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ABSTRACT Here, we report a class of tryptophan trimers and tetramers that inhibit
(at low micromolar range) dengue and Zika virus infection in vitro. These com-
pounds (AL family) have three or four peripheral tryptophan moieties directly linked
to a central scaffold through their amino groups; thus, their carboxylic acid groups
are free and exposed to the periphery. Structure-activity relationship (SAR) studies
demonstrated that the presence of extra phenyl rings with substituents other than
COOH at the N1 or C2 position of the indole side chain is a requisite for the antiviral
activity against both viruses. The molecules showed potent antiviral activity, with
low cytotoxicity, when evaluated on different cell lines. Moreover, they were active
against laboratory and clinical strains of all four serotypes of dengue virus as well as
a selected group of Zika virus strains. Additional mechanistic studies performed with the
two most potent compounds (AL439 and AL440) demonstrated an interaction with the
viral envelope glycoprotein (domain Ill) of dengue 2 virus, preventing virus attachment
to the host cell membrane. Since no antiviral agent is approved at the moment against
these two flaviviruses, further pharmacokinetic studies with these molecules are needed
for their development as future therapeutic/prophylactic drugs.
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he Flaviviridae is a large family of viruses comprising four distinct genera, Hepaci-,

Pegi-, Pesti-, and Flavivirus (1). The Flavivirus genus contains many important human
pathogens, such as dengue virus (DENV) and Zika virus (ZIKV). These members are
mainly transmitted by two mosquito species (Aedes aegypti and Aedes albopictus) and
constitute a significant cause of morbidity and mortality worldwide (2-4). Socioeco-
nomical events, such as population growth, uncontrolled urbanization, as well as
increased international air traffic, constitute the main factors for the emergence of both
DENV and ZIKV worldwide (5). Moreover, the lack or reduction of appropriate vector
control programs in some geographical areas raises the possibility of their establish-
ment, which might result in future outbreaks (6). The most recent example was in the
Philippines in 2019, where an outbreak of dengue fever led to hundreds of deaths and
was declared a national epidemic. Despite the long-term efforts to restrict the spread
of and infection by these viruses, no antivirals are commercially available. In addition,
new flaviviruses may appear in the near future, making even more urgent the need for
the development of novel compounds (7, 8).

DENV is the most prevalent arbovirus, infecting approximately 400 million people
per year, of which almost 100 million develop clinical symptoms (9). There are four
antigenically distinct serotypes (DENV1 to -4), which cause both a mild febrile-like
iliness (dengue fever) and severe dengue, characterized by increased vascular perme-
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ability and plasma leakage, which may result in a shock syndrome and eventually death
(10, 11).

The closely related ZIKV was first discovered in 1947 in Uganda but was neglected until
2007, after its reappearance during an outbreak on the Micronesian Yap Islands (12). In
addition, two large outbreaks in French Polynesia (2013), Brazil, and other Central/South
American countries (2015 to 2016) led the World Health Organization (WHO) to declare
ZIKV a Public Health Emergency of International Concern in 2016 (13, 14). During that
period, almost 40,000 symptomatic cases were reported in the Americas (15). In general,
ZIKV causes mild symptoms, like fever, headache, and joint pain. However, the virus has
gained increased interest during recent years because of its correlation with severe neu-
rological manifestations in newborns (microcephaly) and in adults (Guillain-Barré syn-
drome) (16, 17). Moreover, several studies have confirmed that ZIKV is transmitted to
humans not only by virus-infected mosquitoes but also through blood transfusion,
through sexual contact, and vertically, lowering the viral barrier (18-20).

Over the past few years, great effort was carried out in vaccine and antiviral
research against these two viruses. In particular, numerous vaccine platforms have
been developed, including recombinant viral proteins, whole inactivated virus,
live-attenuated virus, and DNA subunits. Among them, the live-attenuated tetrava-
lent vaccine (Dengvaxia) was licensed against DENV in approximately 20 countries
in 2016. Although the vaccine boosts a strong immune response in individuals with
a history of DENV infection, the risk of severe dengue is significantly increased in those
who have not experienced an infection before, resulting in large numbers of hospital-
izations (21, 22). Although the underlying cause of this phenomenon is not yet
identified, different reports state that the vaccine may act as a silent/primary infection,
producing insufficient neutralizing antibody levels. Subsequently, a secondary infection
leads to more severe disease symptoms due to antibody-dependent enhancement
(ADE) (23). Despite the promising outcomes in vaccine development, important limi-
tations need to be considered, as one of the main hurdles regarding their efficacy and
safety is antibody cross-reactivity between ZIKV and DENV (24, 25).

In addition, a large number of Food and Drug Administration (FDA)-approved drugs
have been reevaluated against both viruses, targeting different viral and host proteins
(26, 27). However, none of these drugs is approved at the moment. Therefore, there is
an imperative need for the development of novel antivirals to prevent/treat infection
by these emerging flaviviruses. Among them, entry inhibitors are particularly attractive
due to their ability to block de novo cell infection, averting the uptake of the virus by
uninfected cells (28). In the huge family of those inhibitors, polyanionic molecules
represent one of the major classes, exerting antiviral activity against several viruses,
such as HIV and herpes simplex virus (29-31). However, in some cases, their mechanism
of action remains unclear.

In this study, we screened a library of chemically divergent compounds (approxi-
mately 500 molecules) for their activity against DENV and ZIKV infection. Among them,
a novel series of tryptophan (Trp) trimers and tetramers (belonging to the AL class,
which was developed by our group) (Fig. 1) were identified as potent inhibitors against
both flaviviruses in the low micromolar range. Structure-activity relationship (SAR)
studies helped us to determine the structural requirements for their selective antiviral
activity. These molecules were found to be active in nonhuman primate and human cell
lines. Further mechanism-of-action studies revealed that these compounds inhibit viral
replication during the early stages by interacting with the domain Il of the envelope
protein of DENV. This domain plays a pivotal role in the attachment and entry of the
virus into target cells via its interaction with specific host receptors (32, 33).

RESULTS

Synthesis and SAR studies. The synthesis of trimers AL352, AL438, AL439, AL440,
AL467, and AL455 (Fig. 1) has been described recently (34). To complete the structure-
activity relationship (SAR) studies, some novel compounds have been synthesized:
trimers AL544, AL545, AL437, and AL484, tetramer AL531, and monomers AL441 and
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FIG 1 Structure of the tested analogues.

AL442 (Fig. 1). These molecules were prepared using the synthetic strategies described
in the supplemental material. As seen from Fig. 1, all the tripodal N1-substituted
derivatives possess a common 4-(2-carboxyethyl)-4-nitroheptanedioic acid central core.
On the other hand, the tetrapodal derivative AL531 has a pentaerythritol central core.
To evaluate the antiviral activity of these analogues, the prototype strains of DENV2
(NGC) and ZIKV (MR766) were tested in African green monkey kidney cells (Vero).
Cytotoxicity assessment was performed in parallel. As shown in Table 1, modifications
on the structure of AL analogues lead to significant differences in their antiviral
activities. In particular, the unsubstituted trimer AL352 did not show any antiviral
activity up to 100 wM, and the N1-methyl trimer AL544 also proved inactive at subtoxic

TABLE 1 Cytotoxicity and antiviral activity of a series of AL compounds against DENV2
and ZIKV prototype strains in Vero cells¢

ECso® (M)
Compound Mol wt (Da) CCyso? (M) DENV2 ZIKV
AL352 835.9 >100 No activity No activity
AL544 877.9 >100 No activity No activity
AL440 1106.2 98 =3 35+29 33+14
AL439 1160.2 80 * 30 36 £ 1.1 58=* 1.1
AL438 1238.3 >100 No activity No activity
AL467 1268.1 >100 80x14 10.5+5.0
AL545 1310.2 43*8 0.7+03 13+05
AL455 1196.2 >100 No activity No activity
AL437 1160.3 83.5*6.5 No activity No activity
AL484 1337.4 >100 36*+04 15.6 = 13.6
AL531 1601.7 425*13 40=*1.6 1.9+ 0.1
AL441 472.5 >100 No activity No activity
AL442 446.5 456 *+5 10.8 =43 6.9 22

aCCs,, concentration required to reduce cell viability by 50%.

PECs,, effective concentration of each compound able to inhibit viral replication by 50%.
<The laboratory-adapted strains DENV2 NGC and ZIKV MR766 were used.
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TABLE 2 Cellular cytotoxicity of AL439 and AL440 in different cell lines

CCso? (M)
Compound Vero BHK Huh Jeg3 A549 HUVEC
AL439 80 = 30 88 =17 >100 35*+10 >100 424 *+1.7
AL440 98 £3 >100 >100 45+ 5 >100 437 £5.1

aData represent average * SD values from at least three independent experiments.

concentrations. However, the N1-benzyl trimers AL440 and AL439, bearing extra benzyl
and 4-fluorobenzyl rings, respectively, at the N1 position of the indole side chain of Trp,
showed remarkable antiviral activity against DENV2 (50% effective concentration [EC,],
3.5 and 3.6 uM, respectively) and ZIKV (ECs,, 3.3 and 5.8 uM, respectively). On the
contrary, trimer AL438, replaced at N1 with a 4-carboxybenzyl moiety, was not found
to be active against these viruses. Displacement of the substituted phenyl ring at the
C2 position of the indole side chain led to the trimers AL467 (4-CF;-phenyl at C2) and
AL545 (3-CF;-phenyl rings at C2), which showed activity against both DENV and ZIKV
at low micromolar ranges. On the contrary, AL455, with a 4-carboxyphenyl moiety at
C2, showed no activity. Moreover, the trimer AL437, with a phenylsulfenyl moiety at the
C2 position, presented no activity, while trimer AL484, with a 4-nitrophenylsulfenyl
moiety at C2, was active against both DENV and ZIKV. This result confirms that phenyl
rings replaced with noncarboxylated groups at the C2 position of the indole ring are
beneficial for antiviral activity. In addition, the 4-carboxybenzyl group at the N1 position
present in monomer AL441 abolished the antiviral activity, while that with a substituted
4-fluorobenzyl group monomer AL442 was active. On the other hand, AL442 was less
potent than the trimer AL439 and tetramer AL531 despite the fact that these three
analogues are altered with the same group at the N1 position (4-fluorobenzyl). Al-
though the tetramer AL531 showed remarkable antiviral activity against DENV2 and
ZIKV (ECsq, 4.0 and 1.9 uM, respectively), its marked cellular cytotoxicity made it a less
attractive candidate for further evaluation. These findings suggest that multivalence
plays an important role in improved antiviral activity.

In order to gain more information on the mechanism of action of this series of
molecules, compounds AL439 and AL440, with the best selectivity index (cellular
cytotoxicity/antiviral activity), were selected for further studies.

Cytotoxicity and antiviral activity of AL439 and AL440 against DENV and ZIKV
infection in different cell lines. Table 2 shows the cellular cytotoxicity of each
molecule, evaluated in different cell lines. AL439 and AL440 showed particularly higher
cytotoxic levels in placenta choriocarcinoma (Jeg3; concentration required to reduce
cell viability by 50% [CCs,], 35 uM to 45 uM) and human umbilical vein endothelial cells
(HUVEG; CCsp, 42.4 uM to 43.7 uM) than in the other human cells. In addition, AL439
was marginally toxic in green monkey (Vero) and baby hamster kidney (BHK) cells (80
uM and 88 uM, respectively). The inhibitory effects of AL439 and AL440 against the
prototype strains of DENV2 (Table 3) and ZIKV (Table 4) next were evaluated in several
susceptible cell lines. Although these derivatives were active against both flaviviruses,
minor differences were observed among the selected cell lines. More specifically, AL439
and AL440 demonstrated insignificantly higher activity in human hepatocarcinoma
(Huh; ECs,, 0.6 M to 1.4 wM), choriocarcinoma (Jeg3; EC,,, 0.3 M to 0.9 uM), and lung
adenocarcinoma (A549; EC,,, 0.8 uM to 2.7 uM) cells than in hamster (BHK; EC5,, 1.0 uM

TABLE 3 Antiviral activity of AL439 and AL440 against DENV2 NGC prototype strain in
different cell lines®

ECso (M)
Compound Vero BHK Huh Jeg3 A549 HUVEC
AL439 36+ 1.1 1.4 +0.1 1.2 £0.1 0.5+ 0.1 0.8 = 0.1 33*+08
AL440 35*+29 38*18 1.1 =01 09 *=0.2 1.0 = 0.1 48+ 1.6

aData represent average * SD values from at least three independent experiments.
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TABLE 4 Antiviral activity of AL439 and AL440 against ZIKV prototype strain in different
cell lines?

ECso (M)
Compound Vero BHK Huh Jeg3 A549 HUVEC
AL439 58+ 1.1 40+ 0.1 0.6 +0.2 0.6 0.1 27 +06 2.1 +0.7
AL440 33+14 1.0£03 14=*03 03 *£0.1 22+0.2 51+22

aData represent average * SD values from at least three independent experiments. The strain used was the
ZIKV MR766 strain.

to 4.0 uM) and green monkey kidney (Vero; ECs,, 3.3 uM to 5.8 uM) cells against both
viral strains. Furthermore, the activity of AL439 and AL440 in HUVEC (ECs,, 2.1 uM to
5.5 uM) was quite comparable to those observed in nonhuman cells (Vero and BHK).
Finally, Table 5 exhibits the antiviral activity of both AL derivatives in monocyte-derived
dendritic cells (MDDC). This cell line represents one of the primary target cell types
during a flavivirus infection. Notably, both molecules were active against the prototype
strains of DENV2 (ECs,, 3.6 uM to 7.6 uM) and ZIKV (ECs,, 1.5 uM to 3.9 uM), with no
cytotoxic effects at the highest tested concentration (CCs, of >50 uM).

Evaluation of antiviral activity against ZIKV by immunofluorescence staining.
We further assessed the antiviral activity of AL440 against the prototype ZIKV MR766
strain using immunofluorescence staining for viral envelope glycoprotein. As shown in
Fig. 2, incubation of Vero cells with 20 uM (Fig. 2C) and 10 uM (Fig. 2D) AL440 led to
inhibition of virus infection. However, treatment of cells with less than 2 uM AL440 (Fig.
2E and F) was not able to hamper the infection. Negative (dimethyl sulfoxide [DMSO]-
treated cells in the absence of AL440) (Fig. 2A) and positive (virus-infected cells in the
absence of AL440) (Fig. 2B) controls were also included.

Antiviral activity of AL439 and AL440 against different DENV and ZIKV labo-
ratory and clinical strains. In order to assess broad-spectrum activity, AL439 and
AL440 were tested against a panel of different laboratory and clinical strains of DENV
and ZIKV in Vero cells. Tables 6 and 7 summarize the results of these experiments. In
general, comparable antiviral activity was noticed against the laboratory-adapted and
clinical strains of DENV for both compounds. However, an improvement in antiviral
activity was observed for AL439 against the DENV4 clinical strain (EC5o, 1.2 £ 0.1 uM)
compared to the one against the DENV4 Dak laboratory strain (ECsy, 7.3 = 2.8 uM)
(Table 6).

Regarding their activity against ZIKV, no differences were observed between the
laboratory (MR766) and the clinical (PRVAVC59 and FLR) isolates in the presence of
AL439. On the contrary, the activity of AL440 was slightly higher against the ZIKV FLR
strain (EC5o, 0.7 = 0.2 uM) than MR766 (ECs,, 3.3 = 1.4 uM) and PRVAVC59 (EC,,,
4.0 = 0.7 uM) (Table 7).

AL compounds inhibit DENV infection during the early stages. To pinpoint at
which stage of the viral replicative cycle AL439 and AL440 act, a time-of-drug-addition
assay was performed. As shown in Fig. 3A, pretreatment of cells with 10 uM AL
compounds for 2 h before virus addition (time point 0) resulted in a complete inhibition
of viral infection. A similar inhibition profile was observed when the compounds and
the virus were added to the cells at the same time. On the other hand, viral infection

TABLE 5 Anti-DENV and anti-ZIKV activities and cytotoxicity of AL439 and AL440 in
MDDC

Values for<:

DENV2 NGC ZIKV MR766
Compound CCso (M) ECso (M) Sl ECso (M) Sl
AL439 >50 7.6 +0.8 >6.5 1.5*£0.2 >33
AL440 >50 3.6 =08 >13.9 39+06 >12.8

aAll ECs, values were calculated as averages + SD from four different donors. Selectivity index (SI;
CCs0/ECs) for each molecule is also included.
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FIG 2 Detection of ZIKV infection using immunofluorescence staining for envelope glycoprotein in the
absence and presence of AL440. Exposure of Vero cells to the prototype ZIKV MR766 strain (MOI, 0.2)
along with AL440 at different concentrations. Fluorescence images were acquired 72 h postinfection. (A)
Cell control. (B) Virus control. Strains were exposed to 20 uM (C), 10 uM (D), 2 uM (E), and 0.4 uM (F)
AL440.

was only inhibited by approximately 25% when AL439 and AL440 were added 2 h
postinfection (p.i.). Addition of compounds at later time points did not affect viral
infection. Results obtained using dextran sulfate (DS; entry inhibitor) and 7-deaza-2'-
C-methyladenosine (7DMA; viral polymerase inhibitor) are also represented in Fig. 3.
Specifically, DS showed a suppression of viral infection during the early stages (=2 h
and 0 h p.i.), while 7DMA was able to limit the infection even at 12 h p.i. Based on these
data, we suggest that AL439 and AL440 interfere with the early stages of viral infection.
To further confirm these findings, a subgenomic replicon assay was carried out. In
particular, different concentrations of AL439 and AL440 were added to BHK/DENYV cells.
Based on the data shown in Fig. 3B, we observed that neither compound inhibited
replication (no change in luciferase activity), indicating an interaction with the struc-
tural proteins of the virus. However, we noticed that treatment of cells with 100 uM
molecules led to a decrease in luciferase activity. This observation can be explained by
the increased cellular cytotoxicity. A comparable result was obtained for the reference
entry inhibitor (DS). On the other hand, 7DMA presented a strong inhibition of viral
replication (approximately 100% luciferase reduction was observed at 20 uM).

Antimicrobial Agents and Chemotherapy

TABLE 6 Antiviral activity of AL439 and AL440 against several DENV laboratory and clinical strains in Vero cells

ECso (M)

Laboratory Clinical
Compound DENV1 Djibouti DENV2 NGC DENV3 H87 DENV4 Dak DENV1 DENV2 DENV3 DENV4
AL439 1.7 £04 36+ 1.1 39*30 73*28 1.5%0.2 24 *+09 1.1 £0.1 1.2+0.1
AL440 25+08 35*29 5.1%45 57*1.1 21*+03 25*0.7 55+25 44 +0.2
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TABLE 7 Antiviral activity of AL439 and AL440 against several ZIKV laboratory and clinical
strains in Vero cells

ECso (M)
Clinical strain
Compound Laboratory strain MR766 PRVAVC59 FLR
AL439 58+ 1.1 52*+06 45*1.0
AL440 33+£14 4.0=*0.7 0.7 0.2

In addition, we examined the effect of AL439 and AL440 on DENV attachment.
Specifically, we incubated Vero cells in the presence of several concentrations of AL
molecules along with a DENV?2 strain for 2 h at 4°C, allowing viral attachment to the
cells. Cells then were washed and incubated with medium for an additional 72 h.
Interestingly, we observed that virus infection can be effectively inhibited even if the
compounds were removed 2 h p.i. (EC5, for AL439 and AL440, 3.6 = 0.04 uM and
3.8 = 0.1 uM, respectively). These findings are quite comparable to our observations
from the initial screening and indicate that our compounds interfere with the attach-
ment of the virus to the cells, corroborating the results that we obtained from the
aforementioned assays.

AL compounds interact with DENV particles in a direct way. To find out whether
AL440 directly interacts with the virus, an ultrafiltration assay was performed. Specifi-
cally, viral stock was incubated with AL440 at different concentrations (50 uM, 10 uM,
and 2 uM) for 1 h. The samples then were passed through a concentrator filter unit
(10-kDa cutoff) to remove any unbound material (due to smaller size), and the retained
fraction on the filter was evaluated in a plaque assay for inhibition of viral infectivity. As
shown in Fig. 4A, cells were completely infected after their treatment with 2 uM AL440.
On the other hand, incubation of cells with 10 uM resulted in a reduction of the
number of viral plaques. Finally, the presence of AL440 at the highest concentration
(50 uM) protected the cells from viral infection (less than 10 viral plaques were
observed). As expected, incubation with epigallocatechin gallate (EGCG; 0.1 mg/ml,
positive control) demonstrated a decrease in the number of viral plaques. Furthermore,
these findings were confirmed by the virus inactivation assay. More specifically, viral
particles were allowed to incubate with 10 uM AL440 and the sample was subsequently
diluted to a suboptimal concentration (conditions where the compound is no longer
active while viral particles are still present and infectious, unless they are inactivated by
the molecule) before infecting the cells. As shown in Fig. 4B, the presence of AL440 led
to protection of the cells. On the other hand, absence of AL440 (virus control) resulted
in the complete destruction of the cell monolayer. The data described above clearly
showed that AL440 had a direct impact on free viral particles as such.

AL compounds inhibit DENV infection by interacting with domain lil of the
virus envelope protein. To investigate the potential binding of AL439 and AL440 to
envelope (E) glycoprotein of DENV, a surface plasmon resonance (SPR) analysis was
implemented. As shown in Fig. 5, AL compounds were able to bind to E protein
(domain 1ll) in a dose-dependent manner. More specifically, the binding capacity
(association phase corresponding to response units) of AL440 was slightly stronger
than that of AL439 (Fig. 5A and B). However, both molecules presented a similar
binding profile, with an association phase from 0 to 125 s, followed by an immediate
dissociation phase, where the compounds leave from the target protein. In addition, DS
(positive control) showed a strong interaction with the E protein of DENV. In contrast,
the negative-control AL438 (a compound from our series displaying no antiviral activity
against DENV; Table 1) showed no interaction with the E protein (Fig. 5C and D).
Comparison between AL molecules and DS revealed distinct differences, as the binding
efficiency of DS to E protein was more pronounced (approximately 2 X stronger) and its
full dissociation from the target appeared at later time points than those for AL439 and
AL440 (Fig. 5A to Q).
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FIG 3 AL compounds inhibit infection during the early stages without any effect on the replication complex. (A, upper) Schematic
representation of the time-of-drug-addition assay. (Lower) Pretreatment of cells with the compounds during the first hours (—2 h and
0 h) inhibits DENV infection. No inhibition was noticed after addition of the molecules at later time points (2 h to 18 h). The AL
analogues (green-red) show a profile similar to that of the established entry inhibitor DS (blue). On the other hand, viral polymerase
inhibitor 7DMA (black) is able to suppress the infection even at later stages (12 h p.i.). Dashed line represents virus control. (B) Stably
transfected BHK cells with a DENV subgenomic replicon were incubated with serial dilutions of AL molecules (0.8 to 100 uM). A
decrease in the luciferase activity was only observed for the replication inhibitor 7DMA but not for AL439, AL440, and DS (blue).
Incubation of AL439 and AL440 at the highest concentration led to the reduction of cellular metabolism (red). All data are averages

from two independent experiments.

DISCUSSION

In this study, a library of several classes of molecules was tested against DENV
and ZIKV to evaluate their activity. Among these, a new generation of Trp trimers
and tetramers was identified to have broad-spectrum activity against several lab-
oratory and clinical strains of both flaviviruses.
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FIG 4 AL compounds interact with the viral particles. (A) Ultrafiltration. EGCG (0.1 mg/ml) and different
concentrations of AL440 were mixed with DENV2 stock and further passed through a filter unit.
Incubation of each sample (retained at the filter) on BHK cells showed that increasing concentrations of
the compound reduce the number of viral plaques compared to that of virus control. (B) Virus
inactivation. DENV2 stock treated with 10 uM AL440 was subsequently diluted 100 times, and the
mixture was used to infect BHK cells. The diluted sample demonstrated a strong inhibition of viral
infection compared to that of the virus control (no treatment with AL440).

To define the structural requirements, which are crucial for the antiviral activity of
the molecules, SAR studies were performed. Most modifications took place at N1 and
C2 positions of the indole side chain of tryptophan and clearly showed the importance
of extra phenyl rings bearing substituents different from -COOH at these positions for
the antiviral activity. However, no substituent leads to loss of antiviral activity. Intro-
duction of -COOH on the indole side chain results in an increase not only in the size of
the molecule but also the density (charge distribution), leading to the conclusion that
different parameters might have an effect on the potency of molecules. We also
showed that the increasing number of Trp residues on the central scaffold of molecules
slightly increases their inhibitory activity, as indicated from the comparison of AL439
(three groups) and AL442 (one group), allowing us to conclude that there is a certain
degree of multivalence that contributes to the enhancement of antiviral activity.
Regarding the tetramer derivative, elevated cytotoxic levels could be explained by its
physiochemical properties and, more specifically, the increased lipophilicity that deter-
mines parameters, such as the absorption and cytotoxicity of a molecule (35, 36). To
ascertain the mode of action of this series of molecules, the most potent compounds
(AL439 and AL440) were chosen for further analysis.

Screening studies showed that AL439 and AL440 are active against several labora-
tory and clinical strains of both flaviviruses. However, slight differences in antiviral
activity against these strains can be explained by several conformational changes on
the target protein (37). In addition, we noticed that these molecules are active in all
tested cell lines (ECs, for DENV2 and ZIKV, 0.5 to 7.6 uM and 0.3 to 5.8 uM, respectively);
however, they also presented different cytotoxic profiles. More specifically, AL439 and
AL440 displayed higher cytotoxic levels in HUVEC and Jeg3 cells (CCs,, <50 uM) than
the other cell lines. A reason for this observation is that the molecules follow a distinct
pattern for their activity and, possibly, they are able to influence several metabolic
processes, affecting cell viability (38).

Time-of-drug-addition and subgenomic replicon experiments showed that these
analogues act during the early stages of viral replication, possibly on the entry process.
To further determine which step of virus entry is targeted, an attachment assay was
performed. In this experiment, inhibition of viral infection was observed even after the
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FIG 5 Surface plasmon resonance technology shows the interaction of AL compounds with domain IIl of
the DENV envelope protein. Sensograms show the binding signal between the envelope protein of DENV
(domain I) and the AL compounds. Twofold serial dilutions of AL439 (A) and AL440 (B) were added to
the chip (the concentration of each analogue is shown in nanomolar range). The binding capacity is
measured from 0 s to 125 s, followed by the quick dissociation phase. The binding profiles of DS (C) and
AL438 (D) are also depicted. The y axis indicates the resonance signal in resonance units (RU), whereas
the x axis represents the time of experiment (seconds).

removal of compounds 2 h p.i. We confirmed these data by SPR, where both analogues
displayed an interaction with domain Il of E glycoprotein (located at the C terminus).
This particular domain participates in cell receptor recognition and contains antigenic
epitopes that interact with potent neutralizing antibodies (39-42). Blocking this part of
the protein has an unfavorable impact on viral entry into host cells (43). Interestingly,
we observed a difference in binding capacity between the DS and AL analogues with
E protein. We hypothesize that the binding site on viral E glycoprotein has positively
charged residues to form interactions with the negative charges of the Trp residues and
the extra phenyl rings on the N1 or C2 indole side chains in a weaker manner (faster
dissociation rate) than the DS-E interaction (44). Unfortunately, we were not able to
determine the apparent equilibrium dissociation constant (K,,) values for the binding of
AL439 and AL440 to domain Il of the viral E glycoprotein. This could be due to
self-aggregation problems that give a prominent and constant signal, which results in
nonsaturation of the whole complex (45). In addition, the fact that the dissociation
phase of our molecules is too fast (Fig. 5A and B) can be explained not only by the
nature of the analogues (typical SPR profile of small molecules) but also due to the
presence of an additional binding site(s) on other parts of the envelope protein.

Furthermore, several AL derivatives included in this study were also evaluated
against HIV-1 (strain NL4.3) replication. Interestingly, we observed that AL439 and
AL440 were not active at concentrations of up to 40 uM, while AL437 and AL455 (not
active against DENV and ZIKV) showed activity in the low micromolar range (ECs,, 10
1M and 2.4 uM, respectively). These findings clearly suggest that the activity of AL439
and AL440 is specific against DENV and ZIKV.

In the literature, there are several reports about the role of polyanions as entry
inhibitors, especially against HIV infections (46, 47). One of the main advantages of this
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interesting class over small-molecule drugs is their ability to bind to the target in a
multivalent way, making them promising antiviral candidates (48). Comparison be-
tween our molecules and the established entry inhibitor DS (the control in this study)
revealed numerous advantages, as AL439 and AL440 have a precise structure, well-
defined composition, and moderate molecular size. These properties provide higher
diffusion rates of these compounds than the sulfated polysaccharide DS (49). In
addition, the sulfated groups (-OSO;H) present on DS can be exposed to changes in the
human microenvironment that lead to the loss of its activity (50). However, some
problems associated with polyanionic substances should also be noted, as poor ab-
sorption, anticoagulant properties, and reduced in vivo efficacy have been considered
major drawbacks for their use as antiviral agents (51). Based on the synthetic accessi-
bility of our molecules and the aforementioned reasons, defined molecular structure,
relatively moderate molecular weight, and the presence of COOH instead of OSO5H can
increase the therapeutic properties of these compounds to levels that might be
broader than those of DS.

To summarize, a novel class of Trp trimers and tetramers has been synthesized and
evaluated for its antiviral activity against two emerging flaviviruses, DENV and ZIKV.
These compounds were active in the low micromolar range against several strains of
different susceptible cell lines. The mechanism of action was also determined, suggest-
ing their role as entry inhibitors through interaction with the DENV E protein. Finally,
taking into account the high degree of conservation in nucleotide/amino acid se-
quences among different flaviviruses, the assessment of antiviral activity of these
compounds should be performed against other members of this family, such as yellow
fever and Japanese encephalitis virus, to determine their efficacy and qualify them as
potential antiviral agents with broad-spectrum activity.

MATERIALS AND METHODS

Cell lines and viruses. African green monkey kidney cells (Vero; ATCC) and human lung epithelial
adenocarcinoma cells (A549; ATCC) were grown in Eagle minimum essential medium (1X MEM-Rega3;
Gibco, Belgium) supplemented with 8% fetal bovine serum (FBS; HyClone), 1 mM sodium bicarbonate
(Gibco), 2 mM L-glutamine (Gibco), and 1X nonessential amino acids (100X; Gibco). Baby hamster kidney
cells (BHK; kindly provided by M. Diamond, Washington University, USA) and hepatocarcinoma cells
(Huh) were grown in Dulbecco’s modified Eagle medium (1X DMEM; Gibco) supplemented with 10%
FBS, 1 mM sodium pyruvate (Gibco), 0.01 M HEPES (Gibco), and 1X nonessential amino acids. Placenta
choriocarcinoma cells (Jeg3; ATCC) were grown in 10% FBS, 1 mM sodium pyruvate, and 1X nonessential
amino acids. Finally, low-passage-number human umbilical vein endothelial cells (HUVEC; Lonza) were
grown in endothelial cell growth basal medium 2 (EBM-2; Lonza) supplemented with an EGM-2
SingleQuots kit (Lonza). All cell lines were maintained at 37°C in a humidified 5% CO, incubator.

Several laboratory and clinical strains of DENV and ZIKV were used in this study. DENV serotype 1 to
4 clinical isolates were obtained by Kevin Arién from the Institute of Tropical Medicine (ITM; Antwerp,
Belgium). All samples for routine diagnostics from patients presenting at the ITM polyclinic are stored
after completion of the routine tests. The ITM has a policy that sample leftovers of patients presenting
at the ITM polyclinic can be used for research unless the patients explicitly state their objection. The
Institutional Review Board of ITM approved the policy of this presumed consent, as long as patients’
identity is not disclosed to third parties. DENV was isolated from stored serum samples from previously
diagnosed acute dengue infections. Laboratory-adapted DENV serotype 1 Djibouti strain D1/H/IMTSSA/
98/606 (GenBank accession number AF298808.1) (52), DENV serotype 3 H87 prototype strain (M93130.1)
(53), and DENV serotype 4 Dak strain HD 34460 (MF004387.1; unpublished data) were kindly provided by
X. de Lamballerie (Université de la Méditerranée, Marseille, France). Laboratory-adapted DENV serotype
2 New Guinea-C strain (NGC; M29095.1) (54) was a kind gift from V. Deubel (formerly at Institute Pasteur,
Paris, France). Finally, the prototype ZIKV strain MR766 (MK105975.1; ATCC) and two clinical strains,
PRVAVC59 (MH916806; ATCC) and FLR (KX087102.2; ATCC), were also tested. All viral strains were
propagated in C6/36 mosquito cells from Aedes albopictus (ATCC). The viruses present in the supernatant
of these cells were collected 5 to 6 days postinfection (p.i.) and stored at —80°C. Titration of the virus was
performed by plaque assay using BHK cells. More specifically, serial 10-fold dilutions of each viral strain
were inoculated for 2 h at 37°C on BHK cells (8 X 105 cells/well) grown in 6-well plates (Corning, USA).
Cells were washed twice with infection medium (DMEM-2% FBS) and incubated with an overlay
containing 2% Avicel (IMCD Benelux) and DMEM with 2% FBS at a 1:1 ratio for 30 min at room
temperature. The cells were incubated for 5 days at 37°C and then washed with cold phosphate-buffered
saline (PBS), fixed with 70% ethanol, and finally stained with 0.1% crystal violet. The viral titer was
calculated by counting the number of plaques and expressed as PFU per milliliter.

Cell viability and antiviral activity. All tested compounds were dissolved in dimethyl sulfoxide
(DMSO). A final concentration of DMSO was maintained at 0.01% to evaluate its potential effect in all
performed cellular assays.
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The viability of cells in the presence of the compounds was assessed by the MTS method [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; Promega, Leiden,
The Netherlands]. More specifically, every cell line was seeded at 10* cells/well in a 96-well plate (Corning,
USA). After 24 h, cells were incubated with 5-fold serial dilutions of each compound (range, 0.8 uM to
100 wM) for 72 h. The medium then was replaced by 50 ul of 0.2% MTS in PBS and incubated for 3 to
4h at 37°C. The CC,, values (compound concentration reducing the number of cells by 50%) were
determined by measuring the optical density at 490 nm (SpectraMax Plus 384; Molecular Devices).

For antiviral testing, cells were seeded at 10* cells/well (100 ul of infection medium) in 96-well plates.
After an overnight incubation, compounds were added in 5-fold serial dilutions as previously described.
Cells were infected at different multiplicities of infection (MOI of 1 for DENV and 0.2 for ZIKV). After 2 h,
cells were washed to remove unbound viral particles and further incubated with new medium in the
presence of the compounds. Supernatant was collected 72 h p.i,, and the virus yield was measured by
the Cells Direct one-step quantitative reverse transcription-PCR (qRT-PCR) kit (Thermo Fisher) according
to the manufacturer’s instructions. RT-PCR was performed using the ABI 7500 Fast real-time PCR system
(Applied Biosystems, NJ, USA), and all data were analyzed with ABI PRISM 7000 software (v2.0.5; Applied
Biosystems). The primer and probe sequences used for qRT-PCR were 5'-GGA TAG ACC AGA GAT CCT
GCT GT-3’ (DENV 1-4 forward), 5'-CAT TCC ATT TTC TGG GGT TC-3' (DENV 1-3 reverse), 5'-CAA TCC ATC
TTG CGG CGC TC-3' (DENV 4 reverse), 5'-FAM-CAG CAT CAT TCC AGG CAC AG-MGB-3' (DENV 1-3 probe),
5'-FAM-CAA CAT CAA TCC AGG CAC AG-MGB-3" (DENV 4 probe), 5'-TGA CTC CCC TCG TAG ACT G-3'
(ZIKV forward), 5'-CAC CTT TAG TCA CCT TCC TCT C-3’ (ZIKV reverse), and 5'-6-FAM/AGA TCC CAC/ZE
N/AAA TCC CCT CTT CCC/3IABKFQ-3" (ZIKV probe). Finally, the amplification conditions were 50°C for
15 min, 95°C for 2 min, and then 45 cycles of 95°C for 15 s and 60°C for 1 min. The infection efficiency was
calculated using a curve of serial dilutions of standard samples for each virus. All data were analyzed in
GraphPad Prism 7 software.

Antiviral activity in MDDC. Peripheral blood mononuclear cells (PBMCs) obtained from four
different healthy donors (provided from Rode Kruis Vlaanderen, Leuven, Belgium) were resuspended in
Roswell Park Memorial Institute medium (RPMI 1640) supplemented with 10% FBS and 2mM
L-glutamine. The next day, cells were stimulated with 50 ng/ml of granulocyte-macrophage colony-
stimulating factor and 25 ng/ml of interleukin-4 and seeded in a 6-well plate (1.5 X 10° cells/well) for
5 days at 37°C to obtain MDDCs. The cells were seeded at 3 X 104 cells/well in 24-well plates (Corning,
USA) and incubated with the compounds in 5-fold serial dilutions for 30 min. DENV-2 NGC or ZIKV MR766
then was added to the cells. After 2 h, MDDCs were centrifuged and washed two times with fresh
medium. Finally, cells were incubated in infection medium (RPMI, 2% FBS) for 48 h, collected, and then
subjected to one-step qRT-PCR analysis.

Immunofluorescence assay. Vero cells (10 cells/well) were seeded in a black 96-well plate (Falcon,
Germany). After 24 h, cells were infected with ZIKV MR766 at an MOI of 0.2 in the presence of AL440
(concentrations of 20 uM, 10 uM, 2 uM, and 0.4 uM) at 37°C for 2 h. Cells were washed twice with PBS
to remove the unbound viral particles and incubated at 37°C with infection medium for 72 h. Cells next
were fixed for 5 min with 2% paraformaldehyde (PFA; Sigma-Aldrich, USA) at room temperature and
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, USA) for 10 more minutes. In addition, 1% bovine
serum albumin (BSA; Cell Signaling Technology, The Netherlands) diluted in PBS was used to block the
fixed cells for 1 h. After two washing steps, cells were 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. The nucleus was stained with 4’,6-diamidino-2-phenylindole (DAPI;
Invitrogen). Fluorescence microscopy was performed on a Zeiss Axiovert 200M inverted microscope
(Germany) using a 10X enhanced green fluorescent protein objective.

Time-of-drug-addition assay. Vero cells (10* cells/well) were seeded in a 96-well plate and infected
with DENV-2 NGC strain at an MOI of 1 for 2 h. Cells were washed and treated with an active
concentration of each compound (3-fold higher than EC,, values) at different time points before (2 h)
and after (0, 2, 4, 6, 8, 12 and 18 h) infection. After 20 h (time point corresponding to one complete viral
replication cycle), cells were collected and the viral RNA levels were measured by real-time RT-PCR. In
addition, dextran sulfate (DS), with an average molecular weight of 8,000 Da, and 7-deaza-2'-C-
methyladenosine (7DMA) were included as reference compounds. DS is a negatively charged inhibitor of
the entry/fusion process, while 7DMA is a nucleosidic viral polymerase inhibitor. Both compounds were
added at a 10 uM final concentration.

Subgenomic replicon assay. To evaluate whether the compounds interact with the nonstructural
(NS) proteins or the replication complex (indirectly), BHK cells stably transfected with a DENV sub-
genomic replicon (BHK/DENV; obtained from M. Diamond) were used. The replicon system encodes all
NS proteins, as well as a Firefly luciferase expression cassette, instead of prM and E proteins of a DENV2
viral strain. Briefly, BHK/DENV (6 X 103 cells/well) was seeded in DMEM-2% FBS supplemented with
3 ng/ml puromycin for antibiotic selection (Sigma-Aldrich, USA) in a white-bottom 96-well plate (Nun-
clon Delta Surface; ThermoFischer Scientific). The next day, serial dilutions of AL439 and AL440 were
added to the cells. After 3 days, supernatant was removed, cells were washed with PBS, the Renilla-Glo
luciferase assay reagent (ThermoFischer Scientific) was added to each well, and the plate was incubated
for 15 min. Finally, luminescence was measured at 490 nm (Tecan Spark 10M multimode microplate
reader; BioExpress). DS and 7DMA were included as control compounds, while the cytotoxicity of the AL
compounds in BHK/DENV cells was determined in parallel using the MTS method described above.

Viral attachment assay. Vero cells were exposed to DENV2 NGC (MOI of 1) in the presence of
different concentrations of compounds (40 uM, 20 uM, 10 uM, 5 uM, and 2.5 uM) for 2 h at 4°C
(condition that allows virus attachment but no internalization). Cells were washed twice with infection
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medium to remove nonspecific material and incubated at 37°C (facilitates virus entry/fusion) without the
compounds for 72 h. Supernatant was collected and virus yield was measured by one-step real-time
RT-PCR.

Ultrafiltration and virus inactivation assay. Direct interactions between AL440 and the DENV2
NGC strain were evaluated using two different methodologies.

First, in the ultrafiltration assay, viral stock (10* PFU) was incubated with different concentrations of
AL440 (2 uM, 10 uM, and 50 uM) at 37°C for 1 h. Each sample was further passed through a 10-kDa-cutoff
concentrator filter unit (Vivaspin 500; Vivaproducts), followed by three centrifugation steps, in order to
allow nonbinding, free compound (<10kDa) to infiltrate. The fraction retained by the filter (virus-
compound complex) was added into BHK cells for a plaque assay. Epigallocatechin gallate (EGCG;
0.1 mg/ml) was used as a positive control to assess the specificity of the assay, as it has been shown to
interact with the viral particles. Viral stock was also incubated without the presence of the compounds
(virus control) and treated the same way. Finally, an equal volume of normal medium was added to
control plates. The presence/number of plaques was evaluated per condition and compared with the
virus control.

Second, during the virus inactivation assay, aliquots of DENV2 stock (10 PFU) were incubated with
a concentration of AL440 (10 uwM) able to inhibit viral infection at 37°C for 1 h. Sample was next diluted
100 times with fresh medium to reach a concentration of the compound below the EC,, values and used
to infect susceptible Vero cells. Virus infectivity was further assessed by the plaque reduction assay
(titration) using BHK cells. Virus and cell controls were also included.

SPR technology. To study interactions of the compounds with the envelope protein of DENV, SPR
analysis was performed on a Biacore T200 instrument (GE Healthcare, Uppsala, Sweden). Briefly, domain
Il of the recombinant envelope protein (GenWay Biotech Inc., San Diego, CA) of DENV2 was immobilized
on a CM5 sensor chip in 10 mM sodium acetate buffer, pH 5, using standard amine coupling chemistry,
resulting in a chip density of 250 RU. A reference flow cell was used to evaluate nonspecific binding to
the chip. AL439 and AL440 were diluted in PBS supplemented with 0.005% surfactant P20 and 5% DMSO
(pH 7.4) to obtain different concentrations between 1.25 uM and 20 uM (in 2-fold dilution steps). AL438
was included as a negative control in this study. Samples were injected for 2 min at a flow rate of
30 pl/min, and the dissociation was monitored for 4 min. Several buffer blanks were used for double
referencing. The chip was finally regenerated with 1 M NaCl in 10 mM NaOH followed by 10 mM
glycine-HCl, pH 1.5. All responses were adjusted for DMSO effects using a solvent correction procedure.

Data availability. Accession numbers (GenBank) for each viral strain are AF298808.1 (DENV serotype
1 Djibouti D1/H/IMTSSA/98/606 strain), M29095.1 (DENV serotype 2 NGC strain), M93130.1 (DENV
serotype 3 H87 strain), MF004387.1 (DENV serotype 4 Dak strain), MK105975.1 (ZIKV MR766 strain),
MH916806.1 (ZIKV PRVAVC59 strain), and KX087102.2 (ZIKV FLR strain).
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