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Dengue, caused by the dengue virus (DENV), presents a significant public health chal-
lenge with limited effective treatments. NITD-688 is a potent panserotype DENV
inhibitor currently in Phase II clinical trials. However, its mechanism of action is not
fully understood. Here, we present the molecular details of how NITD-688 inhibits
DENYV. NITD-688 binds directly to the nonstructural protein 4B (NS4B) with nano-
molar affinities across all four DENV serotypes and specifically disrupts the interaction
between NS4B and nonstructural protein 3 (NS3) without significantly changing the
interactions between NS4B and other viral or host proteins. NS4B mutations that
confer resistance to NITD-688 reduce both NITD-688 binding to NS4B and disrup-
tion of the NS4B/NS3 interaction. Specifically, NITD-688 blocks the interaction of
NS3 with a cytosolic loop within NS4B. This inhibits the formation of new NS4B/
NS3 complexes and disrupts preexisting complexes in vitro and DENV-infected cells,
ultimately inhibiting viral replication. Consistent with this mechanism, NITD-688
retains greater potency in cellular assays with delayed treatment compared to JNJ-1802,
another NS4B inhibitor that has been studied in Phase II clinical trials. Together, these
findings provide critical insights into the mechanism of action of NITD-688, facilitat-
ing the development of novel flavivirus NS4B inhibitors and informing future clinical
interventions against DENV.
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Dengue, caused by the mosquito-borne dengue virus (DENV), poses a significant threat
to public health. There are four closely related but distinct serotypes of DENV, each
capable of causing diseases ranging from mild flu-like illnesses to life-threatening dengue
hemorrhagic fever and dengue shock syndrome. Dengue has been reported in 176 coun-
tries (1), extending beyond its traditionally endemic tropical and subtropical regions into
previously unaffected areas. Annually, there are an estimated 390 million DENV infections
globally, causing approximately 100 million symptomatic cases and 40,000 deaths (2, 3).
Due to globalization, urbanization, and climate change, dengue continues to spread world-
wide (4-7). Half of the world’s population is now at risk of contracting dengue (8).
Unfortunately, the currently available measures to stop dengue face limitations. DENV
vaccine development has been challenged by the risk of antibody-dependent enhancement
of infection (9). Dengvaxia (Sanofi-Pasteur), the only DENV vaccine approved and avail-
able in the United States and several DENV-endemic countries, is limited in use to people
with laboratory-confirmed previous DENV infections (10). Two DENYV vaccine candi-
dates with improved effectiveness, TAK-003 (Takeda) and TV003 (NIH) are in phase 3
clinical trials (11-14). Neither has been approved by the United States Food and Drug
Administration, although TAK-003 has been approved for use in some endemic and
nonendemic countries. However, their ability to induce long-lasting balanced immune
responses to all four serotypes remains unknown. Although vector controls have demon-
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strated potential in reducing dengue incidence (15, 16), their effectiveness typically relies
on comprehensive community-wide approaches, which often encounter implementation
challenges across areas with diverse cultures and economies. Despite decades of efforts,
DENYV therapeutics, including antibody and small molecule drugs, are not yet clinically
available (17-21), and thus dengue management remains supportive.

Direct-acting antivirals (DAAs) are molecules designed to inhibit infection by targeting
viral proteins that are crucial for viral infection. They have demonstrated remarkable
success in treating HIV and hepatitis C virus infection (22, 23). However, developing
DENYV DAAs has proven to be challenging (24). DENV belongs to the Flavivirus genus
within the Flaviviridae family, which includes several other significant human pathogens,
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such as Japanese encephalitis virus (JEV), West Nile virus (WNV),
Zika virus (ZIKV), and tick-borne encephalitis virus (TBEV).
DENV is an enveloped virus with a single-stranded positive-sense
RNA genome of ~11,000 nucleotides in length. The viral genome
contains a single open reading frame (ORF) flanked by 5" and 3’
untranslated regions (UTRs). During viral infection, this ORF is
translated into a large polyprotein that is further cleaved by both
viral and host proteases into three structural proteins [capsid (C),
precursor membrane (prM), and envelope (E)] and seven non-
structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5). While the structural proteins form the viral particles, the
nonstructural proteins play indispensable roles in viral RNA syn-
thesis (25-27), virion assembly (28, 29), and counteracting host
innate immunity (30, 31). Among them, NS3 has serine protease
(with the cofactor NS2B), RNA triphosphatase, and RNA helicase
activities (32, 33). NS5 functions as a methyltransferase, guany-
lyltransferase, and RNA-dependent RNA polymerase (34-36).
These two multifunctional enzymes have been the primary anti-
viral targets over the years (18, 37, 38). Unfortunately, most inhib-
itors targeting NS3 and NS5 have not yet progressed to clinical
trials. Only AT-752 (Atea Pharmaceuticals), a guanosine nucleo-
tideanalog (39), has reached phase 2 clinical trials (NCT05466240),
though the development of the compound has since been halted.

In addition to NS3 and NS5, flavivirus NS4B has been another
attractive antiviral target. NS4B is a small, integral membrane
protein with no known enzymatic activity (26, 40). It plays critical
roles in viral infection by remodeling the endoplasmic reticulum
membrane, counteracting host innate immunity, and inducing
cell dysregulation (41). At a molecular level, these functions are
mediated through an interaction network involving NS4B, viral
proteins (NS1, NS2B, NS3, and NS4A), as well as host factors
(30, 41-45). Despite significant challenges in developing pangen-
otype and panserotype small molecules with favorable safety pro-
files and drug-like physicochemical and pharmacokinetic
properties, several DENV NS4B inhibitors have been uncovered
in the past decade, including aminothiazole (46), spiropyrazol-
opyridone (47), SDM25N (48), NITD-688 (19), JNJ-A07, and
JNJ-1802 (20, 21). Among them, NITD-688 and JNJ-1802 have
excellent panserotype antiviral potencies in cell culture, as well as
efficacy in animal models, and have both advanced to Phase 2
clinical trials (NCT06006559; NCT05201794) (49).

A thorough understanding of the inhibitors’ antiviral mecha-
nisms is essential for rational drug design and optimization to
improve drug potency, selectivity, specificity, and safety. However,
there is a considerable knowledge gap regarding how NS4B inhib-
itors perturb DENV infection, due to the lack of high-resolution
tertiary structure of NS4B or robust assays. All reported NS4B
inhibitors were identified through cell-based phenotypic screens,
followed by target deconvolution via resistance selection-based
genetic approaches, as exemplified by the discovery of the first
DENYV NS4B inhibitor, NITD-618 (46). Additional biochem-
ical, biophysical, and virological assays are imperative to further
delineate the underlying molecular basis of antiviral activity. In
particular, the mode of action of two clinical front-runners,
NITD-688 and JNJ-1802, has not been fully elucidated.
NITD-688, exhibiting single to double-digit nanomolar potency
against four serotypes of DENV, was found to bind directly to
recombinant DENV NS4B proteins through NMR spectroscopy
(19). JNJ-1802, exhibiting picomolar to low nanomolar efficacy
against four serotypes of DENV, was shown to prevent viral rep-
lication complex formation by blocking NS4B/NS3 interactions
in coimmunoprecipitation (co-IP) experiments (20, 21). Distinct
NS4B mutations have been identified in viruses resistant to
JNJ-1802 and a close analog of NITD-688. Given concerns
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about the emergence of resistant viruses during treatment, it is
crucial to know whether NITD-688-resistant viruses are
cross-resistant to JNJ-1802 and vice versa. Furthermore, under-
standing additional molecular details about the mechanism of
action of these two compounds could be useful for developing
next-generation NS4B inhibitors.

In this study, we have examined the antiviral mechanism of
NITD-688 using a multipronged approach, including viral genet-
ics, biophysical, biochemical, imaging, and virological methods.
We find that NITD-688 binds directly to DENV NS4B with
nanomolar affinities and is capable of disrupting preformed NS4B/
NS3 complexes in vitro and in DENV-infected cells. Consistent
with this mechanism, NITD-688 exhibits less reduction in potency
in cellular assays with delayed treatment compared to JNJ-1802,
another clinically studied NS4B inhibitor. Our findings can pro-
vide avenues for developing NS4B-targeted flavivirus inhibitors
and future clinical treatment options against dengue.

Results

Characterization of NITD-688-Resistant Viruses. The tetrahydro-
thienopyridine NITD-688 was reported as a DENV NS4B
inhibitor with nanomolar potencies against all four serotypes of
DENV (19). Previously, resistance selection was performed with a
close analog of NITD-688. To understand the specific susceptibility
of NITD-688 to the development of resistance, we performed
serial passages of the DENV-2 NGC strain in the presence of
increasing concentrations of NITD-688 (Fig. 14). Following 15
passages (approximately 50 d), all seven independent NITD-688
selections (S1-S7) yielded variants resistant to the inhibitor, with
240.8- to 766.5-fold increase in ECs values when compared to
the unpassaged wild-type (WT) virus (Fig. 1B and SI Appendix,
Table S1). In contrast, four independent DMSO selections (S8-
S11) remained highly sensitive to NITD-688, similar to the
parental WT virus. Whole-genome sequencing of the P15 viruses
demonstrated NS4B as a hotspot for mutations during DENV
passaging in cell cultures (S7 Appendix, Fig. S1 and Table S2). A
total of thirteen amino acid substitutions in NS4B were identified.
Ten of them (R33C/Y/S/H, V175A, A193V, T195A, W205L,
T215A, and A222V) were present only in NITD-688 selections
but not in DMSO selections, or only present in DMSO selections
at very low frequencies (<4%). Most prevalent was A222V, present
in all seven NITD-688 selections at >99% frequency. Next,
A193V was present in all seven NITD-688 selections with varied
frequencies: high frequency (>99%) in two selections, modest
frequency (9.5 to 24.4%) in another two selections, and low
frequency (<4%) in the rest of the selections. T195A was present
in four selections, with three having >97% frequency. T215A and
W205L each predominated in one of the seven selections. R33C/Y/
S/H were present in four selections with <37% frequencies. While
L111F and S238F were present in some NITD-688 selections at
>90% frequency, they also emerged in DMSO selections at high
frequencies, suggesting they may emerge in response to passaging in
cell cultures but not drug pressure. V175A was present in only one
NITD-688 selection at 21% frequency. T1791 was only observed
in the DMSO passaged virus. Mutations were also observed in
prM, E, NS1, NS2A, NS2B, NS3, NS4A, and NS5. However,
the mutations in proteins other than NS4B were either not unique
to the NITD-688 selection or were inconsistent across the seven
NITD-688 selections, and, therefore, were not further investigated
in this study.

To examine the dynamics of NS4B mutations over serial pas-
sages, the NS4B sequences of passages 4 (P4), 8 (P8), and 15 (P15)
viruses under NITD-688 selection were determined using PacBio
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Fig. 1. Selection and characterization of NITD-688 resistant DENV. (A) Scheme for resistance selection. (B) ECs, of NITD-688 against P15 viruses. Averaged
ECs, values from independent experiments (n = 2 for P15 viruses; n = 6 for WT DENV-2) performed with three technical replicates are shown. Fold change was
calculated by normalizing the EC,, of each mutant to that of WT. *amino acid changes with >90% frequencies. (C) Membrane topology of NS4B. Orange, mutations
unique in NITD-688-selected P15 viruses are colored in orange. Blue, JNJ-1802-resistant mutations, V91A and L94F. (D) NS4B mutations emerged in P4, P8, and
P15 viruses. (E) ECs, of NITD-688 against recombinant DENV-2 NS4B mutants. Averaged ECs;s (from two independent experiments) are shown. (F) Occurrence
of NITD-688-resistant NS4B mutations in the general population of DENVs. n, numbers of DENV genome sequences used for analysis.

sequencing. Seven NS4B mutations prevalent in P15 viruses were
analyzed in-depth (Fig. 1D). A222V emerged in P4 and domi-
nated all selections by P15. T195A occurred in five out of seven
selections in P8 and dominated in three selections by P15. A193V
appeared as early as P4, prevalent in two selections by P15, and
appeared in two additional selections at lower frequencies.
Notably, T215A/S was initially detected in two selections in P4
and subsequently expanded to four selections by P8. However,
T215A predominated only in one selection by P15. W205L
emerged independently from T195A, T215A, and A222V, and
later coprevailed with A222V in one selection. L111F and S238F
coevolved with T195A and A222V and predominated in one to
two selections by P15. Furthermore, the PacBio sequencing results
unveiled a progression in mutation complexity, transitioning from
a single mutation to double or even triple mutations within the
quasispecies (S Appendix, Fig. S2). The positive selection of
A222V in combination with other mutations is associated with
heightened resistance in response to the increasing concentrations
of NITD-688. The identified NS4B residues have varied conser-
vation levels among the flavivirus genus (SI Appendix, Fig. S3).
W205 is conserved among four DENV serotypes, ZIKV, JEV, and
WNV; T195, T215A, and A222 are only conserved among four
DENYV serotypes, while A193 is conserved in DENV-2, DENV-3,
JEV, WNV, TBEV, and ZIKV.

To assess the contribution of each amino acid substitution to
drug resistance and viral fitness, we generated a panel of DENV-2
mutants in the infectious clone of the NGC strain (29), including
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five single mutants (A193V, T195A, W205L, T215A, and A222V),
three double mutants (A193V/A222V, T215A/A222V, and
W205L/A222V), and two triple mutants (L111F/T195A/A222V
and T195A/A222V/S238F). The double and triple mutations were
chosen for their prevalence in NITD-688 selections at P15 (Fig. 1D
and S7 Appendix, Figs. S1 and S2). All mutant viruses were success-
fully rescued and generated plaques with sizes comparable to WT
DENV-2 (81 Appendix, Fig. S4). The sensitivity of each mutant
virus to NITD-688 was determined (Fig. 1£ and SI Appendix,
Table S3). Among single mutants, A222V conferred the utmost
resistance to NITD-688, with ECy values increased by 117.4-fold
when compared to the WT virus. Viruses with TI95A and T215A
displayed a 39.2-fold and a 31.6-fold increase in EC, respectively.
Viruses with A193V and W205L showed only a modest increase
in ECy values of 3.0- and 4.7-fold, respectively (Fig. 1£). The addi-
tion of either A193V or T215A to viruses containing A222V
resulted in a further increase in ECy: from a 117.4-fold increase in
EC,, when compared to WT virus for the A222V virus alone, to
either 694.1-fold or 399.9-fold increase in ECs, for the double
mutants A193V/A222V or T215A/A222V, respectively. In contrast,
the addition of W205L to the A222V mutant virus did not drasti-
cally increase the ECs. Triple mutants L111F/T195A/A222V and
T195A/A222V/S238F conferred the most resistance to NITD-688,
with ECy, values shifted by over 721.7-fold. Notably, double or
triple mutants reached ECs, fold shifts comparable to the P15 pop-
ulation of selected viruses (Fig. 1 Band E), suggesting NS4B muta-
tions are sufficient to confer complete resistance to NITD-688.
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We then examined the growth kinetics of each recombinant
virus in mammalian and mosquito cells to assess the effect of
NS4B mutations on viral fitness. Among single mutants, TI95A
and A222V consistently showed delayed growth in human A549
cells between 48 and 96 h postinfection (SI Appendix, Fig. S5A).
However, none of the single mutants consistently reduced viral
growth in mosquito C6/36 cells (S Appendix, Fig. S5B). In con-
trast, all three double mutants exhibited slower and delayed viral
growth in A549 cells and even greater attenuation in C6/36 cells
(SI Appendix, Fig. S5 Cand D). Both triple mutants exhibited the
most attenuation in A549 and C6/36 cells.

To determine the prevalence of residues that emerged in the
resistance selection, we examined 7818 sequences of the DENV
genome available, as of 11 Dec 2024, in the Bacterial and Viral
Bioinformatics Resource Center (50). Overall, these residues show
low prevalence in known dengue sequences (<0.038%), except for
V193, which was observed in 10.335% of dengue sequences
(Fig. 1F). Among the residues that showed the largest shifts in
potency, A195 was detected in three DENV-3 strains, A215 in one
DENV-3 strain, and V222 one DENV-2 strain, respectively. None
of the strains contained any combinations of three mutations.
Although V193 was found in all DENV-4 strains, it had low fre-
quencies in DENV-2 and DENV-3. This may account for the
lower sensitivity of tested DENV-4 strains to NITD-688 than
DENV-2 and DENV-3 strains (19). Collectively, our data indicate
that NS4B mutations that confer the strongest resistance to
NITD-688 are associated with viral fitness costs, occur infrequently
in DENV databases, and may not be highly transmissible.

NITD-688 Inhibits JNJ-1802-Resistant DENV Variants, and Vice
Versa. It was previously reported that NS4B mutations T195A
and A222S transiently emerged during the selection of JNJ-
1802-resistant viruses (20). Notably, A222S exhibited no shift
in susceptibility and T195A exhibited only a small decrease in
susceptibility to JNJ-1802. The same study revealed two NS4B
mutations, V91A and L94F, which conferred strong resistance to
JNJ-1802. We then asked whether viruses resistant to NI'TD-688
exhibit cross-resistance to JNJ-1802 and vice versa. We constructed
an additional double mutant virus, V91A/LI4F (SI Appendix,
Fig. S4A4). This mutant, along with two NITD-688-resistant
variants, L111F/T195A/A222V, and T195A/A222V/S238F, were
assessed in parallel for their sensitivity to NITD-688 and JN]J-
1802. Consistent with previous findings (20), V91A/L94F showed
2941.3-fold resistance to JNJ-1802 (S/ Appendix, Table S4), while
it remained sensitive to NITD-688, similar to the WT DENV-2
(Fig. 1E and SI Appendix, Table S3). On the other hand, JNJ-
1802 maintained potency against NITD-688 resistant strains
L111F/T195A/A222V and T195A/A222V/S238F (SI Appendix,
Table S4). These results demonstrated marginal cross-resistance
between variants resistant to NITD-688 and JNJ-1802, supporting
that these two NS4B inhibitors target distinct regions within
DENYV NS4B.

NITD-688 Directly Binds to DENV NS4B From All Four DENV
Serotypes. We employed isothermal titration calorimetry (ITC), a
label-free biophysical approach, to assess the direct binding between
NITD-688 and mature DENV NS4B. ITC allows measuring the
binding affinity between two or more molecules in solution (51).
Recombinant NS4B proteins with an N-terminal hexahistidine tag
were purified and reconstituted in detergent micelles (SI Appendix,
Fig. S6A). Size exclusion chromatography and SDS-PAGE
analysis confirmed the high purity of recombinant NS4B proteins
(ST Appendix, Fig. S6 B and C). NITD-688 demonstrated binding
affinities to four serotypes of DENV NS4B ranging from 84 to 437
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nM, with affinity ranking from high to low: DENV-2 ~ DENV-3 >
DENV-4 > DENV-1 (Fig. 2 A and E). Notably, a similar trend was
observed for activity in cellular assays (19), with NITD-688 being
similarly potent against DENV-2 and DENV-3, less potent against
DENV-4, and least potent against DENV-1.

To assess the impact of the identified NS4B mutations on
NITD-688 binding, we purified a panel of DENV-2 NS4B
mutant proteins (S Appendix, Fig. S6C). This panel included five
single mutants (A193V, T195A, W205L, T215A, and A222V),
one double mutant (A193V/A222V), and one triple mutant
(T195A/A222V/S238F). The single mutations were chosen
because of their presence only in NITD-688 selections but not in
DMSO selections (S Appendix, Table S2), while the double and
triple mutants were selected because they demonstrated the largest
increases in ECs, values in cellular assays (Fig. 1£). Mutations
A193V or W205L slightly reduced the NITD-688 binding to
NS4B (Fig. 2 Band E). In contrast, T195A, T215A, and A222V
reduced the binding by 16.7- to 23.5-fold (Fig. 2 Cand E). Both
A193V/A222V and T195A/A222V/S238F mutants showed no
binding at up to 300 uM of NITD-688 (Fig. 2 D and E). These
data suggest that NS4B residues T195, T215, and A222 comprise
a putative binding site for NITD-688, and that loss of binding
to NS4B is the mechanism of resistance.

ZIKV Becomes Susceptible to NITD-688 After the Introduction
of Residues Critical for NITD-688 Binding. Next, we sought to
determine whether altering these key residues in NS4B could
confer NITD-688 sensitivity to other flaviviruses. NITD-688
displays broad activity against the four DENV serotypes, but not
against any other tested flaviviruses, likely because the key residues
T195,T215, and A222 are not conserved among other flaviviruses
(81 Appendix, Fig. S3). The tertiary structure of flavivirus NS4B is
currently unavailable; however, AlphaFold2 structural predictions
show residues T195 and A222 near neighboring alpha helices,
with an estimated C,, distance of 7.3 A (Fig. 2F). Additionally,
Alphafold2 predicted high structural homology between DENV-2
and ZIKV NS4B (87 Appendix, Fig. S7A). Thus, we engineered the
DENYV NS4B residues T195 and A222 into ZIKV (corresponding
to A197T and C224A) within the context of recombinant NS4B
protein as well as the full-length viral genome. First, we expressed
and purified recombinant WT and mutant (A197T/C224A) ZIKV
NS4B proteins (S] Appendix, Fig. S7B). ITC showed no binding of
NITD-688 to WT ZIKV NS4B protein at tested concentrations
up to 300 uM (Fig. 2 G and /). In contrast, NITD-688 bound
NS4B mutant A197T/C224A with an affinity of 8.4 pM. Next,
we tested whether these mutations could render ZIKV susceptible
to NITD-688. We engineered the A197T/C224A mutations into
a ZIKV Dakar-Nluc backbone and recovered the recombinant
mutant virus. ZIKV mutant A197T/C224A developed WT-like
plaque morphologies (SI Appendix, Fig. S7C). While NITD-688
did not inhibit WT ZIKV at concentrations up to 50 pM, it
was able to effectively inhibit ZIKV Dakar-Nluc mutant A197T/
C224A with an ECy of 1.96 uM (Fig. 2 H and J).

NITD-688 Primarily Inhibits NS4B/NS3 Interaction. NS4B plays
a crucial role in viral infection through interacting with both viral
and host factors (44, 45, 52, 53). To assess the impact of NITD-688
on the interactome of DENV NS4B, we conducted co-IP assays
using coexpression of NS4B and other viral proteins in HEK-
293 T cells. Initially, co-IPs confirmed the specific interactions
between NS4B and NS4B itself, NS4A, NS1, NS2A, and NS3
(SI Appendix, Fig. S8 A-E). We observed comparable levels of
NS4B, NS4A, NS1, and NS2A coimmunoprecipitated by NS4B
from cells treated with NITD-688 at concentrations up to 100
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Fig. 2. NITD-688 directly binds to DENV NS4B. (A) ITC analysis of NITD-688 binding to NS4B across DENV four serotypes. The Top panel shows the raw ITC data.
The Bottom panel shows the fitting curves (binding model 1:1). (B) ITC analysis of NITD-688 binding to DENV-2 NS4B mutants A193V or W205L. (C) ITC analysis
of NITD-688 binding to DENV-2 NS4B mutants T195A, T215A, or A222V. (D) ITC analysis of NITD-688 binding to DENV-2 NS4B mutants A193V/A222V or T195A/
A222V/S238F. (E) Summary of Ky values estimated in panels A-D. All mutations were made in the context of DENV-2 NS4B. (F) Alignment of the Alphafold2-
predicted structures of DENV-2 and ZIKV NS4B regions at amino acid positions 180 to 240. Residues A222 and T195 in DENV-2 NS4B are labeled in orange, while
residues A197 and C224 in ZIKV NS4B are colored in green. (G) ITC analysis of NITD-688 binding to WT ZIKV NS4B or mutant A197T/C224A. (H) Antiviral activity
of NITD-688 against WT ZIKV-Nluc or A197T/C224A mutant in A549 cells at 48 h postinfection. Mutant A197T/C224A was engineered into the backbone of Dakar
strain-derived reporter ZIKV Dakar-Nluc. (/) Summary of binding K, and ECs, values of NITD-688 against WT ZIKV or mutant A197T/C224A.

nM compared to those from DMSO-treated cells (S7 Appendix,
Fig. S8 A-D). Notably, NS4A pulled down more 2 K-NS4B
than mature NS4B (87 Appendix, Fig. S8B), suggesting that the
2 K sequence may interact with NS4A. However, NITD-688
did not inhibit this interaction. In contrast, the amount of NS3
that immunoprecipitated with NS4B was significantly reduced
by NITD-688 treatment, even at the lowest concentration of
5 nM (81 Appendix, Fig. S8E). Interestingly, NITD-688 was not
able to disrupt the interaction between NS3 and the NS4B triple
mutant (TM) T195A/A222V/S238F, as the same amount of
NS3 was immunoprecipitated with TM NS4B even at 100 nM
of NITD-688 (S Appendix, Fig. S8F).

Next, we used an unbiased method, immunoprecipitation mass
spectrometry (IP-MS), to evaluate the impact of NITD-688 on
the interaction of NS4B with host proteins (S7 Appendix,
Fig. S8G). Similar host proteins immunoprecipitated with NS4B
in cells treated with NITD-688 compared to those from
DMSO-treated cells. Specifically, 679 host proteins were immu-
noprecipitated under both DMSO or NITD-688 treatment, with
no significant difference in protein abundance in NITD-688- or
DMSO-treated cells. Nine host proteins (MYH9, PPIAL4A,
PIGS, AMOTLI1, ACTB, TUBAL3, HNRNPE KRT74, and
IGF2BP3) were present only in DMSO-treated samples, while
eight host proteins (TUBB2A, TUBB3, KNRNPDL, RBBP4,
RANBP3, ANKRD35, SMC3, and HNRNPH3) were found
only in NITD-688-treated samples. However, none of these
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proteins were consistent in all three replicates (S7 Appendix,
Table S5). As a control, under the same experimental conditions,
NITD-688 significantly reduced NS3 coimmunoprecipitated by
NS4B (S Appendix, Fig. S8H). Like previous reports (53), our
IP-MS analysis reaffirmed the critical role of NS4B in multiple
cellular pathways, including protein processing in the endoplas-
mic reticulum, regulation of protein stability, and antiviral mech-
anisms by IFN-stimulated genes (57 Appendix, Fig. S9). Overall,
these findings indicate that NITD-688 primarily blocks the
NS4B/NS3 interaction without significantly affecting NS4B
dimerization, or its interactions with NS1, NS2A, NS4A, or host
factors (81 Appendix, Fig. S81).

NITD-688 Inhibits NS4B/NS3 Interaction In Vitro. We next sought
to address how NITD-688 inhibits the NS4B/NS3 interaction
at the molecular level. First, we conducted ITC to determine the
affinity of the NS4B/NS3 interaction in the presence or absence
of inhibitors using the purified recombinant DENV-2 NS4B
proteins and full-length NS3 (87 Appendix, Fig. S10A). In the
absence of inhibitors, NS4B bound NS3 with an affinity of 12.3
uM (Fig. 3 A and (). The cytosolic loop of NS4B (amino acids
121 to 171) bound NS3 with an aflinity similar to the full-length
NS4B (87 Appendix, Fig. S10B). Consistent with our previous
data obtained through surface plasmon resonance (SPR) (44),
this result further validates that the cytosolic loop of NS4B is
responsible for binding to NS3.
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Fig. 3. NITD-688 disrupts the NS4B/NS3 interaction. (A) ITC analysis of DENV-2 NS4B binding to NS3 in the presence or absence of NITD-688. DENV-2 NS4B
was preincubated with indicated molar ratios of NITD-688 or 0.5 % DMSO. (B) ITC analysis of NITD-688's impact on NS4B mutant A222V binding to NS3. (C)
Summary of NS4B/NS3 binding K;, values estimated from panels A-D. (D) Scheme for BLI analysis of inhibitors’ impact on the dissociation of NS3/NS4B complex.
Streptavidin (SA) biosensors were presoaked in biotinylated NS4B and followed by incubation with NS3. The dissociation signals of NS3 from preformed NS4B/
NS3 complexes were measured in 0.5% DMSO buffer or inhibitors. See details in Materials and Methods. (E) BLI curves show the NITD-688's impact on the
dissociation of NS3/NS4B complexes. (F) BLI curves show the JNJ-1802's impact on the dissociation of NS3/NS4B complexes. (G) Summary of k,, and kg values
calculated from panels £ and F. (H) Dose-k curves. NITD-688 and JNJ-1802 were colored in blue and orange, respectively. (/) Scheme of the co-IP experiments
for analyzing NS4B/NS3 interaction in cells. Plasmids encoding NS2B-NS3 and 2 K-NS4B with a C-terminal Flag tag (2 K-NS4B-Flag) were cotransfected into HEK-
293 T cells. Cells were exposed to inhibitors at 4 h (early treatment) or 24 h (delayed treatment) posttransfection. At 48 h posttransfection, cells were harvested
for immunoprecipitation. (/) Western blot analysis of NS3 co-IPed with WT NS4B-Flag. k Western blot analysis of NS3 co-IPed with NS4B mutant T195A/A222V/
S238F. (/ and K) Representative plots from three independent Co-IP experiments. (L) Quantification of NS3 co-IPed by WT NS4B. The NS3 co-IPed with NS4B from
DMSO-treated cells was set at 1.0. (M) Quantification of NS3 co-IPed with NS4B mutant T195A/A222V/S238F. The NS3 co-IPed with NS4B from DMSO-treated
cells was set at 1.0. (L and M) Means and SD from three independent experiments are shown. One-way ANOVA with Dunnett's multiple comparison correction

was used for group comparison.

We then measured NS4B/NS3 binding in the presence of inhib-
itors using ITC. NS4B was preincubated with inhibitors before
binding to NS3. We observed reduced NS4B/NS3 binding as the
concentration of NITD-688 increased (Fig. 34). Specifically,
NS4B/NS3 binding affinities decreased from 26.2 to 594.0 uM
as the molar ratio of NITD-688 to NS4B increased from 1:2 to
4:1 (Fig. 3C). Moreover, NITD-688 was unable to reduce binding
of NS3 to NS4B A222V (Fig. 3 B and C), consistent with the
decreased binding affinity of NITD-688 to NS4B A222V
(Fig. 2E). ITC also confirmed that NITD-688 did not bind to
NS3 or the cytosolic loop of NS4B alone (87 Appendix, Fig. S10
C and D). This indicates that NITD-688 does not disrupt the
interaction between NS4B and NS3 by directly binding to the
cytosolic loop of NS4B (aa 121 to 171); rather, NITD-688 likely
binds to NS4B near the residue A222 and disrupts the interaction
with NS3 through an indirect mechanism.

We also assessed the impact of NITD-688 on ZIKV NS4B/NS3
interactions using I'TC (87 Appendix, Fig. S10 E~H). Both WT and
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mutant ZIKV NS4B (A197T/C224A) bound NS3, with affinities
of 3.4 uM and 7.0 uM, respectively. While NITD-688 did not
affect the WT ZIKV NS4B/NS3 interaction, it reduced the mutant
NS4B/NS3 interaction by 1.9-fold, consistent with its binding
affinities to WT and ZIKV mutant NS4B (Fig. 2G). This reduction
appeared modest, due to NITD-688’s weaker binding to A197T/
C224A ZIKV NS4B compared to DENV NS§4B (K}, of 1964 nM
vs. 86 nM, respectively). These results suggest that NITD-688
inhibits ZIKV A197T/C224A mutant infection by targeting the
NS4B/NS3 interaction, similar to its mechanism in DENV.

Like NITD-688, JNJ-1802 also bound the full-length NS4B
but not the cytosolic loop of NS4B (87 Appendix, Fig. S10 D and
D). In addition, JNJ-1802 effectively inhibited the NS4B/NS3
binding in a dose-dependent manner (S7 Appendix, Fig. S101).
Notably, compared to NITD-688, JNJ-1802 has a 4.2-fold higher
binding affinity to NS4B (20 nM for JNJ-1802 vs. 84 nM for
NITD-688) (Fig. 2F and SI Appendix, Fig. S101), and correspond-
ingly a 3.6- and 3.0-fold greater inhibition of the NS4B/NS3
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binding at the molar ratios of inhibitors to NS4B of 1:2 and 2:1,
respectively (Fig. 3C versus SI Appendix, Fig. S10/). This higher
binding affinity and increased ability to dissociate NS3 from NS4B
may contribute to the greater potency of JNJ-1802 in standard
cellular assays when compared to NITD-688 (0.019 nM for
JNJ-1802 vs. 7.5 nM for NITD-688) (Fig. 1E and SI Appendix,
Table S4). In summary, our data demonstrated that both NITD-688
and JNJ-1802 can specifically bind to DENV NS4B and inhibit
the de novo formation of NS4B/NS3 complexes.

We assessed the effects of these two NS4B inhibitors on preformed
NS4B/NS3 complexes using Biolayer Interferometry (BLI). BLI
allows for the quantification of binding strength and kinetics, includ-
ing association and dissociation rate constants (54). The NS4B/NS3
complexes were assembled by incubating streptavidin biosensors
preloaded with biotinylated recombinant DENV-2 NS4B in an NS3
protein solution. Subsequently, the NS4B/NS3 complex-captured
biosensors were immersed into buffers containing DMSO or inhib-
itors, and the dissociation of NS3 from the NS4B/NS3 complexes
was monitored (Fig. 3D). In the absence of inhibitors, NS3 bound
NS4B with an affinity of 13 uM (ST Appendix, Fig. S11A), consistent
with the ITC data. The dissociation of NS3 from the NS4B/NS3
complexes was significantly accelerated by NITD-688 but not by
JNJ-1802 (Fig. 3 E~H). Specifically, the calculated dissociation rate
constant (k) of NS4B/NS3 complexes increased by 2.6-fold when
the concentration of NITD-688 increased from 3.1 to 200 nM,
while it remained unchanged in the presence of JNJ-1802 at con-
centrations up to 200 nM (Fig. 3 G and H).

Taken together, our data indicate that both NITD-688 and
JNJ-1802 can prevent the de novo formation of NS4B/NS3 com-
plexes. However, only NITD-688 can disrupt preformed NS4B/
NS3 complexes.

NITD-688 Disrupts Preformed NS4B/NS3 Complexes in Cells. It
is expected that more NS4B/NS3 complexes would form as viral
protein levels increase over time. Therefore, we revisited the co-IP
assays and examined the amount of NS3 that co-IPed with NS4B
when inhibitors were added at 4 h (representing early treatment
to prevent de novo formation of NS4B/NS3 complexes) and at
24 h (representing delayed treatment to disrupt preformed NS4B/
NS3 complexes) posttransfection (Fig. 3). A concentration of
10 nM of JNJ-1802 (526-fold the ECy,, against DENV-2, 0.019
nM) decreased the amount of NS3 that co-IPed with NS4B by
80% when added at 4 h posttransfection (Fig. 3 /~L), but only
by 8% when added at 24 h posttransfection. This result aligned
with previous reports that JNJ-1802 only prevents the de novo
formation of NS3/NS4B complexes (20). In contrast, NITD-688
significantly reduced the amount of NS3 that immunoprecipitated
with NS4B regardless of the time of addition of the inhibitor.
Specifically, in the presence of 100 nM of NITD-688 (13-fold
the EC;; against DENV-2, 7.5 nM), the amount of NS3 that co-
IPed with NS4B was decreased by 73 and 67% when the inhibitor
was added at 4 or 24 h posttransfection, respectively. Importantly,
NITD-688 only marginally reduced the amount of NS3 that
immunoprecipitated with the NS4B mutant T195A/A222V/
S238F (Fig. 3 K~M). These findings suggest that NITD-688 can
disrupt both the formation of NS4B/NS3 complexes and those
already established in cells, even during delayed treatment.

NITD-688 Disrupts NS4B/NS3 Complexes in Infected Cells. To
evaluate whether NITD-688 could disrupt NS4B/NS3 complexes
during viral infection, we developed an immunostaining assay to
probe NS4B proteins in DENV-infected cells (Fig. 4). This assay
utilized two monoclonal antibodies (mAbs), 10-3-7 and 44-4-
7, which recognize distinctive epitopes mapped to residues 5-15
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and 141-147 of NS4B, respectively (55). The epitope targeted by
mAb 10-3-7 is situated at the N-terminus of NS4B on the ER
lumen side, whereas the epitope of mAb 44-4-7 overlaps with the
cytosolic loop (121 to 171) where NS3 binds (44). Using BLI,
we initially confirmed that both mAbs specifically bound to the
full-length NS4B proteins with double digital nanomolar affinities
(SI Appendix, Fig. S11 B and C). Furthermore, BLI revealed that
NS3 bound to the NS4B-mAb 10-3-7 complex, suggesting that
binding sites for NS3 and mAb 10-3-7 on NS4B do not overlap. In
contrast, NS3 increased the dissociation of the NS4B-mADb 44-4-7
complex (87 Appendix, Fig. S11D), indicating that NS3 competes
with mAb 44-4-7, but not with mAb 10-3-7, in binding to NS4B.

During viral infection, NS4B cytosolic loops exist in both the
“free” and the NS3-bound forms. mAb 44-4-7 can access free
cytosolic loops, but steric hindrance inhibits interaction with
NS3-bound loops. We hypothesized that if NITD-688 disrupts
the NS3/NS4B interactions within the replication complex, the
cytosolic loops should become more accessible to staining by mAb
44-4-7 after NITD-688 treatment in comparison to DMSO treat-
ment. In contrast, NI'TD-688 would not impact NS4B staining
by mAb 10-3-7 since the epitopes recognized by mAb 10-3-7 are
accessible regardless of NS3 binding (Fig. 44).

To test this hypothesis, we conducted a delayed treatment exper-
iment where NS4B/NS3 complexes had formed in DENV-infected
cells before the addition of inhibitors (Fig. 4B). Huh7 cells are sus-
ceptible to DENV infection and suitable for imaging analysis.
NITD-008, a previously reported potent nucleotide analog DENV
inhibitor targeting the NS5 polymerase (56), served as a control for
inhibitory mechanism independent of NS4B. As expected,
NITD-688 and JNJ-1802 effectively inhibited a nanoluciferase
reporter DENV-2 strain NGC (NGC-Nluc) in Huh7 cells at 48 h
postinfection, with ECy values of 5.39 nM and 31 pM, respectively
(SI Appendix, Fig. S12). NITD-008 had an ECs, of 0.38 uM in
Huh7 cells, consistent with the literature (56). For a delay treatment,
Huh?7 cells were infected with DENV-2 and followed by exposure
t0 500 nM NITD-688 (93-fold the ECy,) or 3 nM JNJ-1802
(97-fold the ECy) at 20 h postinfection. Additionally, 10 uM
NITD-008 (26-fold the ECy) served as a control to benchmark
antiviral mechanism independent of NS4B. DMSO served as a
negative control. We initially validated the compounds’ inhibition
of viral protein expression and virion production. Total intracellular
proteins from the delayed treatment experiments were extracted,
denatured, and analyzed by the Western blot with mAb 44-4-7.
NITD-688 reduced NS4B expression levels by 53%. NITD-008
exhibited the most inhibition, with NS4B expression reduced by
73%, while JNJ-1802 showed the least inhibition, with NS4B
expression reduced only by 35% (Fig. 4C). Notably, compared to
NS4B, NS3 protein expression was less reduced by all three inhib-
itors, probably due to the distinct half-life of different viral proteins.
Correspondingly, reductions in viral RNA production were detected,
with the most substantial decrease observed with NITD-008 treat-
ment, followed by NITD-688, and JNJ-1802 (Fig. 4D).

Next, we applied immunofluorescence staining to detect intra-
cellular viral protein under the same experimental conditions.
NS4B was stained using mAb 10-3-7 or mAB 44-4-7, with NS3
staining used for internal normalization. NS4B displayed perinu-
clear colocalization with NS3 across all experimental groups
(Fig. 4 E and F). Consistent with the Western blot results,
NITD-688 reduced NS3 signals compared to DMSO, indicating
its inhibition of viral replication. More importantly, profound
differences in NS4B staining were observed in NITD-688-treated
cells. Compared to DMSO-treated cells, NS4B levels, consistent
with NS3 levels, decreased considerably in NITD-688-treated
cells when probed with mAb 10-3-7; conversely, NS4B staining
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Fig. 4. NITD-688 disrupts NS4B/NS3 complexes in DENV-infected cells. (A) Cartoon of NTID-688's impact on NS4B/NS3 complexes in DENV-infected cells.
(B) Scheme of DENV-2 infection with delayed treatment. (C) Intracellular viral protein expression. The protein level in DMSO-treated cells was set at 1.0. (D)
Extracellular viral RNA levels. The RNA level in DMSO-treated cells was set at 100%. e-f Representative images of NS4B and NS3 staining in WT DENV-2-infected
cells when NS4B was probed by mAb 10-3-7 (E) or 44-4-7 (F). (Scar bar, 20 pm.) The fluorescence ratiometric color scale ranges from 0 (dark purple) to 9.0 (bright
yellow), representing the increase in fluorescence ratios of NS4B over NS3. (G and H) Cytofluorogram analysis of NS3 and NS4B within WT DENV-2-infected cells.
NS4B was probed with mAb 10-3-7 (G) or 44-4-7 (H). Each dot represents the fitted cytofluorogram slope from an individual cell (>24 cells per group). (/ and J)
Representative images of NS4B and NS3 staining in mutant DENV-2 T195A/A222V/S238F-infected cells. NS4B was probed by (/) mAb 44-4-7 or (/) 10-3-7. The
fluorescence ratiometric color scale ranges from 2.0 (dark purple) to 6.0 (bright yellow). (K and L) Cytofluorogram analysis of NS3 and NS4B in T195A/A222V/
S238F-infected cells. NS4B was probed by mAb 10-3-7 (K) or 44-4-7 (L). Each dot represents the cytofluorogram slope of an individual cell (50 to 60 cells per
group). The one-way ANOVA Dunn’s with multiple comparisons was used for statistical analysis.

appeared much brighter when probed with mAb 44-4-7 (Fig. 4  staining, while NITD-008 markedly reduced both NS3 and NS4B

Eand F). This characteristic was unique to the NITD-688 treat-  signals to much lower levels, irrespective of staining with mAb
ment. JNJ-1802 displayed negligible impact on NS3 or NS4B 10-3-7 or 44-4-7. Further pixel correlation analysis confirmed
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this observation (S Appendix, Fig. S13). Specifically, after
NITD-688 treatment, the averaged fitted slope of the cytofluor-
ogram from individual cells, where a higher slope indicates a
stronger NS4B signal at a given NS3 intensity, shifted drastically
from 0.3 to 4.16 when NS4B was probed with mAb 10-3-7 or
with mAb 44-4-7, respectively (Fig. 4 G and H). In contrast,
treatments with JNJ-1802 and NITD-008 did not significantly
change the cytofluorogram slope (1.28 vs. 1.87) when NS4B was
probed with mAb 10-3-7 or 44-4-7. The striking disparity
observed in NS4B staining after NITD-688 treatment, as detected
through immunostaining versus Western blot analysis with mAb
44-4-7, strongly supports the hypothesis that during DENV infec-
tion, NS4B cytosolic loops are largely inaccessible to mAb 44-4-7
due to the NS3 binding and that NITD-688 treatment disrupts
preformed NS4B/NS3 complexes, thereby freeing the cytosolic
loop of NS4B and rendering it more accessible to mAb 44-4-7.
Consistent with the inability of NITD-688 to bind NS4B fea-
turing resistance mutations, staining of the NS4B triple mutant
T195A/A222V/S238F with mAb 44-4-7 was unaffected by treat-
ment with NITD-688 (Fig. 4 /-L). Specifically, mutant NS4B sig-
nals were comparable between DMSO- and NITD-688-treated
cells, regardless of which mAb was used for staining (Fig. 4 /and ).
Quantitative analysis revealed that compared to DMSO,
NITD-688 did not alter the cytofluorogram slope when mutant
NS4B was probed with either mAb (Fig. 4 K'and L). JNJ-1802
or NITD-008 treatment did not change the staining of mutant
NS4B cither, although NITD-008 notably reduced the overall
expression of NS4B and NS3 in mutant virus-infected cells, sim-
ilar to its effects on WT DENV-2. These results are consistent
with a mechanism in which NITD-688 disrupts NS4B/NS3 com-
plexes in DENV-infected cells through direct binding to NS4B.

NITD-688 Remains Effective in Inhibiting DENV During Delayed
Treatment in Cellular Assays. NS4B/NS3 complexes accumulate
over time during DENV infection. Considering the ability of
NITD-688 to disrupt preformed NS4B/NS3 complexes, we
hypothesized that this inhibitor would remain effective at blocking
viral replication during later stages of infection. In line with this
notion, Fig. 4G indicates that NITD-688 effectively inhibits DENV
replication when treatment was initiated 20 h postinfection. To
delve deeper into the biological significance of NITD-688’s antiviral
mechanism, we compared its effectiveness to JNJ-1802 in two
additional antiviral experiments. NITD-008 served as a control
inhibitor with an inhibitory mechanism independent of NS4B.

In the initial experiment (Fig. 54), A549 cells were exposed to
inhibitors from 1 to 20 h postinfection with NGC-Nluc. Luciferase
activities were measured 24 h postinfection to assess the impact of
delayed addition on the antiviral activity of NITD-688, JNJ-1802,
and NITD-008. As expected, activity declined when inhibitors
were administered later during the infection course. However, nota-
ble differences in the magnitudes of activity loss were observed
between the two NS4B inhibitors (Fig. 5 B and C). The potency
of NITD-688, similar to NITD-008, began to decrease when com-
pounds were added 12 h postinfection, reaching a maximal decrease
of 21.0-fold when compounds were added 20 h postinfection. In
contrast, the potency of JNJ-1802 started to decrease at 8 h post-
infection and ultimately decreased by over 96.8-fold when
JNJ-1802 was added 20 h postinfection. These data show that when
tested in a cellular infection assay, the potency of NITD-688 was
less impacted than JNJ-1802 in delayed treatment.

Subsequently, a transient transfection experiment was per-
formed in A549 cells using an in vitro synthesized RNA of a
DENV-2 NGC-Rluc replicon (Fig. 5D). In this replicon, the
structural genes of DENV were deleted, resulting in a loss of virion
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production upon transfection into cells, thereby eliminating the
multiple cycles of reinfection. This approach allows for the analysis
of compound effects on viral replication solely within cells con-
taining viral RNAs. Transfected cells were treated with inhibitors
from the time immediately following electroporation (0 h) to 25
h postelectroporation. ECs values measured at each time point
of addition were determined 34 h after transfection before the
signal plateaued. Consistently, NITD-688, similar to NITD-008,
showed a later and smaller decrease in potency compared to
JNJ-1802 when compound treatment was delayed (Fig. 5 £ and
F). Specifically, when compounds were added 25 h postelectro-
poration, the efficacy of NITD-688 was reduced by 41.3-fold,
while that of JNJ-1802 was decreased by 2758.3-fold.

Collectively, these findings underscore the promise of
NITD-688 as a robust inhibitor against DENV, particularly in
delayed treatment scenarios.

Discussion

NITD-688 is currently in Phase II clinical trials for treating
patients with dengue fever. While NS4B was known as the target
of NITD-688 (19), the explicit molecular mechanism remained
undefined. This study demonstrates that NITD-688 disrupts the
interaction between mature NS4B and NS3 in biochemical and
cellular assays. NITD-688 can block the formation of NS4B/NS3
complexes and disrupt preformed complexes. Unsurprisingly,
NITD-688 retains potency under delayed treatment conditions
where preformed NS4B/NS3 complexes exist.

Previous studies demonstrated that NITD-688 directly binds
to NS4B of DENV-2 by NMR (19). Consistent with these results,
our ITC data demonstrate that NITD-688 binds to NS4B from
all four DENV serotypes. In addition, the binding affinity of
NITD-688 to NS4B in general correlates with its potency in cel-
lular assays (19), showing the weakest affinity and potency against
DENV-1 and the strongest against DENV-2 and DENV-3. N§4B
is an integral membrane protein residing in the ER membrane,
characterized by three biochemically validated transmembrane
segments (58). The NS4B/NS3 interaction has been demonstrated
to be essential for viral replication (44, 59). A single mutation,
Q134A, in DENV NS4B can abolish the NS4B/NS3 interaction
and DENV RNA replication (59). Additionally, DENV NS4B
interacts with NS3, dissociating it from single-stranded RNA and
enhancing NS3 helicase activity in vitro (60). It has been recently
shown that the interaction between NS2B/NS3 and precursor
NS4A-2 K-NS4B functionally associates with vesicle packet (VP)
formation (61). However, it remains unclear how the interaction
NS2B/NS3 and NS4B-2 K-NS4B mediates the VP formation,
given the short half-life and low abundance of the precursor in
infected cells. Our study has focused on the mature NS4B because
it represents the most abundant species during DENV infection.
Our biochemical assays further demonstrate that mature NS4B
interacts with NS3 through the cytosolic loop (peptide 121-171)
of NS4B in vitro. Additionally, we have shown that the cytosolic
loops within mature NS4B largely bind NS3 in cells infected with
DENV-2 (Fig. 4). When this interaction is interrupted by
NITD-688, viral replication is drastically reduced. These pieces of
evidence underscore the biological significance of the mature NS4B
and NS3 interaction during DENV infection.

In vitro selection for resistance using NITD-688 revealed five
unique amino acid substitutions in NS4B that are prevalent in
response to the selective pressure of NITD-688. Of those, T195A,
T215A, and A222V were revealed as the residues contributing the
most to resistance, as recombinant NS4B protein bearing these
individual mutations showed the largest decreases in binding
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Fig. 5. Antiviral activity of NITD-688 in cell cultures. (A) Scheme for DENV-2 infection followed by inhibitor treatment at various times of addition. Cells were
infected with DENV-2 NGC containing a Nanoluciferase reporter (NGC-Nluc). At indicated time points, a series of diluted inhibitors was added. ECs,s of each
inhibitor at each time of addition were determined at 24 h postinfection. (B) Dose-response curves of inhibitors against NGC-Nluc. (C) Summary of ECg,s values
and fold changes of inhibitors against NGC-Nluc. For each inhibitor, the fold change in ECs, was calculated by comparing ECs, values at each given time point
to that at 1 h postinfection. (D) Scheme for the time of addition after transfection of DENV-2 replicon RNA. Cells were electroporated with in vitro transcribed
DENV-2 NGC-Rluc replicon RNAs (57), in which viral structural proteins were replaced with a Renilla luciferase gene (NGC-Rluc replicon). At the indicated time
points, a series of diluted inhibitors was added. At 34 h postinfection, ECs,s of each inhibitor at each given time of addition were determined. (E) Dose-response
curves of inhibitors against transient NGC-Rluc replicon. (F) Summary of ECs, values and fold change of inhibitors against transient NGC-Rluc replicon. For each
inhibitor, the fold change in EC5, was calculated by comparing the ECs, values at each given time point to that of immediate treatment (0 h) after electroporation.

(G) A proposed working model for NITD-688.

affinity of NITD-688, and recombinant viruses containing these
single mutations resulted in the largest increases in ECy. In con-
trast, A193V and W205L each only slightly decreased the binding
affinity of NITD-688 to NS4B and resulted in smaller EC,, fold
shifts against recombinant viruses. Interestingly, while T195A and
T215A substitutions resulted in roughly equivalent decreases in
binding affinity of NITD-688 to mutant NS4B as well as roughly
equivalent increases in ECs values against recombinant viruses,
T195A occurred with a much higher frequency than T215A in
P15 viruses (Fig. 1 D and E). This could be due to the rapid
emergence of the combinations of T195A/A222V with other
mutations that can confer better resistance to NITD-688 or rep-
licate better than T215A/A222V. It should be noted that the
recombinant double and triple mutants exhibit strong resistance
to NITD-688, similar to the P15 NITD-688 selections (Fig. 1E
versus 1B). This suggests that other mutations inside and outside
of NS§4B may not contribute to viral resistance to NITD-688.
As an orthogonal demonstration of the importance of the res-
idues A195 and A222V for NITD-688 binding to NS4B, intro-
ducing these DENV NS4B amino acids into ZIKV rendered it
sensitive to NITD-688. Specifically, NITD-688 bound to ZIKV
NS4B A197T/C224A and inhibited the replication of ZIKV
A197T/C224A. In contrast, WT ZIKV NS§4B protein and WT
ZIKV showed neither binding nor inhibition at the highest tested
concentration of NITD-688. Together, these data suggest that
T195, T215, and A222 play a critical role in the binding of
NITD-688 to NS4B and its antiviral activity. These three substi-
tutions (T195A, T215A, and A222V) were also identified in pre-
vious resistance selections using a precursor compound to
NITD-688, Compound 1 (19), suggesting that the NITD-688
class of compounds bind to the same region of NS4B. Additionally,
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T195,T215, and A222 are conserved among all four serotypes of
DENYV, but not in other flaviviruses, further supporting the spec-
ificity of NITD-688’s inhibition of DENV.

Compelling evidence from biochemical (BLI) and cellular
(co-IP and microscopy) assays demonstrates that NITD-688
disrupts the interaction between mature NS4B and NS3.
NITD-688 does not significantly affect the interaction of NS4B
with other viral proteins (NS1, NS2A, and NS4A) or host fac-
tors. We also demonstrate, using I'TC and BLI, that the NS4B
peptide 121-171 (also known as the cytosolic loop) binds NS3
with similar affinity as full-length NS4B, suggesting that this
region is responsible for binding to NS3, in line with our pre-
vious SPR studies (44). Interestingly, the residues that are most
critical for the binding of NITD-688 to NS4B (T195A, T215A,
and A222V) are outside of the cytosolic loop of NS4B. This
suggests that NITD-688 does not disrupt the interaction
between mature NS4B and NS3 by directly competing with the
NS3 binding site; instead, we speculate that the binding of
NITD-688 to NS4B results in a conformational change in NS4B
that reduces binding to NS3, disrupting the replication complex
and ultimately halting viral RNA synthesis (Fig. 5G). Future
studies resolving the high-resolution structures of NS4B/NS3
complexes could provide deeper insights into this mechanism.

Targeting NS4B/NS3 interactions was proposed as the antiviral
mechanism of JNJ-1802, another DENV NS4B inhibitor in Phase
IT clinical trials (20). Kiemel, D. etal. recently reported that
NITD-688 and JNJ-A07 (a close analog of JNJ-1802) share a
similar mechanism of action by blocking interactions between
NS2B/NS3 and the precursor NS4A-2 K-NS§4B, as well as pre-
venting the formation of VPs at the early stage of viral replication
(61). However, our results reveal several differences between
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NITD-688 and JNJ-1802 at the molecular level. First, resistance
mutations for these two compounds appear in different regions
of NS4B, suggesting that they bind to different regions of the
protein. This is supported by the fact that there is minimal
cross-resistance between resistant viruses selected on each com-
pound. NITD-688 likely binds the residues T195, T215, and
A222 residing between the last two transmembrane segments of
NS4B, whereas JNJ-1802 likely binds near V91/1.94, close to the
first transmembrane segment (20). Notably, JNJ-1802 binds to
mature NS4B (without 2 K peptide) with a 4.1-fold higher affinity
than NITD-688, resulting in approximately 4-fold more inhibi-
tion of NS4B/NS3 interactions in the ITC assay. While this may
partially explain the ~100-fold higher potency of JNJ-1802 in
cellular assays, additional mechanisms likely account for the
increased potency, such as inhibition of VP formation, disruption
of replication vesicles integrity (61, 62), or interference with host
factors essential for viral infection (63).

Second, NITD-688 has a unique ability to block the de novo
formation of NS4B/NS3 complexes and to disrupt preformed
NS4B/NS3 complexes. In contrast, JNJ-1802 only inhibits the
initial formation of NS4B/NS3 complexes. Several lines of evi-
dence support this conclusion. NITD-688 (but not JNJ-1802)
inhibits the co-IP of NS3 with NS4B during delayed treatment,
enhances the dissociation of NS3 from NS4B/NS3 complexes
in vitro as observed by BLI, and releases NS4B cytosolic loops
from the NS3-bound state during viral infection as observed with
antibody staining experiments. Finally, likely due to its ability to
disrupt preformed NS4B/NS3 complexes, the potency of
NITD-688 in cell-based assays is less affected by delayed treatment
than JNJ-1802. Although the underlying molecular differences
in the mechanism of action of NITD-688 and JNJ-1802 remain
to be determined, we speculate that NS4B may undergo a con-
formational change upon NS3 binding, which could affect the
binding regions targeted by JNJ-1802, but not those targeted by
NITD-688. Differences in the efficacy of these two compounds
in delayed treatment may inform strategies for dengue treatment
in the clinic and warrant further investigation.

In contrast to our results that the efficacy of NITD-688 is less
affected by delayed treatment compared to JNJ-1802, Kiemel, D.
et al. (61) have reported that while both NITD-688 and JNJ-A07 (a
close analog of JNJ-1802) can block VP formation when cells are
treated early (4 h after transfection), neither compound can disrupt
the already formed VPs under delayed treatment conditions (16 h
after transfection). Our study, however, demonstrates that NITD-688
can disrupt the interaction between mature NS4B and NS3, and
effectively reduce viral replication even with delayed treatment, argu-
ing that NITD-688 inhibits viral replication through a mechanism
independent of VP formation. Notably, our co-IPs have shown greater
sensitivity to inhibitors compared to those reported by Kiemel, D.
etal. (61). This is likely due to the inclusion of inhibitors in the lysis
buffers of our co-1Ps, which prevents the reassociation of NS4B/NS3
during the cell lysis and bead binding steps.

In vitro resistance selection is an important tool for determining
the resistance profile of compounds that will be used to treat
patients. In this study, we demonstrate that NITD-688-resistant
viruses can begin emerging in cell culture as early as passage 4
(approximately 16 d postinfection), with single amino acid sub-
stitutions resulting in 3.0 to 117.4-fold shifts in potency, and triple
mutants up to 723.7-fold shift in potency. While all the double
and triple mutants showed significant costs to fitness in both
human and mosquito cells, decreasing the likelihood they could
emerge and/or spread widely, the fitness of the single mutants was
less severely impacted. Thus, patients treated with NITD-688
should be closely monitored for the emergence of resistance, and
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efforts should be made to develop combination antivirals to mit-
igate the threat of resistance.

In summary, we have further elucidated NITD-688’s antiviral
mechanism. NITD-688 directly binds to NS4B and disrupts
NS4B/NS3 interactions, inhibiting viral replication. In contrast
to JNJ-1802, NITD-688 can block the formation of NS4B/NS3
complexes and disrupt preformed complexes. These molecular
insights into the distinct antiviral mechanisms of the two leading
DENYV NS§4B inhibitors have significant implications for devel-
oping next-generation flavivirus NS4B inhibitors.

Materials and Methods

Viruses. Infectious clone-derived DENV-2 NGC, reporter viruses, and ZIKV Dakar
reporter virus were used in this study (29, 64). Recombinant DENV or ZIKV NS48
mutants were generated using a previously described protocol (29). All primers
used for constructing mutant viruses are listed in S/ Appendix, Table Sé.

Selection of NITD-688-Resistant Viruses. A549 cells were infected with
DENV-2 (MOI 2) in the presence of NITD-688 (starting at 10 nM).The inhibitor's
concentrations in all 15 passages are the following: P1-2: 10 nM; P3-4: 20 nM;
P5-6: 50 nM; P7: 100 nM; P8: 200 nM; P9-10: 500 nM; P11-12: 1,000 nM;
P13-15: 2000 nM. The sequences of P15 viruses were determined by Illumina
next-generation sequencing. The cDNAs encoding NS4B of P4, P8, and P15
viruses were amplified and sequenced by PacBio at Azenta Life Sciences.

Hc1-cFl. The High Content Imaging Cellular Flavivirus Immunoassay (HCI-CFl) was
used to determine the ECy, of inhibitors against DENVs. A549 cells (1.4 x 10* cells)
ina 96-well plate were infected with DENV (MOI 0.3) in the presence of inhibitors.
At 48 h postinfection, cells were fixed and stained for E protein by 4G2 antibody
conjugated with Alexa Fluor 488 (Novus Biologicals). Cells were stained by Hoechst
33342 solution (ThermoFisher Scientific), followed by imaging on the Celllnsight™
CX7 High ContentAnalysis Platform (ThermoFisher Scientific) to obtain the infection
rates. ECs, was calculated by a four-parameter nonlinear regression model.

Antiviral Assay Using NGC-Nluc. Huh7 cells (1.2 x 10* cells/per well) in a 96-
well plate (Corning) were infected with DENV-2 NGC-Nluc (MOI 0.1) and treated
with inhibitors. At 48 h postinfection, luciferase signals were measured using the
NanoGlo substrate (Promega) according to the manufacturer's instructions. For the
delay treatment experiment, A549 cells (1.5 x 10° cells/per well)in a 96-well plate
were infected with NGC-Nluc (MOI 1.0). After 1 h of infection, the inoculum was
removed, and fresh medium was added. At given points, serially diluted inhibitors
were added to each well. At 24 h postinfection, luciferase signals were measured.

Time of Addition Experiment Using Transient NGC-Rluc Replicon. A plas-
mid pACYC-NGC-Rluc containing the DENV-2 NGC replicon with the Renilla
reporter was used (57). 10 pug of replicon RNAs were electroporated into A549
cells (57). Immediately after seeding (0 h) or at given time points, cells were
treated with 0.5 % DMSO or inhibitors. At 34 h after electroporation, luciferase
signals were measured.

1Tc. ITC was conducted using MicroCal PEAQ-ITC (Malvern). See details in
Sl Appendix, Materials and Methods.

BLI. BLI was conducted with the Octet R8 (Sartorius) to determine the affinity
and kinetics of NS4B/NS3 interaction. See details in S/ Appendix, Materials
and Methods.

statistics. All experiments were performed using at least two biological replicates.
All data were analyzed using the software Prism 10 (GraphPad). A description of the
statistical tests and the P-values can be found in the corresponding figure legends.
Dots on the bar graphs represent the values from an individual replicate of the exper-
iment. Representative data from repeated independent experiments are presented
as mean = SD. A P-value of <0.05 indicates statistically significant.

Data, Materials, and Software Availability. The mass spectrometry data are
available via ProteomeXchange Consortium via the PRIDE (65) partner repository
with the identifier PXD053801. All other data are included in the manuscript
and/or S/ Appendix.
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