Virus Research 324 (2023) 199029

Contents lists available at ScienceDirect

Virus Research

== >

LSEVIER

journal homepage: www.elsevier.com/locate/virusres

Check for

Imidazonaphthyridine effects on Chikungunya virus replication: Antiviral = &

activity by dependent and independent of interferon type 1 pathways
Uriel Enrique Aquino Ruiz?, Igor Andrade Santos®, Victéria Riquena Grosche ¢,

Rafaela Sachetto Fernandes”, Andre Schutzer de Godoy b Jhoan David Aguillén Torres?,
Marjorie Caroline Liberato Cavalcanti Freire ”, Nathalya Cristina de Moraes Roso Mesquita ”,
Marco Guevara-Vega “, Nilson Nicolau-Junior “, Robinson Sabino-Silva ,

. . . . . . b . . ad*
Tiago Wilson Patriarca Mineo “, Glaucius Oliva ”, Ana Carolina Gomes Jardim “
& Institute of Biomedical Science, Federal University of Uberlandia (UFU), Uberlandia, MG, Brazil
b Sao Carlos Institute of Physics, University of Sao Paulo (USP), Sao Carlos, SP, Brazil
¢ Institute of Biotechnology, Federal University of Uberlandia (UFU), Uberlandia, MG, Brazil
4 Institute of Biosciences, Humanities and Exact Sciences, Sao Paulo State University (UNESP), Campus Sao José do Rio Preto, SP, Brazil

ARTICLE INFO ABSTRACT

Keywords:
Imidazonaphthyridine

Antiviral activity

Chikungunya virus
Chikungunya Fever

Neglected tropical diseases
Type-1 IFN independent activity

The Chikungunya virus (CHIKV) causes Chikungunya fever, a disease characterized by symptoms such as
arthralgia/polyarthralgia. Currently, there are no antivirals approved against CHIKV, emphasizing the need to
develop novel therapies. The imidazonaphthyridine compound (RO8191), an interferon-a (IFN-a) agonist, was
reported as a potent inhibitor of HCV. Here RO8191 was investigated for its potential to inhibit CHIKV repli-
cation in vitro. RO8191 inhibited CHIKV infection in BHK-21 and Vero-E6 cells with a selectivity index (SI) of
12.3 and 37.3, respectively. Additionally, RO8191 was capable to protect cells against CHIKV infection, inhibit
entry by virucidal activity, and strongly impair post-entry steps of viral replication. An effect of RO8191 on
CHIKV replication was demonstrated in BHK-21 through type-1 IFN production mechanism and in Vero-E6 cells
which has a defective type-1 IFN production, also suggesting a type-1 IFN independent mode of action. Molecular
docking calculations demonstrated interactions of RO8191 with the CHIKV E proteins, corroborated by the ATR-
FTIR assay, and with non-structural proteins, supported by the CHIKV-subgenomic replicon cells assay.

Togaviridae family (Burt et al., 2017; Silva and Dermody, 2017). The
viral particle consists of a positive single-stranded RNA genome

1. Introduction

Chikungunya fever is a viral disease with an acute phase character-
ized by dengue-like symptoms, such as high fever, nausea, severe
arthralgia and polyarthralgia, and rashes, which can appear up to 12
weeks after the onset of viral infection (Kril et al., 2021; Silva et al.,
2018; Thiberville et al., 2013). Aggravatingly, most CHIKV-infected
patients develop chronic conditions of arthralgia and polyarthralgia,
which persist for months to years, affecting the quality of life of infected
people (Bedoui et al., 2021; Hibl et al., 2021; Kril et al., 2021; Schilte
et al., 2013).

The Chikungunya virus (CHIKV) is the causative agent of Chi-
kungunya fever, belonging to the Alphavirus genus within the

(ssRNA+) of approximately 12 kb, protected by a protein capsid shell
and a lipid envelope inserted with glycoproteins (Caglioti et al., 2013).
The transmission of CHIKV occurs mainly through the bite of Aedes spp.
Mosquitoes (Burt et al., 2017; Coffey et al., 2014), and since its first
identification in Tanzania, East Africa, in 1952 (Schwartz and Albert,
2010), it has spread throughout the world, mainly affecting tropical and
subtropical regions, such as the Americas (Pan American Health Orga-
nization, 2013).

Until December 2021, 131,630 cases of CHIKV fever were reported
only in the Americas, of which about 127,487 cases and 11 deaths were
confirmed in Brazil (Pan American Health Organization, 2021). Despite

Abbreviations: IFN, Interferon; CHIKV, Chikungunya virus; IFNAR2, IFNo/p receptor 2; ATR-FTIR, Attenuated Total Reflection - Fourier transform infrared;
RO8191, 8-(1,3,4-Oxadiazol-2-yl)-2,4-bis(trifluoromethyl)-imidazo[1,2-a][1,8]naphthyridine.
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that, there are no approved vaccines or antiviral drugs by the Brazilian
National Health Surveillance Agency (ANVISA) or the Food and Drug
Administration of the United States of America (FDA) to manage Chi-
kungunya fever (Subudhi et al., 2018). Therefore, the treatment of
CHIKV infection is palliative, relying on non-steroidal anti-in-
flammatory and analgesics drugs, emphasizing the demand for antiviral
development to treat this infection (Battisti et al., 2021; Tharmarajah
et al., 2017).

The Pandemic Response Box (PRB), proposed by the Medicines for
Malaria Venture (MMV) and the Drugs for Neglected Diseases initiative
(DNDi), was designed with compounds that are highly active against
malaria disease, and possess the potential to present biologic activities
against other pathogens, being potentially applied in future outbreaks
(Medicines for Malaria Venture and Drugs for Neglected Diseases
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initiative, n.d.; van Voorhis et al., 2016). Within the PRB, the imidazo-
naphthyridine (RO4948191 or RO8191) is a potent orally active inter-
feron (IFN) agonist, binding directly to the IFNa/f receptor 2 (IFNAR2),
triggering the JAK/STAT pathway, and consequently resulting in the
activation and expression of IFN genes (Hwang et al., 2019; Konishi
et al., 2012; Kota et al., 2018; Ying et al., 2021; Zeng et al., 2020).
RO8191 was previously described as an inhibitor of Hepacivirus C
(HCV) (S. Huang et al., 2014; Konishi et al., 2012; Wang et al., 2015),
Hepatitis B virus (HBV) (Furutani et al., 2019; Takahashi et al., 2019),
and Zika virus (ZIKV) (Fernandes et al., 2021) infections, and recently,
as a synergetic molecule in antiviral treatments against CHIKV (Hwang
et al.,, 2019). However, to the best of our knowledge, there is no
description of RO8191 as an anti-CHIKV-specific inhibitor, as well as
insights into its mechanism of action. Therefore, herein, RO8191 was
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Fig. 1. RO8191 activity on CHKV-nanoluc replication. A) Representative structure of CHIKV-nanoluc genome [PDB: 6NK5](Basore et al., 2019; Metz and Pijlman,
2016). B) Imidazonaphthyridine chemical structure (RO4948191 or RO8191) (CAS No.: 691,868-88-9; https://www.medchemexpress.com/ro8191.html). C)
Representative scheme of the infection assays. BHK-21 cells were treated with two-fold serial dilutions of RO8191 at concentrations ranging from 0.46 to 60 pM.
CHIKV-nanoluc replication was quantified by measuring nanoluciferase activity (indicated by a black square) and cell viability using MTT assay (indicated by a gray
circle). Mean + SD values from a minimum of three independent experiments, each measured in triplicate, are represented. All images were generated using

GraphPad Prism 8 and GIMP 2.1v.


https://www.medchemexpress.com/ro8191.html

U.E.A. Ruiz et al.

evaluated as a potential inhibitor of CHIKV replication in vitro by the
evaluation of its activity on several steps of the CHIKV replicative cycle
in cells with production of type-1 IFN (BHK-21) and cells with defective
production of type-1 IFN (Vero-E6) (Emeny and Morgan, 1979; Prescott
et al., 2010), associated to bioinformatics, type-1 IFN quantification by
QRT-PCR, and infrared spectroscopy analyzes that revealed the possible
interactions between the RO8191 and CHIKV proteins.

2. Methods
2.1. Cells, virus and compound

Vero-E6 (isolated from the kidney of an African green monkey; ATCC
CRL-1587) and BHK-21 cells (fibroblasts derived from Syrian golden
hamster kidney; ATCC CCL-10) were maintained as previously described
(Santos et al., 2021). Briefly, cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, SIGMA-ALDRICH), supplemented
with 100 U/mL of penicillin (HYCLONE LABORATORIES), 100 mg/mL
of streptomycin (HYCLONE LABORATORIES), 1% dilution of stock of
non-essential amino acids (Hyclone Laboratories) and 1% of fetal bovine
serum (FBS, HYCLONEN LABORATOIRES) in a humidified 5% CO,
incubator at 37 °C. Subgenomic replicon (SGR) harboring cells
(BHK-CHIKV-NCT) (L Pohjala et al., 2011) were maintained under the
same conditions of BHK-21 cells (ATCC CCL-10), except for the addition
of G418 (SIGMA-ALDRICH) at 5 mg/mL.

The CHIKV expressing nanoluciferase reporter (CHIKV-nanoluc)
(Matkovic et al., 2018; Leena Pohjala et al., 2011) (Fig. 1A) used for the
antiviral assays is based on the CHIKV isolate LR20060PY1 (East/-
Central/South African genotype). The CHIKV wild-type (CHIKVyr) used
for infection assays, also from the genotype East/Central/South African
genotype, was isolated and characterized by Nunes and coworkers
(Nunes et al., 2015). CHIKV-nanoluc and CHIKVyt were produced,
rescued, and titrated as previous described (Oliveira et al., 2020; Santos
et al., 2021).

The imidazonaphthyridine compound (R0O4948191 or R0O8191)
(Fig. 1B) was selected from PRB compounds (purity of > 90%) and was
dissolved in 100% DMSO (v/v) to the concentration of 5 mM. The
compound was diluted in the medium immediately before the assays
(Fernandes et al., 2021).

2.2. Cell viability assay

Cell viability assays were performed as previously described (Oli-
veira et al.,, 2020; Santos et al., 2021), employing MTT [3-(4,
5-dimethylthiazol-2-yl)—2,5-diphenyl tetrazolium bromide] (Sigma-Al-
drich®) method. Briefly, BHK-21 and Vero-E6 cells were plated into
48-well plates at a density of 5 x 10* cells per well and incubated
overnight at 37 °C and 5% CO,. Medium containing serial dilutions of
RO8191 ranging from 60 uM to 0.46 uM was added to cells and incu-
bated for 16 h. After this, the medium was replaced by MTT solution at 1
mg/ml, and cells were incubated for 30 min, after which the MTT so-
lution was removed and replaced by 300 pL of DMSO (dimethyl sulf-
oxide) to solubilize the formazan crystals. The absorbance was measured
at 490 nm on the Glomax microplate reader (Promega®). Cell viability
was calculated according to the equation (T/C) x 100%, where T and C
represent the mean optical density of the treated and untreated control
groups, respectively. The cytotoxic concentration of 50% (CCsg) was
calculated using GraphPad Prism 8.

2.3. Antiviral assays

To assess the antiviral activity of RO8191, BHK-21 and Vero-E6 cells
were seeded at a density of 5 x 10% cells per well into 48-well plates 24 h
prior the assays. Cells were infected with CHIKV-nanoluc at a multi-
plicity of infection (MOI) of 0.1 in the presence of the compound in two-
fold serial dilutions ranging from 60 uM to 0.46 pM for BHK-21 cells and
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three-fold serial dilutions from 60 uM to 0.02 uM for Vero-E6 cells
(Oliveira et al., 2020; Santos et al., 2021). Samples were harvested using
Renilla luciferase lysis buffer (Promega®) at 16 h post-infection (h.p.i.),
and virus replication levels were quantified by measuring nanoluciferase
activity using the Renilla luciferase Assay System (Promega®). The
effective concentration of 50% inhibition (ECsp) was calculated using
GraphPad Prism 8 software. The values of CCsy and ECsg were used to
calculate the selectivity index (SI = CCs¢/ ECsq) (Oliveira et al., 2020;
Santos et al., 2021).

To analyze the CHIKV mRNA expression under the RO8191 treat-
ment, an infection assay was performed using a CHIKVr. To this, BHK-
21 and Vero-E6 cells were seeded at 1 x 10° cells per well in a 6 wells
plate. After 24 h, the cells were infected with CHIKVyr in an MOI of 0.1
PFU/well in the presence or absence of the RO8191 at 5 uM. After 16 h,
the cell lysates (lysed with Passive Lysis buffer) and supernatant were
collected in Trizol reagent and the RNA was extracted using phenol-
chloroform extraction protocol (Tony et al., 2018). The cDNA was
produced using the High-Capacity cDNA Reverse Transcription Kit
following the manufacturer’s instructions. The quantification was per-
formed through qRT-PCR in the Applied Biosystems 7300 Real-Time
PCR System, using the GoTaq® qPCR Master Mix A6002 (Promega®)
following the manufacturer’s instructions, and employing the primers to
the region 3’-end genomic sequence of CHIKV genome, being the se-
quences forward (5- TGYCTCTTAGGGGACACATATACCT -3') and
reverse (5-TGYCTCTTAGGGGACACATATACCT-3') (Simmons et al.,
2016). Each PCR run contained two negative controls and a dilution
series of CHIKVyt cDNA (6 to 6 x 106 copies/mL) derived from 1 mL of
tittered CHIKVyw virus stock, which was used to generate the standard
curve. Each sample was analyzed in triplicate.

All infection assays were performed at a BSL-2 laboratory under the
authorization number CBQ: 163/02 and process SEL: 01,245.006267/
2022-14 from the CTNBio - National Technical Commission for Bio-
security from Brazil.

2.4. Plaque reduction assay

A plaque reduction assay was performed using CHIKVyr. To this,
BHK-21 and Vero-E6 cells were seeded at 1 x 10° cells per well in a 24
wells plate. After 24 h, the cells were infected with CHIKVyr in an MOI
of 3 x 10~* (30 PFU/well) for 1 h at 37 °C, in the presence or absence of
the RO8191 at 5 uM. Then, medium containing carboxymethyl cellulose
(CMCQ) at 2% with or without RO8191 at 5 uM was added to the cells for
48 h. After the treatment, the medium was removed, cells were fixed
with 4% paraformaldehyde for 20 min and stained with violet crystal
0.5%. Plaque-forming units were counted and normalized according to
the equation (T/C) x 100%, where T and C represent the mean PFU of
the treated and untreated control groups, respectively.

2.5. Time-of-drug addition assay

For the time-of-drug addition assays, BHK-21 and Vero-E6 cells were
seeded at a density of 5 x 10* cells per well into 48 well plates overnight
and infected with CHIKV-nanonluc at a MOI of 0.1. The samples were
harvested using Renilla luciferase lysis buffer (Promega®) 16 h after
infection, and virus replication levels were quantified by measuring
nanoluciferase activity using the Renilla luciferase Assay System
(Promega®).

In the pre-treatment assay, cells were treated for 1 h at 37 °C with
RO8191, washed 3 times with PBS or compound removal, and then
infected with the virus for 1 h at 37 °C. Then, cells were washed again to
remove the unbound virus and replaced with fresh medium for 16 h. For
virus entry assays, cells were infected using medium containing RO8191
and virus for 1 h at 37 °C, extensively washed 3 times with PBS, and
incubated with a fresh medium for 16 h. The virucidal activity was
performed using the same protocol of virus entry assay, with exception
that the inoculum containing compound and virus at MOI of 5 was
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incubated for an extra hour before being added to the cells. In the post-
entry assay, cells were infected with CHIKV-nanoluc for 1 h, washed 3
times with PBS to remove unbound virus, and incubated with medium
containing compound for 16 h at 37 °C.

2.6. Replication assay using BHK-CHIKV-NCT cells

BHK-CHIKV-NCT cells harboring CHIKV replicon that expresses the
non-structural proteins of the virus, a selection marker (puromycin
acetyltransferase, Pac), and reporter genes of Renilla luciferase and
EGFP (L Pohjala et al., 2011), at a density of 1 x 10* cells per well in a
96-well plate and incubated overnight at 37 °C. Medium-containing
serial dilutions of RO8191 at concentrations ranging from 60 uM to
0.46 uM was added to cells and incubated for 72 h. Samples were har-
vested using Renilla luciferase lysis buffer (Promega®), and the lumi-
nescence levels were quantified with the Renilla luciferase Assay System
(Promega®). In parallel, cell viability values were analyzed by per-
forming MTT assay. The effective concentration of 50% inhibition
(ECsp) was calculated using GraphPad Prism 8 software. The values of
CCsp and ECsp were used to calculate the selectivity index (SI = CCso/
ECs0).

2.7. mRNA quantification of type-1 IFN in BHK-21 cells

To quantify the type-1 IFN mRNA, BHK-21 cells were seeded at
1 x 10° cells per well in a 6 wells plate. After 24 h, the cells were
infected with CHIKVyr in an MOI of 0.1 PFU/well in the presence or
absence of the RO8191 at 5 uM. After 16 h.p.i., the cell lysates were
collected using Trizol reagent and the RNA was extracted using phenol-
chloroform extraction (Toni et al., 2018). The cDNA was produced using
the High-Capacity cDNA Reverse Transcription Kit following the man-
ufacturer’s instructions. The quantification was performed through qRT-
PCR, using the PowerUp SYBR® Green Master Mix (ThermoFisher®)
and 10 ng of cDNA, following the manufacturer’s instructions, in the
StepOnePlus™ Real-Time PCR System. Primers for BHK-21-IFN-a and -
were designed and used in the amplification reactions (IFN-a forward:
5'-  GCCCATAGGACAAGCAGCATC -3'; IFN-a reverse: 5-GAGAG-
CAGGTTGACCAGTAGC-3' - based on the sequence NCBI Accession:
XM_040757440.1;_IFN-p forward: 5'-GAGGCCAGACAAAGCAGAAG-3';
IFN-B reverse 5'-TCTGAGGCAGAGAGGTCCAC-3' - based on the
sequence NCBI Accession: MW017682.1). GAPDH gene was used as
endogenous control, using the designed primers forward (5'-
GTCAAGGCTGAGAACGGGAAG-3') and reverse (5'-CAACA-
TACTCGGCACCAGC-3'), based on the sequence NCBI Accession:
DQ403055.1. Amplification was performed following the conditions:
incubation for 10 min at 95 °C, and then 40 cycles of 15 s at 95 °C and 1
min at >60 °C. The RT-qPCR 2 ~ ®2AC% method was employed to analyze
the results (Livak and Schmittgen, 2001). Each sample was analyzed in
duplicate.

2.8. Molecular docking assays

The compound RO8191 (PDB: 3ROL) and the CHIKV proteins were
docked employing the GOLD program(Jones et al., 1997). GOLD per-
forms a search for the best pose of the chosen molecule in the
receptor-binding site using a genetic algorithm (GA) and the score
ChemPL. The docking focused on the envelope glycoprotein complex
(PDBid: 3N42), nsP1 (PDBid: 7DOP), nsP2 (PDBid:4ZTB), nsP3
(PDBid:6W8Z), and nsP4 were performed. For the nsP4, a database
representative sequence of the nsP4 extracted from the virus polyprotein
(uniport-id: Q8JUX6) was modeled using the RoseTTAFold (Minkyung
et al., 2021) in Robetta online server (https://robetta.bakerlab.org/).
The nsP4 tridimensional model was assessed using ERRAT (Colovos,
1993) Ramachandran Plot (Laskowski et al., 1993), and Verify 3D
(Eisenberg et al., 1997) tools in SAVES v6.0 (https://saves.mbi.ucla.
edu/). The nsP4 binding site was predicted using COACH (Yang et al.,
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2013) based on the RoseTTAFold structure prediction. COACH is a
meta-server approach that combines multiple function annotation re-
sults to generate ligand binding site predictions. COACH results indicate
a binding site similar to the site where the Uridine 5'-Triphosphate
(UTP) interacts with the crystal structure of HCV ns5B polymerase
(PDBid: 4RY5). The binding site was defined by the UTP position based
on the 4RY5 structure and extrapolated to the modeled nsP4. The GA run
parameters were maintained at default. The poses generated were then
ranked and the solution with the best score was chosen. For the proteins
nsP1-3 the interaction was analyzed using blind docking, while the
envelop glycoprotein complex was directed to the seven probable ligand
sites that were defined whit the support of Rashad and Keller (2013).
The interaction on the best solution were analyzed using the program DS
Visualizer (BIOVIA, Dassault Systemes, Discovery Studio Visualizer, v
20.1, San Diego: Dassault Systemes, 2020).

2.9. Infrared spectroscopy spectral assay through ATR-FTIR

Samples were recorded in a Fourier transform infrared connected to
a micro-attenuated total reflectance spectrophotometer (ATR-FTIR
Agilent Cary 630 FTIR, Agilent Technologies, Santa Clara, CA, USA), as
previously described (Oliveira et al., 2020; Santos et al., 2021). The
diamond unit in the ATR system performs an internal-reflection element
to record the fingerprint infrared signature in 1800 cm ™! to 800 cm™!
regions. The samples were prepared as previously described (Oliveira
et al., 2020; Santos et al., 2021), where RO8191 (50 uM) in PBS was
mixed with CHIKV-nanoluc virions (1 x 10® PFU/mL) in PBS. A volume
of 1.5 uL of each sample was inserted into the diamond unit and dehy-
drated for 6 min using airflow, forming a thin layer on the surface of the
ATR crystal. The spectra were then recorded in triplicate (24 cm™
resolution, 32 scans). All spectra were normalized by the vector method
and corrected using the rubber-band baseline correction (Caixeta et al.,
2020). Subsequently, the second derivative spectra were created based
on raw data plotted in the Origin Pro 9.0 (OriginLab, Northampton, MA,
USA) software, and corrected using the Savitzky-Golay algorithm with
polynomial order 5 and 20 points of the window. To further elucidate
the expression of the functional group evaluated we used the value of the
valley heights (Oliveira et al., 2020; Santos et al., 2022, 2021).

2.10. dsRNA intercalation assay

A migration retardation assay was performed based on the previ-
ously described protocol (Campos et al., 2017; Krawczyk et al., 2009;
Silva et al., 2019). The HCV JFH-1 3’ untranslated region (UTR) known
for forming a dsRNA was amplified through PCR. The reaction product
of 273 bp was purified by ReliaPrep™ DNA Clean-Up and Concentration
System (Promega®) and used for in vitro transcription by the HiScribe™
T7 High Yield RNA Synthesis Kit (New England BioLabs®). The dsRNA
molecule was obtained by complementary annealing, later incubated at
30 nM with compound at 5 pM for 45 min and analyzed in 1% agarose
TAE 1x gel stained with ethidium bromide. The lack of band in the gel
confirms the compound intercalation activity since it competes with
ethidium bromide. Doxorubicin (100 uM) was used as a positive control
of intercalation. The band quantification was performed using ImageJ.
JS version 1.53j.

2.11. CHIKYV nsP4 cloning, overexpression, and purification

The coding region of nsP4 was cloned into a pET-SUMO expression
vector, generating the nsP4_pET-SUMO/LIC expression vector, as pre-
viously described (Freire et al., 2022). Rosetta (DE3) E. coli (Novagen)
cells were transformed with nsP4_pET-SUMO/LIC and grown in TB
medium, supplemented with 50 pM kanamycin and 34 pM chloram-
phenicol at 37 °C, until the ODggg reached 1.0. The protein expression
was induced by adding 1 mM of Isopropyl p-p-1-thiogalactopyranoside
(IPTG), at 18 °C for 16 h. Cells were harvested by centrifugation and cell
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pellets were resuspended in 50 mM Tris pH 8.0, 500 mM NaCl and 10%
glycerol. Cells were lysed by sonication and cell debris was separated by
centrifugation. The nsP4 was purified using an AKTA Purifier System
(GE Healthcare). The first purification step was an affinity chromatog-
raphy using a HisTrap HP 5.0 mL column (GE Healthcare). Concomi-
tantly, the buffer was exchanged through dialysis and the His-tag-SUMO
was cleavage by TEV protease during overnight at 4 °C. Another affinity
chromatography was performed using the same system to collect the
protein after cleavage. The protein was concentrated, and a final puri-
fication step was done through size-exclusion chromatography on a XK
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2.12. MicroScale thermophoresis (MST)

Experiments were performed on a Monolith® NT.115 (Nanotemper
technol-ogies), as previously described (Freire et al., 2022). The nsP4
was labelled on cysteine residues with NT-647-Maleimide dye (Nano-
temper Technologies) as per manufacturer’s instructions. The concen-
tration of protein indicated for MicroScale Thermophoresis experiments
was 25 nM and a serial dilution of the compound from 250 uM to 0.0076
uM (7.6 nM). The dissociation constant K4 was obtained by fitting the
binding curve with the Hill function.

26/1000 Superdex 75 column (GE Healthcare) pre-equilibrated in buffer
50 mM Tris pH 8.0, 200 mM NaCl and 10% glycerol. The final protein
sample was analyzed in SDS-PAGE 12.5% to confirm its purity. Con-
centration was determined in a Nanodrop 1000 spectrophotometer.

2.13. Statistical analysis

All experiments were performed in triplicates and all tests were
performed a minimum of three times (events) to confirm the
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Fig. 2. RO8191 activity on different stages of CHIKV-nanoluc replicative cycle in BHK-21 cells. A) BHK-21 cells were treated with RO8191 for 1 h, cells were
washed with PBS to remove the compound, and were infected with CHIKV-nanoluc at MOI 0.1 for 1 h. Then, the medium was removed, cells were washed to remove
unbound virus, and fresh medium was added. B) BHK-21 cells were infected with CHIKV-nanoluc (MOI 0.1) and simultaneously treated with RO8191 for 1 h. Then,
cells were washed to completely remove the inoculum, and a fresh medium was added. C) RO8191 and CHIKV-nanoluc at MOI 5 were incubated for 1 h (repre-
sentative inoculum). Then, the inoculum was added to the cells for an additional hour. Cells were washed to remove the inoculum and fresh medium was added. D)
BHK-21 cells were infected with CHIKV-nanoluc (MOI 0.1) for 1 h, cells were washed with PBS to remove unbound virus, and were treated with RO8191. All infection
assays were quantified 16 h.p.i through the measurement of luminescence levels. Schematic representation of each time-based assay as indicated by BHK-21 cells
(black bars), RO8191 (gray bars), CHIKV-nanoluc (orange bars), and CHIKV-RO8191 inoculum (blue tube). E) Schematic representation of the time-based BHK-
CHIKV cell assay as indicated by the BHK-CHIKV-NCT cells (black bars) and RO8191 (gray bars). BHK-CHIKV-NCT cells were incubated for 72 h with the RO8191
compound at concentrations ranging from 60 to 0.46 pM. Then, cells were washed with PBS and lysed with Passive Lysis Buffer to measure the activity of Renilla. The
reduction of Renilla activity in BHK-CHIKV-NCT cells is shown by 50% of the highest concentrations (ECso) of RO8191 (black squares) and an effect in cell viability
(CCsp) using MTT assay (gray circles). Mean =+ SD values of a minimum of three independent experiments, each measured in triplicate. (***) P<0.001, (**) P<0.01,
and (*) P <0.05 are represented. Images were generated using GraphPad Prism 8 and GIMP 2.1v.
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reproducibility of the results. GraphPad Prism 8 software was used to
evaluate the statistical differences in the means of the readings using the
student t-test for paired data or the Mann-Whitney for unpaired data.
Values of p<0.01 were considered statistically significant.

3. Results
3.1. RO8191 is a potent inhibitor of CHIKV replication in BHK-21 cells

To assess the antiviral activity of RO8191 (Fig. 1B), a dose-response
assay was carried out to determine the 50% effective concentration
(ECs0) and 50% cytotoxicity concentration (CCsp) of this compound
using previously described protocols (Oliveira et al., 2020; Santos et al.,
2021). BHK-21 cells were treated with a two-fold serial dilution of
RO8191 at concentrations ranging from 0.46 uM to 60 pM in the pres-
ence or absence of CHIKV-nanoluc (Fig. 1A) for 16 h (Fig. 1C). As a
result, RO8191 demonstrated to possess CCsp of 10.9 uM and ECsq of
0.88 uM, with a selectivity index (SI) of 12.3 (Fig. 1D), emphasizing that
this compound is a strong inhibitor of CHIKV replication in vitro. For
further analysis, cells were treated with RO8191 at 5 pM, which
significantly inhibited 95.7% of the CHIKV infection (cell viability >
100%).

3.2. RO8191 mainly inhibits post-entry stages of CHIKV replication

Since RO8191 compound exhibited a potent antiviral action against
CHIKV, time-of-drug addition assay was carried out to investigate the
effects of this molecule on different stages of viral replication (Santos
et al., 2022, 2021). A protective assay was performed by pre-treating
cells with RO8191 for 1 h at 37 °C, extensively washing cells with
PBS, and infecting them with CHIKV-nanoluc for 1 h. Then, the
virus-containing medium was removed, and a fresh medium was added
(Fig. 2A). As a result, 16 h.p.i. RO8191 inhibited 52.9% of CHIKV
infection (p = 0.04) (Fig. 2A), suggesting an effect of RO8191 as a
protective molecule against CHIKV infection, providing an antiviral ef-
fect in host cells that blocked virus infection.

To further elucidate the activity of RO8191 in the early stages of
CHIKYV infection, virus and compound were simultaneously added to the
cells for 1 h at 37 °C. Later, cells were washed with PBS and a fresh
medium was added until 16 h.p.i. (Fig. 2B). As an outcome, the com-
pound significantly inhibited 62.4% of CHIKV replication (p = 0.002),
demonstrating the effect of RO8191 on viral entry into the cells
(Fig. 2B). Additionally, we performed a virucidal assay by incubating the
CHIKYV particles with the compound for 1 h at 37 °C, and subsequently
adding this inoculum to BHK-21 cells for an additional hour. Finally, the
supernatant was removed, the cells were washed, and fresh medium was
added (Fig. 2C). The results demonstrated that RO8191 possesses a
virucidal activity inhibiting 75.4% of the CHIKV replication (p =
0.0024) (Fig. 2C), potentially by interacting with viral particles and
blocking virus entry to the host cells.

To elucidate the post-entry effect of RO8191, the cells were infected
with CHIKV-nanoluc for 1 h at 37 °C, then, the supernatant was removed,
cells were washed with PBS, and medium with RO8191 was added
(Fig. 2D). The results showed that the compound strongly inhibited
CHIKV-nanoluc replication by 87% (p = 0.0004) (Fig. 2D).

Altogether, data obtained from the time-of-drug addition assay
demonstrated that the main effect of RO8191 is on post-entry stages of
virus replication (Fig. 2 and Supplementary Fig. 1A). Therefore, to
further assess the RO8191 potential as a post-entry inhibitor, the effects
of the compound on the replication stage of CHIKV replicative cycle,
with no viral particles production and virion spread, were assessed
through the employment of BHK-CHIKV-NCT cells, a subgenomic
replicon system which expresses CHIKV non-structural proteins and the
reporter genes of Renilla luciferase and EGFP (L Pohjala et al., 2011). As
previously described, the measurement of the activity of these reporters
allows the evaluation of the effect of compounds on replication
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complexes formed during the replication stage, as well as on the tran-
scription and translation of subgenomic RNAs (L Pohjala et al., 2011;
Santos et al., 2021). Thus, BHK-CHIKV-NCT cells were treated with
two-fold serial dilution of the RO8191, at concentrations ranging from
0.46 to 60 uM for 72 h, and the expression of Renilla was subsequently
measured (Fig. 2E). The results demonstrate that the compound strongly
impaired viral replication, with an ECsy and CCsq of 1.4 uM and 26.2 uM,
respectively, and SI of 18.7 (Fig. 2E), indicating a decrease in sub-
genomic RNA synthesis and/or translation, suggesting possible in-
teractions of RO8191 with the virus nonstructural proteins or with the
dsRNA intermediate of CHIKV replication.

3.3. RO8191 impairs CHIKV replication by dependent and independent
of the type-1 IFN pathways

RO8191 was described as an agonist of type-1 IFN (Konishi et al.,
2012), and BHK-21 cells possess the type-1 IFN pathway (MacDonald
et al., 2007), which might suggest that the effect observed here is
dependent on the intrinsic cellular immune response, and not only by
the effects of the compound on CHIKV machinery. Therefore, an infec-
tion assay with BHK-21 cells and CHIKVyt was conducted in the pres-
ence or absence of RO8191 at 5 uM, and the levels of viral RNA, and
IFN-a and -p were quantified by qRT-PCR. As an outcome, in the su-
pernatant, CHIKVyy titers were reduced in 85.9% after treatment with
RO8191 (Fig. 3A), representing by the infection decreased to 258.37
mRNA copies/mL under treatment, compared to 1.7 X 10° mRNA
copies/mL of the untreated control (Fig. 3B). When samples from the cell
lysates were analyzed, the same pattern was observed, showed by 89%
of replication inhibition (Fig. 3C), observed by the viral RNA titers in the
untreated control (4.5 x 10° mRNA copies/mL) and after treatment with
RO8191 (7 x 10° mRNA copies/mL) (Fig. 3D).

Then, the type-1 IFN (o/p) expression was also quantified in the
collected cell lysates (Fig. 3E-F). As a result, the BHK-21 cells did not
express significant type-1 IFN levels (>1 of fold change“®*2Y) in the
absence of stimulation with RO8191 treatment (Fig. 3E-F). On the other
hand, the BHK-21 cells in the presence of CHIKV produced 0.9 of fold
change¢©24CY and 0.7 of fold changeCC22 of IFN-a (Fig. 3E) and -B
(Fig. 3F), respectively. More interestingly, in the presence of both CHIKV
and RO8191, the BHK-21 cells produced 3.6 of fold change®**4%) more
of mRNA of IFN-a (Fig. 3E), and 19.8 of fold change(’CAACt) of IFN-f
(Fig. 3F). Altogether, these data suggest that in BHK-21 cells, the
molecule RO8191 is exerting its activity by dependent and independent
of the type-1 IFN pathways.

To further evaluate the RO8191 activity on CHIKV infection, Vero-E6
cells, which are cells with defective production of type-1 IFN (Emeny
and Morgan, 1979; Prescott et al., 2010), were employed to perform the
dose-response (Fig. 4A) and time-of-drug addition assay (Fig. 4B-E) as-
says on the same conditions used for BHK-21. The results demonstrated
that RO8191 possesses CCsg and ECsg of 11.2 and 0.3 pM, respectively,
with an SI of 37.3 (Fig. 4A). The time-of-drug addition assay demon-
strated that RO8191 protected the cells from infection in 72% (p =
0.0005) (Fig. 4B), inhibited viral entry in 70.5% (p = 0.0008) (Fig. 4C),
and presented virucidal activity in 51.8% (p = 0.0336) (Fig. 4D). The
strongest effect observed using Vero-E6 cells was also in the post-entry
stages, with inhibition of 91.6% of CHIKV replication (p<0.0001)
(Fig. 4E and Supplementary Fig. 1B). Altogether, the data suggest an
effect of RO8191 on the CHIKV replicative machinery, mainly on
post-entry steps (Supplementary Fig. 1), however, in a type-1 IFN in-
dependent manner.

The CHIKV RNA was also quantified in Vero-E6 cell lysates and su-
pernatant and resulted in a significant decrease of mRNA-CHIKV
expression (Supplementary Fig. 2). In the supernatant, 85.9% of
CHIKVyr titers were observed (Supplementary Fig. 2A), showed by 2.1
x 10° mRNA copies/mL in the untreated controls, and 6.2 x 10 mRNA
copies/mL after treatment with RO8191 (Supplementary Fig. 2B). In
agreement, inhibition of 89% of CHIKVy replication was seen in the
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cell lysates, since the viral RNA was 5 x 10° mRNA copies/mL and 1.1 x
10° mRNA copies/mL in the untreated control (Supplementary Fig. 2C)
and RO8191 treatment (Supplementary Fig. 2D), respectively. It is
important to emphasize that, since RO8191 protects cells against CHIKV
infection and interferes with the entry and post-entry stages, the anti-
viral effects of this compound might also be due to an additional inter-
ference with host factors, other than type-1 IFN-related ones.

Finally, a plaque reduction assay employing the CHIKVy was also
performed to confirm the activity of RO8191 on the CHIKYV replication
cycle (Supplementary Fig. 3). RO8191 at 5 uM inhibited 88.1% and 86%
of CHIKVy replication in BHK-21 (Supplementary Fig. 3A) and Vero-E6
cells (Supplementary Fig. 3B), respectively. As expected, the levels of
inhibition of RO8191 in both CHIKVwt and CHIKV-nanoluc were similar
at the concentration tested.
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each measured in triplicate, are represented. (****) P <0.0001, (***) P <0.001 and (*) P <0.05. Images were generated using GraphPad Prism 8 and GIMP 2.1v.

3.4. Molecular docking suggests the interaction of RO8191 with CHIKV interesting interactions between the compound and CHIKV proteins.
glycoproteins and nonstructural proteins Based on the observed in vitro virucidal effect, interactions between
CHIKV glycoproteins and the compounds were observed mainly in the

Considering the effects of RO8191 on CHIKV replication stages, domain II of viral protein E1, with docking ChemPLP scores ranging

molecular docking data were generated by GOLD and suggested between 47.37 and 57.12, and in the domain A-B of the viral protein E2

Table 1
Localization and ChemPLP values showed between RO8191 and CHIKV proteins by molecular docking calculations.
ChemPLP Coordinates (x, y, z) Volume (A%) Localization
Glycoproteins Site 1 50.41 —15.687, 2.019, —19.939 651.375 Between II domain of E1 and C of E2.
Site 2 57.12 —33.937, —18.731, —31.939 357.375 Between II domain of E1 and beta-sheet of E2.
Site 3 47.37 —33.437, —6.731, —33.189 156.125 Adjacent to site 2.
Site 4 45.26 —42.937, —28.731, —22.939 183.875 Behind the fusion loop, between B domain of E3, and E2 domain B, and A domain of E2.
Site 5 —34.73 —44.437, —-14.731, —23.439 124 Between beta-sheet of E2 and of E3.
Site 6 * —16.187, —18.231, —36.439 20.5 Inside the E3 cavity.
Site 7 10.30 —59.187, —15.731,-26.189 22.5 Replacing the furin loop.
nsP1 50.11 Catalytic amino acid H37
nsP2 35.26 Catalytic amino acid H548
nsP3 65.04 ADP-ribose
nsP4 65.17 Amino acid site ASP466

*There was no result on docking. Parameter based on Rashad and Keller (2013).
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and domain B of viral protein E3, with score 45.26 (Table 1, Fig. 5A).
Alkyl and Pi-Alkyl interactions were identified between the compound
and the residues VAL F:54, ARG B:36, ILE F:55, and PRO B:240 on the
domain II; a Halogen interaction with residue GLU B:35; two conven-
tional hydrogen bonds, one at residue LYS F:52 and other with Pi-Pi
Stacked at TYR B:237 residues. The carbon-hydrogen bonds with the
residue ASN B:238 and TYR F:233; and Van der Waals interaction at GLU
B:168, PRO F:56, LEU B:241, THR F:53, and ILE B:37, were seen be-
tween RO8191 and CHIKYV glycoproteins (Fig. 5A).

The molecular docking performed with CHIKV nonstructural
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proteins (Fig. 5B-E) demonstrated the ChemPLP scores of 50.11, 35.26,
65.04, and 65.17 for nsP1, nsP2, nsP3, and nsP4, respectively (Table 1).
The higher scores were observed for nsP3 and nsP4 (Table 1), in which
at the nsP3 ADP-Ribose site the residues VAL A:33 and VAL A:113
interacted by alkyl and pi-alky bonds; the residues ALA A:23 and ALA
A:22 by alkyl, amide-pi stacked, and halogen interactions; LEU A:109 by
alkyl carbon-hydrogen bonds interaction; SER A:110 and GLY A:70 by
halogen bond, TYR A:114 alkyl bond, and THR A:111 by amide-pi
stacked and conventional hydrogen bonds, whereas the residue GLY
A:112 interacted by van der Walls bond (Table 1, Fig. 5D). Additionally,

Interactions

Van der Waals Pi-Donor Hydrogen Bond

- Conventional Hydrogen Bond - Pi-Pi Stacked
Carbon Hydrogen Bond Alkyl
- Halogen (Fluorine) Pi-Alkyl
P pi-sigma Pi-Anion
\ - Unfavorable Bump Pi-Sulfur

Fig. 5. 2D and 3D interactions between RO8191 and CHIKV proteins showed by molecular docking analysis. A) RO8181 interacts with CHIKV glycoproteins
mainly through Hydrogen Bond (green lines) and alkyl ligands (pink lines). B) RO8191 showed interactions with nsP1 protein mainly through Conventional
Hydrogen Bonds (green circles) interactions. C) RO8191 interacts with nsP2 mainly through Alkyl (pink lines) and Hydrogen Bonds (green lines) interactions. D)
RO8191 interacts with nsP3 mainly through Hydrogens Bonds ligands and interactions (green lines and circles). E) RO8191 interactions with nsP4 mainly through
Conventional Hydrogens Bonds (green lines) and Halogen (blue lines) ligands. RO8191 (PDB: 3ROL) and the CHIKV proteins (glycoprotein complex [PDBid: 3N42],
nsP1 [PDBid: 7DOP], nsP2 [PDBid:4ZTB], nsP3 [PDBid:6W8Z], and database representative sequence of the nsP4 extracted from the virus polyprotein [uniport-id:
Q8JUX6]) were docked employing the GOLD program site using a genetic algorithm (GA) and the score ChemPL. Images were generated using GraphPad Prism 8 and

GIMP 2.1v.
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nsP4 interacted with RO8191 through a pi-anion bond at ASP A:466,
two halogen bonds at LYS A:429 and MET A:428; carbon-hydrogen
bonds at THR A:435 and SER A:430; three conventional hydrogen
bonds at GLN A:310, SER A:374, and ASP A:376 (with Pi-Anion ligands)
(Table 1, Fig. 5E). Altogether, these data corroborate the in vitro effects
shown by the compound.

3.5. RO8191 induces molecular changes into CHIKV glycoproteins

A scheme of the ATR-FTIR technology based on infrared analysis to
evaluate samples of CHIKV virions, RO8191, and CHIKV virions plus
RO8191 is represented in Fig. 6A. We found a minimum of five molec-
ular changes in CHIKV virions after incubation with RO8191 using ATR-
FTIR analyses. The samples RO8191 at 50 uM, CHIKV-nanoluc virions (1
x 10° PFU/mL), and the mixture RO8191 (50 uM) and CHIKV-nanoluc
virions were recorded in ATR-FTIR and the representative infrared
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spectra are shown in Fig. 6B. The biofingerprint in the range of
1800-800 cm ™! are capable to indicate absorption bands of glycopro-
teins, proteins, lipids, and RNA of CHIKV, and it may be exploited to
suggest the interaction between the virus and RO8191. The second de-
rivative spectrum is capable to identify the accurate spatial distribution
of each wavenumber referring to each biochemical component (Kohler
et al., 2007; Rieppo et al., 2012). In this context, infrared spectra can
also detect binding among different functional groups of materials and
biological samples (Haris, 2013). The second derivative function spec-
trum is capable to isolate and determine the suitable spatial distribution
of each wavenumber related to the unique molecular component in each
sample (Kohler et al., 2007; Rieppo et al., 2012). In this context, infrared
spectra can also indicate molecular interactions between different
functional groups of substances with biological samples (Haris, 2013).
We highlighted the functional groups when a vibrational mode was
present in the second derivative spectrum of CHIKV, and it was totally
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Fig. 6. Infrared spectroscopy indicates molecular interactions between CHIKV virions with RO8191. A) Representative scheme of the ATR-FTIR technology
with CHIKV virions (black line), RO8191 (blue line), and CHIKV virion plus incubation with RO8191 (red line). B) The representative infrared average spectrum of
normalized mean spectra of CHIKV virion (black line), RO8191 (blue line), and CHIKV virion plus RO8191 (red line) employing ATR-FTIR platform from 1800 to 800
cm . C-F) The representative mean spectra of second derivative analysis to the vibrational modes at 1496 cm ! (C), 1465 cm ™! (D), 1448 cm ™! (E), 1333 cm ™! (F),
and 1078 cm ™! (G). Images were generated using GraphPad Prism 8 and GIMP 2.1v.
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absent (above zero) after incubation of CHIKV with RO8191 (Fig. 6C-G).
As an outcome, the binding interactions between CHIKV and RO8191
were suggested in five vibrational modes at 1496 cm ™', 1465 cm ™,
1448 cm ™1, 1333 cm ™!, and 1078 cm L. The vibrational modes at 1496
cm ! correspond to the in-plane CH bending vibrations (Fig. 6C). The
vibrational mode at 1465 cm ™! represents CH, scissoring mode of the
acyl chain in lipids (Fig. 6D). The vibrational modes at 1448 cm ™! can be
assigned to the asymmetric CH3 bending in methyl groups of proteins
(Fig. 6E). The vibrational mode at 1333 em ! represents CH vibrations
in polysaccharides (Fig. 6F), and 1078 cm™! can be assigned to sym-
metric vibrations of PO3in RNA (Fig. 6G). Altogether, these interactions
displayed in infrared spectroscopy analyses are in accordance with the
molecular docking analysis described above.

3.6. Effects of RO8191 on viral dsRNA and CHIKV nsP4

The replication of ssRNA+ viruses is dependent on the dsRNA, a viral
replicating intermediator (Rampersad and Tennant, 2018), and the viral
RNA-dependent RNA polymerase (Rupp et al., 2015). Since RO8191
displayed activity in post-entry stages of infection and on subgenomic
RNA synthesis and/or translation, and molecular docking calculations
suggested interactions between RO8191 and CHIKV, interaction assays
employing synthetic dsRNA and the CHIKV nsP4 were performed.

Employing the 3' UTR region of JFH-1 HCV as a template, an
amplicon flanked by a T7 promoter was produced and used for in vitro
transcription, synthesizing a dSRNA molecule of 273 bp (Campos et al.,
2017; Krawczyk et al., 2009; Silva et al., 2019). Then, RO8191 at 5 uM
was incubated with 30 nM of dsRNA and loaded in an agarose gel for
electrophoresis. The results showed that RO8191 did not intercalate
with the dsRNA (90.6% of band density) compared with the band of the
sample treated with doxorubicin, the positive control of dsRNA inter-
action (1.3% of band density), which does not appear in the gel (Sup-
plementary Fig. 4).

The purified CHIKV nsP4 was obtained by cloning the nsP4 genomic
region into pET-SUMO (nsP4_pET-SUMO/LIC) expression vector and
transforming Rosetta (DE3) E. coli (Novagen) cells, as previously
described (Freire et al., 2022). The nsP4 was purified using an AKTA
Purifier System (GE Healthcare) and concentration was determined
using spectrophotometry. The CHIKV nsP4 size is 54 kDa, and its pres-
ence has been verified and confirmed in all purification steps, as shown
in SDS-PAGE gels (Supplementary Fig. 5). The assessment of nsP4
binding affinity was performed by MicroScale Thermophoresis (MST) on
a Monolith® NT.115 (Nanotemper technol-ogies). The CHIKV nsP4 was
labeled on cysteine residues with NT-647-Maleimide dye (Nanotemper
Technologies) and the protein concentration was 25 nM. In addition, to
estimate the interaction between RO8191 and CHIKV nsP4, we used a
dissociation constant Kq4, obtained by fitting the binding curve with the
Hill function, and serial dilutions of the compound from 250 uM to
0.0076 uM. The results obtained for RO8191 are shown in Supplemen-
tary Fig. 6, where it is possible to observe the presence of the unbound
states well defined, but not a bound state, suggesting that the occurrence
of interaction between the protein and the compound is on a major scale
concentration, approximated kg + Akq—>207 L 10 uM. With these re-
sults is possible to conclude that CHIKV nsP4 presented a low interaction
with RO8191.

4. Discussion

CHIKV has shown an evident evasion of the first immune responses
during infection (Tanabe et al., 2018), and also a high percentage of the
infected people develop a chronic condition (Amaral et al., 2020;
McCarthy et al., 2018). It highlights the clinical importance of chi-
kungunya fever and the urgency to develop effective treatments. The
data presented here suggest that RO8191 has strong anti-CHIKV activity
in vitro, potentially through several antiviral mechanisms, making it an
interesting promising treatment. Additionally, in vivo studies have
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shown the pharmacological potential of RO8191 as a small molecule
that can be administered orally in a more controlled, simple, rapid, and
economical way (Ishibashi et al., 2019; Konishi et al., 2012). RO8191
was described as a possible enhancer drug to be employed in combined
therapy against CHIKV (Hwang et al., 2019), however, to the best of our
knowledge, there is no description of the effect of the monotherapy with
this compound on the CHIKV replicative cycle, as well as data on its
mode of action. Data obtained here emphasized and supported the
anti-CHIKV activity of RO8191 in vitro and provided insights into the
mechanisms of action of this drug. Therefore, our results present
RO8191 as a promising drug for the treatment of chikungunya fever.

RO8191 was previously described with antiviral activity by acti-
vating the type-I IFN pathway by specifically binding the IFNAR re-
ceptor (IFNAR2) subunit 2, resulting in a similar response to the
interferon-alpha (IFN-a) and JAK/STAT signaling pathway (Furutani
et al., 2019; Konishi et al., 2012; Takahashi et al., 2019). This was
confirmed by the quantification of mRNA-type-1 IFN through RT-qPCR
during CHIKV infection in the presence or absence of RO8191 treatment,
demonstrating that BHK-21 cells express type 1 IFN (a/f) in response to
the CHIKV infection, and it is increased in the presence of RO8191 as an
agonist. Additionally, our data also demonstrate that RO8191 has
anti-CHIKV activity in cells defective of type 1 interferon (o/f) pro-
duction, an interesting, novel, and unreported activity for RO8191,
likely suggesting multiple mechanisms of action for this compound.
RO8191 exerts strong activity toward CHIKV infection in BHK-21 and
Vero-E6 cells, emphasized by the SI of 12.3 and 37.3, respectively. It is
important to mention that the antiviral effect shown in CHIKV-nanoluc
was very similar to observed in CHIKVwr, which supports the use of
CHIKV-nanoluc throughout our research. Also, RO8191 previously
showed anti-ZIKV activity in infected Vero-E6 cells, with a strong anti-
viral effect (SI of 121.4) (Fernandes et al.,, 2021). Other authors
described the effect of RO8191 impairing Hepatitis C and B virus
infection (Furutani et al., 2019; Huang et al., 2014b; Konishi et al., 2012;
Takahashi et al., 2019; Wang et al., 2015), among them, Konishi and
coworkers demonstrated RO8191 activity against HCV with an ECsg of
0.2 uM (Konishi et al., 2012), as well as its synthetic analogs with an
improved anti-HCV entry action (Wang et al., 2015). Additionally,
Takahashi and collaborators described that a RO8191 analog
(CDM-3008), with strong activity against HCV and HBV, impaired
92.1% and 90.1% of infection, respectively (Takahashi et al., 2019).
These works corroborate our data, and altogether demonstrate a strong
antiviral activity against important clinical viruses, suggesting a
broad-spectrum activity for RO8191. Moreover, RO8191 exerts a po-
tential antiviral effect mediated by distinct mechanisms of action.

Another point observed here is the potent effect of RO8191 in
different cell lineages, inhibiting over 50% of viral replication at all
stages, with the strongest effect observed in post-entry stages of the
CHIKYV replicative cycle. Even though RO8191 was previously described
as an effective agonist of interferon signaling (Furutani et al., 2021;
Ishibashi et al., 2019; Kitamura et al., 2022; Zeng et al., 2020), when the
antiviral assays were performed in Vero-E6 cells, which do not naturally
express type-1 IFN genes (Emeny and Morgan, 1979; Prescott et al.,
2010), the compound still triggered a strong anti-CHIKV activity,
probably through an independent of IFN-a production mechanism of
action. The effect observed here is in agreement with Konishi and col-
laborators who demonstrated that RO8191 inhibited HCV virus through
a similar mechanism to IFN-« (Konishi et al., 2012). Interestingly, Wang
and coworkers demonstrated the activity of RO8191 analogs impairing
HCV entry by interacting with the virions (Wang et al., 2015), which
agrees with our results, and with the antiviral data in cells defective of
type-1 IFN production. It might explain and emphasizes the potential of
this molecule as antiviral through a different mechanism of action, being
supported by the bioinformatics data that demonstrated strong in-
teractions with the subunit E1, also corroborated by the ATR-IFTR re-
sults, which indicated interactions between RO8191 and viral
glycoproteins and lipids from CHIKV virions.
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The RO8191 post-entry activity was demonstrated to be the strongest
effect in the time-of-drug addition assays, supported by the potent effect
on the CHIKV subgenomic expressing cells. Additionally, the in-silico
data showed the highest docking values for nsP3 and nsP4, suggesting
that RO8191 might be also interacting and interfering with the nsP4
polymerase activity and/or with the ADP-ribose site of nsP3, both rep-
resenting interesting antiviral targets for antiviral discovery against
CHIKV (Chaudhary and Sehgal, 2021; Shimizu et al., 2020). Also, to the
best of our knowledge, the inhibition of the nsP3 and/or nsP4 activities
has not been described for RO8191 yet. It is important to highlight that
our data did show an interaction between RO8191 and CHIKV nsP4,
suggesting a low interference with nsP4. However, further analyses are
needed to investigate the interference of RO8191 with the ADP-ribose
site of nsP3 or with other viral and cellular proteins, which may
potentially disrupt the CHIKV replication. Finally, ATR-FTIR assay
demonstrated changes in RNA spectra, which agrees with the significant
reduction of viral RNA in the CHIKVyr assays in BHK-21 and Vero-E6
cells.

5. Conclusion

Altogether, the data presented here support RO8191 as a potent
CHIKYV inhibitor, mainly by affecting post-entry stages of viral replica-
tion, but also through type-1 IFN dependent and independent pathways
of intrinsic cellular response. The combined mechanisms of action
exhibited by RO8191 highlight its potential to be further studied for its
effects against CHIKV replication in vivo and present this compound as
an interesting alternative for antiviral development against arboviruses.
Therefore, this data might be useful for further approaches against
CHIKV and provide a potential treatment for Chikungunya fever.
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