (9.5x10° PFU) were incubated with various concentrations of compounds
(0, 10 uM, 50 puM) for 45 min at 37 °C in TAN buffer (pH 8.0) prior to addition of 20 pL
liposomes for 5 minutes. This represents > 10-fold increase in virus and hence target
abundance relative to the viral infectivity assays. After incubation with liposomes, 2.5 uL
1M sodium acetate (pH 5.0) was added to drop the pH to 5.3 for 5 minutes. Samples were
back-neutralized with 2.5 uL 2M triethanolamine (pH 8.1) and incubated for 20 minutes at
37°C to allow trypsin digestion. SDS sample buffer was added, and samples were boiled for
20 minutes before separation by SDS-PAGE on a 10% gel. Proteins were transferred to a
PVDF membrane using a semi-dry transfer apparatus. The following antibodies were used
for detection of envelope and capsid protein respectively: 4G2 (1:100) and 6F3.1 antibodies
for DENV, 4G2 (1:100) and ZIKV capsid protein antibodies (1:100) for ZIKV, and JEV
envelope protein antibodies (1:1000), and JEV core antibodies (1:500) for JEV. The
membrane was developed with enhanced chemiluminescence reagents (Pierce), and the
signal was captured using the Amersham Imager 600.
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Malate dehydrogenase (MDH) assay

Small molecule inhibitors were serially diluted (2-fold dilution series from 100 uM) and
were mixed with 200 uM oxaloacetic acid (VWR) and 200 uM NADH (VWR) in working
buffer (100 mM potassium phosphate, pH 7.0). Malate dehydrogenase (EMD Millipore) was
added to a final concentration of 0.7 nM, and absorbance was immediately monitored at 340
nm for 5 min. The final concentration of DMSO was 1% for all samples. All assays were
repeated in the presence of 0.01% Triton X-100. The values for the concentrations that lead
to 50% inhibition (ICg) were calculated using the nonlinear fit variable slope model
(GraphPad Software).

Expression, purification, and biotinylation of recombinant soluble, prefusion DENV2
envelope protein (sE,) and determination of dissociation constant (Kp) values by bio-layer
interferometry (BLI)

The soluble DENV?2 prefusion E dimer (SE») bearing a 6His-N-terminal purification tag and
AviTagTdeM4 C_terminal tag as previously described?1-22, Equilibrium dissociation constant
for binding of inhibitor to sE, was measured by biolayer interferometry using an Octet
RED384 system (FortéBio) using superstreptavidin (SSA) biosensors. Association with
small molecules was monitored for 120 seconds with inhibitor concentrations that ranged
from 50 nM to 20 uM; dissociation was performed in reaction buffer and monitored for 120
seconds. Equilibrium dissociation constants (Kp) values were determined by plotting the
local fit maximum response (nm) as a function of small molecule concentrations (UM) using
Octet Data Analaysis Software (FortéBio) and Prism (GraphPad Software). Titration curves
were fit to the following steady-state analysis equation:

Response = (RmaX*Conc) / KD + Conc

where Rpax is the local fit response maximum; Conc is the concentration of small molecule;
and Kp is the equilibrium dissociation constant.

Pharmacokinetic study in mice

Pharmacokinetic studies /n vivo were performed by the Drug Metabolism and
Pharmacokinetics Core at Scripps Florida following protocols reviewed and approved by the
Institutional Animal Care and Use Committee. Briefly, C57BL/6 mice were administered
JBJ-01-162-04 formulated in 0.1 and 1 mg/mL solution in DMSO:Tween-80:water
(10:10:80) at dosages of 1 mg/kg by intravenous (i.v.) and 10 mg/kg by oral gavage (7= 3
mice per group), respectively. Blood samples were collected at 9 time points over 500 min
post-dosing for determination of PK parameters’ calculation. Due to limited oral
bioavailability and clearance issue by the i.v. route, we further tested intraperitoneal (i.p.)
administration of JBJ-01-162-04 with the same formulation at 20 mg/kg twice daily for 3
days. Blood and liver samples were collected and compound concentrations were quantified
at4, 8,12 h on days 1 and day 3.
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Hepatic microsomal stability

Microsome stability assays were performed by the Drug Metabolism and Pharmacokinetics
Core at Scripps Florida. 1 pM test compound was incubated with 1 mg/mL hepatic
microsomes in 100 mM potassium phosphate buffer, pH 7.4. The reaction was initiated by
adding NADPH (1 mM final concentration). Aliquots were removed at 0, 5, 10, 20, 40, and
60 minutes and added to acetonitrile (5X v:v) to stop the reaction and precipitate the protein.
NADPH dependence of the reaction was evaluated with -NADPH samples. At the end of the
assay, the samples were centrifuged through a Millipore Multiscreen Solvinter 0.45 micron
low binding PTFE hydrophilic filter plate and analyzed by LC-MS/MS. Data were log-
transformed and represented as half-life and intrinsic clearance.

Antiviral efficacy in vivo.

All experiments performed in mice followed protocols and procedures reviewed and
approved by the Institutional Animal Care and Use Committee of Harvard University.
Breeding pairs of AG129 mice, which lack type | and type Il interferon receptors, were
generously donated by Sujan Shresta (LJIA) and bred in the specific-pathogen-free animal
facility at Harvard Medical School. 6-8 week old AG129 mice were challenged with 1 x 103
PFU of DENV-2 S221 by retro-orbital injection in 100 puL of DPBS with 0.2% BSA. For
prophylaxis experiments, mice were treated with either JBJ-01-162-04 at 40 mg/kg
formulated in DMSO:Tween-80:water (10:10:80) or vehicle (10 mice per group for both
sexes) via the intraperitoneal route twice daily starting 1 day prior to inoculation with DENV
until day 3 post-infection. Blood was collected on day 3 post-infection by the retro-orbital
route, as this reproducibly coincides with the peak of viremia under these experimental
conditions. The serum was separated and harvested after centrifugation in a microvette blood
collection tube (Sarstedt), and then stored at —80 degrees C until processed. Serum viremia
was assessed by viral plaque formation assay. The /n vivo experiments were performed in
two independent studies. Statistical analysis was performed by paired t test for two-tailed
analysis.

Statistical Analysis

Statistical tests and the associated error bars are identified in the corresponding figure
legends. ‘“Independent’” experiments describe the number of biological replicates, which
were repeat experiments performed on different days. Statistical analysis was performed
using Prism (GraphPad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The cyanohydrazones inhibit the entry of multiple flaviviruses.

A.The viral infectivity assay was designed to ensure that the antiviral activity observed is
due to an effect on viral entry rather than to other on- or off-target effects. Compound
treatment is limited to a preincubation with the inoculum and the initial one-hour infection,
after which non-adsorbed virus and compound are washed away. After twenty-four hours,
which corresponds to a single-cycle of infection, the yield of infectious virus secreted to the
culture supernatant is quantified as a measure of productive viral entry by plague-forming
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assay (PFA) or focus-forming assay (FFA) as indicated for each experiment. BHK-21 cells
were used for DENV and JEV; Vero cells were used for ZIKV.

B. Summary of antiviral ICgqg values determined against dengue virus 2 (DENV?2), Zika
virus (ZIKV), and Japanese encephalitis virus (JEV) in the viral infectivity assay. Viral titers
were determined by focus-forming assay for DENV2 and plaque-forming assays for ZIKV
and JEV. The ICgq value is defined as the concentration of inhibitor required to reduce
single-cycle viral yield in the infectivity assay by 10-fold. Values were determined by non-
linear regression (as shown in Figs. 1C and S1) and are presented as means + standard
deviation of n= 2 independent experiments.

C. ICqg determination for 3-110-2 and 3-110-22 against DENV2, ZIKV, and JEV by non-
linear regression. Viral yields were normalized to the DMSO negative control.
Representative data from one of 7= 2 independent experiments are presented, and the mean
+ standard deviation of 7= 2 biological replicates is presented on the graph. Representative
data for 3-149-3 and 3-149-15 are provided in Fig. S1.

D. Cyanohydrazones inhibit flavivirus entry by preventing E-mediated membrane fusion.
Fusion of virions with synthetic liposomes encapsulating trypsin is triggered by low pH.
Formation of a fusion pore allows trypsin (blue dots) to access and digest core protein (C,
green dots) on the interior of the virion while envelope protein (E, red ovals) on the exterior
of the virion remains intact and serves as an internal control. The reactions depicted in Fig.
1D were performed with DENV2, ZIKV, and JEV.

E. Western blot analysis for C and E shows that compound 3-110-22 protects core from
digestion upon exposure of the virion-liposome mixture to acidic pH, indicating
concentration-dependent inhibition of viral fusion for all viruses tested. Note that the
target:inhibitor ratio in this assay is > 10-fold that in the viral infectivity assay.
Representative data are shown for 7= 2 independent experiments.
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Figure 2. The activity of the cyanohydrazones against multiple flaviviruses is specific.
A. Summary of assays used to evaluate non-specific activities of cyanohydrazones. Non-

specific activity of the cyanohydrazones was assessed using a VSV-eGFP infectivity assay in
which inhibitor treatment was limited as for the infectivity assay depicted in Figure 1A but
using eGFP fluorescence at 6 hours as a readout of infection. VSV-eGFP fluorescence for
each sample was normalized to the DMSO negative control and then subtracted from 100 to
calculate percent VSV inhibition. Data are presented as means * standard deviation from 7=
2 independent experiments. I1Csq values for inhibition of malate dehydrogenase (MDH) in
the presence or absence of Triton X-100 were determined by non-linear regression (see Fig.
2C and S2) and are presented as means + standard deviation of 7= 2 independent
experiments.

B. Inhibition of VSV-eGFP by 3-110-22 and 3-149-15. eGFP fluorescence at 6 hours
postinfection was measured and plotted as a percentage normalized to the DMSO negative
control. Assays were performed using BHK-21 cells. Representative data from one of n=2
independent experiments are presented as means normalized to DMSO =+ standard deviation
of n= 2 replicates within the experiment. Graphs showing representative data for 3-110-2
and 3-149-3 are provided in Fig. S2.

C. Inhibition of MDH by 3-110-22 and 3-149-15. MDH activity measured at various
cyanohydrazone concentrations was normalized to the activity of the DMSO negative
control to derive the percent enzyme activity. Representative data from one of 7= 2
independent experiments are presented as means normalized to DMSO = standard deviation
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of n=2 experimental replicates. Graphs showing representative data for 3-110-2 and
3-149-3 are provided in Fig. S2.
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Figure 3. JBJ-01-162-04 is a specific inhibitor of E-mediated DENV fusion.
A. Antiviral activity of JBJ-01-162-04. The ICqq value of JBJ-01-162-04 against DENV2

was determined by nonlinear regression analysis of data generated using the viral infectivity
assay depicted in Fig. 1A. Assays were performed using BHK-21 cells. JBJ-01-162-04
exhibits an ICgq value against DENV2 of 1.5 + 0.4 uM. Representative data from one of 7=
2 independent experiments are shown with error bars indicating the standard deviation for 2
replicates within that experiment.

B. Malate dehydrogenase activity assay to detect PAINS activity. The effect of the
compounds on malate dehydrogenase (MDH) activity was assessed in the presence and
absence of Triton X-100. Slight inhibition of MDH by JBJ-01-162-04 was observed,;
however, this effect was independent of detergent and thus does not appear to reflect
nonspecific inhibition due to colloid formation by the compound. Representative data from
one of 7= 2 independent experiments are shown.
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C. Determination of dissociation constant (Kp) value for JBJ-01-162-04 bound to soluble,
prefusion DENV2 envelope protein (SEp) by biolayer interferometry (BLI). The equilibrium
dissociation constant (Kp) for JBJ-01-162-04’s interaction with the DENV2 soluble,
prefusion E dimer (SE) is 1.4 = 0.5 uM (average of 3 independent experiments).
Representative data from one of three independent experiments are shown.

D. JBJ-01-162-04 inhibits E-mediated fusion /n vitro. The liposome fusion assay depicted in
Fig. 1D was performed. JBJ-01-162-04 inhibits E-mediated fusion of DENV?2 in a
concentration-dependent manner, as evidenced by protection of core from digestion at pH
5.3. Representative data from one of 7= 2 independent experiments are shown. Note that the
target:inhibitor ratio in this assay is ~10-fold higher than in the infectivity assay.
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Figure 4. JBJ-01-162-04 inhibits DENV2 S221 in vitro and in vivo.
A. JBJ-01-162-04’s activity against the mouse-adapted strain DENV2 S221 was quantified

in the viral infectivity assay shown in Fig. 1A using an MOI of 0.5 and the plaque-forming
assay to quantify viral titers. Assays were performed using BHK-21 cells. The average I1Cqyq
value from two independent experiments was 1.4 + 0.6 M. Representative data from one of
two independent experiments are shown with error bars indicating the standard deviation for
2 replicates within that experiment.

B. Assessment of JBJ-01-162-04’s antiviral activity in a multicycle infection. DENV2 S221
was used to infect cells a multiplicity of infection of 0.01 in the presence of varying
concentrations of JBJ-01-162-04. JBJ-01-162-04 in the medium was replenished at 24 and
48 hours postinfection. Culture supernatants were harvested at 48 and 72 hours
postinfection, and virus titers at these time points were quantified by plague-forming assay.
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Representative data from one of 7= 2 independent experiments are shown with error bars
indicating the standard deviation for 2 replicates within that experiment.

C. Analysis of JBJ-01-162-04 pharmacokinetics (PK) following intraperitoneal dosing.
JBJ-01-162-04 was formulated in 10/10/80 DMSO/Tween80/water and administered to
C57BL/6 female, 6-8 week old mice at a dosage of 20 mg/kg by intraperitoneal route twice
daily for three days. Compound concentrations in plasma and liver were sampled at 4, 8, and
12 hours following dosing on days 1 and on day 3. Data presented are the average of three
mice with the exception of those marked with “*” which represent the average of two
animals.

D. Inhibition of DENV2 S221 in vivo. Six- to eight-week old AG129 mice were inoculated
with 1 x 103 PFU DENV?2 S221 by retro-orbital intravenous injection. Mice were treated
with either JBJ-01-162-04 at 40 mg/kg (5 males, 5 females) or vehicle (5 males, 5 females)
via intraperitoneal route twice daily starting one day before viral inoculation. Peak viremia
occurs on day 3 postinfection and was quantified by plaque-forming assay using BHK-21
cells. Representative data from one of two independent experiments are shown, with
statistical significance between with treated and control groups determined by paired 2-
tailed t test (o= 0.0083).

E. JBJ-01-162-04’s antiviral activity is inhibited in the presence of serum. JBJ-01-162-04
was preincubated with 100, 25, or 0 percent heat-inactivated mouse serum (2 hours, 37
degrees C) and then used in viral infectivity assay as described in Fig. 1A. Viral titers were
quantified by plaque-forming assay using BHK-21 cells. Antiviral activity was severely
reduced in the presence of serum. Representative data from one of 7= 2 independent
experiments are shown with error bars indicating the standard deviation for 2 replicates
within that experiment.

ACS Infect Dis. Author manuscript; available in PMC 2020 March 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Lietal.

N
I, HN CF3  NaNO,, NaOAc
-
6 N HCI in water/
0 R 1,4-dioxane
Scheme 1.

General synthetic routel®.

ACS Infect Dis. Author manuscript; available in PMC 2020 March 08.

Page 28

CF;



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Lietal. Page 29

Table 1.
Medicinal chemistry optimization of JBJ series.

Compound stability in mouse microsomes was assessed /77 vitro and is reported as the half-life of the small
molecule (T1/,). Antiviral activity was measured in the viral infectivity assay as depicted in Fig. 1A, limiting
inhibitor treatment to preincubation with the viral inoculum and the initial one hour infection and using single-
cycle viral yield as a readout for productive viral entry. Virus titers were determined by plaque-forming assay.
The antiviral 1Cgyq value refers to the concentration of inhibitor required to reduce single-cycle DENV2 viral

yield by ten-fold. The CCsp value corresponds to the concentration of inhibitor causing 50% loss of BHK-21
cell viability. ICqg (Figs. 3 and S3) and CCsq values were determined by non-linear regression analysis of the

data and are presented as means + standard error of 7= 2 independent experiments. Since our primary
objective was to improve the microsome stability, we initially screened for T4/, and advanced compounds with

improved Ty, to antiviral and cytotoxicity testing. “n.d.” indicates value not determined.
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ACS Infect Dis. Author manuscript; available in PMC 2020 March 08.



	Abstract
	Graphical Abstract
	RESULTS AND DISCUSSION
	The cyanohydrazone class of DENV E inhibitors have activity against multiple flaviviruses
	PAINS properties do not significantly contribute to the activity of the cyanohydrazones
	Medicinal chemistry optimization to improve in vivo properties.
	JBJ-01-162-04 reduces DENV viral burden in vivo.
	Conclusion

	Experimental Section
	Compound synthesis and characterization
	Representative Procedure: Synthesis of JBJ-01-162-01 [(E)-2-(benzofuran-2-yl)-N-(4-(4-methylpiperazin-1-yl)-3-(trifluoromethyl)phenyl)-2-oxoacetohydrazonoyl cyanide].
	JBJ-01-162-02 [(E)-2-(benzofuran-2-yl)-N-(3-(4-methylpiperazin-1-yl)-5-(trifluoromethyl)phenyl)-2-oxoacetohydrazonoyl cyanide].
	JBJ-01-162-03 [(E)-2-(benzofuran-2-yl)-N-(4-morpholino-3-(trifluoromethyl)phenyl)-2-oxoacetohydrazonoyl cyanide].
	JBJ-01-162-04 [(E)-2-(benzofuran-2-yl)-N-(3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)phenyl)-2-oxoacetohydrazonoyl cyanide].
	JBJ-01-162-05 [(E)-2-(benzofuran-2-yl)-N-(4-((4-ethylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl)-2-oxoacetohydrazonoyl cyanide].
	JBJ-03-019-01 [(E)-2-(benzofuran-2-yl)-N-(4-fluoro-3-(trifluoromethyl)phenyl)-2-oxoacetohydrazonoyl cyanide].
	JBJ-03-019-02 [(E)-2-(benzofuran-2-yl)-N-(3-fluoro-5-(trifluoromethyl)phenyl)-2-oxoacetohydrazonoyl cyanide].

	Cell lines
	Viruses
	Antibodies
	Cytotoxicity assay
	Plaque-forming assay (PFA) and focus-forming assay
	Viral infectivity assays for IC90 determination
	Vesicular stomatitis virus-eGFP (VSV-eGFP) counter screen
	Capsid protection assay to monitor fusion of virions with liposomes
	Malate dehydrogenase (MDH) assay
	Expression, purification, and biotinylation of recombinant soluble, prefusion DENV2 envelope protein (sE2) and determination of dissociation constant (KD) values by bio-layer interferometry (BLI)
	Pharmacokinetic study in mice
	Hepatic microsomal stability
	Antiviral efficacy in vivo.
	Statistical Analysis

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Scheme 1.
	Table 1.

