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Dengue virus causes approximately 96 million symptomatic infections annually,
manifesting as dengue fever or occasionally as severe dengue'?. There are no

antiviral agents available to prevent or treat dengue. Here, we describe a highly potent
dengue virus inhibitor (JNJ-A07) that exerts nanomolar to picomolar activity against a
panel of 21 clinical isolates that represent the natural genetic diversity of known
genotypes and serotypes. The molecule has a high barrier to resistance and prevents
the formation of the viral replication complex by blocking the interaction between
two viral proteins (NS3 and NS4B), thus revealing a previously undescribed
mechanism of antiviral action.JNJ-AO7 has a favourable pharmacokinetic profile that
results in outstanding efficacy against dengue virus infection in mouse infection
models. Delaying start of treatment until peak viraemia results in a rapid and
significant reductioninviralload. An analogue is currently in further development.

Dengueis currently considered one of the top ten global health threats'.
Annually, an estimated 96 millionindividuals develop dengue disease?,
whichis probably an underestimation®. Theincidence hasincreased
approximately 30-fold over the past 50 years. The virus is endemic
in 128 countries in (sub-)tropical regions, with an estimated 3.9 bil-
lion people at risk of infection. A recent study® predicts an increase
to 6.1 billion people at risk by 2080. The upsurge is driven by factors
such as rapid urbanization and the sustained spread of the mosquito
vectors®®, Dengue virus (DENV) has four serotypes (further classi-
fiedinto genotypes), whichare increasingly co-circulatinginendemic
regions. A second infection with a different serotype increases the risk
of severe dengue®'°. The vaccine Dengvaxia, whichis approvedinanum-
ber of countries for individuals aged =9 years, is only recommended for
those with previous dengue exposure™ 2, There are no antiviral agent s
for the prevention or treatment of dengue, and the development of
pan-serotype DENV inhibitors has proven challenging®.

JNJ-A07is a highly potent DENV inhibitor

Following a large-scale cell-based anti-DENV-2 screen', a hit was
identified and optimized (a total of approximately 2,000 analogues
were synthesized). JNJ-AO7 is a representative analogue (Fig. 1a) with
nanomolar to picomolar antiviral potency in various cell lines and
high selectivity (Table 1, Extended Data Fig. 1). JNJ-AO7 is also active

in primary immature dendritic cells, which may be the initial target
cells of the virus”. Potent pan-genotype and pan-serotype activities
(nanomolar to picomolar potencies) were demonstrated against a
panel of 21 clinical isolates covering all available genotypes within
the 4 serotypes™ (Table 1). No marked antiviral activity was detected
against other flaviviruses or against a selection of other RNA and DNA
viruses (Extended Data Fig. 2).

JNJ-AO7 targets the DENV NS4B protein

The addition of JNJ-AO7 to infected cultures could be delayed without
loss of antiviral potency as long as intracellular viral RNA synthesis
had not been initiated to a detectable level (at 10 h after infection;
Extended DataFig.3a,b). When theinhibitor was added after onset of
viral RNA synthesis, a gradual loss of its antiviral activity was noted,
which suggests that there is an interaction with the viral RNA replica-
tion machinery. A similar pattern was observed with the nucleoside
analogue 7-deaza-2’-C-methyladenosine (7DMA), a broad-spectrum
RNA virus inhibitor. To identify the molecular target, drug-resistant
variants were selected by passaging DENV-2 in the presence of gradu-
ally increasing concentrations of JNJ-A07 (Extended Data Fig. 3c).
This proved difficult in two independent efforts (A and B). As shown
inthe dynamics of appearance of mutations (Extended DataFig.3d, e),
adecrease in susceptibility to the drug (32-fold) was first observed at
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Fig.1|Identification of amolecular target ofJNJ-A07.a, Molecular structure
of JNJ-A07.b, Schematic of the membrane topology of DENV NS4B3032,
JNJ-AO7-selected resistance mutationsin orange were presentin100% of the
quasispecies atend point (P43) in one of the two independently selected
resistant strains (samples A and B). Resistance mutations in black were present
in<100% of the quasispecies at end point; mutationsinblue appeared and
disappeared. TM, transmembrane. ¢, Mutations presentin100% of the
quasispeciesatend pointin sample Aand/or B.Aand Brefer tosamples A

and B, respectively. d, Effect of resistance mutations onreplication fitness.

e, Level of compound resistanceimposed by NS4B resistance mutations.

f, Representative westernblot. The full representative westernblot is depicted
inExtended DataFig. 5b. For the uncropped westernblotimages, see
Supplementary Fig.1. MM, molecular mass. g, Effect of JNJ-AO7 on the

week 15 of the selection process, and nearly 40 weeks were needed
to obtain almost complete loss of antiviral activity. Multiple muta-
tions were identified (after whole-genome sequencing) within the
viral non-structural protein 4B (NS4B) at the end point, of which L94F,
T108land T216N were present in100% of the viral populationin sample
A, and VI91A, L94F and T1081in 100% and F47Y, P104S and T216P in
<100% of the viral population in sample B (Fig. 1b, c, Extended Data
Fig.3d-f). These mutations were not presentin thein-parallel-passaged
untreated cultures. A close analogue of JNJ-A07 (analogue 1; Extended
Data Table 1) resulted in the mutations V91A, L94F and T108I at the
end point (week 29) (Extended Data Fig. 3f). Several resistance muta-
tions occurred only at a very low frequency (that is, <0.5% across all
4 serotypes) in clinical isolates (Extended Data Fig. 3g), but none of
these appeared together. The threonine at position 137 in NS4B (which
appeared and disappeared during selection experimentsin sample A)
was presentin 3.5% of DENV-2 clinical isolates and in100% of the clinical
isolates of the other serotypes, butit was considered a polymorphismas
itdid notalter the antiviral susceptibility. F47Y,S85L, V91A, L94F, P104S
and T216N/P were not present in the panel of 21 clinical isolates used
in this study. Isolates DENV-1/Malaysia, DENV-2/Martinique, DENV-2/
Thailand, DENV-3/H87 and DENV-3/Brazil carry 1081 or 108A (Table1),
which may explain the slightly decreased susceptibility of some of
these viruses to JNJ-A07 compared with the other viruses from the
same genotype.

Todetermine thereplication fitnessandinhibitor resistance caused
by these mutations, they were inserted separately into a subgenomic
DENV-2/16681 reporter replicon (Extended Data Fig. 4a). The muta-
tionsresulted in either marked attenuation of replication (F47Y, S85L,
P104S and T216N) or did not affect replication (V91A, T108I, A137T
and T216P) (Fig. 1d, Extended Data Fig. 4b), which did not correlate
withthe level of resistance imposed by these mutations (Fig.1e). L94F
conferred the highest level of resistance (950-fold), but increased the

© NS3/NS4B species  ® NS4B/NS4A-2K-NS4B

o 2K-NS4B/NS4A-2K-NS4B
interactionbetween NS3 and wild-type or mutant NS4B. For each sample, the
ratio of NS3 over allNS4B species was normalized to the mean untreated
wild-typeratio. h, Effect of JNJ-AO7 on forming or pre-formed NS3-NS4B
protein complexes.JNJ-AO7-mediated treatment effect on the indicated ratios
was assessed using linear mixed-effects models. Arandom effect for each
replicate wasincluded. Models were fitted for the three ratios separately.
Sidak’s multiplicity correction was applied to theintervals toaccount for
multiple testing. i, Model of the mode of action, whereby JNJ-AO7 blocks the
denovo formation of NS3-NS4B complexes (scenariol) but does not disrupt
existing ones (scenario 2). Dataarethe mean + s.d. (barsind, e) or estimated
marginal means per mutation and treatment with their 95% CI (g, h) from three
(h) oratleastthree (d, e,g) independent experiments.

replication fitness compared with the wild type. This mutation was
carried by virus strains obtained at the end point of two independ-
ent resistance-selection efforts, with the selected viruses having
>50,000-fold reduced sensitivity to JNJ-AO7 (Extended Data Fig. 3d,
e). Although this drug-resistant virus retained full replication com-
petence in Vero E6 cells (Extended Data Fig. 4c), it hardly replicated
in C6/36 mosquito cells (Extended Data Fig. 4d-f).

JNJ-A07 blocks the NS3-NS4B interaction

As the mutations mapped to NS4B, we studied the possible effect of
JNJ-A07 onthe NS3-NS4B interaction. To this end, NS4B was expressed
as part of the NS4A-2K-NS4B precursor'® along with the NS2B-NS3
protease-helicase complex. To facilitate NS4B-specific pull-down,
a carboxy-terminal haemagglutinin affinity tag (HA®) was added to
NS4B. Cells were transfected with constructs encoding the selected
resistance mutants or the A137T natural polymorphism. Wild-type NS4B
(NS4B(WT)) and the Q134A mutant (NS4B(Q134A), which is known to
abolish the NS3-NS4B interaction®®) were the positive and the nega-
tive controls, respectively, and non-HA-tagged NS4B was the technical
control. Ratios of NS4B-HA and co-precipitated NS3 were measured
by quantitative western blotting (Extended Data Fig. 5a, b).JNJ-A07
(at approximately 45 times the 50% effective concentration (ECs,);
0.035 pM) decreased the amount of wild-type NS4B(WT) co-captured
by NS3 by 95% (Fig. 1f, g), which demonstrates that it prevents the NS3—
NS4B interaction. Consistently, almost complete drug-induced loss of
the NS3-NS4B interaction was observed with the mutants S85L and
A137T (Fig. 1g), which confer low or no drug resistance, respectively
(Fig. 1e). By contrast, the NS3-NS4B interaction was barely affected
by JNJ-AO7 for the higher drug-resistance mutants V91A, L94F, T108I
and T216N (Fig. 1f, g). Using T108I and V91A as examples of moderate
and strongJNJ-A07 resistance mutations, respectively, dose-response
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Table 1| Antiviral activity of JNJ-AO7 against DENV serotypes

DENV-2 strain Antiviral activity Toxicity
Celltype ECs, (M) ECq0 (M) CC; (M) s
Vero 16681 0.0001+0.00007 0.0005+0.0004 13+11 130,000
Huh-7 16681 0.0008+0.0002 0.002+0.001 >25 >31,000
THP-1/DC-SIGN 16681 0.0007+£0.0002 0.001+0.0005 >0.5 >714
Immature dendritic cells 16681 0.002+0.001 0.009+0.005 14062 70,000
C6/36 RL 0.003+0.0006 0.007+0.004 18+4.5 6,000
Vero RL 0.0002+0.00004 0.0005+0.00003 14+0.3 70,000
Serotype Genotype Strain EC;, (UM) ECqo (UM)
DENV-1 G1 Djibouti <0.00006+0.00004 <0.0001£0.0001
DENV-1 G3 Malaysia™® 0.0003+0.00007 0.0007+0.0001
DENV-1 G4 Indonesia <0.00008+0.00005 <0.0002+0.0002
DENV-1 G5 France-Toulon <0.00003+0.00001 <0.0002+0.0002
DENV-2 Asian America Martinique® 0.004+0.005 0.005+0.005
DENV-2 American Trinidad <0.00003+0.000009 <0.00007+0.00007
DENV-2 Cosmopolitan France-Toulon <0.00007+0.00005 <0.0002+0.0002
DENV-2 Asian | Thailand® 0.001+0.0002 0.001+0.000002
DENV-2 Asian I Papua New Guinea® <0.00004+0 <0.00007+0.00004
DENV-2 Sylvatic Malaysia® <0.00006+0.00003 0.0002+0.00008
DENV-3 Gl Malaysia 0.0005+0.0002 0.001+0.0003
DENV-3 G2 Thailand 0.001+0.0007 0.002+0.0002
DENV-3 G3 Bolivia 0.0004+0.0003 0.002+0.0009
DENV-3 G5 H87° 0.001+0.0005 0.002+0.0007
DENV-3 G5 Brazil®® 0.0002+0.0002 0.0006+0.0005
DENV-4 Gl India <0.00004+0 <0.0001+£0.0001
DENV-4 G2a Malaysia 0.003+0.003 0.004+0.004
DENV-4 G2b Martinique <0.0001+0.0001 0.001+0.0003
DENV-4 G2b Brazil <0.0002+0.0001 0.0006+0.0001
DENV-4 G3 Thailand® 0.006+0.006 0.01£0.002
DENV-4 Sylvatic Malaysia® 0.0003+0.00002 0.0009+0.0004

Antiviral assays were carried out using Vero E6 cells. Antiviral data for DENV-2 represent mean valuesz+s.d. from two (Vero and C6/36 cells infected with DENV-2 RL, and immature dendritic
cells infected with DENV-2/16681), three (THP-1/DC-SIGN cells infected with DENV-2/16681) or at least five (Vero and Huh-7 cells infected with DENV-2/16681) independent experiments. Antiviral
data for other serotypes represent mean values+s.d. from at least two independently performed experiments (n=2-6). DENV serotype panel was selected as previously reported™. CCs,, 50%

cytotoxic concentration; ECqo, 90% effective concentration.
Selectivity index (SI): ratio CCsq/ECspo.

PDENV strain generated using infectious subgenomic amplicons.
°DENV strain carrying the T108| mutation in NS4B.

9DENV strain containing the TIO8A mutation in NS4B.

assays were performed (Extended Data Fig. 5c-k). V91A and T108I
increased the EC,, of the NS3-NS4B interaction by a factor 41and 9,
respectively, compared with the wild type (Extended Data Fig. 5e, h-k),
whichis in line with their effect on resistance in virus assays (Fig. 1e).
Moreover, a dose-dependent decrease in the 2K-NS4B cleavage inter-
mediate was noted (2K is a small signal sequence that translocates NS4B
into thelumen of the ER), with the level of decrease following the level of
resistance (Extended Data Fig. 5f, h-k). To alesser extent, this effect was
alsonoted for mature NS4B (Extended Data Fig. 5g-k), which indicates
thatJNJ-A07 slows down the cleavage kinetics of the NS4A-2K-NS4B
precursor (Extended DataFig. 51). Next, the kinetics of JNJ-AO7-induced
loss of the NS3-NS4B interaction was studied (Extended Data Fig. 6a,
b).Addition at4 h after transfection significantly reduced the amounts
of NS3-NS4B complexes, whereas treatment starting at 24 h had no
significant effect in samples that were collected shortly thereafter
(1or 8 h) (Fig.1h). Thus, areduction becomes visible only at late time
points (collected after 24 h), when newly formed NS3-NS4B complexes
are detectable, which suggests thatJNJ-AO7 prevents the formation of
NS3-NS4B complexes (scenario 1in Fig. 1i) but does not disrupt them
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once formed (scenario 2 in Fig. 1i). Correspondingly, no reduction
in co-captured NS3 was detected when a close analogue of JNJ-A07
(analogue 2; Extended Data Table 1) was added 48 h after infection
(Extended DataFig. 6¢, d), and treatment of cell lysates did not disrupt
already established NS3-NS4B complexes (Extended Data Fig. 6e, f).

Strongin vivo potency in mice

JNJ-A07 has a favourable pharmacokinetic profile in mice and rats,
and no adverse effects were noted in rats up to doses of 300 mg per kg
when given for 15 consecutive days by the oral route (Extended Data
Table 2a, b). The antiviral effect was next studied in mouse infection
models using the DENV-2 RL strain. First, the effect on peak viraemia
(onday 3 afterinfection) in DENV-2-infected (10° plaque-forming units
(PFU)) AG129 mice was studied. Dosing by oral gavage was initiated
on the day of infection (starting about 1 h before infection) and con-
tinued twice daily until the end of the experiment (Fig. 2a). The viral
RNA load in plasma dropped by 3.8 log,, copies per millilitre for the
30 mg per kg dose (P< 0.0001), 3.6 log,, for 10 mg per kg (P < 0.0001),
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Fig.2|Invivo efficacy ofJNJ-AO7 on viraemiaand survivalin a prophylactic
setting.a, Schematic of the viraemiaand survival studies using AG129 mice.

b, ¢, Effect of JNJ-AO7 onviraemia on day 3 after infection (b) and on survival
(c)inmice treated twice daily with 30,10, 3 or1 mg per kg JNJ-AO7 compared
with vehicle-treated mice. Treatmentstarted 1 hbefore infection. Inthe
survival study, mice received an anti-flavivirus antibody 1 day before infection.
Dataare fromtwoindependent studies withn =8 (viraemia) or n =10 (survival)
mice per group.d, Schematic of thein vivokinetics study. Each treatment
group was subdivided into groups Aand B (n =8, per group) for blood
collection onalternating days. e, Weight curves (mean values +s.d.) of AG129
miceinthedifferenttreatment groups. Colours of the dots represent the
different dosing groups (n =8, per group), as specified inb; green dots
represent the 0.3 mg per kg dosing group. f, g, Inhibitory effect of JNJ-AO7 on

1.9 log,, for 3 mg per kg (P<0.0001) and 0.8 log;, for 1 mg per kg
(P<0.05) (Fig.2b). A dose-dependent and pronounced effect on viral
RNAloadsinthespleen, kidney and liver was also observed (Extended
DataFig.7a-c).Levels of the pro-inflammatory cytokinesinterleukin-18
(IL-18), interferon-y (IFNy), tumour necrosis factor (TNF) and IL-6
were nearly normalized in the plasma of drug-treated infected mice
(Extended DataFig. 7d-g). The effect of JNJ-AO7 was next assessed on
virus-induced disease and mortality when dosed (oral gavage, twice
daily) for just 5 consecutive days starting 1 h before infection (Fig. 2a).
AG129 mice (injected on day -1withan anti-flavivirus antibody to mimic
antibody-dependent enhancement!®) were challenged with 10° PFU of
DENV-2. Mice were monitored for amaximum period of 25 days. In this
model, the survival curve followed abiphasic pattern: early ininfection,
mice develop a systemic infection leading to vascular leakage, while
later the virus escapes to the brain, resultinginaneurotropicinfection
and neurological complications. Most (19 out of 20) vehicle-treated
mice had to be euthanized between day 4 and 21 after infection. At
a dose of 30 mg per kg, 90% (P < 0.0001) survived the infection; at
doses 0f 10, 3 and 1 mg per kg, the survival rate was 80% (P < 0.0001),
85% (P<0.0001) and 75% (P < 0.0001), respectively (Fig. 2c). Viraemia
onday 3 after infection was significantly reduced in allJNJ-AO7 dosing

Time (d after infection)

Time (d after infection)

viraemiain mice treated twice daily with10 mg per kg (n=8) or 1mg per kg
(n=8) compared with vehicle-treated mice (n =16). For the complete figure,
see Extended DataFig. 8. Treatment started 1 hbeforeinfection. Data
(median +s.d.) are from two independent studies. Undetermined C, values
wereimputed ata C value of 40 (whichisthe LOD), correspondingto 2.6 log,,
viralRNA copies per millilitre. For two-sided statistical analysis, the Kruskal-
Wallis test (viraemia) or the Fisher’s exact test (survival) was used. Pvalues
were adjusted using the Holm’s multiple comparisons correction method.
The mean AUC value and 95% Cl was determined for fand g. In case Clsdid not
overlap, groups were considered to markedly differ. For b, fand g, results are
shownaslog,-transformed values. HEP, humane end point; LLOQ, lowest level
of quantification.

groups (Extended Data Fig. 7h). Using the viraemia model, we also
assessed the efficacy of the NS4B-targeting drug NITD-688 (ref. ).
Only micetreated with 100 or 30 mg per kg NITD-688 (twice daily, oral
gavage) had significantly lower viral RNA levels in plasma: 4.3 log,, and
2.3 log,,, respectively (Extended Data Fig. 7i).

The effect of JNJ-AO7 was next assessed with respect to the kinetics
of DENV-2 replication in AG129 mice following a non-lethal (that is,
102 PFU) viral challenge (Fig. 2d). In this model, a high peak viral RNA
load (approximately 10® copies per millilitre) was achieved on day 5-6
after infection (Fig. 2f, g; for the complete figure, see Extended Data
Fig.8), which s similar to the dynamics during infectionin humans?2*,
Mice were treated with 30, 10, 3 or 1 mg per kg JNJ-AO7 (orally, twice
daily) for 6 consecutive days (starting about 1 h before infection). Both
drug-treated and vehicle-treated mice exhibited some weight loss
(<5%) (Fig. 2e) not attributable to treatment with JNJ-AO7. At doses of
30,10 and 3 mg per kg, mean viral RNA levels were mostly at the limit
of detection (LOD) (Fig.2f, Extended DataFig. 8c-e). Theviralload area
under the curve (AUC) for the 30 and 10 mg per kg groups was 0% of
the vehicle controlsand 17% for the 3 mg per kg group. AUC confidence
intervals (Cls) of the two lowest dosing groups did not differ from the
controls as they overlapped with that of the vehicle group.
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Fig.3|Invivo efficacy ofJNJ-AO7 on the kinetics of DENV replicationina
therapeuticsetting.a, Schematic of the invivo kinetic studies in which
treatment was started on various days after DENV-2 challenge (groups 3-8),
whilein the control groups (vehicleand JNJ-A07), treatment was started
ontheday ofinfection (groups1and2, respectively). Each treatment group
(n=8, pergroup)was subdivided into groups Aand B (n =4, per group) for
blood collection onalternating days. b-g, Theinhibitory effect of JNJ-AO7 on
viraemiawith the start of treatment at various time points after infectionin
AG129 mice treated twice daily with 30 mg per kg for 6 consecutive days. In the

Finally, we explored whether the molecule is sufficiently potent to
affect an ongoing, non-lethal (10? PFU) DENV-2 infection in AG129 mice
(mimicking a human therapeutic setting). Administration of JNJ-A07
(30 mg per kg, twice daily for 6 consecutive days) was initiated either
1h pre-infection or on subsequent days (Fig. 3a). Initiating treatment
on the first 3 days after infection resulted in nearly complete inhibi-
tion of viral replication and markedly lower peak viraemia compared
with vehicle-treated mice (Fig. 3b-d). When treatment was initiated
on day 4 after infection—a time with substantial viraemia in the con-
trols—viral loads returned to undetectable levels within 72 h (Fig. 3e).
Even when treatment was first initiated on day 5 or day 6 after infec-
tion, the days onwhichreplication reachedits peak, aninstant antiviral
effect was observed (Fig. 3f,g). The effect onthe AUC of the viraemia was
determined from the day treatment was initiated until the end of the
experiment. The viralload AUC of JNJ-AO7-treated mice was 2% (95% Cl:
0.01-1.42) of the vehicle-treated group (95% Cl:18.57-21.79) when treat-
mentwasinitiated onday 0. When treatment was initiatedonday1,2,3,
4,5or 6 afterinfection, the viralload AUC of JNJ-AO7-treated mice was 4%
(95% Cl:-0.56t03.21),12% (95% CI: 0.95-6.05), 28% (95% CI: 4.05-12.37),
20% (95% Cl:2.81-7.87),33% (95% Cl: 5.33-10.43) and 52% (95% Cl: 6.39~-
14.76), respectively, of that of the vehicle-treated group. Only the AUC
Clofgroup 8 (treatment, start day 6 after infection) did not differ from
group1(vehicle, start day O afterinfection) asbothintervals overlapped.
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delayed-treatment groups (groups 3-8), treatment with JNJ-AO7 was started
onday1(b),day2(c),day 3 (d), day 4 (e), day 5 (f) or day 6 (g) after infection.
As controls, two groups of mice received treatment on the day of infection:
group1(vehicle) andgroup 2 (JNJ-A07). Data (median +s.d.) are froma

single experiment. Results shown as shown as log,,-transformed values.
Undetermined C,values were imputed at a C, value of 40 (whichis the LOD),
corresponding to 2.6 log,, viral RNA copies per millilitre. The mean AUC value
and 95% Clwas determined for each group. In case Cls did not overlap, groups
were considered to substantially differ.

Discussion

Thereisanurgent need for potent and safe pan-serotype dengue anti-
virals for the treatment and prophylaxis of infections with DENV. Such
drugs should lower viral loads during an ongoing infection, thereby
reducing dengue-associated morbidity and mortality as well as trans-
mission® ., Early diagnostic testing will be key to the usability of
prophylactic drugs. Prophylaxis should be beneficial during epidemics
for those living in endemic regions and for those travelling to such
regions. The conceptbehind such prophylaxisis that the drug prevents
expansion of the inoculum after a mosquito bite. Prophylaxis is, for
example, successfully used in the prevention of malaria®®.

Wereported a highly potent, pan-serotype DENV inhibitor targeting
NS4B. Drug-resistant variants were only obtained in vitro following a
lengthy period (up to 40 weeks) of selection, thereby demonstrating
its high barrier to resistance. This is explained by the finding that a
combination of three mutationsin NS4Bis required to reach high-level
resistance. This characteristic makes it unlikely that drug-resistant
variants will readily emerge in drug-treated patients. Moreover, the
mutations in NS4B appeared to render the resistant variants unable
toreplicate in mosquito cells. This suggests that even if such mutants
would develop, they may not be transmitted from human-to-human
viatheinsect vector.



Resistance selection and reverse genetics studies pinpointed NS4B as
the molecular target of JNJ-A07. NS4B is amulti-transmembrane protein
residinginthe endoplasmicreticulum membrane as part of the DENV
replication complex. It forms acomplex with NS3, whichis essential for
viral replication?®?’, Several functions have been ascribed to NS4B*°2,
Invitrostudies revealed that NS4B dissociates NS3 from single-stranded
RNA and enhances NS3 helicase activity®. No enzymatic activity has
been shown to be associated with NS4B. We here demonstrated that
JNJ-A07 blocks the de novo formation of the NS3-NS4B complex; con-
versely, established complexes appeared relatively resistant to the com-
pound. JNJ-AO07 prevented the formation of the NS3-NS4B complex,
butdid this inefficiently when NS4B carries mutations associated with
drug resistance. In fact, a notable correlation was observed between
drug resistance in a DENV replication assay on the one hand and the
insensitivity of the interaction between NS3 and NS4B mutants on the
other hand. This provides evidence that JNJ-AO7 interferes with NS3-
NS4B complex formation. L94F (the mutation conferring the highest
level of resistance but resulting in increased replication fitness) has
been reported as a pseudo-reversion compensating for the replica-
tion defect caused by the M142A mutation in NS4B*. As is the case
for Q134A, M142A resides in the cytosolic loop of NS4B and impairs
the NS3-NS4B interaction, thereby largely reducing viral replication.
Our findings suggest thatJNJ-A07 blocks the NS3-NS4B interaction by
inducing a conformational change of the cytosolic loop. In addition,
the observed accumulation of the NS4A-2K-NS4B precursor suggests
that JNJ-AO7 slows down the cleavage kinetics of the precursor (for
example, by binding to the NS4B moiety and altering precursor folding
or accessibility of the cleavage site).

JNJ-A07 had afavourable pharmacokinetic and safety profile in mice
andrats and exerted strong potency in DENV-2 infection mouse models.
It was highly effectiveinreducing viralloads (even at low doses to levels
below the LOD) and virus-induced disease. Importantly, even when
the start of treatment was delayed for several days after infection, a
rapid and marked reductioninviralload was observed.JNJ-AO7 or close
analogues with comparable safety, pharmacokinetics and potency may
have the potential to be effective in both prophylactic and therapeutic
settings against DENV infections in humans. Recently, NITD-688 was
reported as aNS4B-targeting drug, but with an unknown mechanism?.
The resistance mutation profile differs from that of JNJ-AO7, which is
indicative of a different mode of action. JNJ-AO7 was markedly more
efficacious than NITD-688 in DENV-2 infection mouse models, bothin
aprophylactic and a therapeutic setting.

In conclusion, we demonstrated that blocking the interaction
between two viral proteins (NS3 and NS4B) results in strong antiviral
activity. The NS3-NS4B interaction represents a promising target for
the development of pan-serotype DENV inhibitors with a high barrier
to resistance. The strong potency warrants further development of
this class of compounds.
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Methods

Compounds

The synthesis of early chemical analogues of JNJ-AO7 and its deriva-
tivesis reported elsewhere'. The synthesis of analogue 1 is described
in WO/2016/050841 (compound 1A)** and that of analogue 2 in
WO0/2016/050831 (compound 1A)*. The synthesis of JNJ-A0Q7 is pub-
lishedin W0O/2017/167951 (example 4B)**. The synthesis and chemical
characterization of analogue 1, analogue 2 andJNJ-AQ7 are also provided
inthe Supplementary Methods. For in vitro experiments, compounds
were dissolved in100% dimethylsulfoxide (DMSO) asal0Omg ml™ora
5 mMstock. The nucleoside analogue 7DMA (CAS number 443642-29-
3) was purchased from Carbosynth. The synthesis of the DENV NS4B
inhibitor NITD-688 was carried out in-house following a synthetic route
asdescribedintheliterature? and in patent WO/2019/244047 Al (ref.%).

Cells

Vero cells (African green monkey kidney cells; European Collection of
Authenticated Cell Cultures, CL 84113001) were maintained in Eagle’s
minimum essential medium (MEM) supplemented with10% fetal bovine
serum (FBS) (Sigma-Aldrich), 2 mM L-glutamine and 0.02 mg m|™
gentamicin (Thermo Fisher Scientific). Vero E6 cells (American Type
Culture Collection, CRL-1586) were cultured in MEM supplemented
with 7.5% heat-inactivated FBS, 2 mM L-glutamine and 100 units per
millilitre penicillin-streptomycin (Sigma). In the antiviral experi-
ments with Vero E6 cells, 2.5% heat-inactivated FBS was used. Huh-7
hepatoma-derived cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with10% FBS, 2 mM L-glutamine and
0.02 mg ml gentamicin. Inantiviral assays using Vero and Huh-7 cells,
the culture medium contained 2% FBS instead of 10% FBS. Huh-7 rep-
licon cells were cultured in the same medium as mentioned above,
supplemented with 75 pg ml™ hygromycin B (Roche). Huh-7 cells stably
expressing the T7 polymerase and the DENV protease complex NS2B-
NS3 (Huh7-T7/NS2B-NS3 cells) were generated by lentiviral transduc-
tion, as previously described?. Cells were cultured at 37 °Cand 5% CO,
in DMEM, supplemented with 10% FBS, 2 mM L-glutamine, 100 units
per millilitre penicillin, 100 pg ml™ streptomycin, 5 pg ml™ zeocin,
1pg ml™? puromycin and nonessential amino acids. Antiviral assays
were performed using DMEM/2% FBS. THP-1 dendritic cell-specific
intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN)
cells (TIB-202, ATCC) were propagated in RPMI (Lonza) supplemented
with 10 % heat-inactivated FBS (F7524, Sigma-Aldrich) and 0.04 % gen-
tamicin (Gibco-Life Technologies). C6/36 mosquito cells (from Aedes
albopictus; ATCC, CCL-1660) were cultivated in the absence of 5% CO,
at28 °Cin Leibovitz’s L-15 medium (Thermo Fisher Scientific), sup-
plemented with 10% FBS, 1% nonessential amino acids (Thermo Fisher
Scientific), 1% HEPES buffer (Thermo Fisher Scientific) and 1% penicil-
lin (100 units per millilitre) and streptomycin (100 pg ml™?) solution
(Thermo Fisher Scientific). Human peripheral blood mononuclear
cells (PBMCs) were prepared from fresh buffy coats (obtained 24 h
before preparation from the Belgian Red Cross) of healthy donors
using a standard Ficoll centrifugation protocol. Monocytes were iso-
lated from the PBMC population with Miltenyi cluster of differentia-
tion 14 (CD14) beads (Miltenyi Biotec). Monocytes were differentiated
into immature dendritic cells (imDCs) using IL-4 (R&D Systems) and
granulocyte-macrophage colony-stimulating factor (GM-CSF; R&D
Systems). Multiple donors were used to account for potential varia-
tioninresponses due to varying representation of genetic and societal
backgrounds. Cells were cultured at 37 °C and 5% CO, unless stated
otherwise. All cell lines (Vero, Huh-7, THP-1/DC-SIGN and C6/36) were
regularly tested for mycoplasma contamination.

Viruses
Laboratory-adapted strain DENV-2/16681 was produced by transfection
of in vitro-transcribed RNA of plasmid pFK-DVs into Huh-7 cells. This

plasmid encodes the full-length DENV-2/16681. Plasmid pFK-DVs was
obtained by insertion of a synthetic copy of the full-length genomic
sequence of DENV-2 strain 16681 (GenBank accession NC_001474) into
thelow-copy plasmid vector pFK*®. Moreover, the parental vector pFK
was modified by insertion of the SP6 promoter upstream of the DENV
5’ nontranslated region to enable synthesis of authentic viral RNA by
invitro transcription. This plasmid was licensed to R.B.

DENV-2/16681/eGFP, carrying enhanced green fluorescent protein
(eGFP) at the amino terminus of the capsid protein, was produced
through the transfection of in vitro-transcribed RNA of plasmid
pFK-DV-G2A in Huh-7 cells®®. This plasmid encodes eGFP and the
full-length DENV-2/16681. The infectious cDNA clone pFK-DVs served
asthe parental construct for cloning of the dengue reporter virus con-
struct DENV-G2A. The reporter gene is followed by the 2A peptide of
Thosea asigna virus to liberate the eGFP from the DENV polyprotein
during/after translation. This plasmid was licensed toR.B. The resulting
recombinant virus is referred to as DENV-2/16681/eGFP.

The following four DENV-1 strains were used: Djibouti (D1/H/
IMTSSA/98/606), genotype 1, GenBank accession AF298808; Malaysia,
produced by Infectious Subgenomic Amplicons (ISA)*, genotype 3,
GenBank accession EF457905.1; Indonesia (JKT 1186 TVP 949), geno-
type 4, GenBank accession EU074031; and France-Toulon (CNR 25329),
genotype 5, GenBank accession MF004384, obtained from the Euro-
pean Virus Archive (EVA).

The following six DENV-2 strains were used: Martinique (H/
IMTSSA-MART/98-703), Asian America, GenBank accession AF208496;
Trinidad (1751 TC 544), American, GenBank accession EU073981.1,
EVA; France-Toulon (CNR 25679), Cosmopolitan, GenBank accession
MF004385, EVA; Thailand (CNR 25326), Asian |, EVA; Papua New Guinea
(ISA), GenBank accession FJ906959.1, Asian II; and Malaysia (ISA), Gen-
Bank accession FJ467493.1, genotype Sylvatic.

The following five DENV-3 strains were used: Malaysia (CNR17046),
genotypel, GenBank accession MF004386, EVA; Thailand (CNR15418),
genotype 2, GenBank accession MH888332, EVA; Bolivia (strain 4025),
genotype 3, GenBank accession MH888333, EVA; H87, genotype 5,
GenBank accession M93130; and Brazil (ISA), genotype 5, GenBank
accessionJN697379.1.

The following six DENV-4 strains were used: India (strain G11337),
genotype 1, GenBank accession]F262783.1; Malaysia (CNR16861), geno-
type 2a, GenBank accession MH888334, EVA; Martinique (strain 017),
genotype 2b, EVA; Brazil (BeH 403714), genotype 2b, GenBank accession
JQ513345.1; Thailand (ISA), GenBank accession AY618988.1, genotype 3;
and Malaysia, GenBank accession JF262779.1, genotype Sylvatic.

DENV-1genotype 2 and DENV-3 genotype 4 are currently not avail-
able as full sequences in public databases such as the National Center
for Biotechnology Information or Virus Pathogen Resource (ViPR;
www.viprbrc.org).

The following four non-DENV flaviviruses were used: Zika virus (ZIKV;
H/PF/2013, French Polynesia, GenBank accession KJ776791), Japanese
encephalitis virus (JEV; CNS769-Laos 2009, Laos, GenBank KC196115),
West Nile virus (WNV; R94224, CDC Human Brain 29-09-2008, Wiscon-
sin, GenBank accession MF004388) and yellow fever virus (YFV; 88-99,
Bolivia, GenBank accession MF004382).

For antiviral assays using Vero cells and C6/36 mosquito cells,
time-of-drug-addition experiments, in vitro resistance-selection
experiments and in vivo efficacy studies, the DENV-2 Rega Labstrain
(referred to as DENV-2 RL) was used, GenBank accession MW741553.
Thisstrainwas provided by V. Deubel, formerly at the Institute Pasteur,
Paris. Forinvivo studies, high-titre stocks were generated by propagat-
ing in C6/36 mosquito cells and subsequently concentrating either
by ultracentrifugation or tangential flow filtration using tangential
flow filtration capsules (Minimate TFF; Pall Life Sciences) according to
the manufacturer’s protocol. Infectious virus titres (PFU per ml) were
determined by performing plaque assays on baby hamster kidney cells
as previously described*.
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DENV-2/16681 antiviral assays

Theantiviral activity of JNJ-A07 was determined against DENV-2/16681/
eGFP in a phenotypic antiviral assay with eGFP readout as a measure
for the amount of virus. The assay was performed on three different
cell types (Vero, Huh-7 and THP-1/DC-SIGN) to exclude cell-specific
activity of the compound. In brief, 2.5 x 10* Vero cells or Huh-7 cells or
7.5x10° THP-1/DC-SIGN cells were seeded in 384-well plates contain-
ing 9-fold serially diluted test compound. After incubating for 24 h at
37°C, Veroand Huh-7 cellswere infected with DENV-2/16681/eGFP at a
multiplicity ofinfection (MOL.) of 1and 5, respectively. THP-1/DC-SIGN
cells were infected immediately after seeding of the cells with DENV-
2/16681/eGFP at aMOI of 0.5. After 3 days of incubation at 37 °C, viral
replication was quantified by measuring eGFP expression in the cells
with alaser microscope. Following eGFP readout, the cytotoxic effect
of JNJ-AO7 was evaluated using an ATPlite cell viability luminescence
assay (PerkinElmer) according to the supplier’s instructions.

For antiviral assays withimDCs, DENV-2/16681 was used followed by
detection of DENV antigens using flow cytometry. Monocytes, isolated
from PBMCs, were counted and 3 x 10° cells were seeded in wells of
a 96-well plate. Next, monocytes were differentiated into imDCs by
incubating them for 5 days at 37 °C in the presence of 20 ng ml'IL-4 and
GM-CSF. The medium was thendiscarded andimDCs were infected with
DENV-2/16681ataMOI of 0.5inthe presence or absence of JNJ-A07. On
day 2 afterinfection, cells were permeabilized and fixed with Cytofix/
Cytoperm buffer (BD Biosciences) and stained with primary anti-prM
antibody (anti-DENV complex antibody, clone D3-2H2-9-21; MAB8705,
1:400 diluted; Merck), followed by secondary goat anti-mouse Alexa
Fluor-488 antibody (A-10680,1:500 diluted; Life Technologies/Thermo
Fisher Scientific). The percentage of cells expressing prM (7-11% for
untreated virus control samples) was quantified using FACS ona CANTO
Il apparatus (BD Biosciences). Toxicity of JNJ-AO7 was assessed with
FACS innon-infected imDCs by measuring the viability dye eFluor 660
(Thermo Fisher Scientific) added to the cells before fixation.

Antiviral assays using DENV-2 RL strain on Vero and C6/36 cells
Virusyield reduction assays using Vero cells were performed essentially
as previously described™. In brief, Vero cells were seeded at a density
of 4 x10* cells per well in 100 pl DMEM/10% FBS medium in 96-well
plates. The next day, cells were infected with DENV-2 RL strain (MOl of
0.01) diluted in MEM/2% FBS assay medium (100 pl per well). Cells were
incubated for 2 h, after which the viral inoculum was removed. After
rinsing the cells three times with assay medium, 5-fold serial dilutions
(concentration ranged from 50 to 0.0001 pg ml™ in screening assays
and from1to 0.000003 pg ml ™ in confirmation-of-antiviral-activity
assays) of thetest compounds were added to the cells. After anincuba-
tion period of 4 days, the supernatant was collected and the viral RNA
load was determined by quantitative PCR with reverse transcription
(RT-gPCR) as previously described*. A potential toxic effect on host
cells was tested in parallel using the same protocol. For the toxicity
assays, virus infection was omitted and the serial dilution of compounds
was started at ahigher concentration (concentration ranged from 400
t0 0.001 pg ml* only in confirmation-of-antiviral-activity assays). After
4 days of incubation, colorimetric readout was performed using the
MTS/PMS method (Promega) as previously described*.

Forthe antiviral assays using C6/36 mosquito cells, cells were seeded
atadensity of 2.5 x 10° cells per wellin 100 pl culture medium (see also
the section ‘Cells’) in 24-well plates. The next day, culture medium was
replaced with 100 pl per well assay medium (in assay medium 10% FBS
is replaced by 2% FBS) containing 2-fold serial dilutions (concentra-
tion ranged from 50 to 0.002 pg ml™) of the test compounds. DENV-2
RL strain (MOI of 0.02; 100 pl per well), diluted in assay medium, was
addedto the cells. After a 7-day incubation period at 28 °C, the super-
natant was collected and the viral RNA load was determined by RT-
gPCR, as described for the Vero cells. A potential toxic effect on host

cells was tested in parallel using the same protocol. However, virus
infection was omitted and the 2-fold serial dilution of compounds
ranged from 50 to 0.4 ug ml™’. On day 7 after infection, cells were
fixed with 2% paraformaldehyde in PBS. Cell nuclei were stained using
4’,6-diamidino-2-fenylindool (DAPI; Thermo Fisher Scientific) and
readout was performed using an ArrayScan XTI High Content Analysis
Reader (Thermo Fisher Scientific). The EC,, (the compound concentra-
tionthatisrequired toinhibit viral RNA replication by 50%) and the 50%
cytotoxic concentration (the concentration that reduces the total cell
number by 50%; CC,,) was determined using logarithmicinterpolation.

Antiviral activity against clinical isolates covering four DENV
serotypes

One day before infection, 5 x 10* Vero E6 cells were seeded in 100 pl
assay medium (containing 2.5% FBS) in 96-well plates. The next day,
eight 2- or 3-fold serial dilutions of JNJ-AO7 (for DENV:100-0.04 nM;
for other flaviviruses: 5-0.02 pM; final concentration), intriplicates or
duplicates (for control), were added to the cells (25 pl per well). Four
virus control wells (per virus) were supplemented with 25 pl medium
and four cell control wells were supplemented with 50 pl of medium.
After 15 min, 25 pl of a virus dilution was added to the wells at a MOI
that was determined such thatthe viral growthreachedits peak or the
beginning of the plateau on day 4 after infection Plates were incubated
at37°Cfor4 days (DENVand ZIKV), 3 days (JEV) 2.5 days (YFV) or 2 days
(WNV). After incubation, 100 pl of the supernatant was collected for
viralRNA isolation.

Time-of-drug-addition assay

Vero cells were seeded at a density of 2 x 10° cells per well in a 24-well
plate and the following day infected with DENV-2 RL strain (MOI of 1)
in assay medium.JNJ-A07 (at a concentration of 10 times the ECs,, as
determined in the antiviral assay) was added at either the time point
ofvirusinfectionorat4,10,12,14,16,18 and 22 hafter infection At24 h
after infection, intracellular RNA was isolated using a RNeasy minikit
(Qiagen) and DENV RNA levels were quantified by RT-qPCR. In paral-
lel experiments, 7DMA (14 uM) was used as a reference compound.
To monitor intracellular viral RNA production (that is, viral kinetics)
during onereplication cycle in untreated cells, confluent Vero cellsin
a24-well plate (2 x 10° cells per well) were infected and incubated for
1h. After removing the inoculum and washing the cells, assay medium
was added, and the cells were collected at similar time points as indi-
cated for the time-of-drug-addition assay. Viral RNA replication was
monitored using RT-qPCR.

RNA isolation and RT-qPCR

The supernatant was transferred to 96-well S-Bloc from Qiagen (Venlo),
preloaded with buffer VXL and extracted using a Cador Pathogen 96
QIAcube HT kit run on QIAcube HT automat (Qiagen) as described by
the manufacturer. For DENV, purified RNA was eluted in 80 pl of AVE
buffer (Qiagen); for the other flaviviruses, purified RNA was eluted
inwater.

DENV RNA was quantified by real-time RT-qPCR using 3.8 pl of RNA
and 6.2 pl of RT-qPCR mix (GoTaq Probe one-step RT-qPCR system,
Promega) and fast cycling parameters, that is, 10 min at 50 °C, 2 min
at 95 °C and 40 amplification cycles (95 °C for 3 s followed by 30 s at
60 °C). Viral RNA of the other flaviviruses was quantified using 7.5 pl
of RNAand 12.5 pl of RT-qPCR mix (SuperScript Il Platinium one-step
qRT-PCRkit with Rox from Thermo Fisher Scientific, or GoTaq Probe
one-step RT-qPCR system from Promega) and standard cycling param-
eters, thatis,20 minat 50 °C, 3 minat 95 °C and 40 amplification cycles
(95°C for15 s followed by 1 min at 60 °C)*,

For the DENVs, RT-qPCR reactions were loaded on a QuantStudio
12K Flex Real-Time PCR system (Applied Biosystems) and analysed
using QuantStudio 12K Flex software v.1.2.3. For the other flaviviruses,
RT-gqPCR reactions were loaded on an ABI 7900 HT Fast Real-Time
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PCR system (Applied Biosystems) and analysed using SDS 1.2 Applied
Biosystems software. Viral RNA was quantified using serial dilutions
ofastandard curve consisting of four 2-log dilutions of an appropriate
T7-generated RNA standard of known quantities for each serotype or
virus (100 copies to 100 x 10 copies). Inhibition values for each drug
concentration were plotted using KaleidaGraph plotting software
(v.4.03; Synergy Software), and the best sigmoidal curve, fitting the
mean values, was used for determination of the EC;, value. The ECs,
value was determined using logarithmic interpolation.

DENV-2invitroresistance selection

Vero cells were seeded at a density of 2 x 10° cells per well in a 24-well
plate. The next day, cells were infected (MOI of 0.01; virus stock was
diluted 200x) with DENV-2 RL strain and incubated with virusfor1.5-2 h
at 37 °C. Virus was then removed and cells were rinsed three times
using assay medium (MEM/2% FBS). Cells were further incubated in
the presence of a 2-fold serial dilution of JNJ-A07 (10-0.00002 pg ml™?)
for 7 daysat 37 °C. After 7 days, cells were microscopically checked for
cytopathogenic effects (CPEs), and the supernatant from two adjacent
wells showing 30-70% CPEs was collected and pooled. The EC5, was
microscopically determined as the mean concentration of the com-
pound that was added to the two selected and pooled wells (showing
30-70% CPEs). The supernatant was used to infect freshly seeded cells
using the same virus dilution (thatis,200x) asin all previous passages.
The remaining supernatant was stored at -80 °C until further analy-
sis (that is, sequencing and plaque assay). During weekly passaging
of the virus, the start concentration of the compound was gradually
increased. In addition, fresh compound solution was used after each
tenth passage to prevent the possibility that a shiftin the EC;, was the
result of instability of the compound. This procedure was repeated on
aweekly basis until the observed ECy, value approached the cytostatic
concentration of the compound. To check for spontaneous and/or
tissue-culture-adapted mutations, part of the wells served as wild-type
virus controls to whichno compound was added. Wild-type DENV was
passaged using Vero cells in a similar way to compound-treated virus.

Invitro growthkinetics of DENV resistant toJNJ-A07

The growth kinetics of resistant viruses obtained via in vitro resist-
ance selection with JNJ-AO7 in two independent efforts (A and B) was
evaluated in both Vero E6 and C6/36 cells. Vero E6 cells were seeded
atadensity of 4 x 10° cells per wellina12-well plate. The next day, cells
were infected with either wild-type or compound-resistant DENV-2RL
(MOl of 0.1) diluted in MEM/2% FBS assay medium. Cells were incubated
for 2 hat 37 °C, after which the viral inoculum was removed and cells
were washed twice with assay medium. The supernatant was collected
on day 1-7 after infection, followed by the determination of the viral
RNA load by RT-qPCR and plaque assay.

For evaluating the growth kinetics on C6/36 cells, the same proce-
dure was followed but with some modifications. Cellswere seeded ata
density of 8 x 10° cells per well in a12-well plate and infections were per-
formed usingaMOI of 0.01. The supernatant was collected on day 1-10
afterinfection for quantification of the viralRNA load by RT-qPCR. On
day 11 afterinfection, the supernatant was collected for determination
of the infectious virus titres by plaque assay.

Whole-genome sequencing

Viral RNA was isolated from cell culture supernatant (140 pl) using
a QlAamp Viral RNA Mini kit (Qiagen) per the manufacturer’s proto-
col with the exception that 5 pg of linear polyacrylamide (Life Tech-
nologies) was used as the carrier instead of the carrier RNA provided
with the kit. All samples were subsequently treated with RNA Clean
& Concentrator-5 (DNAse incuded) (Zymo Research). Viral RNA was
amplified into double-stranded DNA using an Ovation RNA-Seq v.2
kit (NuGEN) per the manufacturer’s protocol. Paired-end libraries for
Illumina sequencing were prepared using a Nextera XT DNA Library

Preparation kit (Illumina) per the manufacturer’s protocol. Before
sequencing onaMiSeq (Illumina; 150 base-paired reads), short ampli-
fication products were removed using AMPure XP beads (Beckmann
Coulter). Sequence reads were binned by index read before further
analysis. Poor-quality bases of each read were trimmed before align-
ment. Sequences were filtered for viral content by aligning the reads to
genotype-specific viralgenomes using the CLC genomics workbench
(Qiagen). A custom script* was used to derive the amino acid compo-
sition of each sample for all coding sequences per DENV genotype. A
coverage cut-off value of 100 and a 15% read frequency cut-off were
used for the reliable detection of amino acid variants.

Transient mutant replication assays to study replication fitness
and compound resistance

A panel of mutant subgenomic DENV reporter replicons (sgDVs-R2A)
each containing harbouring a NS4B resistance mutation was used to
determine the replication fitness and compound resistance imposed
by each of these mutations. First, each resistance mutation was
inserted separately into the sgDVs-R2A replicon. The plasmid (denoted
pFK-sgDVs-R2A) contains the non-structural genes ns1-ns5of the DENV-
2/16681 strain with cell-adaptive mutations in ns3 (A56V and H451P),
ns4a (1116M) and ns5 (E892K), and the Renillaluciferase (rluc) reporter
gene’®. Mutations in the ns4b region were introduced by site-directed
mutagenesis using a QuickChange I XL Site-Directed Mutagenesis kit
accordingto theinstructions of the manufacturer (Agilent), resulting
in the respective mutant sgDVs-R2A expression plasmids. Plasmid
DNA was linearized with Xbal (located at the end of the 3’ untranslated
region of the viral genome) and purified using aNucleoSpin Geland PCR
Clean-up kit (Macherey-Nagel). In vitro transcription was performed
withamMESSAGE mMACHINE SP6 kit (Ambion) according to the manu-
facturer’s protocol. RNA was purified using acidic phenol-chloroform
extraction, precipitated withisopropanol and dissolved in RNase-free
water. The molecular mass and integrity were checked by agarose gel
electrophoresis. Invitro-transcribed RNA of both wild-type and mutant
sgDVs-R2A was transiently transfected into Huh-7 cells. To this end,
10 pgin vitro-transcribed linear RNA was electroporated into Huh-7
cells (electroporation at 975 pF and 270 V; Gene Pulser II, Bio-Rad) as
previously described****. To determine the replication fitness, trans-
fected cellswere transferred to prewarmed complete DMEM and seeded
in duplicate into 6-well plates at different densities depending on the
incubation time (2 x 10° cells for 4 hand 24 h ofincubation; 1 x 10°cells
for48 hand 72 hof incubations; 5 x 10* cells for 96 hofincubation). At
therespective time points, cells were washed once with PBS and lysed
as previously described*!. Lysates were frozen immediately at -20 °C.
After collection of all samples, lysates were thawed, resuspended by
gentle pipetting and luciferase activity was measured for10 sinaplate
luminometer (Mithras LB940, Berthold), as previously reported*. To
determine compound resistance, transfected cells (4,000 cells per well
in a 384-well plate) were incubated with serial dilutions of JNJ-AQ7 at
37 °C. Two days after transfection, viral replication was quantified by
measuring luciferase activity.

Immunoprecipitation experiments

Huh-7 cells stably expressing the T7 RNA polymerase and DENV-2
NS2B-NS3 were seeded into 10-cm-diameter cell culture dishes (2 x 10°
cells per dish) 18 h before transfection. For each construct, 10 pg of
plasmid DNA (plasmid encoding NS4A-2K-NS4B(-HA®) with NS4B
corresponding to the wild type or containing a JNJ-AO7 resistance
mutation (with or without a C-terminal HA tag) was mixed with 800 pl
Opti-MEM, and 30 pl of TransIT-LT1 Transfection reagent was added.
The mix was equilibrated at room temperature for 20 min and added
inadrop-wise manner to the cells. To study compound resistance, the
indicated concentration of JNJ-AO7 or an equivalent amount of DMSO
without compound was added to each plate along with the transfec-
tion mix. Medium was replaced 4 h after transfection by fresh DMEM



supplemented with or without the same concentration of JNJ-AO7.
Eighteen hours after transfection, cells were first washed with PBS and
thencollected. For studying the kinetics of JNJ-AO7-induced block of the
NS3-NS4Binteraction, transfection medium without compound was
replaced after 4 h.JNJ-A07 (2.8 pl of a100 pM stock solution in DMSO)
oranequivalentamount of DMSO was added either at 4 hor 24 h after
transfection. Cells were collected at 1, 8 or 24 h after treatment.

Collected cellswere lysed onice for20 minin 500 pllysis buffer con-
taining 150 nM NaCl, 50 mM NaF, 20 mM Tris (pH 7.5), 0.5% dodecyl 3-D
maltoside (DDM; w/v) and protease inhibitors (Roche). To remove cell
debris, lysates were centrifugedin a pre-cooled (4 °C) benchtop centri-
fuge for 45 minat maximum speed (21,130g). A Bradford assay was used
to determine the protein concentration of each sample and samples
were adjusted to the one with the lowest concentration. For HA-specific
immunoprecipitation, 30 pl of equilibrated mouse monoclonal anti-HA
agarose beads (antibody concentration is 2.1 mg ml ™ settled resin, as
specified by the manufacturer; A2095, Sigma-Aldrich) was added to
eachsampleandincubated for3 hat4 °C. Beads were washed twice with
lysis buffer and twice with PBS, and captured proteins were elutedina
first step with PBS containing 5% SDS followed by an elution step with
pure PBS. Four sample volumes of acetone were added to combined elu-
atesto perform overnight precipitation of proteins at -20 °C. Samples
were centrifuged at4 °Cfor1hat21,130g. Pellets were air-dried, resus-
pended in SDS sample buffer and loaded onto a SDS-polyacrylamide
gel. After electrophoresis, proteins were transferred onto an Amersham
Protran 0.2-pm nitrocellulose membrane (GE Healthcare Life Sciences)
for western blotting and analysed using achemoluminescence imager
(ECL ChemoCam Imager, Intas Science Imaging Instruments) as previ-
ously described*. NS4B- and NS3-specific bands were visualized using
in-house-generated rabbit polyclonal antibodies directed against NS4B
(1:1,000 dilution) or NS3 (1:2,000 dilution), respectively, as previously
described®?**, Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
or B-actin served asloading controls for cell lysates (input), which were
visualized using the mouse monoclonal anti-GAPDH antibody (1:1,000
dilution; sc-365062, Santa Cruz Biotechnology) or the mouse mono-
clonalanti-B-actin antibody (1:5,000 dilution; A5441, Sigma-Aldrich),
respectively. Intensities were quantified using ImageJ2 (v.1.53j, Fiji).
Statistical analysis was conducted using either R script or GraphPad
Prism 7.04 software package and is specified in further detail in the
legends of the respective figures. The treatment effect of JNJ-AO7 on
protein ratios was assessed by means of linear mixed-effects models.
In addition, arandom effect for replicates was included. The 95% CI
values are provided, indicating the variability on the estimated effects.
Sidak’s multiplicity correction was applied to the intervals to account
for multiple testing.

Immunoprecipitation of NS4B-HA-containing complexes

Huh-7 cells were infected with DENV-2(NS4B-HA*), which is a
replication-competent DENV carrying an internal HA tag in the NS4B
protein®, or DENV-2 wild type as a control (MOl of 1). Forty-eight hours
after infection, cells were treated for various time spans (1, 6 or 24 h)
with either 500 nM of analogue 2 or buffer with an equivalent concen-
tration of DMSO. Cells were collected, lysed in DDM lysis buffer and
subjected toimmunoprecipitation using the HA affinity tag. Captured
complexes were analysed by westernblotting, and intensities of NS4B-
and NS3-specific bands were quantified using the ImageJ2 software
package (Fiji).

Invitro drug assay

Huh-7 cells stably expressing the T7 RNA polymerase and DENV-2 NS2B-
NS3were transfected with pTM1-NS4A-2K-NS4B(-HA®) constructs using
TransIT-LT1 (Mirus) according to the manufacturer’s protocol (800 pl
serum-free OPTi-MEM medium, 10 pg DNA, 30 pl TransIT-LT1). After
4 h, medium was exchanged for fresh DMEM and 30 h after transfec-
tion, cells were collected, washed and resuspended in DDM lysis buffer.

Lysates were treated witheither 1 uM analogue 2 or an equal volume of
DMSO and thenincubated at various temperatures for 2 h. HA-specific
complexes were analysed as described above.

Pharmacokinetics studies

All animal studies were performed with the approval of and under
the guidelines of the ethics committee. The pharmacokinetics pro-
file was evaluated in fed male CD-1 mice (n =3 per group, 6-8 weeks
old; Charles River Laboratories). Mice were intravenously injected
with 2.5 mg per kg of the test compound, which was formulated as
an 0.5 mg ml ™ solution in polyethylene glycol 400 (PEG400):water +
NaOH (50:50), and blood samples were collected (in EDTA-containing
microcentrifuge tubes) from the dorsal metatarsal vein at 0.12, 0.33,
1,2,4 and 7 h after dosing, or via heart puncture at 24 h after dosing.
Additionally, test compound was administered by oral gavage at 1,
3,10 and 30 mg per kg, formulated as a solution in PEG400:water
+NaOH (50:50), and blood samples were collected from the dorsal
metatarsal veinat 0.5,1, 2,4 and 7 hafter dosing, or viaheart puncture
at 24 h after dosing. Blood samples were immediately centrifuged at
4 °C and plasma was stored at -20 °C. Compound concentrations in
the plasma samples were determined using an AP14000 LC-MS/MS
system mass spectrometer (Applied Biosystems). Individual plasma
concentration-time profiles were subjected to anon-compartmental
pharmacokinetics analysis using Phoenix WinNonlin v.6.1. (Certara).

DENV-2infection models in mice
Breeding couples of AG129 mice (129/Sv mice deficientinboth IFNa/3
and IFNyreceptors) were purchased from Marshall BioResources and
bredin-house. The specific pathogen-free status of the mice was regu-
larly checked at the KU Leuven animal facility. Mice (maximum 5 mice
per cage, type GM500) were housed in individually ventilated cages
(Sealsafe Plus, Tecniplast) at 21 °C, 55% humidity and 12:12 h light:dark
cycles. Mice were provided with food and water ad libitum as well as
with cardboard play tunnels and cotton as extra bedding material.
Allocation to experimental groups was performed randomly.
Housing conditions and experimental procedures were approved by
the ethics committee of KU Leuven (license P169/2011 and P047/2017)
following institutional guidelines approved by the Federation of Euro-
pean Laboratory Animal Science Associations (FELASA). AG129 mice
were used to assess the activity of JNJ-AO7 onviral RNA levelsin plasma
and several tissues (spleen, kidney and liver). To this end, female mice
(7-11 weeks old, n = 8 per group) were challenged intraperitoneally
(i.p.) with 10° PFU DENV-2 RL strain. Mice were treated twice daily by
oral gavage for 3 consecutive days with either vehicle (PEG400:water +
NaOH (50:50)) or various doses of JNJ-A07 (30,10, 3 or1 mg per kg dose),
with the first administration 1 h before DENV challenge. Onday 3 after
infection, mice were euthanized, and blood, spleen, kidney and liver
were collected and stored at -80 °C until further use. Viral RNA isola-
tion from plasmaand tissues was performed as previously described*.
To monitor the effect of the compound on viral RNA levels in the blood
onvarious days afterinfection, aninvivo kinetics study was performed.
AGI129 female mice (7-11 weeks old, n =16 per group) were inoculated
i.p.with10? PFU DENV-2 RL strain. Mice were treated twice daily via oral
gavage with vehicle orJNJ-A07 using five different doses: 30,10, 3,1and
0.3 mg per kg. Treatment was initiated 1 h before DENV infection and
continued for 6 consecutive days. Each group was subdivided in two
smaller groups (A and B; n =8 each), from which blood was collected
on alternating days: on day 1, 3 and 5 for the A groups, and on day 2, 4
and 6 for the B groups. On day 8 and day 11 after infection, mice from
the A and B groups, respectively, were euthanized, and blood, spleen,
kidney and liver were collected and stored at -80 °C until further use.
The protective effect of JNJ-AO7 on the development of virus-induced
disease was assessed inalethal DENV challenge model (survival study).
To mimic antibody-dependent-enhancement-induced dengue disease,
AGI129 mice (7-11 weeks old, females, n =10 per group) were injected
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i.p. with 100 pl (1:50 diluted) anti-flavivirus group antigen antibody,
clone D1-4G2-4-15(‘4G2’; Millipore) 1 day before challenge with DENV-2
RL strain (10° PFU, i.p.). Mice were treated twice daily by oral gavage
with either vehicle orJNJ-A07 atadose of 30,10, 3 or 1 mg per kg. Treat-
mentwasinitiated 1 h before DENV challenge and continued for 5 con-
secutive days. On day 3 after infection, blood was collected for the
quantification of viral RNA levels (only during one of the two studies).
Mice were observed daily for body weight loss and the development
of virus-induced disease. When reaching humane end points (body
weightloss of 220%, hunched posture, ruffled fur, conjunctivitis, move-
ment impairment, lower limb paralysis), mice were euthanized with
pentobarbital. On day 25 after infection, the study was ended, and all
surviving mice were euthanized with pentobarbital.

In delayed-treatment studies, AG129 female mice (7-11 weeks old,
n =8 pergroup) were inoculated i.p. with 10> DENV-2 RL strain. Treat-
mentwithJNJ-A07 (30 mg per kg, twice daily) was initiated on various
days(day 1,2,3,4,5or 6 afterinfection) and continued for 6 days. Mice
treated with vehicle orJNJ-A07 on the day of infection (that is, 1 h after
infection) were included as controls. Each group was subdivided in
two smaller groups (A and B; n =4 per group), from which blood was
collected on alternating days: on day 1, 3, 5 and 7 after infection for
the A groups, and on day 2, 4, 6 and 8 after infection for the B groups.
On day 12 and day 14 after infection, mice from the A and B groups,
respectively, were euthanized and blood was collected and stored at
-80 °C until further use.

Cytokine measurement

Induction of pro-inflammatory cytokines was analysed in 20 pl plasma
using amouse cytokine 11-plex antibody bead kit (ProcartaPlex Mouse
Th1/Th2 Cytokine Panel 11plex; EPX110-20820-901), which measures
the expression of TNF, IFNy, GM-CSF, IL-1B3, IL-12p70, IL-2, IL-4, IL-5,
IL-6, IL-13 and IL-18. Measurements were performed using a Luminex
100 instrument (Luminex) and were analysed using a standard curve
for each molecule (ProcartaPlex). Statistical analysis was performed
using atwo-sided Kruskal-Wallis test, preceded by the identification of
outliers using the two-sided Grubbs’ test (a = 0.05) in GraphPad Prism
(GraphPad Software 9.0.0). P values were adjusted using the Dunn’s
multiple comparisons correction method.

Statistical analysis for in vivo studies

Statistical power calculations considered the number of mice
required to detect a significant reduction in viraemia compared with
vehicle-treated controls. With groups of n =8, areduction of at least
0.8 log,, in viral RNA can be detected according to the independent
t-test (witha = 0.05, power =80%and as.d. value of 0.5). Inaddition, sta-
tistical calculations considered the number of mice required to detect
asignificantimprovement in survival compared with vehicle-treated
controls. With groups of n =11, a minimal survival rate of 60% for
treated mice versus 0% in the untreated, infected control group can
be demonstrated according to the Fisher’s exact test (witha =0.05and
power =80%). The experiments were not randomized, and investiga-
tors were not blinded to allocation during experiments and outcome
assessment.

To assess the effect of JNJ-AO7 treatment on viral load in plasma,
spleen, kidney and liver for each treatment group compared with the
vehicle-treated mice (viraemia studies), the two-sided Kruskal-Wallis
test was applied. P values from the Kruskal-Wallis test were adjusted
using the Holm’s multiple comparisons correction method. To assess
the effect of JNJ-AO7 treatment on viral load in plasma for each treat-
ment group compared with the vehicle-treated mice that were treated
with the anti-flavivirus group antigen antibody (viraemia + 4G2 anti-
body), aTobit regression model was applied. The (two-sided) Pvalues
were adjusted using the Bonferroni’s multiple comparisons correc-
tion method. For the viral kinetics studies and the delayed-treatment
studies, a batch approach was applied to calculate the viral load AUC

using the PK R package*. This package estimates a mean AUC value
for settings where animals are measured at varying time points within
atreatment group. Within each experiment, the mean AUC value and
95% Cls was determined for each group. The AUC was calculated using
the LOD (2.6 log,, copies per millilitre) as the lowest limit. In case the
Cl of acompound-treated group overlapped with that of the vehicle-
treated group, the groups were considered not to differ. In case the
Clsdid not overlap, the groups were considered to substantially differ.
In the delayed-treatment studies, the viral load AUC for each of the
compound-treated groups was calculated from the day treatment
was initiated until the end of the study and compared with that of the
vehicle-treated group. The Fisher’s exact test was used to determine
whether the survival rate on day 25 for each compound treatment group
differed significantly from that of the vehicle group. P values were
adjusted using the Holm’s multiple comparisons correction method.
Pvalues of <0.05 were considered significant and P values lower than
0.0001 are depicted as P<0.0001in the graphs.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The genome sequence of DENV-2 RL is deposited at GenBank (acces-
sion MW741553). The synthesis and chemical characterization of all
compounds described in this paper is provided as Supplementary
Information (Supplementary Methods). The uncropped images of
the western blots shown in Fig. 1, Extended Data Figs. 5 and 6 are pre-
sented in Supplementary Figs.1-6. All data supporting the findings of
this study are available within the Article, the source data or the Sup-
plementary Information. Source data are provided with this paper.

Code availability

A custom script® was used to derive the amino acid composition
of each sample for all coding sequences per DENV genotype, which
was not specifically developed for this research but for all similar
analyses. The code for the custom script is deposited as part of the
pipeline VirVarSeq but is individually accessible on the Open Source
software platform SourceForge at https://sourceforge.net/projects/
virtools/?source=directory. The code for this specific variant detec-
tionscriptis‘codon_table.pl’. Graphs and figures were generated using
Microsoft PowerPoint, GraphPad Prism (v.9.0.0) or Adobe Illustrator
(v.25.4.1); the software is made available by KU Leuven through a group
licence. In some figures, basic templates obtained from the Servier
Medical Art library (https://smart.servier.com/) were used.
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dendritic cells imDCs) (f). Cellswere infected with either the DENV-2/16681/
eGFPstrain (a-b, e), DENV-2/16681 (f) or the DENV-2RL strain (c-d). Data
represent mean values + s.d. from two (for Vero and C6/36 cells using DENV-2
RL, and forimDCs using DENV-2/16681), three (for THP-1/DC-SIGN cells using
DENV-2/16681), and at least five (for Vero and Huh-7 cells using DENV-2/16681)
independent experiments.

Extended DataFig.1|Dose-response curves of the antiviral activity of
JNJ-AO7 against DENV-2 on various celltypes. a-f, The antiviral effect

(% Inhibition viralRNA replication, % Inhibition eGFP expression, or %
Inhibition of infected cells) is depicted by white dots. The effect of JNJ-AO7 on
cellgrowthis depicted by grey dots. Assays were performed on Vero cells
(aand c), Huh-7 hepatoma cells (b), C6/36 mosquito cells (d), human monocytic
leukemia THP-1cells expressing the DC-SIGN receptor (e), and immature



Antiviral activity of JNJ-A07 against various RNA and DNA viruses
Antiviral Toxicity

. . .
Virus Strain Cells ECay (uM) CCsp (uM) SI
CHIKV S27 Huh-7 23 >25 >1
HAdV C, type 5 Hela NAT 6.8 /
HBV Genotype D HepG2.117 >22% 22 <1
HCV Genotype 1b Huh-7-Luc§ 65 >100|| >2
HIV nB MAGI-CCR5 55 33 6
hRV A16 Hela NAT 13 /
hRV B14 Hela NAT 9.1 /
IVA Taiwan/1/86 (H1N1) MDCK >3.6% 36 <1
IVA PR8/1934 (H1N1) MDCK >3.6% 36 <1
VB Singapore MDCK >3.61 3.6 <1
RSV rgRSV224 Hela 19 52 3
vsv Indiana A549 57 >90 >2
AAAAAAAA VACV . Westernreseve56  VeroE6 35 45 1.
JEV CNS769-Laos Vero E6 >5.0 ND /
WNV USA Vero E6 >5.0 ND /
YFV Bolivia Vero E6 1.8 ND /
ZIKV H/PF/2013 Vero E6 4.8 ND /

*Selectivity index (SI) was calculated by dividing the average CC, value by the average EC;, value.
tNot approved because any sign of antiviral activity was associated with toxicity.

1In case the ECs, value was higher than the CCy, value, the EC5, value was set at >CCs,.
§Huh-7-Luc are HCV-Luc replicon containing cells.

|[Huh-7-CMV-Luc cells were used to measure the toxicity of the compound.
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Extended DataFig.2|JNJ-A07is highly specific for DENV. a, Antiviral activity =~ fromJEVstrainJEVCNS769 Laos 2009 (GenBank KC196115), tick-borne
of JNJ-AO7 against various of RNA and DNA viruses. CHIKV, chikungunya virus; encephalitis virus strain Oshima 5.10 polyprotein gene (GenBank MF374487),

HadV, human adenovirus; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, WNVisolate R94224 CDC polyprotein gene (GenBank MF004388), YFVisolate
humanimmunodeficiency virus; hRV, humanrhinovirus; IVA,influenzavirusA;  Bolivia881999 polyproteingene (GenBank MF004382) and ZIKV strain HPF
IVB, influenzavirus B; RSV, respiratory syncytial virus; rVSV, recombinant 2013 (GenBank KJ776791) using Clustal Omega Version 2.1. Post-processing
vescular stomatitis virus; VACV, vaccinia virus;JEV, Japanese encephalitisvirus; ~ was conducted withJalview 2.11.1.3. The DENV NS4B topology model was
WNYV, West Nile virus; YFV, yellow fever virus; ZIKV, Zika virus. ND, not added manually based on Miller et al.>°. Black arrowheads are pointing at
determined.b,NS4Bsequence alignment of related flaviviruses. The NS4B locations associated with compound-resistance.

proteinsequence of DENV-2/16681was aligned with corresponding sequences
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Extended DataFig. 3 | Time-of-drug-addition and invitroresistance viruses that were passaged along without any drug pressure, of two
selection. a, Experimental setup of the time-of-drug-addition assay (TOA). independently selected resistant strains. Results for the Aand Bsample are
b, TOA andinvitro kinetics of DENV-2replication. In vitro DENVRNA shownin (d-e), respectively. Each coloured line shows the dynamics of
replicationinthe absence of compoundisdepicted by the red curve. Onset appearance of acertain mutation during passaging of the virus in presence of
ofintracellular viral replicationis at 10 h post-infection (p.i.),asshownin the JNJ-AO07; the mutation is depicted in the same colour. Whole genome
inset. Theinhibitory effect of JNJ-AO7 on DENV replicationwhen added at sequencing was performed on DENV variants harvested at every 5" passage (P)
different time points p.i. is depicted by the blue curves (0.0001 uM, light blue; and atthe end of the experiment (i.e., passage 43). One passage represents a
0.001puM, darkblue). Thebroad-spectrum RNA virus inhibitor 7-deaza- one-week time span. The dotted line represents the cut off (15%) for the
2’-C-methyladenosine (7DMA) served as positive control (black curve with detection of variants compared with WT in the virus population. Theincreasing
whitecircles). Data (mean s.d.) from at least three independent experiments. EC;,values, as determined by microscopic evaluation of virus-induced CPE, are

¢, Experimental approach ofinvitroresistance selection.d-e, Thedynamicsof ~ depicted below the graphs. f, Mutationsin DENV NS4Bidentified atend point
appearance of mutations was studied using whole genome sequencing.JNJ-A07  afterinvitroresistance selection usingJNJ-A07 and Analogue 1. g, Natural
selected for mutationsin NS4B, which were not present in the wild-type (WT) occurrence of the NS4B mutationsin clinical isolates.
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(blue bars) compared to WT DENV (grey bars) on Vero E6 cells for the Asample.
Thevirustiterin the supernatant was determined by plaque assay.d, Invitro
growthkinetics of resistant DENV (blue bars) compared to WT DENV (grey
bars) on C6/36 cells for the Asample. ViralRNA load in the supernatant was
determined by RT-qPCR. e, Infectious virus onday 11 p.i. in the supernatant of
Cé6/36 cellsinfected with resistant DENV (blue bars) or WT DENV (grey bars) for
the Asample, as determined by plaque assay. f, In vitro growth kinetics of
resistant DENV (dark blue bars) compared to WT DENV (light grey bars) on
Cé6/36 ccellsforthe Bsample. ViralRNAload in the supernatant collected on
day 1-10 p.i. was determined by RT-qPCR. Dataare from a single experiment
(d-f) ormeanvalues + s.d. from three independent experiments (c). LOD, limit
of detection; LLOQ, lowest limit of quantification.
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Extended DataFig.5|Impact ofJNJ-AO7 on theinteractionbetweenNS3
and various NS4B species. a, Experimental design to study the impact of
JNJ-AO7 ontheinteraction between NS3and WT or mutant NS4B. b, Captured
protein complexes were analyzed by Western blot. Arepresentative Western
blotisshown. c-d, Western blot analysis to determine the NS3-NS4B
interactionstrength. The uncroppedimages of b-d are presented
inSupplementary Fig.1-3. Numbers on the left are molecular weights (kDa).
GAPDH served asloading control for cell lysates (input). e-g, Signal intensities
(fromthreeindependentblots) of NS3, NS4A-2K-NS4B, 2K-NS4B and NS4B were
normalized to WT NS4A-2K-NS4B-HAin DMSO-treated control cells. Protein
ratios (mean t s.e.m.) were calculated for each sample. Repeated measures
one-way ANOVA with subsequent Dunnett’s multiple comparisons test was
used for statistical analysis. ns, not significant. h-j, Protein intensities

(mean +s.e.m.; threeindependent experiments) for WT (h) and compound-
resistant NS4B-mutants V91A (i) and T108I (j), normalized toan untreated WT
control. For statistical analysis, JNJ-AO7-treated samples were compared with
the corresponding untreated control (left of the dashed line) using ordinary
one-way ANOVA with subsequent Dunnett’s multiple comparisons test.

k, ECs,values (mean ts.e.m.) for proteinratiosin (e-g) obtained by fitting
four-parameter dose-response curves to the results fromeachindividual
experiment. Fold changein EC;,is the ratio between the mean ECs, for WT

and therespective mutant constructs.l,JNJ-AO7 potentially slows down the
processing dynamics of the NS4A-2K-NS4B precursor (illustrated by the
hourglassicon), whichis first cleaved by the NS2B-NS3 protease at the NS4A-2K
cleavagesite.2K-NS4B is subsequently processed by the host signal peptidase
complexinto mature NS4B and 2K.
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(pull-down) were analysed by Western blot. NS3/NS4B ratios (depicted below
the picture) were normalized to non-drug treated samples (n=1).

e, Experimental setup of theinvitro drug assay to investigate the effect of the
drugonestablished NS3-NS4B complexes. Cell lysates were treated with1ypM
of Analogue 2 orequalamounts of DMSO added to the lysis buffer and
incubated for 2 hat different temperaturesin order to test complex stability.
Subsequently, NS4B-HA pull-down was performed. f, Western blot analysis
(n=1) analogous to the one shownin (d). The lower proteinamount observed
withthesampleincubated at 37 °C was most likely due to proteolytic
degradationinspite ofadding proteaseinhibitors. Foruncroppedimages
oftherepresentative blotsin (b, d, f), see Supplementary Fig. 4-6. GAPDH

(b, f) or B-actin (d) served as loading control for cell lysates (input).
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Extended DataFig.7|Invivo efficacy ofJNJ-A07 on viral RNA and cytokine day 3 p.i.in AG129 mice treated twice-daily with 100 (yellow dots), 30 (white
levels. a-c, Inhibitory effect of JNJ-AO7 on viralRNA levels in spleen (a), kidney dots), 10 (light blue dots) or 3 (dark blue dots) mg/kg NITD-688, as compared to

(b) and liver (c) onday 3 p.i. from AG129 mice treated twice-daily with 30 vehicle-treated mice (red dots). Treatment started 1 h before infection. Dataare
(white dots), 10 (light blue dots), 3 (dark blue dots) or 1(grey dots) mg/kg fromonestudy withn =8 per group. Individual dataand median values are
JNJ-A07, as compared to vehicle-treated mice (red dots). Data are from two presented. Undetermined C,values were imputed ata C, value of 40 (whichis
independent studies withn =8 pergroupineachstudy.d-g, [L-18 (d), IFNy the LOD), correspondingto 2.6 log,, viral RNA copies/mL. Statistical analysis
(e), TNF (f), and IL-6 (g) levelsin plasmaon day 3 p.i. (from one of the viremia was performed using the two-sided Kruskal-Wallis test (a-c, i) or a Tobit
studiesin Fig.2b). h, Inhibitory effect of JNJ-AO7 onviral RNA levelsin plasma regression model (h). Pvalues were adjusted using the Holm’s (a-c), Dunn’s
onday 3 p.i.inthesurvivalstudy (also see Fig.2c). Dosing groups weresimilarto  (d-g) or Bonferroni’s (h-i) multiple comparisons correction method. ns, not
thosein (a-c). Treatment started 1 h before infection. Mice were injected with significant, ascompared to vehicle-treated mice. LLOQ, lowest level of

the Anti-Flavivirus antibody one day before infection. Data are from one study quantification.
withn=10per group.i, Inhibitory effect of NITD-688 on viral RNA levels on



a 102 PFU

S DENv2 A B 77 77
A B A B A B T t 3 651 3 657
& & & & & & é é §1 64 I §7 64 I
0 1 2 3 4 5 6 7 8 9 10 1ldaypi — 551 = 5.5+
Vehicle or JNJ-A07 (30-10-3-1-0.3 mg/kg, b.i.d.) % 54 % 5
Start Stop 'qg-)_ 4.54 ‘G;.J_ 4.54
b 15+ < 4 T oa 2 4 T Loa
Z 35 Z 354
g Z 35 L l Z 35 L l
c T 34 ©T 34
% > 254 doeceo 0 00 o o) > 55 56560 0 00 o o
5 0 o+—T—T—T—T—TTTTT
) 0 2 3 456 7 8 9 10 11
= Day p.i.
R f——
|0Vehic|e 0 30 mg/kg JNJ-AO7 |0 Vehicle © 10 mg/kg JNJ-AQ7
f
e 71 77 9 77
-5 6.5+ -5 6.5 -5 6.5
3" 1 3" [ | 3" 1
- - —
= 554 = 554 = 554
S € €
> 51 % 5 % 5 1
g 2 o I
g 457 g 454 I g 454 I
g 47 T woa <ZL,;) 1 S T woa g 1 T woa
Z 357 I l Z 35 l Z 357 l
£, 111 g Il ! £,
> 259 locede & s > 259 doeo > 259 do 00 00 I
0 — T T T T T T T T T 0 — T T T T T T T T T T 0 — T T T T T T T T T T
0123 456 7 8 911N 0123 456 7 8 9 1M 0123 456 7 8 91M1
Day p.i. Day p.i. Day p.i
J—— I—— I——
[@ Vehicle e 3 mg/kg JNJ-AO7] [@ Vehicle o 1 mgikg INJ-AO7| [@ Vehicle e 0.3 mg/kg JNJ-A07|

Extended DataFig. 8| Efficacy ofJNJ-AO7 in theinvivo kinetics study.

a, Schematic outline of the in vivo kinetics study. Each treatment group was
sub-dividedingroup Aand B (n =8, per group) for blood collection on alter
nating days. b, Weight curves (meanvalues +s.d.) of AG129 mice for the
different treatment groups during the invivo kinetics study (two independent
studies). Colours of the dots represent the different treatment groups, as
specifiedin (c-g).c-g, Inhibitory effect of JNJ-AO7 on viremia on various days
p.i.inmice treated twice-daily with 30 mg/kg (white dots, n = 8),10 mg/kg

(lightblue dots, n=8),3 mg/kg (dark blue dots, n=16), 1 mg/kg (grey dots,
n=38),or0.3mg/kg (greendots, n=38)JNJ-A07,as compared to vehicle-treated
mice (red dots, n =16). Treatment was initiated 1 h before intraperitoneal
infection. Data(median +s.d.) are fromtwoindependent studies. Undetermined
C.valueswereimputedata C, value of 40 (whichis the limit of detection),
corresponding to 2.6 log,, viral RNA copies/mL. The mean AUC value and
95% Clwas determined for each group. In case the Cls did not overlap, groups
were considered to differ markedly. LLOQ, lowest level of quantification.
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Extended Data Table 1| Antiviral activity of analogues of JNJ-AO7 and NITD-688 against DENV-2

Antiviral Toxicity
Compound Structure
P ECso (WM)  CCso (M)

Cl

JNJ-AO7 SN Q 0.0001 + 0.00007 13+1.1 130,000

SI*

Analogue 1 0.001 + 0.0002 47 +0.9 4,700
Analogue 2 0.004 + 0.001 86+1.8 2,150
NITD-688 0.09 +0.07 >41 +13 >456
.0
=S
0" "\H,

*Selectivity index (Sl) was calculated by dividing the mean CCy, value by the mean EC, value.
Data represent mean values s.d. from at least four independent experiments using DENV-2/16681 on Vero cells. Data for JNJ-AQ7, which are also shown in Table 1, were added to the table for

comparative reasons. ECy,, 50% effective concentration; CCs,, 50% cytotoxic concentration.




Extended Data Table 2 | Pharmacokinetic properties of JNJ-AO7 in mice and rats after intravenous (a) and oral (b) dosing

Dose 2.5 mg/kg

Mouse Rat
CL, (mL/min/kg) 41+04 44+25
Vissp (L/kG) 0.78 + 0.04 1.0+04
ti (h) 3.0+0.04 3.1+03

AUCgasy (NG-N/ML) 10,227 £903 11,327 + 5,160
AUC,.in (ng.h/mL) 10,250+ 908 11,380 + 5,200

b Dose in mice Dose in rats
1 mg/kg 3 mg/kg 10 mg/kg 30 mg/kg 10 mg/kg

Crax (Ng/mL) 280 + 101 834 + 265 2,087 + 235 12,143 + 4,500 4,440 + 322
Tmax (h) 1.3+06 23+15 1.2+0.8 20+17 50+1.7
AUC sty (ng.h/mL) 1,469 + 404 6,980 + 994 15,804 + 872 71,963 + 8,550 61,806 + 3,853
Last time point (h) 7 (n=1), 24 (n=2) 24 24 24 ND
AUC 4.y (ng.h/mL) 1,522 + 330 6,994 + 997 15,858 + 855 72,132 + 8,590 62,034 + 3,694
F (%) 37 +8.1 57 + 8.1 39+21 59+7.0 >100%
MTD (mg/kg) ND ND ND ND 1,000

JNJ-AQO7 was administered to male CD-1 mice (6-8 weeks old) intravenously as a solution formulated in PEG400/water + NaOH (1:1) at 2.5 mg/kg or via oral gavage as a solution formulated in
PEG400/water + NaOH (1:1) at 1, 3, 10 or 30 mg/kg. JNJ-AQ7 was administered to male Sprague Dawley rats (7-9 weeks old) intravenously as a solution formulated in PEG400/water (70/30) at
2.5 mg/kg or orally as a solution formulated in PEG400 at 10 mg/kg. Values represent mean+s.d. from 3 animals. F was calculated using AUC g .,. A tolerability study was conducted with
JNJ-AO7 in male rats (n=5) at single doses of 0, 100, 300 and 1,000 mg/kg as a solution in PEG400. CL,, plasma clearance; Vg, Volume of distribution in plasma at steady state; t;,, terminal
phase elimination half-life; AUC, area under the plasma concentration versus time curve; AUC g 5, AUC up to the last measurable concentration; AUC,,,, AUC curve to infinite time; C,,,,
maximum plasma concentration; T,..,, the time to reach C,..,; F, bioavailability; MTD, maximum tolerated dose; PEG400, polyethylene glycol 400; ND, not determined.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Fluorescence-activated cell sorting was performed on a CANTO Il apparatus (BD Biosciences). The ArrayScan XTI High Content Analysis Reader
(Thermo Fisher Scientific) was used for high content imaging. Automated RNA extractions were performed on the QlAcube HT automat
(Qiagen). For RT-gPCR, a QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems) or an ABI 7900 HT Fast Real-Time PCR System
(Applied Biosystems) was used. Whole genome sequencing was performed on a MiSeq platform (lllumina). Luciferase activity was measured
using a Mithras LB940 plate luminometer (Berthold). Western blots data were collected using a chemoluminescence imager (ECL ChemoCam
Imager, Intas Science Imaging Instruments GmbH). Compound concentrations in plasma were determined using an APl 4000 LC-MS/MS
System mass spectrometer (Applied Biosystems). Cytokine measurements were performed using a Luminex 100 instrument (Luminex Corp.).

Data analysis RT-gPCR data were analysed using the QuantStudio 12K Flex software (v1.2.3) or SDS 1.2 Applied Biosystems software. Inhibition values for
antiviral molecules were plotted using KaleidaGraph plotting software (version 4.03, Synergy Software). The NS4B protein sequence of various
flaviviruses was aligned using Clustal Omega Version 2.1. Western blot data were quantified using Imagel)2 software package (version 1.53j,
Fiji) GraphPad Prism Version 7.04 (GraphPad Software, Inc.) or R software (version 3.4.2) was used for statistical evaluations. Individual plasma
concentration-time profiles were subjected to a non-compartmental pharmacokinetic analysis (NCA) using Phoenix™ WinNonlin version 6.1.
(Certara). GraphPad Prism Version 9.0.0 was used for statistical analysis of cytokine levels. A custom script (PMID 25178459) was used to
derive the amino acid composition of each sample for all coding sequences per DENV genotype, which was not specifically developed for this
research but for all similar analyses. The code for the custom script is deposited as part of the pipeline VirVarSeq but is individually accessible
on the Open Source software platform SourceForge (https://sourceforge.net/projects/virtools/?source=directory). The code for this specific
variant detection script is ‘codon_table.pl’.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The genome sequence of DENV-2 Rega Labstrain (or DENV-2 RL) is deposited in GenBank (Accession number MW741553). The script to derive the amino acid
composition is a custom script developed at Janssen Pharmaceutica, not specifically developed for this research but for all similar analyses. The synthesis and
chemical characterization of all compounds described in this paper is provided as Supplementary Information (Supplementary Methods). The uncropped images of
the Western blots shown in Figure 1, Extended Data Figure 5 and Extended Data Figure 6 are presented in Supplementary Figure 1-6. All data supporting the
findings of this study are available within the article, the Source data or the Supplementary Information provided with this article.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For almost all in vitro studies (>90%), three or more independent experiments (either in duplicate or triplicate) were performed. Growth
kinetics (Ext. Data Fig. 4d-f) for both resistant strains, which were obtained in two independent efforts (A and B sample), were each assessed
once. Comparable data for the different samples and for copy number and infectious virus were obtained.

For in vivo studies, statistical power calculations considered the number of mice required to detect a significant reduction in viremia
compared to vehicle-treated controls. With groups of n = 8, a reduction of at least 0.8log10 in viral RNA can be detected, according to the
independent t-test (with a = 0.05, power = 80% and an SD value of 0.5). In addition, statistical calculations considered the number of mice
required to allow detection of a significant improvement in survival compared to vehicle-treated controls. With groups of n = 11, a minimal
survival rate of 60% for treated animals versus 0% in the untreated, infected control group can be demonstrated, according to the Fisher's
exact test (with a = 0.05 and power = 80%).

Data exclusions  Some lanes on the Western blot were excluded from analysis in the case of artefacts, such as air bubbles. When analyzing the results from the
cytokine measurements, outliers were identified using the two-sided Grubbs' test (a=0.05) in GraphPad Prism.
For the antiviral assays performed at Aix-Marseille Université (pan-genotype and pan-serotype testing), the following inclusion/exclusion
criteria were used:
To be validated, an experiment needs to pass some inclusion criteria regarding the standard deviation (StDEV) of the Ct values (RT-qPCR):
- StDEV of Ct of the virus controls (VCs) should be <0.5, and
- If StDEV of triplicates is <1 for all compound dilutions, use all inhibition values for generating the dose-response curve
- If StDEV of triplicates is <1 for at least four compound dilutions, including the first inhibition value below 50%, then use those inhibition
values for generating the dose-response curve.
When the Ct’s StDEV of the VCs are >0.5 or when the Ct values of the inhibition triplicates do not pass the inclusion criteria, the inhibition
values are excluded, and the experiment was repeated.
No data were excluded from other experiments.

Replication Three or more independent experiments (either in duplicate or triplicate) were performed for almost all in vitro experiments and at least two
independent experiments for almost all in vivo studies. All attempts at replication were consistent and reflect the intra and inter variability.
The antiviral effect of JNJ-AO7 and analogues thereof was assessed independently in different laboratories (KU Leuven, Janssen
Pharmaceutica, Aix-Marseille Université and Heidelberg University), which produced comparable results.

Randomization  Allocation of mice to experimental groups was performed randomly.
Blinding Investigators that performed the vitro assays were not involved in the data analysis. As for the animal studies, samples (blood/organs)
obtained from mice were collected in tubes labelled from 1 to x. Typically, these samples were next processed by technicians not involved in

the treatment/manipulation of the mice. For mouse studies whereby start of treatment was delayed until day 1 to 6 post-infection,
investigators could not be blinded as to which cage belonged to which group.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

>
Q
—
=
=
D
=
(D
wn
D
Q
=
@)
o
=
D
o
©)
=
=3
2
(@]
wn
=
3
Q
=
S




Materials & experimental systems

Methods

Involved in the study

Antibodies
Eukaryotic cell lines

Palaeontology and archaeology

n/a | Involved in the study

|X| |:| ChlIP-seq
X[ ] Flow cytometry

|X| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern

XNXOOXOOS
OO0XXOXX

Antibodies

>
Q
—
=
=
D
=
(D
wn
D
Q
=
@)
o
=
D
o
©)
=
=3
2
(@]
wn
=
3
Q
=
S

Antibodies used Anti-Dengue Virus Complex Antibody, clone D3-2H2-9-21 (MAB8705, Lot # 2521470, Merck, 1:400 dilution). Goat anti-mouse
AlexaFluor488 antibody (A-10680, Lot # 1942237, Invitrogen/ThermoFisher Scientific, 1:500 dilution). Anti-Flavivirus Group Antigen
Antibody, clone D1-4G2-4-15 (MAB10216, Lot # 2441960, Millipore/Merck, 1:50 dilution). Mouse monoclonal anti-GAPDH, G-9
(sc-365062, Lot # 12320, Santa Cruz Biotechnology, 1:1000 dilution). Mouse monoclonal anti-B-actin, clone AC-15 (A5441, Lot #
079M4799V, Sigma-Aldrich, dilution 1:5000). Mouse monoclonal anti-HA agarose beads, clone HA-7 (A2095, Lot # 119M4756V,
Sigma-Aldrich, antibody concentration is 2.1 mg/ml settled resin, as specified by the manufacturer). Rabbit polyclonal anti-NS3
(1:2000 dilution) and rabbit polyclonal anti-NS4B (1:1000 dilution) were generated in-house (Miller et al. 2006, PMID 16436383).

Validation Almost all antibodies were obtained from a commercial sources and have often been referred to by us and others.
MAB8705: same used in PMID 25171719
A-10680: same used in PMID 31311935
MAB10216: same used in PMID 6285749
sc-365062: same used in PMID 33979607
A5441: same used in PMID 21191102
A2095: same used in PMID 26814966
The generation of the polyclonal antibodies against NS3 and the polyclonal antibodies against NS4B was reported in PMID 16436383

Eukaryotic cell lines

Policy information about cell lines
Cell line source(s) Monkey African Green kidney cells (Vero; ECACC CL 84113001; Vero E6: ATCC CRL-1586), C6/36 mosquito cells (from Aedes
albopictus; ATCC CCL-1660). Human hepatocellular carcinoma cells (Huh-7; Nakabayashi et al., Cancer Research 1982) were
obtained from Prof. Heinz Schaller (Center for Molecular Biology Heidelberg (ZMBH), Germany).
Authentication Cell lines were not authenticated.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines  None of the commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals AG129 mice (129/Sv mice deficient in both IFN-a/p and IFN-y receptors) were used (females, 7-11 weeks old). Breeding couples of
AG129 mice were purchased from Marshall BioResources and bred in-house. The SPF status of mice was regularly checked at the KU
Leuven animal facility. Mice (maximum 5 mice per cage, type GM500) were housed in individually ventilated cages (Sealsafe Plus,
Tecniplast) at 21 °C, 55% humidity and 12:12 light/dark cycles. Mice were provided with food and water ad libitum as well as with
cardboard play tunnels and cotton as extra bedding material.
For pharmacokinetic studies, CD-1 mice (males, 6-8 weeks old, outbred stock, Charles River Laboratories) and Sprague Dawley rats
(males, 7-9 weeks old, outbred, Charles River Laboratories) were used.

Wild animals No wild animals were used in the study.

Field-collected samples  No field-collected samples were used in the study.

Ethics oversight Housing conditions and experimental procedures were approved by the ethical committee of KU Leuven (license P169/2011 and
P047/2017), following institutional guidelines approved by the Federation of European Laboratory Animal Science Associations
(FELASA).

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Human research participants

Policy information about studies involving human research participants

Population characteristics To obtain immature dendritic cells, human peripheral blood mononuclear cells (PBMCs) were prepared from fresh buffy
coats, collected from healthy donors (>18 years of age) by the Belgian Red Cross a day before preparation.

Recruitment The buffy coats were obtained a day before preparation from healthy donors, who opted in via a written consent for the use
for scientific research of their donation, if not suitable for transfusion, or of residual products from their donation. Prior to
the blood transfusion, volunteers are asked to complete a medical questionnaire and were medically examined.

Ethics oversight Through a framework agreement, the Biobank of the Belgian Red Cross, which makes these products available for research,
has approval from the Ethical Committee of the University Hospitals and University of Leuven for its activities, which were
reported to the Federal Agency for Medicines and Health Products (FAMHP; https://www.famhp.be/en).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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