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ABSTRACT Here, we identified a novel class of compounds which demonstrated
good antiviral activity against dengue and Zika virus infection. These derivatives consti-
tute intermediates in the synthesis of indole (ervatamine-silicine) alkaloids and share a
tetracyclic structure, with an indole and a piperidine fused to a seven-membered car-
bocyclic ring. Structure-activity relationship studies indicated the importance of substit-
uent at position C-6 and especially the presence of a benzyl ester for the activity and
cytotoxicity of the molecules. In addition, the stereochemistry at C-7 and C-8, as well as
the presence of an oxazolidine ring, influenced the potency of the compounds.
Mechanism of action studies with two analogues of this family (compounds 22 and
trans-14) showed that this class of molecules can suppress viral infection during the
later stages of the replication cycle (RNA replication/assembly). Moreover, a cell-de-
pendent antiviral profile of the compounds against several Zika strains was observed,
possibly implying the involvement of a cellular factor(s) in the activity of the molecules.
Sequencing of compound-resistant Zika mutants revealed a single nonsynonymous
amino acid mutation (aspartic acid to histidine) at the beginning of the predicted trans-
membrane domain 1 of NS4B protein, which plays a vital role in the formation of the
viral replication complex. To conclude, our study provides detailed information on a
new class of NS4B-associated inhibitors and strengthens the importance of identifying
host-virus interactions in order to tackle flavivirus infections.

KEYWORDS NS4B protein, SAR studies, Zika virus, cross resistance, dengue virus, indole
alkaloids, mechanisms of action

Flaviviruses (belonging to the family Flaviviridae) are small enveloped viruses with a
positive-sense single-stranded RNA. Their genome is approximately 11 kb and enc-

odes a single polyprotein, which is posttranslationally processed by several viral and
host enzymes into three structural proteins (capsid, envelope, and premembrane) and
seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (1). Two of
the most important human pathogens in this family are dengue virus (DENV) and Zika
virus (ZIKV), which are mainly spread through Aedes mosquitoes in many regions
across the world (such as the Americas, Africa, Southeast Asia, and the Pacific Islands)
(2, 3). Additionally, more transmission routes have been reported, such as through sex-
ual contact and from mother to child (4, 5).

DENV, a prevailing arbovirus, is found in tropical and subtropical areas and it is re-
sponsible for more than 300 million infections per year (6). In most cases, the virus can
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cause flu-like illness symptoms, such as headache and fever. However, under extreme
conditions, DENV has been associated with severe dengue disease, which can lead to
shock syndrome and death (7, 8). There are four antigenically different but closely
related serotypes (DENV1, DENV2, DENV3, and DENV4), which have been found to
cocirculate with other flaviviruses, including ZIKV (9).

ZIKV was first isolated from rhesus macaques in the 1950s, and it was responsible
for three main outbreaks: in Southeast Asia (Yap Islands, 2007), the Pacific Islands
(French Polynesia, 2013), and South America (Brazil, 2015). During that period, ZIKV
was considered a Public Health Emergency of International Concern by the World
Health Organization (WHO) (10). Although the virus generally causes asymptomatic
infections, it has been correlated with neurological disorders, including microcephaly
and the autoimmune disease Guillain-Barré syndrome (11, 12).

Currently, an approved vaccine against DENV (Dengvaxia) has been shown to
efficiently enhance immune responses in people who were previously infected by the
virus. However, important limitations have been raised due to its efficacy and side
effects in those with no signs of previous viral infection (13, 14). On the other hand, no
ZIKV vaccines are available at the moment. As previously mentioned, the fact that ZIKV
infection mostly occurs in areas where DENV is endemic makes vaccine development
even more complex due to serological cross-reactivity between the two viruses (15).

Therefore, development of an effective treatment against both flaviviruses is of
utmost importance. During the last years, the research community has made serious
efforts to identify potent antiviral molecules against both DENV and ZIKV. These com-
pounds can target either viral proteins (direct acting) or cellular factors (host acting) to
tackle the infection. Screening assays with a number of repurposed Food and Drug
Administration-approved drugs have revealed analogues targeting several viral pro-
teins (e.g., sofosbuvir against NS5 and castanospermine against envelope protein) (16,
17). Despite the promising outcomes, important limitations have to be considered
with regard to their use, since occurrence of mutations in the viral genome is common,
possibly leading to the generation of resistant strains, which might evade the com-
pounds’ pressure. On the other hand, host factor-targeting molecules are able to
address the problem of a low genetic barrier to resistance (18). In particular, several
compounds targeting cellular factors have been shown to exhibit antiviral activity
against DENV and ZIKV, including chloroquine, bortezomib, and lovastatin. However,
these molecules did not result in a significant improvement in patient symptoms when
evaluated in clinical trials (19, 20). Taking all the above into consideration, it is evident
that development and characterization of novel molecules will be crucial in the fight
against these two emerging flaviviruses.

In the present study, we identified and characterized a novel class of indole deriva-
tives, having in common an oxazolopiperidone moiety, with pronounced antiviral ac-
tivity (in the low-micromolar range) against DENV and ZIKV. Following a number of in
vitro antiviral assays, we showed that our compounds possibly interfere with the viral
RNA replication and assembly processes. Moreover, selection and sequencing analysis
of compound-resistant virus mutants revealed a single nonsynonymous amino acid
mutation, located at the beginning of predicted transmembrane domain 1 (pTMD1) of
the ZIKV NS4B protein. This motif possesses a dual role, as it is involved in the forma-
tion of viral replication complex system and antagonizes host interferon (IFN)
responses (21). Finally, a cell-dependent inhibition profile indicated the possible
involvement of cellular factors in the activity of the molecules.

RESULTS
Cellular cytotoxicity and antiviral activity of indole alkaloid derivatives against

DENV and ZIKV replication in several susceptible host cell lines. The synthesis of
this series of molecules is described in the supplemental material. As shown in Fig. 1,
all analogues are synthetic intermediates of ervatamine-silicine indole alkaloids. To
evaluate the antiviral activity of the compounds, African green monkey kidney cells
(Vero) were infected with DENV2 NGC and ZIKV MR766 prototype strains in the
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presence of these molecules. Cellular cytotoxicity was assessed in parallel. Based on
the results from Table 1, we could divide the compounds into three distinct groups
based on their antiviral activity and cytotoxic profile, as follows. (i) Compounds 22, 20,
trans-14, and cis-12 exhibited good activity against DENV2 (EC50, 0.3 to 5.9 mM) but no
or limited (36.26 6.5 mM) inhibition of ZIKV. (ii) In contrast, compounds trans-13,
cis-13, and cis-11, lacking the benzyloxy substituent at C-6 (Fig. 1, red circles), were
active against both DENV (1.1 to 10.9 mM) and ZIKV (3.3 to 7.2 mM) but showed more
pronounced cytotoxicity (CC50 , 40 mM) in our evaluation. (iii) Finally, cis-10 and trans-
10 derivatives displayed good antiviral activity against both viruses (50% effective con-
centrations [EC50], 0.4 to 2.7 mM and 0.2 to 12 mM for DENV and ZIKV, respectively)
with no associated cytotoxicity. Similar results were observed for compound 24, an
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FIG 1 Structure of indole alkaloid derivatives. Chemical groups and sites crucial for the enhancement
of antiviral activity are marked with circles and arrows.

TABLE 1 Antiviral activity, cellular cytotoxicity, and selectivity index of a novel series of
compounds in Vero cellsa

Compound

EC50 (mM)b

CC50 (mM)c

SId

DENV2 ZIKV DENV2 ZIKV
15a 19.46 7.5 406 3.8 41.86 9.8 2.1 1
15b 18.66 3.5 12.16 1.7 .100 5.4 8.3
20 5.96 3.9 .100 .100 .17 .1
21 37.16 6.0 4.06 2.0 .100 .2.7 .25
22 2.86 2.8 .100 .100 .35.7 .1
24 0.46 0.2 0.26 0.1 806 35 200 400
cis210 1.06 0.2 0.86 0.1 .100 .100 .125
trans210 2.76 0.9 126 3.8 .100 .37 .8.3
cis211 10.96 1.7 7.26 1.4 27.76 9.4 2.5 3.8
cis212 0.36 0.1 36.26 6.5 .100 .333 .2.7
cis213 1.16 0.2 3.36 0.5 5.86 0.1 5.3 1.8
trans213 4.06 2.8 6.56 0.2 9.2 2.3 1.4
trans214 2.86 1.9 .100 .100 .35.7 .1
aThe laboratory-adapted viral strains DENV2 NGC and ZIKV MR766 were used.
bEC50, effective concentration of the compound able to inhibit viral replication by 50%, as assessed by qRT-PCR
of supernatants at 72 h p.i.

cCC50, concentration of the compound required to reduce cell viability by 50%, as assessed by MTS analysis of
cell lysates at 72 h p.i.
dSI, selectivity index (CC50/EC50).
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analogue without the sulfonamide group in the indole nitrogen moiety (Fig. 1, blue
circle). In addition, analogue 21, which lacks the oxazolidine ring (Fig. 1, green circle),
was less active against DENV (37.16 6.0 mM) than the other molecules. Furthermore,
molecules 15a and 15b (de-ethyl analogues of cis-12 and trans-14, respectively), bear-
ing a methyl ester at C-6 (instead of a larger benzyl ester group) (Fig. 1, yellow circles),
showed more pronounced cytotoxicity and decreased antiviral activity against DENV
than their analogues. Moreover, stereochemistry at C-7 seemed to affect the cytotoxic-
ity levels between compounds 15a (50% cytotoxic concentration [CC50] .100 mM) and
15b (CC50: 41.86 9.8 mM) (Fig. 1, blue arrows). Finally, compounds cis-10 and cis-12 dis-
played C-7/C-8-cis and C-8/C-8a-trans relative configurations (Fig. 1, orange arrows),
although with opposite absolute stereochemistry, which seemed to be beneficial for
the antiviral activity.

To obtain more knowledge of this class of indole derivatives, two analogues (com-
pounds 22 and trans-14) were chosen for further analysis. This choice was made based
on their good selectivity index and the absence of solubility issues that could hamper
the experiments. Table 2 shows the antiviral activity and cellular cytotoxicity of com-
pounds 22 and trans-14 against the prototype DENV2 NGC strain, evaluated in different
cells. These molecules showed no cellular cytotoxicity in all evaluated cells lines (CC50

.100). Both analogues inhibited viral replication in the low-micromolar range;
However, a slightly different antiviral profile was observed in the five susceptible cell
lines. Specifically, compounds 22 and trans-14 were more potent in baby hamster kid-
ney (BHK; EC50, 0.08 to 0.15 mM), placenta choriocarcinoma (Jeg3; EC50, 0.3 to 1.0 mM),
lung epithelial adenocarcinoma (A549; EC50, 0.03 to 0.04 mM) and hepatocarcinoma
(Huh; EC50, 0.1 to 0.4 mM) cells than in Vero (EC50, 2.8 mM) cells.

To determine their broad-spectrum activity, compounds 22 and trans-14 were tested
against a number of different laboratory and clinical strains of DENV in Vero cells. As
shown in Table 3, both molecules presented slightly stronger activity against the clinical
isolates (EC50, 0.6 to 1.9mM) than the laboratory strains (EC50, 2.2 to 6.0mM). Moreover, we
also assessed their antiviral activity against three ZIKV strains (the laboratory strain MR766
and the clinical isolates PRVAVC59 and FLR) in several susceptible cell lines (Table 4).
Surprisingly, neither molecule was found to be active against any of the tested viral strains
in Vero cells (EC50, .100 mM). Subsequently, compounds 22 and trans-14 were evaluated
in human-derived cell lines (Huh, Jeg3, and A549) against all ZIKV strains. Remarkably,
both compounds were active in the low-micromolar range against the tested ZIKV strains
in Jeg3 cells (EC50, 0.2 to 1.2 mM) and A549 cells (EC50, 0.1 to 0.6 mM) but not in Huh cells
(EC50,.100mM), strongly indicating a possible cell type-dependent antiviral profile.

Based on our findings shown in Table 4, we also assessed the activity of compound 22
against the prototype ZIKV MR766 strain using immunofluorescence staining for the pres-
ence of viral envelope protein. Specifically, two cell lines were used (A549 and Vero), as
striking differences in antiviral activity levels were observed. As shown in Fig. 2, incuba-
tion of A549 cells with high concentrations (10 mM and 50 mM) of compound 22 (Fig. 2,
left, panels E and F) led to full inhibition of viral infection, whereas lower concentrations
(0.4 mM and 2 mM) of the compound (Fig. 2, left, panels C and D) resulted in decreased
levels of viral infection. In contrast, treatment of Vero cells with the compound was not
able to block virus replication, even at the highest tested concentration of 50 mM (Fig. 2,
right, panels C to F). In both experiments, negative (noninfected, dimethyl sulfoxide
[DMSO]-treated cells without compound 22) (Fig. 2, panels A) and positive controls (virus-
infected cells without compound 22) (Fig. 2, panels B) were included.

Compounds 22 and trans-14 interfere with DENV RNA replication/assembly. To
gain more insight into the mechanism of action of compounds 22 and trans-14, time-
of-drug-addition and subgenomic replicon assays were performed. In the first set of
assays, we treated Vero cells with compounds 22 and trans-14 at a concentration of 9
mM (approximately 3-fold the EC50) at different time points pre- and postinfection
(Fig. 3A). Time zero corresponds to the time at which cells were exposed to the virus.
As shown in Fig. 3A, both analogues were able to inhibit virus replication at later
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stages (between 8 h [P , 0.0001] and 12 h [P = 0.005]). At 12 h postinfection (p.i.), an
increase in viral load was observed. To assess these findings, established inhibitors like
dextran sulfate (DS; 8,000Da average molecular weight) and 7-deaza-29-C-methylade-
nosine (7DMA) were included in the study. Specifically, DS (an entry inhibitor) inhibited
viral infection during the early stages (22 h and 0 h) (P = 0.0002). On the other hand,
the nucleoside analogue 7DMA (a replication inhibitor) presented a profile similar to
that of our molecules, suppressing viral replication even 12 h p.i. (P = 0.0012). To con-
solidate these results, we proceeded with the subgenomic replicon assay. Specifically,
serial dilutions of compounds 22 and trans-14 (100mM, 20mM, 4mM, and 0.8mM) were
added to BHK/DENV cells. As observed in Fig. 3B, incubation of cells with both com-
pounds led to a decrease in luciferase activity (blue), which corresponded to inhibition
of viral replication and a possible interaction with the nonstructural proteins (statistical
analysis is provided in the supplemental material). Data for 7DMA were similar to those
obtained with our molecules. In parallel, no cytotoxic effects were noticed at all tested
concentrations (Fig. 3B, red).

Compounds do not interact with intact viral particles. Next, we investigated
whether these compounds are able to directly target viral particles. Specifically, two in
vitro assays were performed, ultrafiltration and virus inactivation. In the first assay,
DENV2 stock was incubated with compound 22 (50mM, 10mM, and 2mM) for 1 h, fol-
lowed by filtration to remove the unbound compound. If the compound does not
strongly interact with the viral particles, it appears in the flowthrough (3.5 � 102 PFU/ml;
P = 0.0002). A plaque assay was used to further evaluate the presence of viable virus in
the fraction retained on the filter. As shown in Fig. 4A, inoculation of BHK cells treated
with different concentrations of compound 22 resulted in the formation of viral plaques,
implying no suppression of viral infection (2 mM compound 22, 1.3 � 103 PFU/ml
[P=0.57]; 10 mM compound 22, 5 � 102 PFU/ml [P=0.051]; 50 mM compound 22,
2.5 � 102 PFU/ml [P = 0.007]). On the other hand, incubation of BHK with epigallocate-
chin gallate (EGCG; 1mg/ml; positive control) showed a complete inhibition of viral
infection (P , 0.0001). A virus control was also included to evaluate the significance of
our results (5.5 � 102 PFU/ml) (supplemental material). Moreover, we confirmed these
findings by a virus inactivation assay, where viral stock was incubated with a 10mM con-
centration of compound 22, followed by dilution of the sample to reach a nonactive
(suboptimal) concentration of the compound. As indicated in Fig. 4B, compound 22 did
not inhibit the viral infection process (2.5 � 104 PFU/ml; P=0.56). Comparable results
were also observed for the virus control (3.5 � 104 PFU/ml), suggesting that compound
22 did not interact with the intact viral particles.

TABLE 3 Antiviral activity of 22 and trans-14 against several DENV laboratory and clinical strains in Vero cells

Compound

EC50 (mM)a

Laboratory strains Clinical strains

DENV1 Djibouti DENV2 nGC DENV3 H87 DENV4 dak DENV1 DENV2 DENV3 DENV4
22 2.26 0.4 2.86 2.8 3.26 0.5 2.76 1.1 0.66 0.1 0.66 0.4 0.86 0.5 0.86 0.6
trans-14 6.06 5.7 2.86 1.9 3.26 1.0 2.96 1.3 1.16 0.2 1.36 0.3 0.86 0.4 1.96 1.7
aData are averages6 SD from at least three independent experiments. EC50s against the DENV2 NGC laboratory strain in Vero cells are from Table 1.

TABLE 4 Antiviral activities of compounds 22 and trans-14 against several ZIKV laboratory and clinical strains evaluated in four susceptible cell
lines

Compound

EC50 (mM)a

Vero Huh Jeg3 A549

MR766 PR FLR MR766 PR FLR MR766 PR FLR MR766 PR FLR
22 .100 .100 .100 .100 .100 .100 0.26 0.1 0.26 0.1 0.96 0.6 0.16 0.05 0.26 0.1 0.16 0.04
trans-14 .100 .100 .100 .100 .100 .100 0.26 0.05 0.76 0.3 1.26 1.0 0.26 0.1 0.66 0.4 0.26 0.1
aData are averages6 SD from at least three independent experiments. EC50s against ZIKV MR766 in Vero cells are from Table 1.
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Sequencing analysis of compound-resistant viral mutants and cross-resistance
assay. To identify the potential target protein, we proceeded with the selection of resist-
ant viruses by subcultivating ZIKV strain MR766 in the presence of increasing concentra-
tions of compounds 22 and trans-14 in A549 cells. Two passages (P1 and P16) were
selected for whole-genome sequencing using MinION technology (accession numbers
are provided in “Data availability” below). Comparative analysis across the ZIKV genomes
at P16 revealed a single substitution at nucleotide position 6984 (from G to C), which
corresponded to a nonsynonymous amino acid change from aspartic acid (D) to histidine
(H) for both viral mutants obtained with compounds 22 and trans-14 (Fig. 5A). This muta-
tion is located at amino acid position 31 of the NS4B protein. Based on the topology of
DENV2 and Japanese encephalitis virus (JEV) NS4B (22, 23) that position is located at the
beginning of one of its predicted transmembrane domains, pTMD1.

To verify that these indole alkaloids target the same protein, we evaluated the antivi-
ral activity of compounds 20, 22, 24, trans-14, cis-10, and trans-10 against wild-type ZIKV
MR766 and trans-14- and 22-resistant virus mutants (Fig. 5B). Although all derivatives
presented high inhibitory activity against the wild-type ZIKV strain MR766 (EC50, 0.1 to
4.2 mM), a complete loss of activity against the compound 22-resistant mutant (EC50 .

100 mM) was observed. However, assessment of activity against the compound trans-14
resistant strain revealed differences among the molecules. Interestingly, we observed
that only cis-10 (EC50, 1.46 0.5 mM) and trans-10 (EC50, 2.46 1.8 mM) analogues retained
their inhibitory activity, with EC50s being quite comparable to those observed for the
wild-type strain (Fig. 5B, yellow). DS was used as a reference compound in this assay,
since it suppresses viral infection by means of a completely different mode of action.

Compounds 22 and trans-14 constitute specific inhibitors of DENV and ZIKV. In
order to address the specificity of our molecules, we evaluated the antiviral activity of
compounds 22 and trans-14 against viruses of different families. Specifically, HIV-1
(NL4.3), HIV-2 (ROD), influenza A virus (H1N1 and H3N2), influenza B virus, and human
coronavirus (229E) were tested. Interestingly, the tested derivatives were devoid of any
antiviral activity against these viruses (data not shown), indicating that our molecules
are highly selective against DENV and ZIKV.

FIG 2 Detection of ZIKV envelope protein in the presence of compound 22 using immunofluorescence staining
in A549 and Vero cells. Both A549 and Vero cells were exposed to the ZIKV MR766 strain at an MOI of 0.2 and
incubated with several concentrations of compound 22. Fluorescence images were acquired 72 h postinfection.
(A) Cell control; (B) virus control; (C to F) 0.4 mM, 2 mM, 10 mM, and 50 mM compound 22.
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DISCUSSION

Despite our growing interest in curbing the public health threat posed by DENV
and ZIKV, there are no approved antiviral drugs available at the moment (24). In the
present study, we screened a number of molecules from a library of chemically diverse
compounds for their activity against both DENV and ZIKV. A novel class of indole alka-
loids was found to be active in the low-micromolar range against the prototype DENV2
NGC strain in several virus-susceptible cell lines. Interestingly, striking differences in
antiviral activity against the prototype ZIKV MR766 strain were observed among the
tested cell lines, suggesting a possible cell-dependent inhibition profile.

To map the essential modifications required in the structure of this class for the
antiviral activity against DENV and ZIKV, structure-activity relationship (SAR) studies
were performed. In particular, we demonstrate the importance of substituent and its
size at position C-6 for both activity and cytotoxicity of the molecules. In addition, the
presence of an oxazolidine ring seems to be crucial for the potency of the compounds.
Finally, stereochemistry at C-7 and C-8 has an impact on the inhibitory activity and cel-
lular cytotoxicity of the analogues (Fig. 1 and Table 1).

To gain more insight into the antiviral activity and mechanism of action of these indole
alkaloid derivatives, the analogues 22 and trans-14 were selected for further analysis, based
on their selectivity index and absence of solubility issues even at the highest concentrations.
As mentioned above, these molecules presented broad-spectrum activity against all DENV
serotypes, with slightly higher potency against the clinical isolates (EC50, 0.6 to 1.9 mM) than
the laboratory strains (EC50, 2.2 to 6.0 mM). Interestingly, a cell-dependent antiviral profile
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FIG 3 Compounds interfere with the viral RNA replication/assembly. (A) Treatment of Vero cells with a 9 mM concentration of compounds 22 (red) and
trans-14 (blue) shows inhibition of DENV infection even at later stages (8 h to 12 h p.i.), as assessed by qRT-PCR of cell lysates 20 h p.i. The viral
polymerase inhibitor 7-deaza-29-C-methyladenosine (7DMA) (black) presents a similar profile, as it suppresses the infection at 12 h p.i. On the other hand,
the entry inhibitor dextran sulfate (DS) (green) inhibits virus replication at the early stages (22 h to 0 h). Horizontal red lines represent virus controls. (B)
Compounds 22 and trans-14 were incubated with BHK/DENV cells at different concentrations. A decrease in the luciferase activity was observed for both
compounds, as well as the viral inhibitor 7DMA (blue), as assessed by luminescence. These results indicate an interaction with the nonstructural proteins or
the replication complex. Incubation of compounds 22 and trans-14 shows no cellular cytotoxicity at the tested concentrations (red). All data are averages
from two independent experiments.
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against ZIKV strains was noticed, since compounds 22 and trans-14 were able to inhibit
infection in human A549 (EC50, 0.1 to 0.6 mM) and Jeg3 (EC50, 0.2 to 1.2mM) cells but not in
human Huh and monkey Vero cells (EC50 . 100 mM). We speculate that even though ZIKV
and DENV belong to the same virus family and share high sequence similarity, they present
differences in the pathways they follow to infect human- and non-human-derived cells (25).
Our findings further highlight the importance of cell line selection in the development and
evaluation of new antiviral compounds, strengthening the idea that antiviral screening
assays should not be restricted to a single type of susceptible cells (26).

Additionally, time-of-drug-addition and subgenomic replicon assays revealed that our
compounds act during viral RNA replication/assembly. Despite the fact that compounds
22 and trans-14 belong to the same family of molecules, sharing some common features,
such as the oxazolopiperidone moiety, minor differences were noticed in their antiviral
profiles. This divergence can be explained either by the fact that these analogues target a
different protein or a different site on the same viral protein. To address this question,
compound resistance selection experiments were performed in A549 cells. The choice of
this cell line was based on the following three criteria: (i) high ZIKV replication kinetics, (ii)
a clearly visible cytopathogenic effect, and (iii) no cytotoxicity or solubility issues at higher
tested concentrations of the molecules (27). Whole-genome sequencing and comparative
analysis between compound-resistant virus mutants and the wild-type virus indicated a
single nonsynonymous amino acid change at position 31 of NS4B in both compound 22-
and trans-14-resistant viral strains. This substitution led to replacement of the negatively
charged aspartic acid with the partially protonated histidine.

Notably, we further demonstrated that our compounds do not interact with the
intact viral particles (Fig. 4), possibly suggesting the involvement of a cellular factor(s)
associated with the NS4B protein. NS4B is an integral endoplasmic reticulum (ER) mem-
brane protein, which consists of five domains (pTMD1, pTMD2, TMD3, TMD4, and
TMD5) (Fig. 5A) (28). This nonstructural protein plays a vital role in viral RNA replication
by interacting with the endoplasmic reticulum membrane protein complex (EMC), in
which a large number of host proteins reside (23, 29). Our single point mutation
(D31H) is located at the beginning of the pTMD1 domain (ER lumen), which has also
been implicated in IFN antagonism host responses (30). The fact that compounds 22

FIG 4 Compounds do not interact with the intact viral particles. (A) Compound 22 at 50mM, 10mM,
and 2mM, as well as the positive control epigallocatechin gallate (EGCG) (1mg/ml), was mixed with
DENV2 stock and passed through a filter. Incubation of compound 22-treated samples on BHK cells
resulted in no inhibition of viral infection in each tested condition (formation of viral plaques).
Inoculation of cells with EGCG-treated sample demonstrated full inhibition of viral infection. (B)
Compound 22 T 10 mM was mixed with DENV2 viral stock and further diluted 100 times to infect
BHK cells. No suppression of viral infection was noticed in the compound-treated sample, as assessed
by the plaque assay. Both positive (virus-infected cells) and negative (noninfected, DMSO-treated
cells) controls were included in the assays.
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and trans-14 do not exhibit anti-ZIKV activity in Vero cells, an IFN-I-defective cell line
(31), could suggest a possible interference of our molecules within the interferon path-
way. However, a similar antiviral profile was observed in IFN-competent Huh cells (32),
indicating that compounds 22 and trans-14 are associated with a different function of
NS4B. Given that the topology of NS4B of the closely related dengue virus and the dis-
crimination of its different domains (pTMDs and TMDs) have been described by Miller
et al. (28), we can use this proposed model to specify the topology of the single muta-
tion in the compound-resistant strains (Fig. 5A). Several reports have shown that posi-
tion 31 of NS4B protein is characterized by a high degree of conservation not only
among ZIKV strains (33) but also between different flaviviruses, such as DENV and yel-
low fever virus (23), proposing it as a potential vulnerable point for these members.

In addition, a phenotypic resistance assessment was performed in order to determine
whether the viral mutants that we developed are cross resistant to several derivatives of

28 31 51

Compound
Wild type virus 22-Res virus

EC50 (μΜ) EC50 (μΜ) (fold-shift) EC50 (μΜ) (fold-shift)

20 0.3 ± 0.2 >100 (>333) >100 (>333)

22 0.1 ± 0.05 >100 (>1000) >100 (>1000)

24 0.4 ± 0.1 >100 (>250) >100 (>250)

Cis-10 0.3 ± 0.1 >100 (>333) 1.4 ± 0.5 (4.6)

Trans-10 4.2 ± 0.8 >100 (>24) 2.4 ± 1.8 (0.6)

Trans-14 0.2 ± 0.1 >100 (>500) >100 (>500)

DS 0.1 ± 0.03 0.13 ± 0.02 (1.3) 0.13 ± 0.01 (1.3)

Trans-14-R     virus

FIG 5 Sequencing analysis of the viruses used in the cross-resistance assay. (A) NS4B membrane
topology and alignment of amino acid sequence at the N-terminal site of the protein in compound
22- and trans-14-resistant virus mutants compared to virus control. An aspartic acid-to-histidine
(D31H) nonsynonymous mutation is located at the pTMD1 domain and marked in orange. Passage 16
(P16) of each virus strain was used in the assay. (B) Antiviral activity of several derivatives against the
viruses used above (wild-type ZIKV MR766 and compound 22- and trans-14-resistant virus mutants)
was evaluated by qRT-PCR in the supernatant of A549 cells at 72 h p.i. Fold shifts in EC50 are
indicated in parentheses, while major findings on the activity of some analogues against the trans-14-
resistant mutant and wild-type virus are highlighted in yellow.
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this family (Fig. 5B). Surprisingly, we found that only two analogues, cis-10 and trans-10,
were active against the trans-14-resistant mutant, whereas no activity was noticed against
22-resistant mutant for all the tested molecules. These findings were interesting, since no
qualitative differences on the amino acid level were observed between the 22- and trans-
14-resistant mutants. In order to obtain more information, we implemented variant calling
by using wild-type ZIKV MR766 (passage 16) as a reference. Notably, the frequency of var-
iations at nucleotide position 6984 differed slightly between the two resistant mutants,
thus highly reflecting differences in their population/sample (see the supplemental mate-
rial). Based on these elements, we hypothesize that the varying rate of occurrence of these
mutations could possibly explain the deviations on the inhibitory activity of some analogues
against these two mutants. In addition, the growth of viral stocks (passage 16) in the ab-
sence of compound selection demonstrated an intrinsic fitness advantage of the 22-resistant
mutant compared to the trans-14-resistant mutant (see the supplemental material). This
may account for the different behavior of these viruses in response to compounds cis-10
and trans-10.

The molecules presented in this study constitute intermediates in the enantioselec-
tive synthesis of silicine alkaloids, having a distinct stereochemistry. The large family of
indole alkaloids has been found to possess extremely broad pharmacological activities
and thus can be used for treatment of viral infections. Numerous studies have reported
the antiviral activity of several indole alkaloid derivatives against a number of viruses,
such as HIV (34), influenza virus (35), and DENV (36).

To summarize, we have developed and determined the antiviral activity profiles of
a new series of indole alkaloid derivatives against DENV and ZIKV. These molecules
exhibited promising antiviral activity against all DENV serotypes in a number of suscep-
tible host cell lines. On the other hand, a cell-dependent inhibitory activity against
ZIKV strains was observed, while no activity against a number of other viruses, includ-
ing HIV, influenza virus, and coronavirus, was noticed, which identifies them as specific
inhibitors against these two flaviviruses. Mode-of-action studies and whole-genome
sequencing analysis suggested a possible involvement of a host factor(s) associated
with the pTMD1 domain of ZIKV NS4B, a protein with crucial role in the viral replication
complex. To address this, further studies are ongoing in order to elucidate the exact
molecular mechanism of these compounds. To the best of our knowledge, we describe
for the first time a novel class of indole alkaloid derivatives indirectly targeting the mul-
tifunctional ZIKV NS4B protein, and more specifically the pTMD1 domain, thus opening
new horizons in the virus-host interaction network. In-depth analysis and identification
of cellular factors able to interact with these viral proteins might be of utmost impor-
tance to unravel new mechanisms that flaviviruses use during their replication cycle.
Finally, the antiviral activity of these compounds against other members of flaviviruses
needs to be evaluated to potentially promote them as pan-flavivirus inhibitors.

MATERIALS ANDMETHODS
Cells and viruses. Different cell lines were used to evaluate the antiviral activity and cellular cytotox-

icity of the tested molecules. Hepatocarcinoma (Huh; ATCC) and baby hamster kidney cells (BHK; kindly
provided by M. Diamond, Washington University, USA) were grown in Dulbecco’s modified Eagle me-
dium (1� DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS; HyClone, USA), 1mM sodium
pyruvate (Gibco), 0.01 M HEPES (Gibco) and 1� nonessential amino acids. Placenta choriocarcinoma cells
(Jeg-3; ATCC) were grown in 10% FBS, 1mM sodium pyruvate, and 1� nonessential amino acids. Finally,
lung epithelial adenocarcinoma cells (A549; ATCC) and African green monkey kidney cells (Vero; ATCC)
were grown in Eagle’s minimum essential medium (1� MEM-Rega3, Gibco, Belgium) supplemented with
8% FBS, 1mM sodium bicarbonate (Gibco), 2mM L-glutamine (Gibco), and 1� nonessential amino acids
(100�, stock concentration; Gibco). Vero cells were used for the initial screening and lead identification
of our hits. All cell lines were maintained at 37°C in a humidified 5% CO2 incubator.

In addition, a number of laboratory and clinical strains of both DENV and ZIKV were used in this study.
Details about the strains and the propagation and titration of viral stocks were previously described (37).

Evaluation of antiviral activity and cellular viability. The MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; Promega, Leiden, The Netherlands] method was
used to assess cell viability in the presence of our molecules. Each cell line was seeded at 104 cells/well in a
96-well plate (Corning, USA). After 24 h, cells were incubated with serial dilutions (5-fold) of each com-
pound (100mM, 20mM, 4mM, and 0.8mM) for 72 h. Medium was replaced by 0.2% MTS diluted in
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phosphate-buffered saline (PBS) and incubated for additional 3 h at 37°C. The CC50s (the concentration at
which the compound is able to reduce cell viability by 50%) were determined by measuring the optical
density at 490 nm (SpectraMax Plus 384; Molecular Devices).

Regarding the antiviral assay, all cell lines were seeded at the same density as previously described.
Briefly, 5-fold serial dilutions of compounds were added in the presence of each viral strain at a multiplicity
of infection (MOI) of 1 for DENV and of 0.2 for ZIKV. Cells were washed 2 h p.i. and further incubated with
fresh medium containing the appropriate concentration of compounds. Supernatant was collected at 72 h
p.i., and the virus yield was determined with a Cells Direct one-step quantitative reverse transcription-PCR
(qRT-PCR) kit (Thermo Fisher), according to the manufacturer’s instructions. Primers, probes, qRT-PCR con-
ditions, and analysis of the results were reported previously (37). All compounds were dissolved in di-
methyl sulfoxide (DMSO). The final concentration of DMSO in all tested conditions was 0.01%.

Immunofluorescence assay. Vero and A549 cells (104 cells/well) were seeded in black 96-well plates
(Falcon, Germany). The next day, cells were infected with the prototype ZIKV strain (MR766) at an MOI of
0.2 in the presence of serial dilutions of compound 22 (50mM, 10mM, 2mM, and 0.4mM) at 37°C for 2 h.
Cells were washed with PBS and incubated with cell culture infection medium for 72 h. Later, they were
fixed with 2% aqueous paraformaldehyde (PFA; Sigma-Aldrich, USA) at room temperature and permeab-
ilized with 0.1% Triton X-100 (Sigma-Aldrich, USA). Bovine serum albumin (BSA; 1%; Cell Signaling
Technology, The Netherlands) diluted in PBS was used to block the fixed cells for 1 h. Cells were further
incubated with the primary 4G2 pan-flavivirus antibody (Merck Millipore, Belgium) overnight at 4°C.
Goat anti-mouse IgG Alexa Fluor 488 (Invitrogen) was used as a secondary antibody, while the nucleus
was stained with DAPI (49,6-diamidino-2-phenylindole; Invitrogen). Fluorescence microscopy was per-
formed on a Zeiss Axiovert 200M inverted microscope (Germany) using a 10� enhanced green fluores-
cent protein objective.

Time of drug addition assay. To define at which stage of viral replication our compounds are
active, Vero (104 cells/well) were infected with DENV2 strain NGC at an MOI of 1 for 2 h. Then, cells were
washed twice with PBS and treated with an active concentration of each molecule (3-fold higher than
the corresponding EC50s) at different time points pre- and postinfection (22, 0, 2, 4, 6, 8, 12, and 18 h).
Cell lysates were collected 20 h p.i., and the viral RNA levels were measured by qRT-PCR. Two reference
compounds were used in this assay at 10 mM: dextran sulfate (DS; 8,000Da), an established entry/fusion
inhibitor, and 7-deaza-29-C-methyladenosine (7DMA), a viral polymerase inhibitor.

Subgenomic replicon assay. To assess any interaction with the nonstructural proteins (NS) or the
replication complex, a subgenomic replicon assay was performed. Briefly, BHK cells stably transfected
with the DENV2 replicon (encodes the firefly luciferase expression cassette instead of prM and E pro-
teins, as well as NS proteins) were seeded in DMEM–2% FBS supplemented with 3mg/ml puromycin
(Sigma-Aldrich, USA) in a white-bottom 96-well plate (Nunclon Delta Surface; Thermo Fisher Scientific).
Serial dilutions of compounds 22 and trans-14 were added to the cells (100mM, 20mM, 4mM, 0.8mM, and
0.16mM) for 72 h. Cells were further washed twice, the Renilla-Glo luciferase assay reagent (Thermo
Fisher Scientific) was added to each well and the luminescence was measured at 490 nm (Tecan Spark
10M multimode microplate reader; BioExpress). 7DMA was also included as a control, while cytotoxicity
of the molecules was determined in parallel, using the MTS method.

Ultrafiltration and virus inactivation assay. To evaluate whether compound 22 can directly interact
with DENV2 strain NGC, ultrafiltration and virus inactivation assays were performed. In the first assay, viral
stock (104 PFU) was incubated with compound 22 at different concentrations (50mM, 10mM, and 2mM)
for 1 h and subsequently passed through a 10-kDa-cutoff concentrator filter unit (Vivaspin 500; Vivaproducts)
to allow nonbinding compound to permeate. The fraction still present on the filter (200ml) was serially diluted
(10-fold) in cell culture medium (2ml in total) and subsequently added (1ml/condition) to BHK cells for a pla-
que assay to evaluate its infectivity/inhibition (each condition was tested in duplicate). Epigallocatechin gallate
(EGCG; 1mg/ml) was used as a positive control to evaluate the assay’s specificity.

In the virus inactivation assay, viral stock was incubated with 10 mM compound 22 for 1 h. Samples
were diluted 100 times to obtain a concentration of the compound below the EC50s and used to infect
Vero cells. Virus infectivity/inhibition was assessed by plaque reduction assay. Finally, positive (viral stock
without the pressure of any compound) and negative controls (DMSO-treated cells) were also included.

In vitro selection of compound-resistant ZIKV mutants. Compound-resistant viral strains were
obtained through subsequent passaging of the prototype ZIKV MR766 strain in the presence of increas-
ing concentrations of compound 22 or trans-14. For the selection procedure, A549 (105 cells/24-well
plate) were used. More specifically, we started by incubating A549 cells with ZIKV MR766 in the presence
of compound 22 or trans-14 at 0.1mM and 0.2mM, respectively. Three days postinfection, cytopathic
effect (CPE) was observed, and the supernatant/condition (200ml) was used to infect fresh susceptible
cells by maintaining the same concentration of the compounds. When CPE was noticed for the second
time, we increased the concentration of each molecule. In total, 16 passages (P1 to P16) were carried
out for each compound (2mM final concentration). In order to exclude any spontaneous mutations that
can naturally occur, A549 cells were inoculated with ZIKV MR766 in the absence of our molecules (virus
control). Approximately 500ml of each passage/condition was kept at 280°C for sequencing analysis.

RNA purification and metagenomic library preparation. Viruses from two passages (P1 and P16)
were sequenced using a metagenomic protocol. To prepare for sequencing, total RNA was extracted
from 140ml of the supernatant of six different samples (3 conditions per passage) using the QIAamp viral
RNA kit (Qiagen). Carrier RNA was replaced by linear polyacrylamide, and an intermediate on-column
DNase treatment was performed using an RNase-free DNase set (Qiagen) to remove any residual DNA
fragments. Samples were eluted twice in RNase-free water (Qiagen) with 60ml and 40ml, respectively.
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RNA was further subjected to random reverse transcription and amplification using the sequence-inde-
pendent single-primer amplification (SISPA) approach, as detailed in reference 38.

MinION nanopore sequencing and data analysis. MinION sequencing libraries were generated
from 200ng of cDNA for each sample using the 1D ligation sequencing kit (SQK-LSK109) and the native
barcoding expansion 1-12 kit (EXP-NBD104;j Oxford Nanopore Technologies). Libraries were loaded onto a
Flo-Min 106 flow cell and run for 48h with live base-calling enabled using high-accuracy base-calling.

Raw reads were demultiplexed using qcat v1.1.0 (https://github.com/nanoporetech/qcat) and SISPA
primers from both the 59 and 39 ends were trimmed using seqtk v1.3 (https://github.com/lh3/seqtk).
Minimap2 v2.17 (https://github.com/lh3/minimap2) was utilized to map the reads against the prototype
ZIKV MR766 strain (GenBank accession number MK105975), and the resulting alignments were visually
assessed with Tablet v1.19.09.03 (39). To calculate coverage depth and compute sequencing statistics,
SAMtools v1.7 (40) and SeqKit v0.12.1 (41) were employed. Majority consensus was called at a minimum
depth of 20� and 60% support fraction, with any base location not fulfilling the depth and support frac-
tion assigned an N IUPAC ambiguity code. Finally, multiple-sequence alignments were generated on
both nucleotide and amino acid levels with Aliview (42).

Cross-resistance assay. To identify whether different analogues of this family (Table 1) share the
same target protein, a cross-resistance assay was performed. Briefly, A549 (104 cells/well) were incubated
with compounds 22, 20, 24, trans-14, cis-10, and trans-10 at 5-fold serial dilutions (100 mM to 0.8 mM)
and subsequently exposed to the wild-type ZIKV strain MR766 or the compound 22- or trans-14-resistant
viral strains (passage 16). Supernatant was collected 72 h p.i., and viral RNA (vRNA) levels were measured
by qRT-PCR analysis. DS was included as a reference compound in this assay.

Statistical analysis. One-way analysis of variance (ANOVA) followed by a correction posttest
(Bonferroni) was used to evaluate significant differences for Fig. 3A and B and 4A. An unpaired t test was
performed for Fig. 4B. Significance was calculated based on P values.

Data availability. GenBank accession numbers for viral strains used in this study are as follows:
AF298808.1, DENV serotype 1 Djibouti D1/H/IMTSSA/98/606 strain (43); M29095.1, DENV serotype 2 NGC strain
(44); M93130.1, DENV serotype 3 H87 strain (45); MF004387.1, DENV serotype 4 Dak strain; MK105975.1, ZIKV
strain MR766; MH916806.1, ZIKV strain PRVAVC59; and KX087102.2, ZIKV strain FLR. ZIKV genomic sequences
generated in this study have been deposited in GenBank under the following accession numbers: MW143017
(compound 22-resistant mutant passage 1), MW143018 (compound trans-14-resistant mutant passage 1),
MW143019 (wild-type virus passage 1), MW143020 (compound 22-resistant mutant passage 16), MW143021
(compound trans-14-resistant mutant passage 16), and MW143022 (wild-type virus passage 16).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 3 MB.
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