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Abstract Mayaro virus (MAYV) is an arthropod-borne virus

and amemberof the familyTogaviridae, genusAlphavirus. Its

infection leads to an acute illness accompaniedby long-lasting

arthralgia. To date, there are no antiviral drugs or vaccines

against infectionwithMAYVand resources for theprevention

or treatment of other alphaviruses are very limited. MAYV

has served as amodel to study the antiviral potential of several

substances on alphavirus replication. In this work we evalu-

ated the antiviral effect of seven newderivatives of thieno[2,3-

b]pyridine against MAYV replication in a mammalian cell

line. All derivatives were able to reduce viral production

effectively at concentrations that were non-toxic for Vero

cells. Molecular modeling assays predicted low toxicity risk

and goodoral bioavailability of the substances in humans.One

of the molecules, selected for further study, demonstrated a

strong anti-MAYV effect at early stages of replication, as it

protected pre-treated cells and also during the late stages,

affecting virus morphogenesis. This study is the first to

demonstrate the antiviral effect of thienopyridine derivatives

on MAYV replication in vitro, suggesting the potential

application of these substances as antiviral molecules against

alphaviruses. Additional in vivo research will be needed to

expand the putative therapeutic applications.

Introduction

Forest regions have been suffering aggressive deforestation

over decades, and a critical outcome of this disruption is the

introduction of new arthropod-borne viruses (arboviruses)
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6 Laboratório de Modelagem Molecular e QSAR, Faculdade de
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into new ecological niches. Urban areas are now providing

ideal conditions for the establishment of several etiological

agents responsible for many medically important diseases.

About 200 arboviruses have been isolated in Brazil and

about 40 of these cause diseases in humans. Amongst them,

Dengue virus (DENV), and more recently Zika (ZIKV), and

Chikungunya (CHIKV) viruses have caused a profound

impact on the public health system in Brazil, triggering a

worldwide alert [1]. It has been suggested that following the

same trend, other arboviruses may emerge as they are

introduced into urban areas and then transmitted by the

highly anthropophilic Aedes genus [2].

Mayaro virus (MAYV), closely related to CHIKV and

other alphaviruses produces an acute, self-limited dengue-

like illness that is accompanied by long-lasting arthralgia

[3]. In forest areas, mosquitoes of the Haemagogus genus

transmit MAYV, but urban mosquitoes from the Aedes

genus can also propagate the virus [4], therefore, the

potential spread of MAYV is of significant concern.

MAYV has been isolated in Colombia, Venezuela, French

Guiana, Suriname, and the United States and cases of

imported infections have been reported in France, Holland,

Switzerland and Germany [5]. More recently in Brazil, six

cases of Mayaro fever have been identified in co-circula-

tion with dengue virus in the state of Mato Grosso, and

over 30 cases were reported in the state of Goiás [6].

Currently, there is no licensed vaccine or antiviral

treatment against MAYV [2]. Therefore, the search for

antiviral drugs against MAYV and other pathogenic arbo-

viruses is of great importance. MAYV has served as a

model for the study of the antiviral activity of several

substances on alphavirus replication, such as weak bases

[7], prostaglandins [8], brefeldin [9], monensin [10],

pyrazolo/pyridine compounds [11], quercetin [12] and

Cassia australis extracts [13].

It has also been shown that derivatives of the

thienopyridine system present many biological activities,

mainly directed against proteins involved in cell prolifer-

ation and tumor development [14, 15]. As changes in cell

proliferation are induced by a variety of viruses to promote

viral replication, several studies correlate antitumor activ-

ity with antiviral activity in heterocyclic molecules [16].

Thienopyridine derivatives induce coronary endothelium

cells to release nitric oxide [17], which is an important cell

signaling molecule with antimicrobial activity against

bacteria, protozoa and some viruses [18]. Recently, new

derivatives of the thieno[2,3-b]pyridine system were syn-

thesized and shown to present giardicidal activity [11].

These derivatives are structurally related to molecules with

reported antiviral activity [19, 20]. Therefore, study on the

antiviral activity of thienopyridine derivatives is a

promising field. The aim of the current work was to eval-

uate the antiviral activity of synthetic thienopyridine

derivatives against MAYV in vitro, and to perform pre-

liminary studies for their potential use as antiviral drugs.

Material and methods

Cells and viruses

African green monkey kidney (Vero) cells were obtained

from the Pan American Health Organization (Rio de

Janeiro, Brazil). Cells were grown in Dulbecco’s Modified

Eagle’s Medium (DMEM, Gibco) supplemented with 5%

bovine fetal serum (FBS, Gibco), 0.23% NaHCO3, 0.0025

mg/mL amphotericin B (Fungizone, Gibco), 500 U/mL

penicillin and 0.1 mg/mL streptomycin. The cells were

maintained at 37 �C and 5% CO2 atmosphere. MAYV was

obtained from American Type Culture Collection (ATCC

VR 66, strain TR 4675). Viruses were propagated in Vero

cells, and virus titers were determined by plaque assay

[21].

Pyridine derivatives

Synthesis of the thieno[2,3-b]pyridine derivatives, as well

as the first studies on their biological activities, are pub-

lished elsewhere [11]. The structures of these derivatives

are presented in Fig. 1. All derivatives differ only in the

nature (H, –CH3, –NO2 and –F) and position (para or meta)

of the radical in the phenyl ring. The molecules were

synthesized by the Laboratório de Sı́ntese de Heterociclos

from the Universidade Federal Fluminense (UFF), main-

tained at 50mM in DMSO and stored at -20 �C. Ribavirin
was obtained from Sigma-Aldrich, US.

Cytotoxicity assay

Cytotoxicity of the thienopyridine derivatives on Vero cells

was tested in vitro using the neutral red dye uptake method

[22]. Briefly, 2 x 104 Vero cells were seeded into each well

of a 96-well plate and were incubated for 24 hours at 37�C
with different concentrations (from 3.125 to 800 lM) of

Fig. 1 Structures of the thieno[2,3-b]pyridine-5-carbonitrile

derivatives
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each test molecule, diluted in DMEM (containing 2% fetal

serum). After this period, cells were then rinsed with PBS

and incubated for 3 hours with 0.05% neutral red solution

prepared in serum-free DMEM. Next, cells were rinsed a

second time and fixed with 20% paraformaldehyde for 5

minutes. The incorporated dye was extracted with 50%

methanol and 1% acetic acid for 20 minutes, and the

resulting optical density of the solution was determined at

490 nm wavelength using a microplate reader. Cells treated

with DMSO (0.4%) in DMEM were used as a control. The

relative cell viability was calculated as a percentage com-

paring treated to mock-treated cells. Concentrations that

maintained greater than 90% cell viability after treatment

were considered non-toxic [22].

Infectious virus TCID50 assay

To evaluate whether thienopyridines molecules affect the

replication of MAYV, 2 x 105 Vero cells were seeded into

each well of a 24-well plate the day before infection. The

virus inoculum was diluted to a multiplicity of infection

(MOI) of 0.05 in DMEM without serum. After 1 hour of

adsorption at 37 �C, virus inoculum was removed by

aspiration, cells were washed with PBS to remove unbound

viruses, and fresh medium was added with the indicated

concentration of the compound. Infected cells were also

treated with culture medium containing 1% DMSO to

determine the residual antiviral effect of the vehicle, and

200 lM of Ribavirin as a positive control for antiviral

activity. After 24 hours of incubation at 37 �C, the culture

medium was collected, and infectious virus yield in the cell

supernatant was determined by titration using the TCID50

assay in Vero cells [23].

Metabolic labeling of proteins

2 x 105 Vero cells cultivated in Kimble flasks (Thomas

Scientific, USA) were infected with MAYV at an MOI of

1.0. After 1 hour of adsorption, the inoculum was aspirated

and culture media containing 100 lM of the substance 104

was added to the cells, with incubation then allowed to

proceed for 6 hours. Cells were then washed with PBS

prior to starvation in DMEM without L-cysteine and

L-methionine for 1 hour. After this period, the starvation

medium was supplemented with 60 uCi/mL [35S]

methionine and cells were incubated for an additional hour.

Cells were then washed with PBS and lysed in 80 lL of

loading buffer (0.08M pH 6.8 Tris-HCl, 10% glycerol,

2.3% SDS, 0,002% bromophenol blue and 5% b-mercap-

toethanol). The cell proteins were analyzed by SDS-PAGE

as described by Laemmli [24]. Gel slabs were autoradio-

graphed with Kodak X-Omat K film. MAYV proteins were

identified by estimation of their molecular weight as

compared to reference protein standards. Densitometry

quantification of each band was determined by ImageJ

version 1.49 software analysis.

Time of addition assay

To determine which stage of the viral life cycle was affected

by the drug, the effects of simultaneous treatment, pre-

treatment and post-treatment were evaluated. Monolayers of

Vero cells grown in 24-well plates, as previously described,

were infected with MAYV at an MOI of 0.05 at time zero.

Cells were treated with the drug (substance 104 diluted in

culture medium) to a final concentration of 100 lM for 1, 2

or 3 hours before infection (t = -1, -2 and -3) to evaluate pre-

treatment effects, at the moment of viral adsorption at 37 �C
(t = 0), for simultaneous treatment, and at 1, 2 or 3 hours

after virus adsorption (t = 1, 2 and 3), to evaluate post-

treatment conditions. The cells were incubated at 37 �C for 5

hours after adsorption, when the supernatants were col-

lected. All virus titers were determined for each treatment by

plaque forming assay on Vero cells. Briefly, after 1 hour of

adsorption at 4 �C, cells were washed three times with PBS

and overlaid with 3% carboxymethylcellulose in culture

medium. After 72 hours of incubation at 37 �C, cells were
fixed with 20% formaldehyde for 2 hours and stained with

crystal violet for 5 minutes. The plaques formed after each

treatment were counted and the titer calculated.

Measurement of virucidal activity

To evaluate whether substance 104 has a direct effect on

virus infectivity, approximately 250 plaque forming units

of MAYV were incubated at 37 �C in DMEM containing

the drug at the indicated concentrations. As a control, the

same amount of virus was incubated in DMEM containing

1% DMSO. The remaining virus titer obtained after each

treatment was determined by plaque assay on Vero cells, as

described above.

Attachment assay

Vero cell monolayers grown in 6-well plates were pre-

chilled at 4 �C for 10 minutes and infected with MAYV

diluted in medium to approximately 250 PFU per well, in

the absence or presence of substance 104 at a final con-

centration of 100 lM. After 1 hour of adsorption at 4 �C,
the unabsorbed virus was removed by washing the mono-

layer with cold PBS and then cells were overlaid with 3%

carboxymethylcellulose in culture medium. After 72 hours,

cells were fixed with 20% formaldehyde for 2 hours and

stained with crystal violet for 5 minutes. The plaques

formed after each treatment were counted and the titer

calculated.

Antiviral drugs against Mayaro virus 1579
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Transmission electron microscopy

2 x 106 Vero cells grown in 25 cm2 flasks were infected

with MAYV at an MOI of 0.05. After 1 hour of

adsorption, cells were treated with 100 lM of substance

104 and incubated at 37 �C for 8 hours. The monolayers

were then fixed and processed for transmission electron

microscopy using standard methods. Briefly, cells were

fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer,

pH 7.2, and afterwards treated with 1% OsO4 in 0.1 M

cacodylate buffer pH 7.2 plus 0.8% potassium ferro-

cyanide for 1 hour. Samples were then dehydrated in

ethanol and flat embedded in Polybed (Polysciences�).

Ultrathin sections were stained with 5% uranyl acetate

and lead citrate and observed using a Zeiss 900 trans-

mission electron microscope. The number of nucleocap-

sids in each condition was determined by ImageJ version

1.49 software analysis.

Molecular modeling

All molecular modeling calculations were performed

using the SPARTAN’10 program (Wavefunction Inc.).

Molecular structures were submitted in neutral states for

conformational analysis using Merck Molecular Force

Field (MMFF). The derivatives in their minimum energy

conformation were subjected to a geometry optimization

in a vacuum using the semi-empirical method PM6. To

evaluate the electronic properties, they were submitted to

a single-point calculation DFT B3LYP/6-31G* basis set.

Subsequently, the structural and electronic properties of

all structures were calculated, including Highest Occu-

pied Molecular Orbital (HOMO) and the Lowest Unoc-

cupied Molecular Orbital (LUMO) energy, orbital

coefficient and density, dipole moment and MEP maps

(molecular electrostatic potential). The three-dimen-

sional isosurfaces of the MEPs at the van der Waals

contact surface represent electrostatic potentials super-

imposed onto a surface of constant electron density

(0.002 e/au3) and were generated at a range of -70 to

?100 kcal/mol. These color-coded isosurface values

provide an indication of the overall molecular size and

location of negative (red) or positive (blue) electrostatic

potentials.

The pharmacokinetic profile of the thieno[2,3-b]pyridine

derivatives, critical for a compound’s oral bioavailability,

was also evaluated according to Lipinski’s ‘rule-of-

five’[25]. Further, the ADMET risk score, which computes

parameters like lipophilicity, permeability, hydrogen

bonding and toxicities values, was calculated using the

ADMET PredictorTM (Simulations Plus Inc., Lancaster,

CA, USA). As a control, we used ribavirin, an antiviral

drug.

Statistical analysis

All experiments were performed in triplicate, and the data

are presented as mean ± standard deviation (SD). A two-

tailed p-value of\0.05 in a Students t-test, comparing sets

of data, was considered to be statistically significant.

GraphPad Prism 6 was used to conduct statistical analyses

and to create graphs.

Results

Cytotoxicity assay

Cell viability in the presence of thienopyridine compounds

was assayed through use of the neutral red dye uptake

method. As a comparison, we used the broad spectrum

antiviral ribavirin, that has also been shown to have

antiviral activity against alphaviruses [26]. As shown in

Table 1, there was a remarkable difference in cytotoxicity

for the two isomers with a methyl motif, making the para-

substituted molecule (104) 5 times less toxic than its iso-

mer (103). In fact, molecule 104 (p-CH3) presented the

lowest cytotoxicity of all tested derivatives, including a

lower cytotoxicity in Vero cells than ribavirin. Regarding

the nitrite isomers, the para-substituted molecule (110) was

about 2 times less toxic than the meta-substituted isomer

(109), and both presented lower cytotoxicity to Vero cells

than ribavirin. Finally, both fluorine molecules (112 and

113) were more toxic to Vero cells than ribavirin and had

the largest differences in toxicity depending on the fluorine

position. The meta-substituted molecule (112) is almost six

times less toxic than the 113 isomer (para-substituted).

Treatment with 100 lM of molecules 103, 104 and 110, 50

Table 1 Effect of thieno[2,3-b]pyridine derivatives on Vero cell

viability and replication of MAYV

Molecule R *CC50 (lM) **IC50 (lM) ***SI

101 H 302.1 ± 21.2 11.7 ± 3.8 25.8

103 m-CH3 450 ± 8.0 20.1 ± 2.6 22.4

104 p-CH3 2500 ± 17.8 20.0 ± 2.9 125.0

109 m-NO2 760 ± 19 17.9 ± 2.3 42.4

110 p-NO2 1400 ± 90 69.5 ± 8.8 20.1

112 m-F 400 ± 3.4 9.4 ± 1.1 42.5

113 p-F 68.84± 3.3 [10 \6.88

Ribavirin 523.4 ± 42.3 62.5 ± 4.5 8.37

* CC50 - Concentration of the compound capable of reducing cell

viability by 50%; **IC50 - Concentration of the compound capable of

reducing the virus yield by 50%, when compared to control cells;
***SI - Selectivity Index (CC50/ IC50). SI values were obtained from

data obtained in cytotoxicity and antiviral assays and are expressed as

concentration (lM) ± SD
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lM of molecule 109 and 10 lM of molecules 112 and 113

(below the CC50 value) did not result in a significant dif-

ference in cell morphology and viability as measured by

the neutral-red dye uptake assay (data not shown), when

compared to mock-treated cells. Therefore, lower concen-

trations, than the ones referred to above for each drug, were

selected for the virus yield assay.

Molecular modeling

A molecular modeling approach was used to investigate

physicochemical properties of the thieno[2,3-b]pyridine

derivatives that could explain the different cytotoxicity and

antiviral activities presented in Table 1. To obtain the

lowest energy conformer, we carried out a conformational

analysis for each derivative by MMFF, where only the best

conformer (lowest energy) was kept. Results indicate that

the presence of the electron-withdrawing groups -NO2 and

-F causes an increase in activity when the substitution

occurs at the meta position of the ring (Table 2). The

overall analysis of HOMO and LUMO energies revealed

that electronegative groups cause a decrease in the values

of LUMO although both energies had no direct correlation

with the antiviral activity (Table 2). Likewise, the dipole

did not reveal further clues about the biological profile of

these derivatives (data not shown). The MEP maps (Fig. 2)

of derivatives 109 (m-NO2) and 110 (p-NO2) present the

most evident differences in the electronic profile.

The pharmacokinetic profile is crucial for a compound’s

oral bioavailability and was evaluated according to Lipin-

ski’s ‘rule-of-five’. This method analyzes features that a

drug should present to allow absorption and permeability

across membranes (i.e., molecular weight B500 Da, cLog P

B 5, the number of hydrogen-bond acceptors (nHBA) B

10, and the number of hydrogen-bond donors (nHBD) B 5

[25]. As shown in Table 3, our results indicate that all

thieno[2,3-b]pyridine derivatives fulfill these rules, sug-

gesting that these derivatives are potential drug candidates

with good oral bioavailability and low cytotoxicity.

Finally, the thieno[2,3-b]pyridine derivatives were sub-

mitted to in silico ADMET and toxicity risk analysis using

the Osiris Property Explorer program. As a control, we

used ribavirin, a drug already used in the market as a

broad-spectrum antiviral [26]. The ADMET Risk is a score

in the 0 to 24 range that indicates the number of potential

problems of absorption, distribution, metabolism, excretion

and toxicity a compound might have. The toxicity risk is a

score in the 0 to 7 range that indicates the number of

potential toxicity problems a compound might have,

including mutagenic, tumorigenic, irritant and reproductive

issues. The toxicity and ADMET risk analysis showed that

the molecules 101, 103, 104, 109 and 110 had scores

similar to ribavirin. Interestingly, compounds 112 and 113

had the lowest risk (Fig. 3).

The preliminary results obtained with these thienopy-

ridine derivatives as potential antiviral compounds

encouraged us to perform further studies on different stages

of the virus infection cycle, with one molecule selected

because of its very low toxicity and strong antiviral

activity, namely drug 104.

Table 2 Putative molecular stereoelectronic properties (HOMO

energy (EHOMO), LUMO energy (ELUMO) of the thieno[2,3-b]pyridine

derivatives

Molecule EHOMO (eV) ELUMO (eV)

101 -5.93 -1.33

103 -5.89 -1.29

104 -5.98 -1.13

109 -6.32 -2.44

110 -6.43 -2.38

112 -6.02 -1.56

113 -5.97 -1.34

Fig. 2 Molecular Electrostatic

Potential map (MEP) of the

thieno[2,3-b]pyridine-5-

carbonitrile derivatives. The

color-coded isosurface values

provide an indication of the

overall molecular size and

location of negative (red) or

positive (blue) electrostatic

potentials (color figure online)
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Virus yield assay

Evaluation of antiviral effect was carried out in Vero cells.

Vero cells were infected with MAYV using a multiplicity

of infection of 0.05 and treated for 24 hours with increasing

concentrations of the substances. The TCID50 method was

used to titrate virus yield, and the concentration capable of

reducing the virus yield by 50% (IC50) was obtained from

a dose-response graph and is presented in Table 1. Riba-

virin was used as a control.

Results showed that concentrations of the molecules

ranging from[10 to 69.5 lM led to a significant reduction

of infective viral yields, when compared to mock treatment,

and that the inhibitory effect was dose-dependent (Table 1

and data not shown). The cytotoxicity and antiviral effect of

derivative 104 are shown in detail in Fig. 4A. Cytotoxicity

was lower than 20% at all tested concentrations (Fig 4A,

open squares), whereas viral yield was reduced in a dose-

dependant fashion (Fig 4A, black circles). Selectivity

indexes (ratio CC50/IC50) were determined for each mole-

cule, rendering values from\6.88 to 125 unit (Table 1), the

latter one obtained for molecule 104, which was the drug

presenting the best selectivity index.

Metabolic labeling of proteins

To evaluate the effect of the 104 molecule on viral protein

synthesis, Vero cells were infected, and de novo synthesized

proteins were labeled with 35S-methionine. A severe shut-off

in cellular protein synthesis was observed in infected cells, a

well-documented feature of Alphavirus infections [27]

(Fig. 4B, compare lanes 1 and 2 with 3 and 4). The viral

protein precursors p62 and p130 and the viral proteins E1

and E2 were not detected in 104 treated cells (Fig. 4B, lane

2). Treatment with the 104 molecule also led to a 3-fold

reduction in capsid protein synthesis when compared to

control infected cells (Fig. 4B, compare lanes 1 and 2).

Time of addition assay

To address which stage of virus replication was affected by

drug 104, we added the molecule before, during and after the

addition of virus to the cells and measured the production of

infectious virus by plaque assay (Fig. 5). Ribavirin was used

as control as is known its antiviral action occurs at the viral

RNA replication stage. As result, we observed that ribavirin

has no antiviral effect when added 3 hours before infection,

and its antiviral action is potentiated when it is added imme-

diately before, simultaneously or after viral adsorption

(Fig. 5). For drug 104, a strong inhibitory effect was observed

when the drug was added before or simultaneously with the

viral inoculum (t = -3 to 0).When themoleculewas added one

Fig. 3 Toxicity risk assessment

and ADMET risk of the

thieno[2,3-b]pyridine-5-

carbonitrile derivatives

Table 3 Analysis of lipophilicity (cLog P), molecular weight (MW),

number of hydrogen bond donor groups (HBD) and number of

hydrogen bond acceptor group (HBA) parameters, according to Lip-

inski’s ‘rule of 5’

Molecule HBD HBA cLogP MW

101 1 4 3.58 251.31

103 1 4 3.89 265.34

104 1 4 3.89 265.34

109 1 7 3.45 296.31

110 1 7 3.45 296.31

112 1 4 3.64 269.30

113 1 4 3.64 269.30
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hour after virus infection (t = 1-3); however, this inhibition

only reached about 50%, when compared to the control.

Virucidal assay

Toevaluate thedirect effect ofdrug104onMAYVreplication,

a virucidal assay was performed. We observed a 50% reduc-

tion in virus titer after treatmentwith 100lMof drug 104 for 1

hourwhencompared to the virus titer obtained after incubation

of the viral inoculum with culture medium without the sub-

stance, under the same conditions (Fig. 6A and B). When the

effect was evaluated at different incubation times (20, 40 and

60 minutes), it was observed that significant virucidal effect

could be demonstrated only after 60 minutes of incubation

(Fig. 6C). Additionally, this effect was only observed at con-

centrations of over 25 lM, approximately (Fig. 6D)

Attachment assay

To evaluate the putative effect of molecule 104 during the

early steps of virus replication, we studied whether this

thienopyridine derivative could interfere with viral

adsorption, measured by assessing any effect on virus

production. Our results show that no significant differences

were detected in virus yield when Vero cells were infected

with MAYV pre-treated at 4 �C in the presence or absence

of 100 lM of molecule 104, (Fig. 7), indicating that

treatment did not interfere with viral adsorption.

Transmission electron microscopy

Previously (Fig. 5), we had observed that a certain level

of inhibition was maintained even when the 104 molecule

was added later in infection, indicating that one of the

targets for this antiviral drug may be late events in viral

Fig. 4 Cytotoxicity and antiviral effect of drug 104. A. Circles:

Monolayers of Vero were infected with MAYV at an MOI of 0.05 and

treated with drug 104 at different concentrations. After 24 hours of

incubation, supernatants were harvested and viral titer was deter-

mined by TCID50 assay. Results present percentage of viral titer

obtained under each condition, when compared to untreated cells.

Open squares: Monolayers of Vero cells were treated with drug 104 at

different concentrations. After 24 hours of incubation, cells were

stained with neutral red. Results present the percentage of viable cells

under each condition, when compared to untreated cells. B. Vero cells

were infected with MAYV treated or untreated with drug 104 at a

concentration of 100lM. Non-linear curve regression fits for each set

of data are represented by black lines. De novo synthesized proteins

were labeled with [35S]-methionine. Samples were processed by

SDS–PAGE, followed by autoradiography. P160: precursor of

structural proteins; PE2, precursor of E2 glycoprotein; E1, mature

E1 glycoprotein; E2, mature E2 glycoprotein

Fig. 5 Effect of the addition of drug 104 on MAYV replication over

time. Monolayers of Vero cells were infected with MAYV at an MOI

of 0.05 at time zero. At the times indicated, drug 104 or ribavirin was

added to a final concentration of 100 lM or 200 lM, respectively.

Cells were incubated at 37 �C for 5 hours whereupon the supernatants

were collected and virus titer was determined by plaque forming

assay in Vero cells. Data are presented as percentage of virus titer,

when compared to control cells and are expressed as the mean of three

experiments ± standard error. Statistical analysis was performed

using the t-student’s test: * p\ 0.05; **p\ 0.01
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replication. Therefore, we addressed the effect of this

drug on the assembly and budding steps of MAYV by

using transmission electron microscopy of Vero cells

infected with MAYV and treated with drug 104. We

observed a reduction in the number of intracytoplasmatic

nucleocapsids and the number of mature virus particles in

treated cells (231.7 ± 52.8) (Fig. 8D and F) when com-

pared to control cells (450.0 ± 90.0) (Fig. 8A and B). In

treated cells, we also visualized particles that do not seem

to assemble correctly, as in Fig. 8E, where a group of

three nucleocapsids covered by the same membrane is

observed. Finally, we also observed viral mRNA tran-

scription centers (type 1 cytopathic vacuoles) in control

and treated cells (Fig. 8C and G), indicating the appar-

ently normal establishment of transcription centers in

treated cells.

Discussion

In this study, we investigated the in vitro antiviral activity

of thienopyridine derivatives against MAYV. Recent

introduction into urban areas of the arboviruses ZIKV and

CHIKV has had a substantial impact on public health and

raised concerns about other viruses also transmitted by

Aedes mosquitoes, such as MAYV [2]. Therefore, our

findings may contribute to the development of an effective

control strategy against MAYV infection.

Our results indicated that the position of the motifs in

the thienopyridine derivative’s phenyl group is an impor-

tant factor in determining molecular cytotoxicity. How-

ever, we are not able to affirm which position leads to

lower cytotoxicity or what type of radical is less cytotoxic

(Table 1), suggesting that the whole structure of the

molecule may be necessary for determining cytotoxicity.

Moreover, our results showed that this basic structure may

be promising in studies using mammalian cells due to its

low toxicity. Except for one molecule (113), all the isomers

Fig. 6 Virucidal activity of the

104 molecule. A. MAYV was

incubated (at 37 �C for one

hour) in the absence or presence

of derivative 104 at 100 lM.

The remaining virus titer was

determined by plaque assay; the

figure is a representative result

from three independent

experiments. B. Quantification
of plaques shown in A. C.
MAYV was incubated with 100

lM of derivative 104 at 37 �C
for 20, 40 or 60 minutes (bar

graph). D. MAYV was

incubated in the absence or

presence of the derivative 104 at

10, 25, 50 100 lM, at 37 �C for

one hour. The remaining virus

titer was determined by plaque

assay. Statistical analysis was

performed using t-student’s test:

* p\ 0.05

Fig. 7 Effect of derivative 104 on viral adsorption. Vero cells were

infected with MAYV at 4 �C in the presence or absence of the drug

104 at 100 lM. Virus adsorption was determined by plaque assay.

The values correspond to the percentage of virus titer in each

treatment, compared to control cells, and are expressed as the mean of

three experiments ± standard error
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presented lower or similar toxicity when compared to rib-

avirin, which has been shown to have a broad spectrum of

antiviral action. Ribavirin is known to inhibit the replica-

tion of Chikungunya virus, which is another member of the

Togaviridae family [26]. The in vitro cytotoxicity tests

were corroborated by in silico analysis, as shown in

Table 2. The substances used in this study are presumed to

have good oral bioavailability according to the Lipinski’s

‘Rule-of-five’ [25] and have toxicity risks similar or lower

than an already approved antiviral drug ribavirin (Fig. 3).

Altogether, our results suggest that the thienopyridine

derivatives are suitable candidates for a new class of

antiviral drugs with a low risk of toxicity. These drugs

warrant further study in vivo.

With regard to the antiviral activity, except for drug 113,

all isomers had significant and even more potent antiviral

activity than ribavirin. All the motif isomers had similar

antiviral activities, except the nitro derivatives 109 (m-

NO2) and 110 (p-NO2), as shown in Table 1. This differ-

ence could be explained by the results of the MEP maps

(Fig. 2), which showed that these derivatives present the

most distinct electronic profile. Moreover, the nitro sub-

stituent is a strong electron-withdrawing group that com-

pletely changes the properties of the molecule, reducing the

electron density in the ring. This may explain the reduced

biological activity of the 110 compound. Derivatives with

fluorine substituent have high antiviral activity (112 and

113) which can be related to hydrogen bonds formed by a

fluorine atom and the drug target.

Metabolic labeling of the viral proteins demonstrated

that the synthesis of these proteins is severely impaired

in cells treated with drug 104 (Fig. 4B). Despite

inhibiting virus replication, cellular protein synthesis

was not reestablished under our experimental conditions.

The protein synthesis shut-off observed in vertebrate

cells infected with alphaviruses results from inhibition of

transcription caused by the viral nonstructural protein

nsP2, and inhibition of translation caused by activation

of PKR through the detection of viral dsRNA. There is

also evidence that the subgenomic viral RNA, which

codes for the structural proteins, and the capsid protein

itself also inhibits host cell translation [28, 29]. As the

capsid protein is still detected in treated cells (Fig. 4,

lane 2), it could still be available to induce the observed

arrest in translation.

Several studies have demonstrated that molecules can

interfere with viral adsorption by blocking viral receptors

[30]. The adsorption of alphaviruses at the cell surface is a

process that depends on the interaction between viral gly-

coproteins (especially E2) and cellular receptor(s). The

Fig. 8 Effect of derivative 104 on viral morphogenesis: Confluent

Vero cells grown in 25 cm2 flasks were infected with MAYV at an

MOI of 0.05. After adsorption, the cells were treated with drug 104 at

a final concentration of 100 lM and incubated at 37 �C for 8 hours.

The monolayers were then fixed and processed for transmission

electron microscopy using standard methods. Photos A, B, and C:

Cells infected with MAYV; Photos D, E, F and G: Cells infected with

MAYV and treated with drug 104 at 100 lM. Thin arrows: Free viral

particles; Thick arrows: nucleocapsids. Scale bars: 0.5 lm
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time of addition assay (Fig. 5) suggests that drug 104

possibly affects early events during virus infection. Riba-

virin was used as a control, as its antiviral action is char-

acterized by the inhibition of viral RNA synthesis. As

expected, ribavirin has no antiviral effect when added 3

hours before infection; its antiviral action only starts when

added immediately before, simultaneously or after viral

adsorption (Fig. 5). In contrast, it was observed that the

drug 104 inhibits viral replication more potently when

added before the viral inoculum, and this inhibition is

partially lost when it is added at later times of infection.

The difference in behavior visualized when molecule 104

and Ribavirin are added at different times prior or after

infection indicate that these molecules have distinct modes

of action, and that early stages of viral infection are the

target for drug 104, as well as other later stages in viral

production. This possibility is supported by the results from

the virucidal activity assays (Fig. 6), since low concentra-

tions that strongly inhibited virus replication in cell culture

had no significant virucidal effect. Furthermore, long

incubation times of the virus with the drug were required,

and it would be very unlikely for the drug and virus to

maintain prolonged contact during natural infection.

Moreover, our results also indicate that thienopyridine

treatment does not interfere directly with viral adsorption

(Fig. 7), indicating that the early stages of infection

affected by the treatment are post-entry events. The

transmission electron microscopy images (Fig. 8) indicate

that some degree of MAYV assembly and budding defi-

ciency takes place after drug treatment, mainly during

envelopment, which may favor the production of nonin-

fectious virus particles.

Conclusions

This work is the first to demonstrate the antiviral effect of

thienopyridine derivatives on MAYV replication, affecting

early and late stages, in particular morphogenesis. Our

results suggest the potential application of these substances

as a new class of antiviral drugs, with low cytotoxicity and

good predicted bioavailability. These thienopyridine

derivatives show potential applicability for use as antiviral

therapeutics against alphaviruses.
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