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RESUMO

O virus Chikungunya (CHIKV) ¢ o agente etiologico da febre de Chikungunya,
uma doenca transmitida globalmente através de mosquitos do género Aedes sp. Até o
momento, ndo ha tratamento antiviral ou vacina aprovados contra o CHIKV, sendo
mandatério o desenvolvimento de novas estratégias terapéuticas. Nesse contexto, as
proteinas isoladas dos venenos de serpentes t€ém demonstrado atividade antiviral contra
diversos virus, incluindo arboviroses relevantes para o sistema publico de satde. A
fosfolipase A2cg (PLA2cB), uma proteina isolada da peconha de Crotalus durissus
terrificus, demonstrou possuir atividades anti-inflamatérias, antiparasitarias,
antibacterianas e antivirais. Neste estudo, nos investigamos os varios efeitos da PLA2cs
no ciclo replicativo do CHIKV in vitro. A atividade antiviral da PLA2cg foi avaliada
usando CHIKV-nanoluciferase, uma construg¢do viral inserida de um gene reporter (-
nanoluc), para infectar células de rim de hamster bebé (BHK-21) e avaliar a viabilidade
celular (ensaio MTT) e as taxas de infectividade (niveis de luminescéncia). Os resultados
demostraram que a PLA2cg possui uma potente atividade antiviral, avaliada pelo indice
de seletividade de 128 (razdo de citotoxicidade por atividade antiviral). Identificamos que
o tratamento com PLA2cp protegeu as células contra a infeccao pelo CHIKV em 84%, e
reduziu significativamente a entrada do virus nas células hospedeiras por um efeito
virucida maior que 99%, ou reduzindo a adsor¢ao e desnudamento em 98 e 95%,
respectivamente. Adicionalmente, a PLA2cp apresentou um efeito moderado, porém
significante, inibindo 64% das etapas pods-entrada do ciclo replicativo do CHIKV.
Calculos envolvendo ancoramento molecular foram realizados, € os resultados sugerem
interacoes entre PLA2cg e as glicoproteinas do CHIKV, principalmente com a E1, por
meio de interagdes hidrofobicas. Adicionalmente, andlises de espectroscopia no
infravermelho indicou interagdes da PLA2cs com glicoproteinas do CHIKYV,
corroborando com os dados das andlises in silico. Nossos dados demonstraram os
multiplos efeitos antivirais da PLA2¢g no ciclo replicativo do CHIKV, e sugerem as
interacdes da PLA2cs com glicoproteinas do CHIKV como um modo de agdo desse

composto bloqueando a entrada do virus nas células hospedeiras.



ABSTRACT

Chikungunya virus (CHIKV) is the etiologic agent of Chikungunya fever, a
globally spreading mosquito-borne disease. To date, there is no approved antiviral
treatment or vaccine against CHIKV, being mandatory the development of new
therapeutic strategies. In this context, proteins isolated from snake venoms have
demonstrated antiviral activity against several virus, including arbovirus which are
relevant the public health system. The phospholipase A2¢s (PLA2cB), a protein isolated
from the venom of Crotalus durissus terrificus, demonstrated to possess anti-
inflammatory, antiparasitic, antibacterial, and antiviral activities. In this study, we
investigated the multiple effects of PLA2cg on the CHIKYV replicative cycle in vitro. The
antiviral activity of PLA2cg was assessed using CHIKV-nanoluciferase, a viral construct
inserted of a reporter gene (-nanoluc), to infect baby hamster kidney cells (BHK-21) cells
and evaluate cell viability (MTT assay) and infectivity rates (luminescence levels). The
results demonstrated that PLA2cg possess a strong antiviral activity judged by the
selective index of 128 (ratio of cytotoxicity to antiviral activity). We identified that the
treatment with PLA2cg protected the cells against CHIKV infection in 84% and strongly
impaired virus entry to the host cells by a virucidal effect of over 99%, or by reducing
adsorption and uncoating in 98 and 95 %, respectively. Moreover, PLA2cp presented a
modest yet significant activity inhibiting 64 % of post-entry stages of CHIKV replicative
cycle. Molecular docking calculations were performed and results suggested binding
interactions between PLA2cp and CHIKV glycoprotein, mainly with E1 through
hydrophobic interactions. In addition, infrared spectroscopy spectral analysis indicated
interactions of PLA2cg and CHIKYV glycoproteins, corroborating with data from in silico
analyzes. Our data demonstrated the multiple antiviral effects of PLA2cg on the CHIKV
replicative cycle, and suggest the interactions of PLA2¢cg with CHIKV glycoproteins as

a mode of action of this compound on blocking virus entry to the host cells.
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INTRODUCAO

Historico e Epidemiologia

O virus da Chikungunya (CHIKV) foi descoberto em 1950 na regido da Tanzania
(HALSTEAD, 2015; LUMSDEN, 1955) e sua identificacdo como o agente etioldgico da
Febre do Chikungunya ocorreu somente em 1955 (ROSS, 1955; WEAVER;
FORRESTER, 2015a). O nome ‘“chikungunya” originou-se do idioma Makonde, ¢
significa ‘aqueles que se dobram”, referindo aos pacientes que possuiam uma aparéncia

curvada durante a primeira epidemia documentada entre 1952 ¢ 1953 (MONATH, 2019).

Por muitos anos, casos esporadicos de CHIKV permaneceram restritos as regides
da Africa e Asia (COHEN et al., 1969; NJENGA et al., 2008). Entretanto, um surto global
teve inicio em 2005, com alguns casos em ilhas do oceano Indico, e notificagdes em paises
como Italia e Franga, associados a intensa circulacdo de pessoas nestas regides (RAVI,
2006; SAMBRI et al., 2008). O surto de febre Chikungunya atingiu também as Américas,
onde o virus se espalhou com grande facilidade, em consequéncia do clima favoravel e a
presenca de vetores suscetiveis (GRATZ, 2004; PAGES et al., 2009; RASHAD;
MAHALINGAM; KELLER, 2013) (Figura 1).

Figura 1: Locais com transmissdo do CHIKYV. Paises que registraram casos de Chikungunya (verde
escuro) de acordo com o Centro de Controle e Prevencdo de Doengas (CDC). Paises e/ou territdrios com
casos importados ndo estdo inclusos.

Adaptado de (“Geographic Distribution | Chikungunya virus | CDC”, 2019)
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Estudos filogenéticos identificaram duas cepas distintas do CHIKV, originadas a
partir de uma linhagem comum, sendo uma a do Oeste Africano (WA) e outra do
Leste/Centro/Sul da Africa (ECSA) (VOLK et al., 2010; WEAVER; FORRESTER,
2015b). Relatos historicos identificaram a ocorréncia de um surto na Asia cerca de 150
anos atras, causado pela cepa ECSA, a qual possivelmente propiciou a sua diferenciagao
em um gendtipo diferente, conhecido como a Linhagem Urbana Asiatica (AUL) (BURT
etal.,2017; VOLK et al., 2010). Adicionalmente, a inser¢do de uma linhagem ECSA nas
regides do Oceano Indico deu origem a outro gendtipo, a linhagem do Oceano Indico
(IOL), entretanto, estima-se que essa linhagem tenha se extinguido (BURT et al., 2017;
VOLK et al., 2010). No Brasil, os primeiros casos da febre do Chikungunya foram
relatados no Amapé e na Bahia em 2014, causados pelas cepas ECSA e AUL, as quais
foram rapidamente difundidas para os demais estados do territorio brasileiro
(MINISTERIO DA SAUDE, 2015; SILVA et al., 2017). Desde entao, essas cepas foram
responsaveis por mais de 650 mil casos de febre Chikungunya entre os anos de 2014 ¢
2019 (MINISTERIO DA SAUDE, 2017, 2018; SILVA et al., 2018). No ano de 2020,
foram registrados até a semana epidemiologica 21, 34.751 casos provaveis de febre
Chikungunya, com uma incidéncia de 16,5 casos por 100 mil habitantes, e 8 Obitos

confirmados (MINISTERIO DA SAUDE, 2020b).
Transmissao

O CHIKYV ¢ transmitido por meio da picada de mosquitos fémeas infectados pelo
CHIKYV, sendo os principais vetores o Aedes aegypti e Aedes albopictus NGOAGOUNI
et al., 2017; POWERS et al., 2000). Regides com clima tropical facilitam o aumento da
densidade de vetores e, consequentemente, a transmissao do virus, especialmente durante
periodos chuvosos (MAVALE et al., 2010) (Figura 2). De maneira agravante, outros
vetores, como Haemagogus leucocelaenus e Aede terrens, possuem alta susceptibilidade
pelo virus, podendo se tornar potenciais vetores transmissores, € assim, facilitar novos
surtos da infeccido (LOURENCO-DE-OLIVEIRA; FAILLOUX, 2017). A transmissao
vertical do CHIKV ¢ classificada como rara, mas devido a patologia, pode provoca
abortos em fases iniciais, bem como altas taxas de morbidade infantil, o que pode
impactar diretamente na documentagdo desses casos (GUPTA; GUPTA, 2019).
Entretanto, em 2018 foi relatado o primeiro caso de morte de recém-nascido no Brasil

apos infec¢do por CHIKV (OLIVEIRA et al., 2018).
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Figura 2: Distribuicio dos vetores do CHIKV no mundo. Mapa demonstrando a possivel distribuicdo
dos vetores Aedes aegypti (A) e Aedes albopictus (B). Regides em azul indicam baixa densidade e em
vermelho alta densidade da distribuigdo dos vetores. Pontos em preto significam os locais onde a presenca
desses vetores foi confirmada.

Adaptado de (KRAEMER et al., 2015)

Virus Chikungunya

O CHIKYV pertence a familia Togaviridae e género Alphavirus (GAY et al., 2016;
ROSS, 1955). E um virus envelopado, com aproximadamente 70 nm de didmetro e uma
fita simples de RNA de polaridade positiva com aproximadamente 12 kB (ROBERTS et
al., 2017; SOLIGNAT et al., 2009a) (Figura 3A). O genoma viral apresenta uma regiao
ndo-codificante 5°, seguida de uma regido aberta de leitura (Open Reading frame, ORF)
codificante das 4 proteinas ndo estruturais (nsP1 a nsP4), relacionadas ao complexo
replicativo, seguida da ORF codificante das 5 proteinas estruturais (C, E1, E2, E3 e 6K),
presentes no capsideo ou envelope do virus, e por fim de uma regido ndo-codificante 3’

(LUM; NG, 2015; POWERS, 2017) (Figura 3B).
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Figura 3: Estrutura da particula viral e Genoma do CHIKYV. Esquema representativo da particula viral
do CHIKYV (A). Ilustragdo do genoma do CHIKV (B).
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Adaptado de (MARTINS et al., 2020; SOLIGNAT et al., 2009b)

O ciclo replicativo do virus ocorre em hospedeiros vertebrados e células de
artrépodes, sendo assim classificada como uma arbovirose (BORGHERINI et al., 2007).
A replicagdo viral se inicia pela adsor¢ao do virus a célula hospedeira, através da ligacao
da glicoproteina E2 do envelope viral com os glicosaminoglicanos e receptores TIM-1,
DC-SIGN e Mxra8 da membrana da célula hospedeira, que promove a entrada do virus
por endocitose (SCHNIERLE, 2019). O pH se torna acido no interior do endossomo,
provocando mudangas conformacionais que permitem a fusdo entre as membranas do
endossomo e do envelope viral. Esse processo ¢ mediado pela glicoproteina EI,
promovendo a liberagdo do capsideo viral no citoplasma da célula infectada e posterior
liberacao do RNA viral. O RNA de polaridade positiva ¢ rapidamente traduzido em uma
poliproteina ndo-estrutural (NSP1234), a qual interage com proteinas do hospedeiro e,
posteriormente sao clivadas em NSP1, NSP2, NSP3 e NSP4. Estas, formam um complexo
conhecido como Replicase Viral, o qual ¢ responsavel por sintetizar uma fita de RNA
polaridade negativa a partir do RNA de polaridade positiva, e produzir um RNA

subgenOmico a partir da segunda regido de leitura aberta. Este RNA subgendmico sera
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Membrana Plasmatica

utilizado como RNAm para sintetizar uma poliproteina estrutural do virus (C-pE2-6K-
El). A poliproteina estrutural ¢ clivada por auto protedlise em proteina C do capsideo
(proteinas de automontagem), enquanto as proteinas do complexo E2-6K-El serdo
processadas no reticulo endoplasmatico e posteriormente inseridas na membrana da
célula hospedeira. Finalmente, os capsideos formados se agrupam no citoplasma e deixam
as células por brotamento, levando a regido da membrana celular com as proteinas El e
E2, como envelope viral (ABDELNABI; NEYTS; DELANG, 2015; GOULD etal., 2010;
SOLIGNAT et al., 2009a) (Figura 4).

Figura 4: Esquema representativo do ciclo replicativo do CHIKYV.

Protedlise da
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[ Tradugéo
N PE2
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Receptores do CHIKY

CHIKV Brotamento

Adaptado de (MARTINS et al., 2020)

Febre Chikungunya e Patogénese

A febre Chikungunya ¢ uma doenca viral que apresenta fase aguda com duragao
entre 5 a 7 dias (WHO, 2019). Os sintomas gerais sdo muito semelhantes aos de outras
arboviroses como a dengue e incluem febre, dores musculares, fadiga e manchas
vermelhas sobre a pele (MOIZEIS et al., 2018). Entretanto, as fortes dores nas
articulagdes sdo caracteristicas da infeccao pelo CHIKV (LEE et al., 2012). Em alguns

casos raros sao observadas encefalopatias, hepatites e miocardites, podendo também levar
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a obito (DAS et al., 2010) (Figura S). Apesar de ser uma doenca aguda e ocasionalmente
assintomatica, 43% dos pacientes diagnosticados com CHIKV desenvolvem a infec¢do
cronica, permanecendo de alguns meses até anos (ALESSANDRA LO PRESTII et al.,
2014; HOARAU et al., 2010; PAIXAO et al., 2018; PIALOUX G, GAUZERE BA,
JAUREGUIBERRY 8§, 2007).

Apos a picada por um mosquito infectado, o CHIKV ¢ liberado na derme e na
corrente sanguinea do hospedeiro vertebrado, inicialmente infectando células suscetiveis
ao virus como as do tecido conjuntivo, células epiteliais e fibroblastos (THON-HON et
al., 2012). O virus atinge sitios de infec¢cdo secundarios por meio da circulagado linfatica
e sanguinea, como figado, articulacdes e tecidos musculares (DUPUIS-MAGUIRAGA et
al., 2012) (Figura 5). A associacdo de processos inflamatorios causados pela replicacdo
viral persistente e a resposta imune do hospedeiro resultam em manifestagdes
relacionadas a mialgia e poliartralgia em articulagdes distais, provocando fortes dores
articulares e musculares (SILVA et al., 2017).

Figura 5: Esquema demonstrativo da infeccio do CHIKYV e sintomas da infeccio.
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Resposta Imune

A resposta imune contra a infec¢do pelo CHIKV ¢ baseada inicialmente em uma

resposta imune inata (WAUQUIER et al., 2011). No local de inoculagdo viral, as células
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infectadas identificam o RNA viral por meio de receptores de reconhecimento padrao
(PPRs), como os receptores foll-like 3 ¢ 7 (VAN DUIJL-RICHTER et al., 2015), e
produzem quimiocinas, como a proteina quimiotatica de monocitos (CCL2), que
estimulam a migracao e diferenciagdo de monocitos em macréfagos no local de replicagao
viral (WHITE et al., 2011, p. 1). Apesar dos macréfagos residentes e infiltrados serem
importantes para a producdo de citocinas e garantir a elimina¢do da infecgdo, esses
também sdo suscetiveis a infecgdo pelo CHIKV e podem funcionar como um reservatorio
em pacientes com infec¢do cronica, facilitando a disseminacao do virus (VERMA et al.,

2018).

A resposta imune adaptativa é baseada no reconhecimento das células T CD4", as
quais estao presentes na primeira semana de infeccdo (WAUQUIER et al., 2011). As
células infectadas apresentam o antigeno viral por meio do complexo de
histocompatibilidade humano (MHC) tipo II para os receptores de células T (ROLPH,;
FOO; MAHALINGAM, 2015). Essas também migram para capsulas sinoviais em
articulacdes, sendo responsaveis pela producao de interferon gama (IFN-y) para controle
da viremia (TEO et al., 2013). As células T CD4" junto com as células Treg sdo
responsaveis pela diferenciacao da resposta em Thl, essencial para a ativagao de células
B produtoras de imunoglobulinas anti-CHIKV (VERMA et al.,, 2018). Em alguns
individuos pode haver a produgdo de citocinas em ambas as vias Thl e Th2,
possivelmente comprometendo a eliminagdo viral e recuperagdo clinica (FOX;
DIAMOND, 2020). Além disso, as células T CD4' participam ativamente no
recrutamento e ativagdo de células T CD8" citotoxicas nos periodos iniciais da infecgdo

(WAUQUIER et al., 2011).

Em relagdo as células B, essas sdo ativadas pelas células T CD4" e estimuladas a
produzir imunoglobulinas para neutralizac¢do viral (LUM et al., 2013). Os anticorpos do
tipo IgM sdo detectaveis no inicio da fase aguda, e apo6s alguns dias ocorre o
desenvolvimento de anticorpos do tipo IgG, permanecendo apos o fim da fase aguda. Nos
casos de cronificacdo, os niveis de IgG permanecem altos durante toda a fase cronica
(LUM et al., 2013). Isso demonstra que os niveis de anticorpos sdo necessarios para o
controle, mas nao sdo capazes de eliminar a infeccdo (FOX et al.,, 2015; FOX;

DIAMOND, 2020).

Tratamento
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Atualmente, o tratamento para a febre Chikungunya ¢ baseado em medidas
paliativas, visando mitigar os sintomas, tendo como base o uso de analgésicos,
antitérmicos, repouso ¢ hidratagio (BRASIL. MINISTERIO DA SAUDE.
SECRETARIA DE VIGILANCIA EM SAUDE, 2015; OMS, 2017). Além disso, também
ndo existem vacinas capazes de levar a uma imunizagdo satisfatoria da populacao
(ROUGERON et al., 2015). Desta forma, novas abordagens terapéuticas necessitam ser
desenvolvidas, que incluem a investigacdo da atividade antivirais de compostos isolados

de plantas, microrganismos e animais.

Compostos naturais e as toxinas de animais

Produtos naturais (PNs) apresentam uma vasta aplicacdo, apresentando
importante papel na produgdo de temperos e condimentos e até mesmo inseticidas. A
capitalizagdo de PNs, entretanto, vem se mostrando promissora principalmente no
desenvolvimento de farmacos, permitindo a sobrevivéncia e sobrevida de populacdes as
doengas (VIEGAS; DA SILVA BOLZANI; BARREIRO, 2006). Historicamente, ha
relatos da utilizacdo empirica de plantas com propriedades medicinais ha milénios e em
diferentes locais do mundo (CRAGG; NEWMAN, 2014). Os compostos naturais podem
ser derivados de plantas, microrganismos e animais (GANESAN, 2008), e suas atividades
biologicas resultaram na identificagdo e desenvolvimento de farmacos para o tratamento
de doengas cronicas como cancer, diabetes, hipertensdo arterial, e infecciosas, como as
causadas por virus, bactérias e fungos (HARVEY, 2008). Adicionalmente, entre 1994 a
2007, mais da metade dos farmacos aprovados pelas agéncias reguladoras envolvem
moléculas sintéticas ¢ semissintéticas baseadas em PNs (BUTLER; ROBERTSON;
COOPER, 2014).

Dentre os compostos naturais, as peconhas de serpente vém se mostrando uma
fonte terapéutica inovadora, por ser uma mistura complexa de lectinas, oxidases,
metaloproteinas, desintegrinas, fosfolipases A2 (PLA2) e enzimas proteoliticas
(BAILEY; WILCE, 2001; FABIAN VILLALTA-ROMERO, 2017). O isolamento de
algumas destas macromoléculas permitiu a identificacdo de um peptideo da pegonha de
Bothrops jararaca, responsavel pela inibi¢do da Enzima Conversora de Angiotensina
(ECA), a qual ¢ amplamente utilizada como agente anti-hipertensivo (Captopril®)

(ONDETTI et al., 1971; RUPAMONI THAKUR; ASHIS K. MUKHERJEEA, 2017).
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As fosfolipases do tipo A2 (PLA?2) sdo os constituintes mais estudados da peconha
de serpentes (FILKIN; LIPKIN; FEDOROV, 2020), devido a sua atividade enzimatica
em fosfolipideos de membrana, produzindo &cido aracdonico e lisofosfolipideos
(BURKE; DENNIS, 2009; FILKIN; LIPKIN; FEDOROV, 2020). Os metabolitos
produzidos exercem diversas atividades na inflamacdo, ativagdo de plaquetas e
sinalizacdo intracelular (SCHALOSKE; DENNIS, 2006). As PLA2 sdo classificadas
como secretadas (SPLA2), citosolica (cPLA2), Ca*'-independente (iPLA2), fator
plaquetario por acetilhidrolases (PAF-AH), lisossomal (LyPLA2) e adipose-especifica
(AdPLA2) (BURKE; DENNIS, 2009). As sPLA2 sdo proteinas com massa molecular
aproximada de 14 kDa, com uma atividade catalitica conservada (SCHALOSKE;
DENNIS, 2006), e podem agir sobre membranas celulares em diversos tecidos causando
citotoxicidade em musculos cardiacos e esquelético, neurotoxicidade, hipotensao e edema

(LOMONTE; RANGEL, 2012).

PLA2 de Crotalus durissus terrificus

A peconha da Crotalus durissus terrificus, uma serpente da América do Sul, ¢
composta por diversas macromoléculas como a crotoxina, crotamina, convulxina,
neurotoxina, dentre outras (SCHALOSKE; DENNIS, 2006; SIX; DENNIS, 2000). A
crotoxina € o maior constituinte da pegonha de C. d. terrificus, sendo composta por duas
principais subunidades, a crotapotina (proteina cataliticamente inativa) e a PLA2cB
(cadeia base da crotoxina e cataliticamente ativa) (Figura 6) (FAURE; XU; SAUL, 2011;
LOMONTE; RANGEL, 2012, p. 49). A crotoxina demonstrou possuir atividade antiviral
contra o virus da imunodeficiéncia humana (HIV) (VILLARRUBIA; COSTA; DIEZ,
2004), interagindo diretamente com o virus ¢ impedindo sua entrada nas células alvo.
Entretanto, quando separados os constituintes da crotoxina, a PLA2cg demonstrou

atividades biologicas importantes (MULLER et al., 2012).

A PLA2cs faz parte da familia de fosfolipases secretadas (KINI; EVANS, 1989)
com atividades cataliticas (CALDERON et al., 2014), que apresentam diversas atividades
bioldgicas descritas, as quais incluem as atividades anti-inflamatorias, bactericida e
antiparasitaria (ALMEIDA et al., 2016; DE CARVALHO et al., 2019). Adicionalmente,
PLA2cp demonstrou atividade antiviral contra DENV-2 e DENV-3, HIV, virus da febre
amarela (YFV), hepacivirus C (HCV) e virus Mayaro (MAYV) (CLEYSE et al., 2017;
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MULLER et al., 2014; SHIMIZU et al., 2017; VERA L. PETRICEVICH; RONALDO
Z. MENDONCA, 2003).

Figura 6: Estrutura da PLA2cs isolada de Crotalus durissus terrificus (PDB:3R0L).

Adaptado de (FAURE; XU; SAUL, 2011)

As proteinas isoladas de veneno de serpente se apresentam como uma fonte
promissora para o desenvolvimento de novos antivirais contra o CHIKV, visto que ja
demonstraram efeitos contra outros arbovirus. Portanto, a PLA2cg se apresenta como uma
fonte de informagdes para o desenvolvimento de tratamentos futuros contra a febre
Chikungunya, o que podera resultar na melhora da qualidade de vida da populagdo
infectada, e reducao dos gastos publicos devido aos tratamentos paliativos de longo prazo

e a incapacitagao dos individuos infectados.
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OBJETIVOS

O presente trabalho teve como objetivo avaliar a atividade da fosfolipase A»
(PLA2cB) isolada da pegonha da serpente Crotalus durissus terrificus no ciclo replicativo

do CHIKYV in vitro.

Objetivos especificos

e Determinar a concentracio efetiva de 50% (ECso), concentragdo citotoxica em 50%
(CCso) e indice de seletividade (IS=CCso/ECso) da PLA2cB, de forma a estabelecer os
valores 6timos de concentracdo para o tratamento celular e avaliar o potencial

antiviral desta molécula;

e Avaliar a atividade da PLA2cg em diferentes etapas do ciclo replicativo do CHIKV,

para um melhor entendimento das etapas do ciclo viral inibidas por essa molécula.

e Investigar as interagdes da PLA2cg com proteinas do CHIKV por meio de ancoragem

molecular, para identificar potenciais mecanismos de acao antiviral;

e Analisar por espectroscopia no infravermelho (FTIR) as interagdes quimicas da
PLA2cB com constituintes da particula viral do CHIKV, afim de investigar o modo

de acao desta molécula.
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CHIKUNGUNYA VIRUS IS STRONGLY INHIBITED BY
PHOSPHOLIPASE A2 isolated from Crotalus durissus terrificus

*Este capitulo esta em formato de manuscrito com algumas alteragdes estruturais para
melhor se adequar ao formato da dissertagdo. O artigo em questao serd submetido a

revista Antiviral Research.
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ABSTRACT

Chikungunya virus (CHIKV) is the etiologic agent of Chikungunya fever, a
globally spreading mosquito-borne disease. There is no approved antiviral or vaccine
against CHIKV, which leads to a mandatory need for development of new therapies. In
this context, proteins isolated from snake venoms have demonstrated antiviral activity
against several virus, including arbovirus which are relevant the public health system.
The phospholipase A2cs (PLA2cB), a protein isolated from the venom of Crotalus
durissus terrificus, presented several biological activities such as anti-inflammatory,
antiparasitic, antibacterial and antiviral. In this study, we investigated the multiple effects
of PLA2cg on the CHIKYV replicative cycle in vitro. The antiviral activity of PLA2cg was
assessed using CHIKV-nanoluciferase, a viral construct inserted of a reporter gene (-
nanoluc), to infect baby hamster kidney cells (BHK-21) cells and evaluate cell viability
(MTT assay) and infectivity rates (luminescence levels). The results demonstrated that
PLA2cg possess a strong antiviral activity judged by its selectivity index of 128. We
identified that the treatment with PLA2cg protected the cells against CHIKV infection in
84% and strongly impaired virus entry to the host cells by a virucidal effect of over 99 %,
or by reducing adsorption and uncoating in 98 and 95 %, respectively. Moreover, PLA2cp
presented a modest yet significant activity towards post-entry stages of CHIKV
replicative cycle, with inhibition rate of 64 %. Molecular docking calculations were
performed and results suggested binding interactions between PLA2cg and CHIKV
glycoprotein, mainly with E1 through hydrophobic interactions. In addition, infrared
spectroscopy measurements indicated interactions of PLA2¢g and CHIKV glycoproteins,
corroborating with data from in silico analyzes. Our data demonstrated the multiple
antiviral effects of PLA2¢g on the CHIKYV replicative cycle, and suggest the interactions
of PLA2cg with CHIKV glycoproteins as the potential target of this compound on
blocking virus entry to the host cells.

Keywords: arboviruses; antiviral; Chikungunya virus; phospholipase A2¢g; natural
compounds.
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1. INTRODUCTION

Chikungunya virus (CHIKV), a member of the genus Alphavirus, family Togaviridae
(ICTV, 2019), is the causative agent of the Chikungunya fever epidemics (Mayer et al.,
2017). CHIKYV particle is constituted by an icosahedral capsid with a positive single strain
RNA genome of approximately 12 kb (Burt et al., 2017), involved by a lipid envelope
encompassing E1 and E2 glycoproteins in its surface (Strauss and Strauss, 1994; Yap et

al., 2017).

CHIKYV was first identified in 1950 in Tanzania, Africa, however, it was only related
to Chikungunya fever in 1955 (Mason and Haddow, 1957; Weaver and Forrester, 2015).
Since then, CHIKV outbreaks were identified in several countries, of Oceanic Indic
islands, France, Italy and from the Americas (Silva and Dermody, 2017). In Brazil, the
first cases of Chikungunya fever were identified in 2014, and since then, became an
endemic disease (Nunes et al., 2015). From January to April of 2020, 22.786 cases and 4
deaths by CHIKV were notified (Ministério da Saude and Secretaria de Vigilancia em
Satde, 2020). This virus is transmitted through the bite of Aedes aegypty and Aedes
albopictus female mosquito (Geevarghese et al., 2010; Ngoagouni et al., 2017), and,
therefore, have been associated to the epidemics in tropical and subtropical regions

(Kraemer et al., 2015).

Chikungunya fever symptoms include fever, nausea, and fatigue (Das et al., 2010).
However, the arthralgia and polyarthralgia caused by the persistent viral replication
associated with the host immune response are characteristic of this disease (Brault et al.,
2000). In some rare cases, infected individuals can develop hepatitis, myocarditis, and
encephalopathy, ultimately leading to death of patients (Das et al., 2010). Unlike other
arboviruses, CHIKV infection can progress from acute to chronic condition for months
or years, resulting in a disabling disease (Dupuis-Maguiraga et al., 2012; Gardner et al.,
2010). In front of the lack of effective Food and Drug Administration (FDA) approved
treatments towards CHIKYV infection as well as vaccines, CHIKV treatment is often
palliative and symptomatic, based on analgesics, non-steroidal anti-inflammatory, rest,

and hydration (FDA, 2019).

Given that many approved drugs employed in the treatment of several infectious and

chronic diseases originated or derived from natural sources (Dias et al., 2012; Newman
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and Cragg, 2020), it is reasonable to hypothesize that natural compounds may also be
exploited onto generation of antiviral drugs. In this context,proteins isolated from snake
venoms are very promising, since they are a complex mixture of lectins, oxidases,
disintegrins, metalloproteins, and phospholipases A2 (Bailey and Wilce, 2001; Villalta-
Romero et al., 2017). Phospholipases A2 (PLA2s), in its turn are members of a secreted
phospholipases family with catalytic activities, which can act in the cell membranes of
several tissues and play several roles in biological systems (Burke and Dennis, 2009;

Calderon et al., 2014; Filkin et al., 2020).

The snake venom isolated from Crotalus durissus terrificus has numerous
constituents such as crotoxin, crotamin, neurotoxin, among others (Schaloske and Dennis,
2006; Six and Dennis, 2000). Crotoxin is the major part of the C. d. terrificus venom and
is composed of crotapotin and phospholipase A2 (PLA2cg) (Hendon and Fraenkel-
Conrat, 1971). Subsequently, PLA2¢g is a protein with approximately 14 kDa which
possess described anti-inflammatory, antiparasitic, and antibacterial properties (Almeida
et al., 2016; de Carvalho et al., 2019). PLA2cg have also presented activity towards
viruses such as Rocio (ROCV), Mayaro (MAYV) (Muller et al., 2014, 2012), Hepacivirus
C (HCV) (Shimizu et al., 2017), Dengue (DENV) and Yellow Fever (YFV) (Muller et
al., 2012).

Russo and coworkers expressed and purified two recombinant PLA2cg (rPLA2cB)
and partially assessed its anti-CHIKV activity. Nevertheless, rPLA2¢g proteins presented
lower antiviral activity and higher cytotoxicity profile than the native protein, probably
due to the nine additional amino acid residues present in their sequences (Russo et al.,
2019). Considering these previous results, herein we present and thorough in vitro
evaluation of the effects of the native PLA2cg towards CHIKV replication cycle.
Furthermore, we present possible targets and antiviral mechanism of action of this

protein.
2. METHODS

2.1. Compound

The crude venom of Crotalus durissus terrificus was obtained from the “Animal
Toxin Extraction Center” (CETA), duly registered with the Ministry of the Environment
under de process number 3002678. The poison was collected from 28 specimens from the

Morungaba-SP collection (IBAMA authorization: 1/35/1998/000846-1) and extraction
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was performed by Jairo Marques do Vale (CETA). The isolation and purification of
phospholipase PLA2cg (Figure 1A) from the venom of Crotalus durissus terrificus
snakes were carried out at the Toxinology Laboratory of the School of Pharmaceutical
Sciences of Ribeirdo Preto, University of Sao Paulo (IBAMA authorization:
1/35/1998/000846-1), as previously described (Hendon and Fraenkel-Conrat, 1971;
Muller et al., 2012). The lyophilized protein was dissolved in PBS (phosphate buffer
solution), filtered, and stored at -80°C. Dilutions of the stock solution containing protein
in complete medium were made immediately prior to the experiments. For all the

performed assays, PBS was used as the untreated control.

2.2. Cell culture

BHK-21 cells (ATCC® CCL-10"™), derived from baby hamster kidney, were
maintained in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich)
supplemented with 100U/mL of penicillin (Hyclone Laboratories), 100 mg/mL of
streptomycin (Hyclone Laboratories), 1% of non-essential amino acids (Hyclone 28
Laboratories) and 1% of fetal bovine serum (FBS, Hyclonen Laboratoires) in a
humidified 5% CO; incubator at 37°C. Subgenomic replicon (SGR) harboring cell lines
(BHK-CHIKV-NCT) (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.

2.3. CHIKY construct
The CHIKV-nanoluciferase (CHIKV-nanoluc) construct (Figure 1B) used for the
antiviral assays was designed based on the sequence of CHIKV LR (Lda reunion) inserted
of the CMV promoter and nanoluciferase protein sequence (Matkovic et al., 2018;
Pohjala et al., 2011). To produce CHIKV-nanoluc virus particles, 2.3 x 10’ BHK-21 cells
seeded in a T175 cm? flask were transfected with 1.5 pg of CHIKV-CMV-nanoluc
plasmid using lipofectamine 3000® and Opti-Mem medium. Forty-eight hours post-
transfection the supernatant was collected and stored at -80°C. To determine viral titers,
1 x 10° BHK-21 cells were seeded in each of 24 wells plate 24 hours prior to the infection.
Then, the cells were infected with 10-fold serially dilutions of CHIKV-ranoluc for 1 hour
at 37°C. The inoculums were removed, cells were washed with PBS to remove the
unbound virus, and added fresh medium supplemented with 1% penicillin, 1%
streptomycin, 2% FBS and 1% carboxymethyl cellulose (CMC). Infected cells were
incubated for 2 days in a humidified 5% CO; incubator at 37°C, followed by fixation with
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4% formaldehyde and stained with 0.5% violet crystal. The viral foci were counted to

determine viral titer.

2.4. Cell viability

Cell viability was measured by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] (Sigma-Aldrich) assay. BHK-21 cells were cultured in 48 well
plates at a density of 5 x 10* cells per well and incubated overnight at 37 °C in a
humidified 5% CO: incubator. PLA2cB-containing medium at concentrations ranging
from 0.195 to 200 pg/mL in two-fold serial dilutions was added to the cell culture for 16h
at 37°C with 5% of CO». After treatment, the compound-containing medium was removed
and MTT solution at 1 mg/mL was added to each well, incubated for 30 minutes, and
replaced with 100 pL of DMSO (dimethyl sulfoxide) to solubilize the formazan crystals.
The absorbance was measured at 560 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% (CCso) was calculated using GraphPad

Prism 8.

2.5. The effective concentration of 50% inhibition (EC50)

To assess the antiviral activity of PLA2cs, BHK-21 cells were seeded at a density of
5 x 10* cells per well into 48 well plates 24 hours before the infection. Cells were infected
with CHIKV-nanoluc at a multiplicity of infection (MOI) of 0.1 in the presence of
PLA2cp at concentrations ranging 0.195 to 200 ug/mL in two-fold serial dilutions.
Samples were harvested in Renilla-luciferase lysis buffer (Promega) at 16 hours 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 (ECso) was calculated using GraphPad Prism 8. The values of CCso and
ECso were used to calculate the selectivity index (SI = CCso/ECso).

2.6. Time-of-addition assays.

To investigate in which step of CHIKV replicative cycle PLA2cp was active, BHK-
21 cells at the density of 5 x 10* cells per well were seeded in 48 well plates 24 hours
before infection and treatment. All experiments were conducted with the virus at MOI of

0.1 and luminescence levels were accessed 16 h.p.i. to analyze the virus replication rates.

2.6.1. Pretreatment assay
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To evaluate the protective activity of PLA2cB, cells were treated for 1 hour with the
compound prior to the CHIKV infection, extensively washed with PBS to the complete
removal of the compound, and added of CHIKV-nanoluc for 1h. Then, cells were washed
with PBS to remove unbound virus and added fresh medium (Figure 2A).

To further investigate the pretreatment stage, further assays were performed: 1) cells
were treated for 1h with the compound, washed with PBS and infected with CHIKV-
nanoluc in the presence of PLA2cg for 16h (Figure 2B), and ii) cells were treated with
the compound for 1h, then extensively washed with PBS to remove medium containing

PLA2cg and infected with CHIKV-nanoluc for 16h (Figure 2C).

2.6.2. Entry inhibition assay

The activity of PLA2cg in blocking CHIKV entry to the host cells was assessed by
incubating the compound-containing medium and virus with the cells for 1h. Then, cells
were extensively washed with PBS and incubated with medium for 16h (Figure 3A). For
further analyzes, the following procedures were carried out: 1) the virucidal activity was
investigated by previously incubating CHIKV and PLA2¢g for 1 hour and then adding to
the cells for an extra 1 hour. The compound was removed by extensively washing cells
with PBS, followed by the replacement with fresh medium (Figure 3B); ii) to evaluate
the attachment step, the supernatant containing virus and compound was added to the
cells for 1 hour at 4°C, and then the cells were washed to the supernatant removal and
replaced by fresh medium (Figure 3C), and iii) to access the effects on the uncoating
step, CHIKV and PLA2cB were incubated for 1 hour at 4°C followed by 30 minutes at
37°C. Cells were then washed and replaced by fresh medium (Figure 3D).

2.6.3. Post-entry assay

To investigate the activity of the compound on post-entry stages of the viral
replicative cycle, cells were infected with CHIKV for 1 hour, washed extensively with
PBS to remove unbound virus, and added with compound-containing medium for 16h

(Figure 4A).
2.7. Replication assay using BHK-21-CHIKV-NCT cells

BHK-21 cells harboring the non-cytotoxic CHIKV-LR RNA replicon (BHK-CHIKV-
NCT) (Pohjala et al., 2011), that express CHIKV nonstructural proteins, a selection

marker (puromycin acetyltransferase, Pac) and two reporters genes (Renilla luciferase,
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Rluc, and EGFP), were used to assess the activity of PLA2cg on CHIKYV replication stage.
Cells were seed at a density of 7 x 10% in a 96 well plate. After 24h, cells were treated
with the PLA2¢g at 12.5 pg/mL for 72h (Figure 4B). Then, luminescence levels were
accessed to analyze the CHIKYV replication rates. The fluorescence was analyzed by
placing plates directly in the fluorescence microscopy EVOS® (Thermo-Fischer) in a 20x

lens (scale 400um) and GFP filter.
2.8. Molecular Docking analysis

The interaction between PLA2cp from the venom of the Crotalus durissus terrificus
(PDB: 3ROL) and the envelope glycoprotein of the Chikungunya virus (PDB: 3N42) was
performed through blind docking performed in the PatchDock server (Schneidman-
Duhovny et al., 2005), using the parameters predefined by the program and refined by the
FireDock algorithm (Andrusier et al., 2007). The best docking positions were evaluated
by the geometric complementarity score defined by PatchDock, with results refined and
ranked by the global energy after refinement. The post-docking 3D image was generated
in the DS Visualizer program, Dassault Systémes BIOVIA, Discovery Studio Visualizer,
version 17, San Diego: Dassault Systémes, 2016, and a 2D diagram of the interactions
interface between the molecules was generated with the aid of the LigPlot + program
(Laskowski and Swindells, 2011).

2.9. Infrared spectroscopy Spectral data analysis

An Fourrier Transformed Infrared (FTIR) spectrophotometer Vertex 70 (Bruker
Optics, Reinstetten, Germany) connected to a micro-attenuated total reflectance (ATR)
platform was used to record sample signature at 1800 cm™' to 400 cm™' regions. The ATR
unit is composed of a diamond disc as an internal-reflection element. The sample
dehydrated pellicle penetration depth ranges between 0.1 and 2 um and depends on the
wavelength, incidence angle of the beam, and the refractive index of ATR-crystal
material. The infrared beam is reflected at the interface toward sample in the ATR-crystal.
All samples (2uL) were dried using airflow on ATR-crystal for 3 min before sample
spectra recorded in triplicate. The air spectrum was used as a background in all ATR-
FTIR analysis. Sample spectra and background were taken with 4 cm™ of resolution and
32 scans were performed for analysis. The spectra were normalized by the vector method
and adjusted to rubber band baseline correction. The original data were plotted in the

Origin Pro 9.0 (OriginLab, Northampton, MA, USA) software to create the second
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derivative analysis. The second derivative was obtained by applying the Savitzky-Golay
algorithm with polynomial order 5 and 20 points of the window. The value heights

indicated the intensity of the functional group evaluated.
2.10. Statistical analysis

Individual experiments were performed in triplicate and all assays were performed a
minimum of three times to confirm the reproducibility of the results. GraphPad Prism 8
software (Graph Pad Software) was used to assess differences between unpaired means
of readings using t-Student’s for parametric tests, and Mann-Whitney for nonparametric

tests. P values < 0.01 were considered to be statistically significant.
3. RESULTS

3.1. Phospholipase A2cs (PLA2cB) strongly impairs Chikungunya virus
(CHIKY) infection in vitro

We investigated the anti-CHIKV activity of the PLA2cg (Figure 1A) using BHK-21
cells and a recombinant CHIKV that expresses a nanoluciferase reporter (CHIKV-
nanoluc) (Figure 1B) (Matkovic et al., 2018; Pohjala et al., 2011). First, the PLA2cp
antiviral activity was evaluated by performing a dose-response assay to determine the
effective concentration of 50% (ECso) and cytotoxicity of 50% (CCso). BHK-21 cells
were infected with CHIKV-nanoluc and simultaneously treated with PLA2cp at
concentrations ranging from 0.195 to 200 pg/mL in two-fold serial dilutions, and viral
replication was assessed 16 hours post-infection (h.p.i.) (Figure 1C). In parallel, cell
viability was assessed by an MTT assay. Our data showed that PLA2cg was able to inhibit
>99% of virus replication, while the minimum cell viability remained above 72%. From
this range of concentrations, it was determined that PLA2cg has the EC50 of 1.34 pg/mL,
CC50 of 172 pg/mL, and the Selectivity Index (SI) of 128 (Figure 1D). This data
demonstrated that PLA2cp strongly blocked the CHIKV infection judged by the high SI
value. To analyze the PLA2cg antiviral activity on different stages of CHIKV replication,
time-based assays were performed. For these further assays, cells were treated with
PLA2cp at 12.5 pg/mL which inhibited 91% (p < 0.01) of the virus infection and
presented cell viability of 100%.

3.2. PLA2cs protects cells against CHIKYV infection
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To assess the protective effects of PLA2cp against CHIKV infection, cells were
pretreated with PLA2¢g for 1 hour at 37°C, washed extensively with PBS to remove the
compound and infected with CHIKV-nanoluc for 1 hour. Then, the supernatant was
removed, cells were added of fresh medium and luminescence levels were measured 16
h.p.i. (Figure 2A). PLA2cg significantly reduced 84% of CHIKV-nanoluc infection,
demonstrating a robust antiviral effect when cells were treated prior to the infection (p <

0.01) (Figure 2A).

In view of this result, two additional assays were performed to further investigate
the protective effect of PLA2cg. In the first assay, BHK-21 cells were treated with
PLA2cg for 1h, washed with PBS and infected with CHIKYV in the presence of PLA2cg
for 16h. As a result, PLA2cg also protected the cells from CHIKV-nanoluc infection,
reducing 84% of luminescence levels (p <0.01) (Figure 2B). In the second assay, BHK-
21 cells were treated with PLA2¢p for 1 hour before the infection, washed with PBS to
remove the compounds, and infected with CHIKV for 16h (Figure 2C). The result
demonstrated that PLA2¢p reduced 96% of CHIKV infection (p < 0.01) (Figure 2C),
suggesting that PLA2cg was able to protect cells over periods of infection longer than 1
hour. Besides the variation in the values of antiviral activity, no statistical difference was
observed among data from these assays, suggesting that the treatment of cells with

PLA2cg for more than 1 hour did not enhance the protective effect (Figure 2D).

3.3. CHIKY entry to the host cells is knocked down by PLA2cs

To evaluate the PLA2¢g effect on CHIKYV entry to the host cells, virus and PLA2cs
were simultaneously added to BHK-21 cells for 1 hour at 37°C, cells were washed with
PBS and replaced with fresh medium (Figure 3A). Luminescence levels were assessed
at 16 h.p.i. and demonstrated that PLA2cp decreased 95.3% of virus infection (p < 0.01),
significantly inhibiting the CHIKV-nanoluc entry to the host cells (Figure 3A).

Additional assays were performed for a better understanding of the virucidal
effect, and activity of PLA2cp on viral attachment and or uncoating. To evaluate the
virucidal activity, an inoculum containing PLA2cg and CHIKV was incubated at 37°C
for 1h. Then, the inoculum was added to naive BHK-21 cells and incubated for an
additional hour. Cells were extensively washed, replaced with fresh medium, and
luminescence levels assessed (Figure 3B). PLA2cg showed strong virucidal activity,

blocking over 99% of virus entry to the host cells (p < 0.01) (Figure 3B). To analyze the
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PLA2cg effect on CHIKV attachment, virus and compound were first incubated with the
cells at 4°C for 1h. At this temperature, virus particles were able to attach to the cellular
receptors, but not entry into the host cells. Cells were then washed with PBS, added of
fresh medium, and incubated at 37°C (Figure 3C), to allow the continuation of the entry
process. Data obtained from this assay also showed strong inhibition of CHIKV
attachment by reducing 98.2% of virus entry to the cells (p < 0.01) (Figure 3C). In the
uncoating assay, cells were incubated with the virus and compound inoculum at 4°C for
1 hour, followed by incubation for 30 minutes at 37°C in an attempt to focus on the effect
of PLA2cg on the uncoating step (Figure 3D). The results demonstrated that PLA2cp
decreased luminescence levels up to 95.2% (p < 0.01), suggesting a robust inhibition of

the CHIKYV entry (Figure 3D).

3.4. PLA2cB moderately affect post-entry steps of CHIKYV replicative cycle

For the post-entry steps analysis, cells were first infected with CHIKV-nanoluc
for 1 hour at 37°C, washed extensively with PBS to remove the unbounded virus, and
then added fresh medium containing PLA2cs (Figure 4A). The results showed that
PLA2cg significantly reduced of 64% of CHIKV replication (p < 0.01) (Figure 4A). An
additional antiviral assay was performed to investigate the effects of PLA2cg on virus
replication using BHK-CHIKV-NCT cells. This stable replicon cell line continuously
expresses CHIKV nonstructural proteins and two reporter genes (Renilla luciferase and
EGFP), allowing the evaluation of the effect of PLA2cg on replication complexes formed
during the replication stage. For this analysis, BHK-CHIKV-NCT cells were treated with
PLA2cg at 12.5 pg/mL and replication rates were assessed 72h after treatment (Figure
4B). Corroborating the post-entry data, PLA2cp significantly decreased CHIKV
replication levels in 58% without cytotoxicity (Figure 4B). The levels in EGFP
expression were also decrease as seen in Figure 4C. These results suggest that the
observed post-entry inhibition can be also associated with an effect on nonstructural

proteins, impairing the CHIKV replication cycle.

Altogether, these data suggest that PLA2¢g can inhibit multiple steps of CHIKV
replication. However, the strongest effect of PLA2cp was related to virus entry inhibition,
more specifically as virucidal and/or on attachment step. It suggests that the mechanism
of action of PLA2¢p as anti-CHIKV might be related to a direct action on the virus

structure.
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3.5. Possible interactions between PLA2cs and CHIKY glycoproteins

In view of the results of PLA2¢p impairing CHIKV entry on host cells, a molecular
docking assay was performed to investigate interactions and binging mode between
PLA2cgand CHIKYV glycoproteins. In a blind molecular docking, PLA2cg interacted with
the E1 and E2 of the glycoprotein complex, with global energy of 0.57 kJ/mol after
refining (Figure 5).

The 2D interactions between PLA2cg and CHIKYV glycoproteins showed that PLA2cs
mainly interacted with E1 glycoprotein, forming thirty hydrophobic interactions (residues
He63, GIn33, Prol19, Phel09, Gly31, Ala55, Vall8, Lys60, Argll14, Phe23, Trp30,
Trp61, Leu3 in PLA2cp and residues GIn353, Lys132, Leu34, Val269, Ser35, Asn389,
Argl34, Asn140, Tyr390, Leul36, GIn260, Gly12, He344, Glu32, Arg340, Ser355 in E1
glycoprotein) (Figure 6). Also, PLA2¢g formed 3 hydrogens bonds with E1, being one
between Ser113 and Asn270 (2.30 A), one among Asn58 and Glu343 (2.95 A) and one
between His1 and Glu341 (2.18 A) (Figure 6). Regarding the interaction among PLA2cg
and E2 glycoprotein, one hydrogen bond was formed between Argl1 and Glu 334 (2.07
A), plus five hydrophobic interactions (Asn105, Lys104, Gly106 in PLA2cp and Asn273,
Lys270 in E1) (Figure 7).

3.6. PLA2cs causes molecular changes in CHIKYV glycoprotein

To further investigate the interactions between PLA2cg and CHIKV particles,
infrared spectroscopy spectral analysis was performed and vibrational analysis among the
virus and PLA2cg. Representative means of the infrared spectrum of CHIKV, PLA2cs,
and CHIKYV plus PLA2cg, which is the bio fingerprint region representing proteins, lipids,
nucleic acids, and glycoproteins are shown in Figure 8A. We focused on the molecular
analysis in the interaction of PLA2¢cg with CHIKV. A representative infrared average
spectrum of second derivative analysis from CHIKV, PLA2¢g, and CHIKV plus PLA2cp
was displayed in Figure 8A. In the second derivative analysis, the value heights indicate
parallel changes in the intensity of each functional group. The
binding interaction between CHIKV and PLA2¢g was mainly revealed by the increase in
the vibrational mode at 1068 cm™', which indicates detection of additional stretching of
C-0O ribose present in glycoprotein derived from the association CHIKV and PLA2cs
(Derenne et al., 2020; Khajehpour et al., 2006; Movasaghi et al., 2008) (Figure 8B).
Furthermore, the Stacked Walls (Figure 9A) and split heat map (Figure 9B) reinforces
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the additional expression of vibrational mode at 1068 cm™! under CHIKV plus PLA2cg

association.

4. DISCUSSION

Phospholipase A2 from Crotalus durissus terrificus (PLA2cB) is a molecule
described to possess antiviral activity against virus as the Yellow-fever (YFV), Dengue
(DENV) (Muller et al., 2014, 2012), and Hepacivirus C (HCV) (Shimizu et al., 2017).
Additionally, two recombinant forms of PLA2¢cg (rPLA2cgB) was partially described to
possess anti-CHIKV activity (Russo et al., 2019), however, presented lower antiviral
activity and higher cytotoxicity than the native protein, probably due to the nine additional
amino acid residues present in their sequences. Here, we assessed the antiviral activity of
the PLA2cg from Crotalus durissus terrificus against CHIKV, as well as sought
comprehension on its mechanism of action.

Our results demonstrated that PLA2cp strongly inhibited CHIKV infectivity,
corroborating with Russo and colleagues work, which demonstrated that rPLA2cs
impaired CHIKYV infection (Russo et al., 2019). Additionally, the results demonstrated
that the treatment of naive cells with PLA2cgp for 1 hour or longer protected host cells
against CHIKYV infection in up to 84%. In accordance with our study, Chen and coworkers
found that a similar phospholipase A2 isolated from the venom of the honeybee Apis
mellifera was able to protect cells against the Human immunodeficiency virus (HIV) and
DENYV infections by performing a time-of -addiction assay (Chen et al., 2017). Fenard
and colleagues, in their turn, also demonstrated that different phospholipases A2 isolated
from several mammals protected the HIV target cells against virus infection (Fenard et
al., 1999). The PLA2s from snake venoms are classified in the group II of a secreted
family phospholipases and show homology to the mammalian inflammatory PLA», which
play different roles in the organism as an immune response to infectious diseases
(Gutiérrez and Lomonte, 2013; Murakami et al., 2016; Palm et al., 2013; Sadekuzzaman
et al., 2018). Therefore, our data might also suggest that PLA2cg plays a role in host cell
metabolism and as a result protects cells against viral infection, by the possible mimetic

effect of phospholipases found in host cells.

In our study, PLA2cg strongly inhibited CHIKV entry into the host cells by a
virucidal effect (99.2%) and also by interfering with viral adsorption (98.2%) and
uncoating (95.2%). It is consistent with previous findings for DENV and YFV, two other
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arboviruses (Muller et al., 2012). By incubating the wild type DENV or YFV with
PLA2cg before infection, the authors demonstrated that the compound inhibited early
steps of viral infection probably by disrupting viral membrane and/or adsorption (Muller
et al., 2014, 2012). Additionally, Russo and coworkers described that incubation of
rPLA2cg with CHIKV prior to the infection of cells significantly impaired CHIKV
infectivity (Russo et al., 2019). Therefore, our results are in agreement with previous data
that suggested that the PLA2cg main activity is due to its virucidal effect, probably by
acting on the virus particle. Several PLA2s isolated from snake venoms has been
described to possess antiviral activity against DENV, YFV, Herpes simples types 1 and
2 and Influenza A (H3N2) by interacting with lipid membrane founded in a pocket
between glycoproteins and/or through attachment to the glycoproteins in the viral
envelope surface (Brenes et al., 2020; Chen et al., 2017; Muller et al., 2014, 2012). Based
on this data, we performed a blind molecular docking using PLA2cg and the glycoproteins
complex (E1l, E2, and E3) to assess the possible interaction among then. The results
demonstrated that PLA2¢g bonded to E1 and E2 (mainly with E1) with low global energy
(0.57 kJ/mol), suggesting possible interactions. These results are also consistent with the
virucidal effect described here and corroborate previously published data (Russo et al.,
2019). The glycoproteins E1 and E2 are essential during the early stages of CHIKV
infection. The glycoprotein E2 is responsible for binding to cells receptors as TIM-1 and
glycosaminoglycans (Fongsaran et al., 2014; Moller-Tank et al., 2013; Silva et al., 2014)
and E1 is a viral fusion protein that ensures the envelope fusion with host cells membranes
(Salvador et al., 2009; Wengler et al., 2003). Thus, molecules that can interact with E1
and/or E2 attachment sites can prevent them of entering into host cells (Rashad and
Keller, 2013). To the best of our knowledge, there is no description of PLA2cg mode of
action against CHIKV. Therefore, we propose that this macromolecule might be binding
to E1 and/or E2 glycoproteins and preventing its entry on cells by impairing attachment
and/or membrane fusion. An infrared spectrum assay was also performed to further
characterize PLA2cp/glycoproteins interaction. As a result, glycoproteins sites seem to
be affected by PLA2c¢g, mainly revealed by the increase in the vibrational mode at 1068
cm’!, which indicates the detection of stretching of C-O ribose present in glycoproteins
derived from the association CHIKV and PLA2cg, reinforcing the interaction between

CHIKYV envelope and PLA2cs.
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Moreover, in our data, PLA2cg demonstrated a modest yet significant anti-
CHIKYV activity on post-entry steps. We used a subgenomic replicon expressing CHIKV
nonstructural proteins to investigate the activity of PLA2cg on the CHIKYV replication
stage. The results also showed a moderate antiviral effect of 58%, suggesting that the
observed post-entry inhibition can be associated with an effect on the replication process,
which also occurs in the presence of cells membranes. Shimizu and coworkers identified
that PLA2cg also affected the HCV post-entry steps using a subgenomic replicon system
(Shimizu et al., 2017), corroborating with our findings. However, a residual activity

cannot be completely discarded due to the strong virucidal effect presented by PLA2cg.

CONCLUSIONS

In summary, our study evidenced that PLA2cg isolated from Crotalus durissus
terrificus inhibited multiple steps of CHIKYV infection. This compound was able to protect
the target cells against CHIKV infection, impaired virus entry to the host cells, mainly by
virucidal activity, and also disturbed post-entry steps of the CHIKV replication cycle.
Therefore, this data might be useful for further development of new antiviral therapy
against CHIKV and provide a relevant advance to the public health to treat Chikungunya

fever.
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Figure 1. The activity of Phospholipase A2cs (PLA2cB) against CHIKYV infection. (A) Phospholipase A2¢s protein structure (PDB: 3ROL). (B) schematic
representation of CHIKV-nanoluc replicon construction (Matkovic et al., 2018). (C) Schematic representation of infectivity assay. (D) BHK-21 cells were treated
with concentrations of PLA2¢g ranging from 0.195 to 200 pg/mL and the effective concentration of 50% (ECso) and cytotoxic concentration of 50% (CCso) were
determined. CHIKYV replication was measured by luciferase assay (indicated by ¢) and cellular viability measured using an MTT assay (indicated by [1). The
mean values of three independent experiments each measured in triplicate including the standard deviation are shown.
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Figure 2. Protective effects of PLA2cB against CHIKYV infection. (A) BHK-21 cells were treated with PLA2¢cg at 12.5 pg/mL for 1h. Then, cells were
extensively washed and infected with CHIKV-nanoluc at MOI 0.1 for 1h. The compound-containing medium was removed and replaced with a fresh medium.
(B) BHK-21 cells were treated with the PLA2cg at 12.5 pg/mL for 1h, then were extensively washed with PBS. The compound was removed and cells were
infected with CHIKV-nanoluc in the presence of PLA2¢g. (C) Cells were treated with the compound for 1h, then extensively washed with PBS and added fresh
medium with CHIKV-nanoluc. (D) Comparisons among the three pretreatments assays. For all assays, CHIKV replication was measured by nanoluc activity at
16 h.p.i.. Schematic representation of each time-based assay as indicated by BHK-21 cells (black bars), PLA2cg (grey bars), and CHIKV-nanoluc (blue bars).
Mean values of a minimum of three independent experiments each measured in triplicate, p < 0.01 was considered significant.
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Figure 3. PLA2cs activity on CHIKYV entry to the host cells. (A) BHK-21 cells were infected with CHIKV-nanoluc (MOI 0.1) and simultaneously treated
with PLA2cgp at 12.5 pg/mL for 1 h. Cells were extensively washed and replaced by fresh medium. (B) CHIKV-nanoluc and PLA2cp at 12.5 pg/mL were
incubated for 1 h at 37°C and then for one extra hour with the cells. Then, virus and compound were removed, cells were extensively washed with PBS, and
added fresh medium. (C) BHK-21 cells were infected with the virus and simultaneously treated with PLA2cg at 12.5 pg/mL for 1 h at 4°C. The cells were washed
to remove virus and compound and replaced with fresh medium. (D) BHK-21 cells were infected with virus and simultaneously treated with PLA2cg at 12.5
ug/mL for 1 h at 4°C. Then, cells were incubated for a further 30 min with compound and virus at 37°C, washed with PBS to remove virus and compound, and
replaced by fresh medium. For all assays, CHIKV replication was measured by nanoluc activity at 16 h.p.i.. Schematic representation of each time-based assay
as indicated by BHK-21 cells (black bars), PLA2cg (grey bars), and CHIKV-nanoluc (blue bars), CHIKV and PLA2cg inoculum (microtube), incubation at 4 °C
(ice crystal) and incubation at 37 °C (thermometer). Mean values of a minimum of three independent experiments each measured in triplicate, p < 0.01 was
considered significant.
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Figure 4. Post-entry activity of PLA2cs against CHIKYV replication: (A) BHK-21 cells were
first infected with CHIKV-nanoluc (MOI 0.1) for 1h, washed to remove unbound virus and
added of medium containing PLA2cp at 12.5 ug/mL for 16h. Luminescence levels were
assessed to analyze the CHIKYV replication rates. (B) BHK-CHIKV-NCT cells that express
CHIKYV nonstructural proteins, a selection marker (puromycin acetyltransferase, Pac), and two
reporter genes (Renilla luciferase, Rluc, and EGFP) were seed 24h prior treatment. Then, cells
were treated with PLA2cg at 12,5 pg/mL for 72h. Luminescence levels were accessed to
analyze the CHIKYV replication rates and cellular viability measured using an MTT assay. (C)
Fluorescence of untreated control and PLA2cg treatment in BHK-CHIKV-NCT, observed in
fluorescence microscopy at 20x lens (scale 400um), in GFP filter. Schematic representation of
each assay as indicated by BHK-21 cells or BHK-CHIKV-NCT (black bars), PLA2cg (grey
bars), and CHIKV-nanoluc (blue bars). Mean values of a minimum of three independent
experiments each measured in triplicate, p < 0.01 was considered significant.
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Figure 5. The CHIKYV envelope glycoproteins composed by E1 (Red), E2 (Blue), E3 (green), complexed with PLA2¢cg (Yellow).
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Figure 6. 2D diagram of the interactions of the envelope glycoprotein E1 protein with PLA2¢g. The hydrogen bonds (green dashes) are
shown between PLA2cg (purple lines) and E1 glycoprotein (orange lines). Hydrophobic interactions are also shown between PLA2cg (purple
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Figure 7. 2D diagram of the interactions of the envelope glycoprotein E2 protein with PLA2¢g. The hydrogen bonds (green dashes) are
shown between PLA2cg (purple lines) and E1 glycoprotein (orange lines). Hydrophobic interactions are also shown between PLA2cp
(purple bows) and E1 glycoprotein (red bows).
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CAPITULO 111

Consideracoes finais
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Consideracoes finais

Os resultados deste estudo demonstram que a fosfolipase A2 isolada do veneno de
Crotalus durissus terrificus (PLA2cB) possui atividade anti-CHIKYV e pode servir de base para
proximos estudos na busca de novos antivirais. Mais estudos sd3o necessarios para avaliar a acao

antiviral desse composto em testes in vivo e o estudo das vias de entrega desse composto.

Este trabalho fornecera informagao potencial para o desenvolvimento de novas terapias

antivirais.
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Abstract

Chikungunya fever is a disease caused by the Chikungunya virus (CHIKV) that is transmitted
by the bite of the female of Aedes sp mosquito. The symptoms include fever, muscle aches, skin
rash e and severe joint pains. The disease may develop into a chronic condition and joint pain
that may last for months or years. Currently, there is no effective antiviral treatment against
CHIKYV infection, being necessary the development of novel therapies. Treatments based on
natural compounds have been widely studied, as many drugs were produced by using natural
molecules and their derivatives. Para-cymene (pCYM) is a naturally occurring aromatic
organic compound that is a common ligand for ruthenium, forming the organometallic
ruthenium and pCYM complex. Organometallic complexes have shown promising as a new
generation of compounds that presented relevant biological properties, however, there is a lack
of knowledge concerning the anti-CHIKV activity of these complexes. In this context, the
present work evaluated the effects of the ruthenium and pCYM complex ([Ru2Cla(n’-p-
cymene)2]) (RcP) and its precursors on CHIKV infection in vitro. To this, BHK21 cells were
infected with CHIKV-nanoluciferase (CHIKV-nanoluc), a viral construct with the reporter
gene -nanoluc, at the presence or absence of the compounds for 16 hours. Cytotoxicity and
infectivity assays were performed. The results demonstrated that RcP exhibited a strong
therapeutic index judged by the selective index of 43.1 (ratio of cytotoxicity to antiviral
potency). Antiviral effects of RcP on different stages of the CHIKV replicative cycle were
investigated and the results showed that it reduced 77% of virus entry to the host cells at non-
toxic concentrations. Further assays demonstrated the virucidal activity of the compound that
completely knocked down virus infectivity. Molecular docking calculations were performed in
order to investigate possible interactions between pCYM and CHIKV glycoproteins and results
suggested bindings between pCYM and a sitelocated behind the fusion loop between
glycoproteins E3 and E2. Additionally, infrared spectroscopy spectral analysis indicated
interactions of RcP with CHIKV glycoproteins. This data suggests that RcP may acts on
CHIKYV viral particles, disrupting virus entry to the host cells. Additional analyses are being

performed to evaluate the mode of action of this complex.

Keywords: Chikungunya virus; antiviral; arene complex; ruthenium and para-cymene

complex; organometallic complexes.
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1. Introduction

The Chikungunya virus (CHIKV) belongs to the genus Alphavirus of the family Togaviridae
(ICTV, 2019). This virus is the causative agent of Chikungunya fever being related to epidemics
mainly in tropical and subtropical regions (KHAN et al., 2002; PAIXAO et al., 2018;
STEGMANN-PLANCHARD et al., 2019).

CHIKV 1is a positive single strand RNA virus with a genome of approximately 12 kb
(SCHUFFENECKER et al., 2006). The icosahedral capsid is covered by a lipid envelope
derived from the host cell plasma membrane where the viral glycoproteins E1 and E2 are
inserted into(KHAN et al., 2002; SCHUFFENECKER et al., 2006; THIBERVILLE et al.,
2013).

CHIKYV is transmitted through the bite of the female mosquito of 4edes sp (VU; JUNGKIND;
LABEAUD, 2017). It was first isolated during an epidemic in Tanzania in 1953 (ROBINSON,
1955; WINTACHALI et al., 2012). In 2006, CHIKV outbreaks were reported on several Indian
Ocean islands and about 250 people died from the disease on the French island of La Réunion
(SCHUFFENECKER et al., 2006). In 2013, the virus was detected in the Americas with
reported cases in the Caribbean islands (KAUR; CHU, 2013). The first case in Brazil was
reported in 2014 (CARVALHO; LOURENCO-DE-OLIVEIRA; BRAGA, 2014).
Chikungunya fever presents symptoms as fever, prostration, muscle aches, lymphopenia and
arthralgia, being the latest the main symptom related to this disease (CUNHA et al., 2017;
PAIXAO et al., 2018). Pain associated to arthralgia in the phalanges, wrists and ankles occurs
in up to 98% of cases (THIBERVILLE et al., 2013).The infection can progress to a chronic
infection in around 70 % of infected patients (DE ANDRADE et al., 2010; SIMON et al., 2011),
causing muscle pain and persistent arthralgia for periods ranging from months to years
(MATHEW et al., 2017).

Currently, there is no vaccine or specific therapy against CHIKV infection (DEY et al., 2019;
YANG et al., 2017). The treatment of symptomatic infections is palliative, based on the use of
non-salicylate analgesics and non-steroidal anti-inflammatory drugs (MATHEW et al., 2017;
PARASHAR; CHERIAN, 2014). Several of the currently used drugs for different pathologies
are either from natural origin synthesized based on natural scaffolds (DA SILVA-JUNIOR et
al., 2017; TEIXEIRA et al., 2014).
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Para-cymene (pCYM) is a naturally occurring organic aromatic hydrocarbon from the
monoterpene class that has shown to possess important biological activities as antioxidant (DE
OLIVEIRA et al., 2015), anti-inflammatory (KUMMER et al., 2015), antifungal (KORDALI
et al., 2008) and antiviral (ASTANI; REICHLING; SCHNITZLER, 2009). Ruthenium is a
metal belonging to the iron group and studies have shown that the ruthenium complexed
molecules possess effective biological properties as antimicrobial (PAVAN et al., 2010).
pCYM is a common binder for ruthenium (BENNETT et al., 2007) and the antitumoral activity
of this complex has also been described (CLARKE; ZHU; FRASCA, 1999; DOUGAN;
SADLER, 2007; DYSON, 2007; HABTEMARIAM et al., 2006; SAVIC et al., 2020; VAJS et
al., 2015).

Here we evaluated the activity of ruthenium and pCYM complex (RcP) and its precursors on
the CHIKYV replicative cycle. These data are the first description of the ruthenium and pCYM
complex possessing anti-CHIKV activity.

2. Material and methods

2.1.Compounds
The ruthenium and para-cymene complex ([Ru2Cls(m®-p-cymene),]) (RcP) (Figure 1A)
evaluated in this work was synthesized as previously described (JENSEN; RODGER; SPICER,
1998). The precursors ruthenium trichloride (RuCls;.3H,0) and para-cymene (a-phellandrene),
used in the synthesis of complex were purchased by Sigma Aldrich. The complex was dissolved
in dimethyl sulfoxide (DMSO) and stored at - 20°C. Dilutions of the compounds in complete
media were made immediately prior to the experiments. For all the assays performed, control

cells were treated with media added of DMSO at the final concentration of 0.3%.

2.2.Cell culture
BHK 21 cells (fibroblasts derived from Syrian golden hamster kidney) were a gift from Andres
Merits (University of Tartu, Estonia). The cells were maintained in Dulbecco’s modified
Eagle’s media (DMEM; Sigma-Aldrich) supplemented with 100U/mL of penicillin (Hyclone
Laboratories, USA), 100 mg/mL of streptomycin (Hyclone Laboratories, USA), 1% of non-
essential aminoacids (Hyclone 28 Laboratories, USA) and 1% of fetal bovine serum (FBS,

HycloneLaboratoires, USA) in a humidified 5% CO; incubator at 37°C.
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2.3.Virus
The CHIKV-nanoluciferase (CHIKV-nanoluc) construct (Figure 1A) used for the antiviral
assays was designed from a CHIKV sequence based on CHIKV LR (Ld reunion) added of
CMYV promoter and nanoluciferase protein sequence (MATKOVIC et al., 2018; POHJALA et
al., 2011). For virus production, 2.3 x 10" BHK 21 cells seeded in a T175 cm? were transfected
with 1.5 pg of CHIKV-CMV-nanoluc plasmid, using lipofectamine 3000® and Opti-Mem
media to produce CHIKV-nanoluc virus particles. Forty-eight hours post transfection the
supernatant was collected and stored at -80°C. To determine viral titer, 5 x 10° BHK 21 cells
were seeded in each of 6 wells plate 24 hours prior to the infection. Then, the cells were infected
with 10-fold serially diluted of CHIKV-nanoluc for lhour at 37°C. The inoculums were
removed and the cells were washed with PBS to remove the unbound virus and added of cell
culture media supplemented with 1% penicillin, 1% streptomycin, 2% FBS and 1%
carboxymethyl cellulose (CMC). Infected cells were incubated for 2 days in a humidified 5%
CO; incubator at 37°C, followed by fixation with 4% formaldehyde and stained with 0.5%

violet crystal. The viral foci were counted to determine CHIKV-nanoluc titer.

2.4. Cell viability through MTT assay
Cell viability was measured by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide] (Sigma-Aldrich) assay. For viability assay, 5 x 10 BHK 21 cells were cultured in 48
well plates and treated with different concentrations of each compound for 16h at 37°C with
5% of COa». Sixteen hours post treatment, compound-containing media was removed and MTT
solution at 1 mg/mL was added to each well, incubated for 1 hour and replaced with 100 pL of
DMSO (dimethyl sulfoxide) to solubilize the formazan crystals. The absorbance was measured
at 560 nm on Glomax microplate reader (Promega). Cell viability was calculated according to
the equation (T/C) x 100%, which T and C represented the optical density of the treated well
and control groups, respectively. DMSO was used as untreated control. The cytotoxic

concentration of 50% (CC50) was calculated using using Graph Pad Prism 5.0 Software.
2.5. Antiviral assays

To access the antiviral activity of compounds, BHK 21 cells were seeded at density of 5x 10*

cells per well into 48 well plates 24 hours prior to the infection. CHIKV-nanoluc MATKOVIC
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et al., 2018) at a multiplicity of infection (MOI) of 0.1 and compounds were simultaneously
added to cells. Samples were harvested in Renilla luciferase lysis buffer (Promega) at 16 hours
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 (EC50) was calculated using Graph Pad Prism 5.0 Software. The values of CC50
and EC50 were used to calculate the selectivity index (SI = CC50/EC50).

To investigate in which step of CHIKV replicative cycle the compound was active, BHK 21
cells at the density of 5 x 10* were seeded in 48 well plate 24 hours prior to infection and
treatment. To evaluate if the compound possesses protective activity to the host cells, cells were
treated for 1 hour with the compound before infection, extensively washed to remove compound
and added CHIKV-nanoluc. The effect on the entry steps was analyzed by incubating virus and
compound simultaneously with BHK 21 cells for 1 hour. To investigate the activity of the
compound on postentry stages of viral replicative cycle, cells were infected with CHIKV for 1
hour, washed extensively with PBS (phosphate buffered saline) to remove unbound virus and
added with compound containing media.

To further investigate entry stage, the virucidal activity was investigated by previously
incubating virus and compound for 1 hour and then adding to the cells for extra 1 hour. Then,
compound was removed and as cells added of media. To evaluate the attachment step, the cells
were treated with virus and compound at for 1 hour at 4°C, and then the cells were washed to
the complex removal and replaced by media. For the uncoating step, cell, virus and compound
were also incubated for 1 hour at 4°C followed by 30 minutes at 37°Cand then washed and
replaced by media. All experiments were conducted with virus at MOI of 0.1. Luminescence

levels were accessed 16h.p.i. to analyze the virus replication rates.

2.6. Docking Protein Binder
The interaction of the para-cymene ligand with the envelope glycoprotein of the CHIKV (PDB:
3N42) was evaluated using the GOLD program, using the parameters predefined by the
program except the flexibility of the ligand, which was defined as 200%. The seven
glycoprotein binding sites defined by (RASHAD; KELLER, 2013) were defined for this
purpose. Each docking was performed 10 times and the best docking positions were assessed
using a ranking of the ChemPLP scoring function. The post-docking images were generated in

the DS Visualizer program, Dassault Systemes BIOVIA, Discovery Studio Visualizer, version
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17, San Diego: Dassault Systémes, 2016. The interaction between the ruthenium ligand and the

complex was not evaluated due to the program not having parameters for loading metals.

2.7. Infrared spectroscopy Spectral data analysis

An ATR-FTIR spectrophotometer Vertex 70 (Bruker Optics, Reinstetten, Germany) connected
to a micro-attenuated total reflectance (ATR) platform was used to record sample signature at
1800 cm™ to 400 cm'regions. The ATR unit is composed by a diamond disc as internal-
reflection element. The sample dehydrated pellicle penetration depth ranges between 0.1 and 2
um and depends on the wavelength, incidence angle of the beam and the refractive index of
ATR-crystal material. The infrared beam is reflected at the interface toward the sample in the
ATR-crystal. All samples (1uL) were dried using airflow on ATR-crystal for 3 min before
sample spectra recorded in triplicate. The air spectrum was used as a background in all ATR-
FTIR analysis. Sample spectra and background was taken with 4 cm™ of resolution and 32 scans
were performed for sample analysis. The spectra were normalized by the vector method and
adjusted to rubber band baseline correction. The original data were plotted in the Origin Pro 9.0
(OriginLab, Northampton, MA, USA) software to create the second derivative analysis. The
second derivative was obtained by applying Savitzky-Golay algorithm with polynomial order
5 and 20 points of the window. The value heights indicated the intensity of functional group

evaluated.

2.8. Statistical analysis
Individual experiments were performed in triplicate and all assays were performed a minimum
of three times in order to confirm the reproducibility of the results. Differences between means
of readings were compared using analysis of variance (one way or two-way ANOVA) or
Student’s t-test using Graph Pad Prism 5.0 software (Graph Pad Software). P values than < (.01

were considered to be statistically significant.
3. Results
3.1. Ruthenium (Ru) and para-cymene (pCYM) complex (RcP) inhibits CHIKYV in vitro

Since pCYM previously demonstrated antiviral activity (ASTANI; REICHLING;
SCHNITZLER, 2009) and Ru complexed molecules showed to possess antimicrobial properties

77



(PAVAN et al., 2010), we aimed to investigated the anti-CHIKV activity of the RcP complex
(Figure 1A) by using a recombinant CHIKV that expresses the nanoluciferase reporter
(CHIKV-nanoluc) (Figure 1B).

To assess the effect of RcP on cell viability and virus infection, we therefore performed a dose
response assay to determine effective concentration 50% (EC50) and cytotoxicity 50% (CC50)
values for RcP. BHK 21 cells were infected with CHIKV-nanoluc and treated with RcP at
concentrations ranging from 500 to 3.9 uM and viral replication efficiency was evaluated at 16
h.p.i. (Figure 1C). In parallel cell viability was measured by MTT assay. The results showed
that the RcP was able to completely knocked down the virus infectivity while the minimum cell
viability was 93% (Figure 1D). By the use of this range of concentrations, it was determined
that the RcP complex has an EC50 of 31,99 uM, CC50 of 1379 uM and Selective Index (SI) of
43.1 (Figure 1D).

Since the complex showed to be strongly active against CHIKV at a concentration of 125 uM
with no cytotoxicity, we also evaluated its precursors for cell viability and viral replication. For
this, MTT and luminescence tests were performed. Cells were infected with CHIKV-nanoluc
and treated with the RcP or its precursors at 125 uM. The efficiency of viral replication and cell
viability were evaluated at 16 h.p.i. (Figure 1C). The results showed that RcP complex
significantly inhibited 91% of CHIKV infectivity and presented no toxicity to cells (p <0.01)
(Figure 1E). Alternatively, pPCYM and Ru at the same concentration decreased cell viability
and/or reduced antiviral activity compared to the complex (p <0.01) (Figure 1E). This data
demonstrated that RcP exhibited the best therapeutic index (favorable ratio of cytotoxicity to

antiviral potency) and further analysis were performed only to this compound.

3.2. RcP inhibits CHIKV entry to the host cells
The antiviral activity of the RcP at different stages of CHIKV replication was analyzed. First,
cells were pretreated with RcP for 1hour at 37 °C, washed with PBS to completely remove the
compound and then were infected with CHIKV-nanoluc. Luminescence levels were measured
16 h.p.i. (Figure 2A). The RcP demonstrated a modest yet significant reduction of 23 % of
luminescence levels when cells were pretreated (p <0.01) (Figure 2A)
To evaluate virus entry to the host cells, virus and RcP were simultaneously added to BHK 21

cells for 1 hour, then washed with PBS and replaced with media. Luminescence levels were
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measured 16 h.p.i. (Figure 2B). The results showed that RcP at 125 pM significantly reduced
77% of the virus entry to the host cells (p <0.01) (Figure 2B).

For the post-entry steps, the cells were first infected with CHIKV-nanoluc for 1 hour at 37 ° C,
washed to remove unbound virus and then added with compound containing media.
Luminescence levels were measured 16 h.p.i. (Figure 2C). RcP also demonstrated a modest
yet significant reduction of 21% of luminescence levels when the treatment was performed after
virus entry to the cells (p <0.01) (Figure 2C). Altogether, these data suggest that the main
antiviral activity of RcP is related to its ability to inhibit the entry stage of the virus lifecycle.
Based on the results obtained, we further evaluated the activity of RcP on CHIKV entry to the
cells. First, supernatant containing CHIKV-nanoluc was incubated with RcP125uM for 1 hour
at 37 °C prior to the infection of cells to investigate virucidal effect. The inoculum of virus and
RcP was transferred to the naive cells and incubated for 1 hour. Cells were washed for the
complete removal of the inoculum and replaced with fresh media for 16 h.p.i. (Figure 3A). The
results showed a strong significant virucidal activity of RcP by blocking100% of virus entry (p
<0.01) (Figure 3A).

We also analyzed RcP effect on the virus attachment. For this, virus and RcP were incubated
with the cells at 4°C for 1 hour, when virus is able to attach to cell membrane receptor, but not
to entry to the host cells. Then, cells were washed with PBS and a fresh media was added.
Luminescence levels were measured 16 h.p.i. (Figure 3B). Data obtained from this assay
showed that RcP reduced 90% of virus entry to the host cells (p <0.01) (Figure 3B).

Next, antiviral activity of RcP on virus uncoating was investigated by incubating virus and
compound for 1 hour at 4°C and then at 37°C for 30 minutes. Therefore, the period of treatment
may include virus attachment, entry and uncoating. Cells were washed with PBS and a fresh
media was added. Luminescence levels were measured 16 h.p.i. (Figure 3C). The results
demonstrated that under this protocol of treatment, the complex inhibited up t055% of the virus
entry to the host cells (p <0.01) (Figure 3C). These data demonstrated that RcP was able to
abrogate different stages of virus entry to the host cells (Figure 3). However, the strongest
effect was observed in virucidal and attachment protocol. This might suggest that an anti-
CHIKYV mechanism of action for this complex might be related to a direct action on the virus

chemical structure.

3.3. Possible interactions between pCYM and CHIKV E2 glycoprotein
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Based on the results that showed RcP interfering on CHIKV entry to the host cells, molecular
docking calculations were performed in order to investigate possible binding mode and the
interactions between pCYM and CHIKYV glycoproteins. Docking analysis are not feasible with
metallocenes as RcP because their chemical structure presents an unforeseen conformation
named “half sandwich piano stool”. Therefore, the pCYM ligand was used for in silico analysis,
Seven possible glycoprotein complex binding sites were explored and the scores generated by
the ChemPLP scoring function of the Gold program are presented in Table 1. The p-cymene
showed the best result with site 4, score 39.71 (Table 1). The best docking scores were obtained
between the site 4, located behind the fusion loop between glycoproteins E3 and E2 (Figure 4).

3.4.RcP causes molecular changes in CHIKV
To further investigate the interaction between RcP and CHIKYV particles, infrared spectroscopy
spectral analysis was performed. The vibrational analysis between virus and RcP are shown in
Table 2. A representative infrared average spectrum of RcP, CHIKV or RcP plus CHIKV,
which contains different biochemical functional groups such as lipids, proteins, glycoproteins
and nucleic acid, are represented in Figure 5. We were particularly interested in the interaction
of RcP with CHIKV. A representative infrared average spectrum of second derivative analysis
from RcP, CHIKV or RcP plus CHIKV was displayed in Figure 6A. In the second derivative
analysis, which the value heights indicated the intensity of each functional group, a reduction
in intensity of Amide II [ v (N-H), v (C-N) ] at 1540 cm™! with the association of RcP with
CHIKYV indicates interaction with proteins of CHIKV (Figure 6B).The binding interaction was
also revealed by spectral shifting of the1013 cm™ to 1005 cm™', which indicates interaction with
vs (CO-0O-C) presents in Glycoprotein derived from RcP and/or CHIKV (Figure 6C). The
binding interaction was also revealed by increase in intensity of 724 cm’!, 679 cm’!, 645 cm’!
and 609 cm™ in RcP plus CHIKV, which indicate formation of C-H rocking of CH2 and S-O
bending. The binding interaction was additionally confirmed bythe decrease in intensity of 704
cm™, 652 cmand 632 cm™ in RcP plus CHIKV, which indicate reduction in the presence of

OH out-of-plane bend (Figure 6D).
4. Discussion

Chikungunya virus (CHIKV) has obtained attention from the public health worldwide due to
the recent outbreaks (GOULD et al., 2017), but also because the infection may persist for
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months or even years (CUNHA; TRINTA, 2017). CHIKV was first described in the 1950s
(ROBINSON, 1955), however, there is still no specific treatment or vaccine against this virus
(MATHEW et al., 2017, STEGMANN-PLANCHARD et al., 2019). Thus, the search for new
molecules with anti-CHIKYV activity is necessary.

In this study, the anti-CHIKV activity of the ruthenium (Ru) and para-cymene (pCYM)
complex (RcP) was investigated. The pCYM molecule has already been described to
demonstrate biological activities as antioxidant, anti-inflammatory and antifungal(DE
OLIVEIRA et al., 2015; KORDALI et al., 2008; KUMMER et al., 2015). It was also
demonstrated that pCYM in lower concentrations showed moderate antiviral activity against
the Herpes simplex virus (HSV), partially inhibiting the viral infection in RC-37 cells(ASTANI;
REICHLING; SCHNITZLER, 2009; GAROZZO et al., 2009). However, there is a lack of
studies on the effects of pCYM against CHIKV.

Our results showed that RcP significant reduced virus entry to the host cells at non-toxic
concentrations. As the complex demonstrated to interfere on virus entry, were evaluated the
early stages of CHIKV infection.RcP demonstrated a moderate activity on the virus uncoating
and strong action on inhibiting virus attachment or as a virucide. A recent study demonstrated
that pCYM presented virucidal activity against HSV. The results showed that when p-cymene
and HSV were incubated together, virus entry was reduced by 80% (SHARIFI-RAD et al.,
2017).

The strong virucidal effect observed for RcP might suggest that an anti-CHIKV mechanism of
action for this complex might be related to a direct action on the viral particle envelope(RUSSO
et al.,, 2019; SCHUHMACHER; REICHLING; SCHNITZLER, 2003; TANG et al., 1990),
which could also be responsible for the effect observed on virus attachment (CARRAVILLA
etal., 2017; KONG et al., 2019).Possible interactions between Chikungunya envelope proteins
and RcP could be a reasonable explanation for the observed virucidal effect. Based on this data,
molecular docking calculations were performed in order to investigate possible binding mode
and the interactions between pCYM and CHIKV glycoproteins. Our results suggested that
pCYM may bind to a site located behind the fusion loop between glycoproteins E3 and E2.
Glycoprotein E2 is responsible for binding the virus to cell receptors (FONGSARAN et al.,
2014; MOLLER-TANK et al., 2013; SILVA et al., 2014). When small molecules attach to that
site, the movement of the glycoprotein domains can be frozen and then prevent the virus from

entering the cell (RASHAD; KELLER, 2013). We suggest that pCYM may be binding to such
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a site and preventing the virus from binding to the cell. Similarly, we can suggest that, through
molecular interactions observed by the FTIR methodology, the RcP compound alters CHIKV
glycoprotein and lipid sites, reaffirming that there is an interaction between the viral envelope
and the complex.

In summary, we showed that ruthenium and para-cymene complexis able to strongly inhibit
CHIKYV infectivity, acting mainly on the entry of virus to the host cells. This is the first
description of the antiviral activity of an organometallic complex against CHIKV. This dada
may be useful for the development of future antivirals against CHIKV that will provide a

relevant advance to the public heath to treat Chikungunya fever.
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Tables

Table 1. Maximum score resulting from the dosage for each evaluated site.

Volume (A%)

Site 1

Site 2

Site 3

Site 4

Site 5

Site 6

Site 7

Binder color

Yellow

Green

Blue

Purple

Brown

Black

* No docking results
FONT: Adapted (RASHAD E KELLER, 2013)

ChemPLP

32.53

38.98

37.10

39.71

18.38

4.56

Coordinates (X, y, z)

—15.687,2.019,-19.939  651.375

—33.937,-18.731,
—31.939

—33.437,-6.731,
—33.189

—42.937,-28.731,
—22.939

—44.437,-14.731,
—23.439

—16.187,-18.231,
—36.439

—59.187,
—15.731,-26.189

357.375

156.125

183.875

124

20.5

22.5

Localization

Between E1 domain II and E2
domain

Between E1 domain II and E2
beta-sheet

Adjacentto site 2

Behind the fusion loop,
between E3 B domains, E2
domain B, and E2 domain A

Between the E2 and E3 beta
sheet

Insidethe E3 cavity

Replacingthefurin loop

Table 2. Vibrational modes present in each vibrational mode and identification of the respective

functional group in the sample.

Vibrational mode (cm')

1540
1013
1005
724
704
679
652

Amide II [ v (N-H), v (C-N) ]

Proposed vibrational mode

vs (CO-0O-C)
vs (CO-0O-C)
C-H rocking of CH2

Unsaigment band

S-O bending

OH out-of-plane bend

Protein

Molecular source

Glycoprotein/ Carbohydrates

Glycoprotein/ Carbohydrates

Fattyacids, proteinsInespecific

Sulphates components

Protein and lipids

Inespecific
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645 Unsaigment band Protein, Lipids
632 OH out-of-plane bend Sulphates components
609 S-O bending

Assignments of main wavenumbers of sample ATR-FTIR spectra. Abbreviations: v = stretching
vibrations, 0 = bending vibrations, s= symmetric vibrations and as = asymmetric vibrations.
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Figures and legends
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Figure 1. CHIKYV activity of ruthenium (Ru) and para-cymene(pCYM) complex (RcP). (A) RcP chemical structure (B) Schematic
representation of CHIKV-nanoluc construction. (C) Schematic representation of infectivity assays. (D) BHK 21 cells were infected with
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CHIKV-nanoluc at MOI 0.1 and treated with compounds at 125 uM for 16h. Infectivity and cell viability assays were performed. (E) Cells
were treated with concentrations of RcP ranging from 500 a 3.9 uM and the effective concentration of 50% (ECs0) and cytotoxic concentration
0f'50% (CCso) of RcP were determined. CHIKYV replication was measured by luciferase assay (indicated by [ 1) and cellular viability measured
using an MTT assay (indicated by ¢). Mean values of three independent experiments each measured in quadruple including the standard
deviation are shown.
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Figure 2.

Antiviral effects of RcP at different stages of CHIKYV replicative cycle. (A) BHK 21 cells were treated with RcP at125 uM for 1h. Then,
cells were extensively washed and infected with CHIKV-nanoluc at aMOI 0.1 for 1h, compound containing media was removed and replaced
by fresh media. (B) BHK 21 cells were infected with CHIKV-nanoluc (MOI 0.1) and simultaneously treated with RcPat125uM for 1 h. Cells
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were washed and replaced with fresh media. (C) The cells were first infected with CHIKV-nanoluc (MOI 0.1) for 1h, washed to remove
unbound virus and added of compound containing media. For all assays, CHIKV replication was measured by nanoluc activity at 16 h.p.i.
Mean values of a minimum of three independent experiments each measured in triplicate. P<0.01 was considered significant.
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Figure 3. RcP activity on CHIKYV entry to the host cells. (A) CHIKV-nanoluc and compound were incubated for 1 h and then for one
additional hour in the cells. Then, the compound was removed and the cells added of media. (B) BHK 21 cells were infected with virus and
simultaneously treated for 1 h at 4°C. The cells were washed to remove virus and compound and replaced with fresh media. (C) BHK 21
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cells were infected with virus and simultaneously treated for 1 h at 4°C. Then, cells were incubated for a further 30 min with compound and
virus at 37°C, were then washed to remove virus and compound and replaced with media. For all assays, CHIKV replication was measured
by nanoluc activity at 16h.p.i.. Mean values of a minimum of three independent experiments each measured in triplicate P<0.01 was
considered significant.

Figure 4. The CHIKV envelope glycoproteins E1 (Brown), E2 (Blue) and E3 (green), complexed with para-cymene, sites 1 (yellow), 2
(green), 3 (blue), 4 (purple), 5 (brown) and 7 (black).
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Figure 5. Representative infrared average spectrum of RcP, CHIKV and RcP plus CHIKV, which contains different biochemical functional
groups such as lipids, proteins, glycoproteins and nucleic acid.
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from RcP, CHIKV and RcP plus CHIKV. (B, C, D) Second derivative analysis, which
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Abstract: The worldwide outbreaks of the chikungunya virus (CHIKV) in the last years demonstrated
the need for studies to screen antivirals against CHIKV. The virus was first isolated in Tanzania in
1952 and was responsible for outbreaks in Africa and Southwest Asia in subsequent years. Between
2007 and 2014, some cases were documented in Europe and America. The infection is associated with
low rates of death; however, it can progress to a chronic disease characterized by severe arthralgias in
infected patients. This infection is also associated with Guillain-Barré syndrome. There is no specific
antivirus against CHIKV. Treatment of infected patients is palliative and based on analgesics and
non-steroidal anti-inflammatory drugs to reduce arthralgias. Several natural molecules have been
described as antiviruses against viruses such as dengue, yellow fever, hepatitis C, and influenza.
This review aims to summarize the natural compounds that have demonstrated antiviral activity
against chikungunya virus in vitro.

Keywords: chikungunya virus; antiviral; natural compounds

1. Introduction

Chikungunya fever is a tropical disease caused by the chikungunya virus (CHIKV) which is
transmitted to humans by the bite of an infected mosquito of Aedes sp. The first case of chikungunya
fever was reported in 1952 in Tanzania [1]. In February 2005, a major outbreak of chikungunya
occurred on the islands of the Indian Ocean [2]. A large number of cases occurred in Europe and India
in 2006 and 2007, respectively [2]. Several other countries in Southeast Asia were also affected [3].
In December 2013, autochthonous cases were confirmed in the French part of the Caribbean island of
St Maarten [4]. Since then, local transmission has been confirmed in over 60 countries in Asia, Africa,
Europe, and the Americas. In 2014, more than 1 million suspected cases were reported in the Americas,
with 1,379,788 suspected cases and 191 deaths in the Caribbean islands, Latin American countries,
and the United States of America (USA) [5]. Canada, Mexico, and USA have also recorded imported
cases. The countries reporting the most cases were Brazil (265,000 suspected cases), and Bolivia and
Colombia (19,000 suspected cases each) [6]. The first autochthonous transmission of chikungunya
reported in Argentina occurred in 2016 following an outbreak of more than 1000 suspected cases [7].
In the African region, Kenya reported an outbreak of chikungunya resulting in more than 1700 suspected
cases. In 2017, Pakistan continues to respond to an outbreak which started in 2016 [8]. These virus
outbreaks have raised concerns on studies of CHIKV epidemiology and antiviral research [9].

Viruses 2020, 12, 272; doi:10.3390/v12030272 www.mdpi.com/journal/viruses
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CHIKV belongs to the Alphavirus genus and the Togaviridae family. It is a positive-sense,
single-stranded RNA (12 kb in length) virus, with an enveloped icosahedral capsid [10]. The virus
lifecycle starts via the attachment of the viral glycoproteins to the cell membrane receptors,
mainly to MXRAS8 [11,12] but also to prohibitin (PHB) [13], phosphatidylserine (PtdSer) [14],
and glycosaminoglycans (GAGs) [15] receptors in mammalian and to ATP synthase 3 in mosquito
cells [16], forming a pore. Then, a virus capsid is released into the cytoplasm, where the replication
process takes place. Viral genome is uncoated and directly translated into nonstructural (NS) proteins
nP1-4. The NS proteins form the viral replicase complex that catalyzes the synthesis of a negative
strand, a template to synthesize the full-length positive sense genome, and the subgenomic mRNA.
The subgenomic mRNA is translated in a polyprotein, which is cleaved to produce the structural
proteins C, E3, E2, 6k, and E1, followed by the assembly of the viral components and virus release
(Figure 1) [17,18].
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Figure 1. Schematic representation of chikungunya virus (CHIKV) replication cycle: Natural
compounds with antiviral activity against CHIKV are indicated in each step of virus replication
cycle (entry, replication, and release).

Chikungunya fever is characterized by strong fever, arthralgia, backache, headache, and fatigue.
In some cases, cutaneous manifestation and neurological complications can occur [19,20]. There is no
Food and Drug Administration (FDA) approved specific antiviral or vaccine against CHIKV. Therefore,
the treatment of infected patients is based on palliative care, using analgesics for pain and non-steroidal
anti-inflammatory drugs to reduce arthralgia in chronic infections [10].

Due to the lack of efficient anti-CHIKV therapy, researches have been developed to identify new
drug candidates for the future treatment of chikungunya fever [21]. Among them, antiviral research
based on natural molecules is a potential approach. Many natural compounds showed antiviral
activity against a variety of human viruses such as dengue (DENV) [22-25], yellow fever (YFV) [25-27],
hepatitis C (HCV) [28-32], influenza [33,34], and zika (ZIKV) [33,35,36]. Here, we aim to summarize
the natural compounds previously described to possess anti-CHIKV activity (Table 1).
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2. Inhibitors of CHIKV Replicative Cycle

2.1. Epigallocatechin Gallate (Green Tea)

Epigallocatechin gallate (EGCG) is the major catechin constituent in green tea that has shown
antiviral activity against CHIKV in vitro [37]. HEK 293T cells (human kidney cells) were infected
with the pseudo particles CHIKV-mCherry-490 with a multiplicity of infection of 1 (MOI = 1) in
the presence or absence of EGCG at 10 ug/mL, which blocked up to 60% of CHIKV entry. Through
lentiviral expression of CHIKV glycoprotein, the authors evaluated the antiviral activity of EGCG
on entry steps and suggested that EGCG interferes with CHIKV entry due to their effect on CHIKV
envelope protein [37].

2.2. Chloroquine

According to the studies of Khan and coworkers, a synthetic compound derived from the natural
Chloroquine used to treat malaria infection has shown antiviral activity against CHIKV [38]. To do
this, Vero cells were infected with the African East-Central-South (ECSA) CHIKV genotype, DRE-06
strain, and incubated with the compound at 5, 10, or 20 uM to evaluate its antiviral activity. Three
treatment strategies were used for the plaque assay: (1) pretreatment of the cells 24 h before infection;
(2) concurrent treatment by simultaneously adding virus and chloroquine; and (3) treatment of cells up
to 6 h post-CHIKV infection of Vero cells. Chloroquine at 20 pM was nontoxic to the cells and inhibited
CHIKYV entry by approximately 94% when cells were pretreated, 70% in the concurrent treatment,
and 65% in the post-infection treatment. The results suggested that this compound presents strong
antiviral activity, mainly when administered 24 h prior to infection [38].

2.3. Apigenin, Chrysin, Luteonin, Narigerin, Silybin, and Prothipendyl

Pohjala and colleagues demonstrated the anti-CHIKV activity of five natural compounds by using
either a replicon cell line expressing the nonstructural proteins of CHIKV and the eGFP and Renilla
luciferase (Rluc) markers or the full-length virus genetically modified with the reporter Riuc. Firstly,
BHK21 (baby hamster kidney) cells were infected with the full length CHIKV-Rluc (MOI = 0.001)
and simultaneously treated with different concentrations of each compound ranging from 0.01 to
100 uM for 16 h. The compounds apigenin (inhibitory concentration (ICsp) = 70.8 uM), chrysin (ICsy =
126.6 uM), narigenin (ICsy = 118.4 uM), silybin (IC5y = 92.3 uM), and prothipendyl (IC5y = 97.3 uM)
significantly inhibited CHIKV-R!uc replication [39].

In addition, Muralli and coworkers also tested the antiviral activity of apigenin and luteonin
ethanolic fraction from Cynodon dactylon in Vero cells and found that the fractions inhibited 98% of
CHIKYV activity at concentration of 50 ug/mL through the cytopathic effect [40]. Using a reverse
transcriptase polymerase chain-reaction (RT-PCR) the authors also demonstrated that virus RNA levels
decreased under treatment. In another study, apigenin and luteonin were isolated from a fraction of the
Cynodon dactylon plant, obtained from the National Institute of Virology of India, and were used to assess
the cytotoxicity and antiviral activity in Vero cells. Results showed that concentrations ranging from 5
to 200 ug/mL were nontoxic as determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide cell proliferation assay (MTT assay). In addition, treatment of cells at 10, 25, and 50 pg/mL
showed a reduction of viral activity by decreasing 68%, 88%, and 98% of the cytopathic effect of the
virus, respectively [39,40].

2.4. Flavaglines

As CHIKV uses prohibitin as a receptor to entry into mammalian cells [13], Wintachai
and colleagues investigated the anti-CHIKV activity of the plant-derived compounds sulfonyl
amidines 1M and the flavaglines FL3 and FL23 [41], previously reported to interact with this
receptor. These compounds demonstrated antiviral activity against the CHIKV strain E1:226V
East-Central-South-Africa (ECSA) genotype of a Thai isolate. The cell line HEK-293T/17 was added to
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each compound at specific concentrations (1, 5, 10, and 20 nM) for one hour and then infected with
10 pfu/cell of CHIKV. After 20 h, cell pellets were submitted to flow cytometry and the supernatant to a
plaque assay to measure CHIKYV titers. All three compounds significantly reduced the percentage of
viral production in the infected cells at 10 and 20 nM concentrations. Sulfonyl amidine 1M and FL23 at
20 nM reduced viral cytopathic effect by approximately 40%, and FL3 at 20 nM reduced viral yield by
50% [41].

2.5. Compounds from Tectona grandis

The antiviral activity of three isolated and characterized compounds from Tectona grandis had
its antiviral activity tested against the CHIKV strains ECSA KC 969208 and Asian KC969207 in Vero
cells [42]. The authors determined ICsj of the compounds 2-(butoxycarbonyl) benzoic acid (BCB),
3,7,11,15-tetramethyl-1-hexadecanol (THD), and benzene-1-carboxylic acid-2-hexadeconate (BHCD).
They demonstrated that the most potent anti-CHIKV activity was observed for BHCD with selectivity
index (SI) of 116 for the Asian strain and 4.66 for ECSA. In silico analyses were performed and showed
that the compound possessed strong interactions with CHIKV envelope protein 1 (E1) and poor
interactions with nonstructural proteins (nSP) that may suggest that this compound could act on
CHIKYV entry [42].

2.6. Trigocherrierin A

The work of Bourjot and colleagues showed that compounds isolated from the Trigonostemon
cherrieri presented inhibitory activity against CHIKV replication [43]. Vero cells were used in cell
proliferation assay (MTS) to evaluate the anti-CHIKV activity of compounds by decreasing the cell
death induced by the virus infection [43]. Among the isolated compounds, trigocherrierin A inhibited
death of cells caused by the virus with a concentration that induced half of the maximum effect (ECs)
of 0.6 + 0.1 uM, CCs of 43 + 16 uM, and the SI of 71.7. Thus, trigocherrierin A has been shown to be
the most potent tested compound against CHIKV replication in this study [43].

2.7. Harringtonine

Harringtonine, a natural compound derived from the Japanese plant Cephalotaxus harringtonia,
demonstrated antiviral activity against CHIKV replication [44]. The authors investigated the
anti-CHIKV activity of this compound by using the cell lines BHK-21, C6/36 (embryonic tissue
cells of the Aedes albopictus mosquito), and HSMM (human skeletal muscle myoblasts) and the virus
strains CHIKV-0708 (Singapore 07/2008, lacking the A226V mutation in E1 protein) and CHIKV-122508
(SGEHICHD 122508, having the A226V mutation in the E1 protein) [44]. In BHK-21 cells, harringtonine
at 1 and 10 uM showed potent anti-CHIKV action, inhibiting up to 90% of viral replication with cell
viability higher than 80%. Aiming to investigate the harringtonine mechanism of action, the authors
performed a time addition assay. Compounds were added at different concentrations, prior to infection
(-2 h) and at 0, 2, 6, 12, and 16 h post infection (h.p.i.). Treatments showed inhibition of CHIKV
replication at 2 h.p.i, indicating that harringtonine inhibits the early steps of the CHIKV replicative
cycle. Additionally, cells were infected and treated for 6 h, and western blot and qRT-PCR assays were
performed. The results showed that harringtonine reduced negative- and positive-sense RNAs of
CHIKYV and the production of nSP3 and E2 proteins [44].

2.8. Diterpene Ester (phorbol-12,13-didecanoate)

Twenty-nine diterpenoids isolated from Euphorbiaceae species had their antiviral activity tested
against CHIKV (Indian Ocean strain 899) in vitro through MTS assay [45,46]. First, media with serial
dilutions of each compound was added to empty 96-well microplate, and then, each well was added
of media containing Vero cells (2.5 x 10° cells per well) and CHIKYV for 6-7 days. Among the tested
compounds, phorbol-12,13-didecanoate was shown to be the strongest candidate as an antivirus against
CHIKY replication, with an ECsg 6.0 = 0.9 nM [45,46].

102



Viruses 2020, 12,272 50f17

2.9. Daphanane Diterpenoid Ortho Esters

A panel of diterpenoids or thioesters isolated from Trigonostemon cherrieri was used to evaluate
the antiviral activity against CHIKV [47]. Vero cells were used to determine the cytotoxicity of
compounds, and antiviral properties were accessed by plaque assay. Among the tested compounds,
Trigoocherrins A, B, and F were shown to be potent inhibitors of CHIKYV replication with SIs of 23, 36,
and 8, respectively [45].

2.10. Aplysiatoxin-Related Compounds

Five bioactive compounds from the cyanobacteria Trichodesmiumery thraeuma had their antiviral
activity evaluated [47]. Cell viability was measured and a dose-dependent anti-CHIKV assay was
performed to access the antiviral activity of the compounds under pre- or post-treatment conditions.
The Debromo analogues 2 and 5 showed significant antiviral activity in post-treatment of infected BHK
21 cells with EC5j of 1.3 and 2.7 uM and SI of 10.9 and 9.2, respectively. The authors suggested that the
antiviral activity of these compounds blocks the replication step of the CHIKV replicative cycle [47].

2.11. Tannic Acid

Tannic acid (TA) is a compound found in different species of plants, but its structure varies
according to their sources. It previously demonstrated antiviral activity against viruses as Herpes
(HSV) and HCV [48,49]. The anti-CHIKYV activity of TA was investigated by KONISHI and HOTTA by
performing plaque reduction assay using BHK-21 cells [50]. TA reduced 50% of the virus infectivity
in lower concentrations and demonstrated inhibition of virus post-entry steps in BHK-21 cells.
To investigate which chemical group of TA is associated with its antiviral activity, the authors tested TA
analogues on their virus-inhibiting capacities. The results demonstrated that phenolic hydroxyl groups
may be related to the antiviral activity, since the displacement of these groups make the molecule
ineffective [50].

2.12. Silymarin

Silymarin is a polyphenolic compound from flavonoids family, is extracted from Silybum marianum,
and is described to possesses antiviral activity against HCV [51]. A study tested the activity of
silymarin on CHIKV genotype ECSA with A226V mutation in E1 protein from a clinical strain isolated
in an outbreak in 2008. BHK-21 and Vero cells were used to evaluate different steps of the viral
replicative cycle, and silymarin showed inhibition of post-entry stages of CHIKV with an ECs of
16.9 pg/mL and SI of 25.1. By using a stable cell line expressing CHIKV replicon and EGFP and Rluc
markers [39], it was demonstrated that silymarin suppressed 93.4% of CHIKV replication. Western
blot assay was performed, showing that silymarin treatment decreased the amounts of nSP1, nSP3,
and E2 proteins [52].

2.13. Baicalein, Fisetin, and Quercetagetin

Baicalein, fisetin, and quercetagetin are compounds from the flavonoids family that exhibited
antiviral activity against DENV [22] and enterovirus A71 [53]. Lani and colleagues infected Vero cells
with the CHIKV genotype ECSA strain from the outbreak of 2008 and evaluated their effects in reducing
the cytopathic effect resulting from viral infection [54]. All three compounds were found to inhibit
CHIKYV replication in a dose-dependent manner and reduced E2, nSP1, and nSP3 protein synthesis,
as showed by Western blot analysis. Baicalein and quercetagetin showed anti-CHIKV activity by
inactivating the virus, preventing the attachment of the virus to the host cells and blocking post-entry
stages, with ECs5) of 1.891 pg/mL and 13.85 ug/mL, respectively. Fisetin only inhibited post-entry steps
with ECs of 8.44 pg/mL [54].
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2.14. Bryostatin

Bryostatin is a macrolide lactone derived from a marine animal named Bugula neritina [55]. It was
described by the antineoplastic activity [56], affects Alzheimer’s disease [57], and has been related
to the eradication of human immunodeficiency virus reservoirs [58]. The anti-CHIKV activities of
the Bryostatin analogs salicylate-derived analog 1, C26-capped analog 2, and C26-capped analog
3 were assessed by evaluating the cytopathic effect (CPE) caused by CHIKV Indian Ocean lineage
strain 899 replication under treatment with these three compounds [59]. All of the Bryostatin analogs
inhibited the CHIKYV replicative cycle, decreasing infectious progeny and viral RNA copies, confirmed
by supernatant titration and RT-PCR. A time-addition assay showed that these compounds inhibited
late stages of CHIKV replication, with ECsg rates of 4 uM, 8 uM, and 7.5 uM, respectively. Additionally,
salicylate-derived analog 1 but not the other compounds blocked entry of CHIKV pseudoparticles into
Buffalo green monkey kidney cells (BGM) [59].

2.15. Prostatin

Bourjot and coworkers described the effect of prostratin, a compound derived from Trigonostermon
howii, on CHIKV infection in Vero cells by a CPE assay (ECsg = 2.6 uM) [60]. Another work used CHIKV
lineage Indian Ocean 899 to infected Vero, BGM, or Human embryonic lung fibroblasts (HEL) cells
at MOI of 0.001 under the treatment with prostratin and obtained ECsy of 8 uM, 7.6 uM, and 7.1 pM,
respectively. Using a delay treatment associated with a RT-PCR or CHIKV pseudoparticle techniques,
it was demonstrated that prostratin decreased both the number of CHIKV genome copies and the
production of infectious progeny virus particles. A western blot assay was used to detect CHIKV
proteins and showed that prostratin also reduced the accumulation of nSP1 and capsid proteins [60].

2.16. Berberine

Berberine is a compound found in plants from the Berberis genus, family Berberidaceae,
that previously demonstrated antiviral activity against other viruses [61]. Varghese and colleagues
analyzed the antiviral effect of berberine on the CHIKV replication cycle using the CHIKV lineage LR2006

OPY1 with the Rluc marker to infect HEK-293T, HOS (humam bone osteosarcoma), and CRL-2522 cells.

The berberine ECy for each cell line were 4.5, 12.2, and 35.3 uM, respectively. This compound was also
active against the different CHIKV strains LR2006 OPY1, SGP11, and CNR20235, showing ECs of 37.6,
44.2, and 50.9 uM, respectively. Berberine showed no inhibition on CHIKV entry or replication but
decreased viral RNA and viral protein synthesis, suggesting that berberine is indirectly perturbing
CHIKYV replication by affecting host components [61].

2.17. Avermectin Derivates

Avermectin is naturally produced in Streptomyces avermitilis bacteria and showed different

biological properties including antiparasitic [62], antiviral [63], and antibacterial [64,65] activities.

Ivermectin (IVN) and abamectin (ABN) are chemically modified derivatives of avermectin. The activity
of these derivatives on the CHIKV replication cycle was described in a study that used BHK-21 with
CHIKV containing the Rluc gene [66]. IVN and ABN demonstrated EC5j of 0.6 uM and 1.5 uM,
respectively, and strongly reduced nSP1 and nSP3 even in high MOIs. A time-of-addition assay
demonstrated that IVN and ABN interfered in earlier stages of CHIKV cycle but not when cells were
pretreated. Alternatively, the activity of these compounds was decreased in the later stages of the
CHIKY replicative cycle [66].
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Table 1. Natural compounds with antiviral activity against CHIKV.

‘Compound Structure Inhibition SI or ECs5p Cell Line
HO.
HyC
Abamectin [66] Replication 1.5 uM BHK-21
Apigenin [39,40] Infection/Replication 70.8 uM BHK 21
OH O
HO (o}
Baicalein [54] O | Infection and replication 1.891 pg/mL BHK-21
HO
OH O
Baicalein [54] Entry, binding 6.997 uM Vero

7 of 17
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Table 1. Cont.

8of17

Compound

Structure

Inhibition

SIor ECgg

Cell Line

Berberine [61]

Replication (interfering in
host components)

<35.3 uM.

CRL-2522, HEK-293T,
and HOS

BHCD [42]

Entry

116 (Asian strain) and

Vero and in silico

4.66 (ECSA)
C26-capped bryostatin -
analog 2 [59] Replication 8 uM Vero
C26-capped bryostatin -
analog 3 [59] Replication 7.5 uM Vero
Chloroquine [38] Entry 37.14 Vero
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Compound Structure Inhibition SI or ECsg Cell Line
HO o O
Chrysin [39] O | Infection 126.6 pM BHK 21
OH O
OH
OH
HO. O
oH
EGCG [37] K] Entry steps; cell attachment 6.54 ug/mL HEK 293T
o OH
oH
OH
Fisetin [54] Replication 8.44 pg/mL BHK-21
Harringtonine [44] Early stages of replication 0.24 pM BHK 21

HO

90f17
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10 of 17

Compound Structure Inhibition SI or ECsp Cell Line
Ivermectin [66] Replication 0.6 tM BHK-21
Luteolin [40] Replication NS Vero
Narigenin [39] Infection 118.4 uM BHK 21
OH O
Prostratin [60] Replication and release 2,6 uM and + 8 pM Vero, BGM, and HEL
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bryostatin analog [59]

Compound Structure Inhibition SIor ECy Cell Line
)
N N
Prothipendyl [39] H\ Replication 97.3 uM BHK 21
~
|
OH
HO 0. O OH
Quercetagetin [54] O | Entry and binding 4352 uM Vero
HO OH
OH O
OH
HO 0. O
Quercetagetin [54] O | OH Entry and replication 13.85 pg/mL BHK-21
HO OH
OH O
el P
o o L)
Salicylate-derived Il 5 4uM Vero
H
. O

\/\r Entry and replication

Ol
{

11 0f 17

109



Viruses 2020, 12, 272

Table 1. Cont.

Compound Structure Inhibition SI or ECsp Cell Line
OH
R
Silybin [39] OCH; Infection 92.3 uM BHK 21
OH
H o
L .6 0
Silymarin [52] Ho [ ;‘ o H > 'W o H: § I ~o Replication 16.9 pg/mL BHK-21 and Vero
S g
DH
CH0-R
°9-R
s 0-R ) icati &
Tannic Acid [50] [ 0—-0C{, )OH Replication NS BHK-21
I o—toc OHJ OH
OH 1-3
Phorbol-IZ[,iS]-dideca-noate Replication 6+ 0.9nM Vero
Trigocherrierin [43] Replication 0.6 + 0.1 uM Vero

NS = Not shown, data not shown.
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3. Prospects

The aim of this review was to summarize data from literature concerning the natural compounds
described to possess anti-CHIKV activity. Altogether, data is heterogeneous since authors developed a
variety of assays using different cell lines and CHIKYV strains or replicons. Some studies did not elucidate
the mechanism of action (MOA) of the compound, retaining their information as ECsp, CCsp, and/or SI.
For most of the compounds presented in this review, it would be desirable to demonstrate the MOA
in order to elucidate the biochemical and molecular basis of the compound-virus or compound—cell
interactions and to be able to predict and promote strategies for pharmacological outcomes in further
studies [67]. Also, the investigation of the effects of each compound in different cell lines would provide
important information concerning the effects of these compounds on the host cells [68,69]. Besides that,
all data summarized here represent a relevant source of knowledge concerning the antiviral potential
of molecules isolated from nature.

From the natural compounds cited in this review, chloroquine was the only compound tested
in vivo, in non-human primates, and in human clinical trials. Chloroquine is already used for the
treatment of malaria [70]. However, despite the in vitro results, chloroquine demonstrated no relevant
results in vivo in decreasing viremia or in reducing clinical manifestations during acute stage of CHIKV
infection [71]. Therefore, the results demonstrated by in vitro analysis were not correlated with the
in vivo analysis that showed that chloroquine was not suitable for patients with CHIKV. Additionally,
the remaining compounds described here have not been tested in vivo yet, representing a delay in
anti-CHIKV drug development.

Apart from the chloroquine case, all compounds that demonstrated antiviral activity have the
potential to be further investigated by their therapeutically properties against chikungunya fever.
Furthermore, natural compounds may present as a source of molecules with potent biological activities
that could be used as templates to the development of novel antivirals.

4. Conclusions

The spread of CHIKV in the last years demonstrated the need to develop effective antiviruses
to treat chikungunya fever and to prevent future outbreaks. In this context, natural compounds
have shown potent antiviral activity against a range of viruses. This review summarized the natural
compounds described to possess anti-CHIKV activity by blocking early and/or late stages of virus
replication in vitro. Apart from the great antiviral activity of the described compounds, further research
is needed for the development of future treatments.
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Abstract

Cyclo-Gly-Pro (CGP) attenuates nociception, however its effects on salivary glands remain
unclear. In this study, we investigated the acute effects of CGP on salivary flow and compo-
sition, and on the submandibular gland composition, compared with morphine. Besides, we
characterized the effects of naloxone (a non-selective opioid receptor antagonist) on CGP-
and morphine-induced salivary and glandular alterations in mice. After that, in silico analy-
ses were performed to predict the interaction between CGP and opioid receptors. Morphine
and CGP significantly reduced salivary flow and total protein concentration of saliva and nal-
oxone restored them to the physiological levels. Morphine and CGP also reduced several
infrared vibrational modes (Amide |, 1687-1594cm'; Amide I1, 1594-1494cm™'; CH,/CHg,
1488-1433cm™; C = O, 1432-1365¢m™"; PO, asymmetric, 1290-1185¢m™'; PO, symmetric,
1135-999cm™") and naloxone reverted these alterations. The in silico docking analysis dem-
onstrated the interaction of polar contacts between the CGP and opioid receptor Cys219
residue. Altogether, we showed that salivary hypofunction and glandular changes elicited by
CGP may occur through opioid receptor suggesting that the blockage of opioid receptors in
superior cervical and submandibular ganglions may be a possible strategy to restore sali-
vary secretion while maintaining antinociceptive action due its effects on the central nervous
system.
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Introduction

Saliva exerts multiple functions in the oral cavity such as protection against microorganisms,
contribution to the taste and digestion and maintenance of oral health [1-3]. Salivary function
is controlled by sympathetic and parasympathetic nervous system, which innervate acinar,
ductal, myoepithelial and vascular cells in salivary glands [4,5]. The activation of muscarinic
receptors in the acinar cells is the most important control of salivary flow rates [6]. Electrical
stimulation of sympathetic efferent branch to the salivary glands results in a low flow of saliva
which is rich in proteins [7]. Paradoxically, sympathectomy also generates decrease in salivary
flow [8]. These findings demonstrate the complexity of the sympathetic regulation on salivary
flow and salivary composition [9]. The activation of central pathways develops a great part in
salivatory effects of intraperitoneal pilocarpine in rats [10].

Several substances with pharmacological properties can promote changes in salivary func-
tion. Morphine is an opioid receptor agonist that plays intense and long-lasting analgesia
[11,12]. It was demonstrated that morphine increase lactate levels in serum, however its effects
on salivary lactate concentration are unknown [13]. In humans and rats, the morphine admin-
istration was correlated to hyposalivation, and associated with changes in the ionic composi-
tion [14-15]. Bearing in mind that amylase is the most abundant protein in saliva [16], salivary
amylase concentration decreased after morphine treatment [17]. It has been clearly demon-
strated that morphine promotes reduction in the sympathetic activity to salivary glands by its
action on the superior cervical ganglion and by inhibiting the release of neurotransmitter from
postganglionic nerve endings [17]. Additionally, kappa-, delta-, and mu-opioid-receptor ago-
nists are able to inhibit L-, N- and P/Q-types of calcium channels in submandibular ganglion
neurons, indicating a reduction in parasympathetic activity to salivary glands [18]. The reduc-
tion on the parasympathetic nerve-induced salivary secretion generated by the morphine was
partially reversed by naloxone, a non-selective opioid receptor antagonist. However, salivary
secretion stimulated by intravenous infusion of acetylcholine was not reduced by morphine
[19].

Cyclic dipeptides are among the smallest peptide derivatives frequently found in nature
[20]. Cyclo-Gly-Pro (CGP) is an endogenous diketopiperazine derived from N-terminal tri-
peptide, glycine-proline-glutamate which is naturally cleaved from the insulin-like growth fac-
tor 1 (IGF-1) [21,22]. Previous studies have shown that CGP induces neuroprotective effects
after ischemic brain injury [22]. CGP 35348 has an adjuvant role to produce a dose-dependent
antagonism of antinociception [23]. Recently, our group demonstrated that the antinocicep-
tive effect of CGP seemed to be mediated by the interaction with the opioid system, also reduc-
ing the hyper nociception and paw inflammation induced by carrageenan [24]. This might
indicate the potential of CGP as a candidate for antinociceptive role with fewer side effects on
salivary glands. It is important to emphasize that several effects of CGP in oral territories
remain unknown.

Despite the knowledge about the effect of pharmacological agents on salivary glands, and
consequently on salivary secretion, the CGP capacity to modulate submandibular and salivary
components has never been investigated. Besides, it is important to highlight that the interac-
tion between CGP and opioid receptors has also not been demonstrated. Thus, the aims of the
present study were to investigate the CGP acute effects on salivary flow and composition, and
on submandibular gland composition compared with morphine. Besides, we characterized the
naloxone (a non-selective opioid receptor antagonist) effect on CGP- and morphine-induced
salivary and glandular alterations in mice. After that, in silico analyses were performed to pre-
dict the 3D-interaction between the CGP and opioid receptors.
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Materials and methods

This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the Brazilian Society of Laboratory Animals Science
(SBCAL). Experimental procedures were approved by the Ethical Committee of the Federal
University of Alagoas (UFAL) (License 065/2011), according to Ethical Principles adopted by
the Brazilian College of Animal Experimentation (COBEA). Animal studies are reported in
compliance with the approved guidelines. To minimize the number of animals used and their
suffering all effort were taken. Male Swiss mice (Mus musculus, 2 months) weighing 25-36 g
were obtained from the breeding colonies of the UFAL and maintained at the Institute of Bio-
logical Sciences and Health rodent housing facility. Mice were randomly assigned to standard
cages with five animals per cage. Animals were allowed free access to water and standard
rodent chow diet and kept at 22 + 2°C with a 12 h light/dark cycle, light on at 07:00h. To mini-
mize circadian effects, all experimental procedures were conducted during the light phase.
Power analysis was used as a basis to set the number of animals per experiment [25]. The num-
ber of samples was insert in each legend.

Materials

All used reagents were of analytical grade and used without further purification. The following
reagents were used: cyclo-Gly-Pro (CGP, > 98% purity; Catalog number: 3705-27-9), mor-
phine solution, naloxone and phosphate-buffered saline (Sigma Chemical Co., St. Louis, MO,
USA).

Experimental procedures

Animals were treated with vehicle (NaCl, 0.9%), morphine or CGP (CGP, > 98% purity) (Fig
1, Protocol 1). Morphine was applied at dose of 17.5 umol kg™ (0.1 ml/10g, i.p.) and CGP

1 umol kg’l (0.1 ml/10g, i.p.), considering the similar antinociceptive effects observed in the
hot plate test [24]. For randomization, vehicle was injected in the control group, while the
other mice received morphine or CGP. Blinding was implemented as follows: the operator was
blinded to the group identity, but not to animals of the same group. Thus, for i.p. drug injec-
tion, different solutions were prepared: vehicle, morphine and CGP. In order to analyze the
opioid receptors involvement in salivary secretion and changes in submandibular composi-
tion, similar analysis was performed in another set of animals under naloxone administration
(pre-treatment)(15.3 pmol kg', i.p.), an opioid receptor antagonist, 15 minutes before treat-
ment with vehicle, morphine or CGP (Fig 1, Protocol 2).

Saliva and salivary glands collection

One hour after treatment with vehicle, morphine or CGP, the animals were intraperitoneally
anesthetized (xylazine 5 mg kg 'body weight; ketamine 35 mg kg™') and then parasympathetic
stimulation was performed for salivary secretion through pilocarpine injection (2 mg kg'l, i
p.). Total saliva was collected for 10 min from the oral cavity [26]. After that, submandibular
and parotid glands were collected and weighted [27]. Salivary secretion was calculated based
on volume of saliva acquired in 10 minutes collection divided by the weight of the salivary
gland tissues (ul/g tissue) (Fig 1).

Total protein concentration of saliva

Total protein concentration was measured using Bradford Protein assay. Values were
expressed in mg/ml using serum albumin as standard protein. [28].
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Fig 1. Experimental design of the acute treatment with vehicle, morphine or CGP in male Swiss mice in two protocols with or without the previous
administration of naloxone. In protocol 1, mice were treated acutely with vehicle (VEH, NaCl, 0.9%), morphine (MOR, 17.5 ymol kg ', ip) or CGP (1 pmol
kg™, ip). After one hour of treatment, a parasympathetic stimulus with pilocarpine (PILO, 2 mg kg ', ip) was performed during 10 min for salivary secretion
and salivary composition analysis. Immediately after saliva collection, submandibular glands were removed and storage at —80°C. The CGP and morphine
effects on submandibular gland molecular composition were observed by Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy
and lactate level analysis. In protocol 2, naloxone (15.3 pmol kg™, ip) was administered 15 minutes prior to acute treatment with vehicle, morphine and CGP in
order to evaluate the opioid receptors involvement in saliva and submandibular gland.

https://doi.org/10.1371/journal.pone.0229761.g001

Saliva analysis by dispersive x-ray analysis system (EDX)

Pilocarpine-stimulated saliva from Protocol 1 animals was used to assess the inorganic ele-
ments by EDX (Fig 1). In each experiment,15 pL of saliva were used to measure the ionic com-
position. EDX mode was set up as 180 seconds per sample ion detection using Si (Li)
semiconductor detector (Shimadzu, Fukuoka, Japan) at 30 kV in a vacuum chamber. Ions
quantification was taken from the excitement of their electrons.

Lactate concentration of submandibular glands

Submandibular gland specimens were tested using an enzymatic system for lactate quantitative
determination (Labtest, Brazil). Experiment was done according to the manufacturer’s
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instruction. The submandibular tissue was removed, washed using physiological saline (NaCl
0.9%), and immediately frozen at—80°C. Frozen gland tissue was homogenized in a phosphate
buffer (1: 10 w/v, pH 7.4). To measure the lactate concentration, the homogenate (25 pg) was
incubated in a solution with 4- aminoantipyrine (50 mmol/L), peroxidase, L-lactate oxidase
(1,000 U/L) e N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3-methylaniline (1.5 mmol/L) and
sodium azide (0.09%) at 37°C for 5 minutes using a spectrophotometer at 340 nm.

Histology

The histological analysis in submandibular glands were performed only in animals described
in protocol 1 (Fig 1). Submandibular glands were fixed in 10% buffered formalin. Subse-
quently, these glands were dehydrated in alcohol (80, 90 and 100%), cleared in xylene and
embedded in paraffin. Histological sections with a thickness of 5 um were acquired using a
microtome (Leica RM2125). Then these sections were placed on slides and stained with hema-
toxylin and eosin. Histological slides were examined and micrograph pictures were obtained
using an optical microscope (Olympus BX41).

Acetylcholinesterase activity of submandibular glands

The acetylcholinesterase (AChE) activity quantification in submandibular glands were per-
formed only in animals described in protocol 1 (Fig 1) using a acetylcholine as substrate (Ach,
Sigma Chemical, St. Louis, Mo, USA) at room temperature. The submandibular glands were
homogenized in saline (1:10, 0.9%), through a tissue shredder (Polytron®). In a 96-well plate,
acetylcholine (50uL) was added, and then color reagent was added and taken to incubator for
3 minutes at 37°C. Subsequently, sample (20uL) was added [the first well received deionized
water (20uL) and the second the standard solution (20uL)] and then taken back to the water
bath for 2.5 minutes at 37°C. Finally, a blocked solution (150uL) was added for subsequent
reading at the spectrophotometer (at absorbance 410nm). The AChE activity was determined
by the sample value product. Enzyme activity values were calculated after normalization by a
total protein concentration measured using Bradford assay.

Molecular profile in submandibular glands by ATR-FTIR spectroscopy

Submandibular glands spectra were recorded in 4000-400 cm-1 region using FTIR spectro-
photometer Vertex 70 (Bruker Optik) using a micro-attenuated total reflectance (ATR) acces-
sory. The fingerprint region was chosen to be displayed due to the interest region. All spectra
were recorded at room temperature (23+1°C). The crystal material unit in ATR unit was a dia-
mond disc as internal-reflection element. The sample penetration depth ranges between 0.1
and 2 pm and depends on the wavelength and the refractive index of the ATR-crystal material.
In the ATR-crystal the infrared beam is reflected at the interface toward the sample. Twenty
mg of submandibular were lyophilized using a rotary evaporator (Thermo Savant, San Jose,
CA) to obtain sample spectra. The air spectrum was used as a background in ATR-FTIR analy-
sis. Samples spectrum were taken with 4 cm™ of resolution and 32 scans were performed to
each analysis. The ATR-FTIR spectra were also baseline corrected using OPUS software [29].
Table 1 shows the frequencies and assignments of the vibrational modes identified in subman-
dibular glands. Briefly, the vibrational mode between 1687-1594 cm™ is identified as vH
(Amide I) bending vibrations [29-31]. The 8yH (Amide II) bending vibration is usually repre-
sented between 1594-1494cm '[29,32]. The vibrational modes between 1488-1433 cm ™ are
attributed to CH,/CH vibrations.. The band between 1432-1365 cm™ demonstrates CO
groups (ester) stretching vibrations. Besides, spectral area between 1290-1185 cm indicates
PO, asymmetric [29]. The 1135-999 cm™ spectral area corresponds PO, symmetric [29].
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Table 1. ATR-FTIR wavenumber with respective vibrational modes and related ch
dibular glands of vehicle-, morphine- and CGP-treated mice in the p

P
or absence of nal

Wavenumber (cm™)

Vibrational modes

Chemical component

1635 (1687-1594)

vyH (Amide I)

Proteins

1550 (1594-1494)
1450 (1488-1433)

SnH (Amide 1Ty
CH,/CH;

Proteins

Lipids/proteins

1400 (1432-1365) CO groups (ester) Proteins
1232 (1290-1185) PO, asymmetric Phospholipids
1031 (1135-999) PO, symmetric Glycogen

The vibrational mode assignments were obtained from references [29-33].

https://doi.org/10.1371/journal.pone.0229761.t001

Cyclo-Gly-Pro (CGP) and opioid receptor (OR) structure assembly and
interaction

The human Opioid Receptor protein FASTA sequence (Homo sapiens, access number in
Gene Bank: AAA73958.1) was submitted online in I-TASSER server to predict and generate
high-quality 3D predictions of this protein. The best model was verified using RAMPAGE:
Assessment of the Ramachandran Plot, and Verify3D web tools to determine the spatial
coherence and compatibility of the atomic model (3D) with its own amino acid sequence
(1D). The CGP 3D structure was obtained from Pubchem (PubChem CID: 193540). After
that, in silico analyses were performed to predict the interaction of both structures. Auto-
DOCK Vina [34] was used do predict the molecular docking using the Root-mean-square
deviation of atomic positions (RMSd) and free energy calculations. PyMOL Molecular
Graphics System, Version 2.0 Schrédinger, LLC, was used to visualize the CGP-OP interac-
tions and export image files.

Statistical analysis

In this study, data and statistical analysis comply with the recommendations on experimental
design and analysis in pharmacology [35]. Values are presented as mean = SEM. The heat map
and analyses were performed using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA,
USA). Kolmorogov-Smirnov test was used to determine the normality of the sample distribu-
tions. Comparisons of results were performed by ANOVA, followed by Turkey’s or Dunnett’s
post-test at P value <0.05.

Results

Effects of opioid receptors (OR) in salivary secretion and salivary
composition

Salivary secretion was significantly reduced in morphine compared to vehicle (~15%; p
<0.05). Similarly, CGP significantly decreased salivary secretion compared to vehicle (~20%, p
<0.05). Differences in salivary secretion were not significant between morphine- and CGP-
treated mice (Fig 2A). To confirm the effects of the opioid receptors, naloxone was adminis-
tered before the treatment with vehicle, morphine or CGP. The pilocarpine-stimulated salivary
secretion remained unchanged after naloxone administration in vehicle mice (p >0.05; Fig
2A). On the other hand, naloxone significantly increased the salivary secretion in mice treated
with CGP and morphine (~20% and 30%, respectively; p <0.01) (Fig 2A).
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Fig 2. Salivary flow of Swiss mice and salivary total protein concentration after acute treatment with vehicle, morphine or CGP in the
presence or absence of naloxone. CGP, Cyclo-Gly-Pro. Naloxone (15.3 pmol kg, i.p.), an opioid receptor antagonist, was administered 15
minutes before treatment with vehicle, morphine or CGP. One hour after treatment, parasympathetic stimulation was performed for salivary
secretion through pilocarpine injection (2 mg kg™, i.p.) and total saliva was collected for 10 minutes from the oral cavity. (A) Salivary flow was
expressed as salivary secretion per gram of glandular tissue (/g tissue), equivalent to the ratio of the volume of salivary secretion and the weight
sum of glandular parotid and submandibular. (B) Salivary total protein concentration was expressed as ug/pL. Results are represented as

mean + SEM of 6-9 animals; * P<0.05 vs. vehicle; #P<0.05 vs. morphine; &P<0.05 vs CGP. One-way ANOVA, Turkey as post hoc test.

https://doi.org/10.1371/journal.pone.0229761.9002

In order to analyze the effects of CGP and morphine, total protein concentration in saliva
was measure using Bradford assay. Total protein concentration in saliva significantly
decreased (p<0.01) when CGP (~45%) and morphine (~35%) was administrated and com-
pared to vehicle (Fig 2B). Total protein concentration in saliva was similar (p>0.05) in mor-
phine and CGP-treated mice. The administration of naloxone in vehicle mice kept the total
protein concentration stable (p >0.05; Fig 2B). On the other hand, naloxone significantly
increased the total protein concentration in saliva of mice treated with CGP and morphine
(~40%; p <0.001; Fig 2B).

Dispersive X-ray analysis was performed to analyze the CGP and morphine effects on the
ionic composition in saliva. The composition of potassium, chloride, sodium and sulfur ions
in saliva remained unchanged after acute treatment with morphine or CGP compared to vehi-
cle (S1 Fig).

PLOS ONE | https://doi.org/10.1371/journal.pone.0229761 March 10, 2020 7/19

122



PLOS ONE

Restoration of cyclo-Gly-Pro-induced salivary hyposecretion

Maintenance of salivary glands weight under opioid receptors (OR)
blockade

In order to investigate the CGP or morphine effects in salivary glands, the parotid and sub-
mandibular glands were properly weighed. The results demonstrated that the glands weight
remained unchanged after acute treatment with morphine or CGP (Table 2). As expected, the
salivary glands weight also did not change with the naloxone pre-treatment (Table 2).

Histological changes of submandibular gland under opioid receptors (OR)
blockade

To determine whether CGP promoted morphological and structural changes in salivary gland
compared to the morphine treatment, we stained the submandibular sections with hematoxy-
lin-eosin. The acinar cells, ductal cells and connective tissue remained unaltered (S2A Fig).
However, submandibular glands histological analysis showed of evacuated spaces increased
between serous and mucous acini in glandular parenchyma after one-hour treatment with
morphine or CGP compared to the vehicle (52B and S2C Fig).

Effects of opioid receptors (OR) blockade on lactate levels of
submandibular glands

Morphine (~15%) and CGP (~15%) increased (p<<0.001) lactate levels in submandibular gland
compared to vehicle (Fig 3). Lactate levels in submandibular glands were similar (p>>0.05) in
morphine and CGP-treated mice. The lactate levels in submandibular gland remained
unchanged after naloxone administration in vehicle mice (p >0.05; Fig 3). On the other hand,
naloxone significantly decreased this parameter in mice treated with CGP and morphine
(~20%; p <0.001) (Fig 3).

Effects of opioid receptors (OR) blockade on acetylcholinesterase activity
in of submandibular glands

The acetylcholinesterase activity in submandibular gland was unaffected after acute treatment
with morphine (0.16 UA/pg + 0.02, p >0.05) or CGP (0.15 UA/pg + 0.02, p >0.05) compared
to vehicle (0.15 UA/ug + 0.03). Besides, acetylcholinesterase activity in submandibular gland
was similar (p>0.05) in morphine and CGP-treated mice (S3 Fig).

Table 2. Parotid and submandibular weights from vehicle-, morphine- or CGP-treated mice in the presence or
absence of naloxone.

Treatment Submandibular weight (mg) Parotid weight (mg)
Vehicle 51,21 2,81 (9) 28,42+ 1,55 (9)
Morphine 50,50 + 3,05 (10) 34,44 + 4,35 (10)
CGP 49,01 £ 2,62 (10) 31,56 £ 3,11 (10)
Naloxone+ Vehicle 50,20 + 3,44 (6) 30,03 + 5,38 (6)
Naloxone+Morphine 50,98 + 4,12 (6) 32,77 5,69 (6)
Naloxone+CGP 52,67 + 5,39 (6) 31,22 + 3,80 (6)

CGP, cyclo-Gly-Pro. P>0.05 vs. vehicle. One-way ANOVA, Student-Newman-Keuls as post hoc test.

https://doi.org/10.1371/journal.pone.0229761.t002
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Fig 3. Lactate levels in submandibular gland of Swiss mice after acute treatment with vehicle, morphine or CGP in the presence or absence
of naloxone. Morphine and CGP increased lactate levels in submandibular gland, but naloxone restored this parameter to the baseline. CGP,
Cyclo-Gly-Pro. Results are represented as mean + SEM of 6 animals; * P<0.05 vs. vehicle. One-way ANOVA, Dunnett as post hoc test.

https://doi.org/10.1371/journal.pone.0229761.g003

Effects of opioid receptors (OR) blockade on chemical profile in
submandibular by ATR-FTIR spectroscopy

The submandibular gland infrared spectrum is a superposition of several compounds and the
absorption bands in ATR-FTIR spectrum intensities are directly proportional to the compo-
nents concentration. The submandibular gland spectra of vehicle-, CGP- or morphine-treated
animals in presence or absence of naloxone are represented in Fig 4A.

To understand better the response of proteins, phospholipids and lipids in submandibular
gland under opioid receptors (OR) blockade, we analyzed the area of molecular components
using ATR-FTIR spectroscopy. There are six major vibrational modes highlighted at 1635 cm
! (1687-1594 cm™), 1550 cm™ (1594-1494 cm™), 1450 cm™! (1488-1433 cm™'), 1400 cm™!
(1432-1365 cm™), 1232 cm ™ (1290-1185 cm™) and 1031 cm™ (1135-999 cm™), confirming
the presence of proteins, lipids, phospholipids and glycogen, according to the details showed
for each peak, corresponding to the specific vibration molecules (Fig 4A). The vibrational
modes between 1687-1594 cm™ and 1594-1494 cm™, representing amide I and amide II,
respectively, were reduced in morphine- or CGP-treated mice. These changes were reversed
by the pre-treatment with naloxone (Fig 4B and 4C). The vibrational modes between 1488—
1433 cm™ and 1432-1365 cm'', representing CH,/CH; and C = O, respectively, were also
reduced in morphine- or CGP-treated mice. These changes were also reversed by the pre-treat-
ment with naloxone (Fig 4D and 4E). Besides, two vibrational modes at 1290-1185 and 1135-
999 cm’! were also reduced in morphine- or CGP-treated mice compare to the vehicle. These
vibrational modes represent PO, asymmetric and PO, symmetric, respectively, and the nalox-
one pre-treatment reversed the changes in both submandibular glands components (Fig 4F
and 4G). A heat map with the mean relative changes clearly demonstrates the expression in
these vibrational modes (Fig 4H).

Assembly and interaction of the OR and CGP structure

In silico modeling of OR and molecular docking of OR and CGP were performed by I-TASSER
server. Fig 5A shows the full cartoon structure of OP (green) interacting with CGP (red). The
extended view of the interaction site from docking analysis demonstrated the polar contacts
(yellow dashes) between the CGP (red) and the OR Cys219 residue (Fig 5B). Fig 5C shows the
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Fig 4. Chemical compounds profile in submandibular gland represented by means of ATR-FTIR spectra of Swiss mice after acute
treatment with vehicle, morphine or CGP in the presence or absence of naloxone. (A) ATR-FTIR spectra displayed in 1800-800 cm™ region.
The major vibrational modes are represented, indicating changes under the acute treatment with CGP or morphine on the various chemical
compounds present in the submandibular gland. These changes were reversed by naloxone pre-treatment. (B) Amide I (1687-1594 cm-1), (C)
Amide II (1594-1494 cm'), (D) CH2/CH3 (1488-1433 cm™"), (E) C = O (1432-1365 cm™), (F) PO, asymmetric (12901185 cm™') and (G) PO,
asymmetric (1135-999 cm™). (H) Heat map with the relative expression of each vibrational mode (Vehicle expression was set as 100%). Results
are represented as mean + SEM of 6 animals.

https://doi.org/10.1371/journal.pone.0229761.9004

full surface of the structure of OP (green) coupled with CGP (red) and Fig 5D presents the OP
framework and conformational interaction site.

Discussion

The opioid agonist depressant mechanisms on salivary secretion and salivary glandular tissue
effects remain unclear. Additionally, the potential effects of therapeutic agents in secondary
target organs as salivary glands still need to be carefully investigated. Given the ongoing
attempts to describe opioid side effects on salivary function, it is clearly important to under-
stand and characterize the CGP effects in saliva and salivary glands composition compared
with morphine. We showed that either CGP or morphine promoted the reduction in flow
rates and in salivary protein concentration, increased lactate levels in glandular tissue and
resulted in severe changes in chemical components in submandibular glands. Conversely, the
naloxone (a non-selective opioid receptor antagonist) reversed this alteration in saliva and sub-
mandibular glands.

Human salivary secretion was decreased from 1 to 4 hours after administration of mor-
phine intravenously [36]. Besides, the treatment with morphine (6 mg/kg) also inhibited the

Fig 5. Assembly and interaction of the OR and CGP structure. (A) Full cartoon structure of OP (green) coupled with CGP (red). (B)
Expanded image of binding site from docking analysis. Polar contacts are shown by yellow dashes between the CGP (red) and the OR
Cys219 residue. (C) Full surface structure of OP (green) coupled with CGP (red). (D) OP framework and conformational interaction site
(green). The binding spot to CGP (red) is presented in orange.

https://doi.org/10.1371/journal.pone.0229761.9005
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salivary flow in rats [14]. As expect, in this present study the acute treatment with morphine
promoted salivary secretion reduction. Furthermore, for the first time, we showed that CGP
also reduces salivary secretion in mice.

Previous studies have demonstrated that naloxone partially restores pilocarpine-stimulated
and parasympathetic nerve stimulated-salivary secretion under morphine treatment [14,19].
As expected, our data corroborates previous studies demonstrating that naloxone reversed the
morphine depressant effects in salivary flow. We further investigated whether the salivary flow
changes elicited by CGP were also reversed by naloxone, due to its nonspecific antagonistic
action on mu, kappa and delta opioid receptors [37]. It is important to point out that the opi-
oid receptors blockage by naloxone was also able to reverse the inhibitory effect caused by
CGP and to restore the salivary flow, indicating the CGP effect in opioid receptors as described
to morphine treatment. So, these data suggest similar side effects on salivary glands by CGP or
morphine.

Salivary ionic composition remained unchanged after acute treatment with CGP or mor-
phine (5 mgkg™). In previous research, morphine at a dose of 25 mg kg™ did not alter the
sodium and calcium concentrations in parotid saliva of rats; on the other hand, led to an
increase in salivary potassium concentration [19]. Interestingly, morphine at a dose of 6 mg
kg'l did not alter the presence of salivary potassium concentration, however it was able to
reduce the salivary calcium and increase salivary sodium concentration [14]. It is possible that
samples collected using different methods contributed to these different results. Despite the
contradictory reports evaluating morphine effects on ions composition under lower and
higher doses, our data on CGP showing no changes in salivary ionic composition has never
been reported and suggests that CGP may not be involved in the regulation of several channels
that regulate ionic composition in salivary glands.

We have also shown that CGP, as well as morphine, decreased salivary protein concentra-
tion in mice, which is corroborated elsewhere by the demonstration that an acute treatment
with morphine (6 mg kg'l) decreased protein concentration in saliva from the rat submandib-
ular gland [14]. Considering that sympathetic activity on salivary glands is the most important
control of salivary protein secretion and pointing out that the presence of opioid receptors in
submandibular and parotid glands was never demonstrated, the CGP or morphine effects to
reduce protein concentration in saliva could be due a direct interference of cAMP in cells that
express opioid receptors. Moreover, the tolerance to opioid receptors changes the pathway sig-
nal transduction by the cAMP-dependent protein kinase [38,39]. Thus, if opioid receptors are
expressed in salivary glands, probably morphine and CGP reduces the cAMP directly in these
glands, which is a key mechanism that may be involved in reduced protein secretion in saliva.
However, another explanation for morphine and CGP inhibitory effects on salivary protein
concentration may be due to the opioid receptors presence that might have inhibited pregan-
glionic or ganglionic sympathetic nerve projecting to salivary gland [40-42]. In both hypothe-
ses, it seems clear that our study indicates inhibition of effects promoted by CGP and
morphine by interaction with opioid receptors.

The reduction in salivary protein concentration and in Amide I/Amide II of submandibular
promoted by opioid agonists is a characteristic of tissues that have low sympathetic activity
and/or low glucose utilization, likely because they need to have a low energy status [43].
Besides, we also showed that both treatments are able to reduce glycogen, indicating influence
of opioid system in glycogen metabolism on submandibular glands [44]. Specifically, the pres-
ent study describes evacuated spaces (previously occupied by secretory acini) between acinar
and ductal cells in glandular parenchyma of submandibular glands under morphine- and
CGP-treatment. The fast (1h) effect of morphine and CGP suggests that it is not solely a conse-
quence of reduction of parasympathetic/sympathetic activity. This is in agreement with
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morphine-induced apoptosis of murine J774 cells mediated through TGF-beta [45]. Notably,
this change is reinforced in morphine-treated mice. Considering the acute morphological
changes with morphine and CGP, we can still propose induction of more profound morpho-
logical changes during chronic treatment. However, these effects could be promoted by the
activation of kappa-, delta-, and/or mu-opioid-receptor by morphine and CGP in submandib-
ular ganglion [18,24,46].

The CH, reduction in lipids [47] after morphine and CGP treatments suggests a decrease in
lipid rafts that translocate proteins from intracellular structures to the plasma membrane [48],
as well as decreasing energy status. Opioid agonists reduced PO, asymmetric of phospholipids,
indicating damage in plasma membrane, which is also an apoptotic characteristic [49].

Considering the similar changes in salivary secretion and submandibular composition pro-
moted by both therapeutic agents, we can consider that CGP have similar inhibitory effect on
autonomic activity to salivary glands as described to morphine [18]. The CGP antinociceptive
effect was antagonized by naloxone, a non-selective opioid receptor antagonist, suggesting that
CGP effect may also occur through opioid receptor at the supraspinal level [24,50]. CGP
increased neuronal activity in midbrain periaqueductal gray (PAG), a key relay station in the
processing of nociceptive information in central nervous system [24,51] and that is intercon-
nected with the hypothalamus [52]. Opioid receptors are spread in the hypothalamus [53] and
these hypothalamic neurons may have inhibitory projections to superior salivary nucleus,
from where ganglionic fibers of parasympathetic nervous system spread to submandibular
glands [54-56]. Morphine also activates PAG [57], which suggest similar repercussion of CGP.

The muscarinic receptors sensitivity s in salivary glands was not reduced by morphine [19].
Therefore, we evaluated whether the salivary secretion reduction after treatment with CGP
and morphine could be explained by acetylcholine decreased levels in the extracellular fluid,
which could be demonstrated by acetylcholinesterase enzyme increased activity. Previous
studies have shown an increase in brain acetylcholinesterase expression, 30 minutes after mor-
phine injection (10 mg kg'lof morphine), indicating a higher enzyme activity and further ace-
tylcholine degradation.[58]. However, another study showed that morphine chronic
administration decreases acetylcholinesterase activity in the midbrain [59]. It is noteworthy
that the acute effect of morphine and CGP on acetylcholinesterase activity in salivary gland
has never been reported. Bearing in mind that the expected reduction of acetylcholine in syn-
aptic cleft due to lower parasympathetic activity [18] is associated with similar acetylcholines-
terase activity in submandibular glands after morphine and CGP treatment, it is expected that
the acetylcholine presence in synaptic cleft can be further reduced due to the acetylcholine/
acetylcholinesterase ratio. Furthermore, these data emphasize that the reduction of pilocar-
pine-induced salivary secretion by morphine and CGP is likely to be prejunctional. Consider-
ing the present results and previous reports, we suggest a central and autonomic-pathway
leading to changes in submandibular gland and hyposalivation by morphine and CGP (Fig 6).

To the best of our knowledge, this is the first report that demonstrates the salivary hypose-
cretion elicited by CGP, which is mediated by the opioid receptors’ system and such effect was
reversed by naloxone. The present study also provides new evidence for an inhibitory mor-
phine effect in pilocarpine-salivary secretion mediated by the opioid system in mice. Morphine
and CGP also reduced salivary protein concentration and increased the lactate in submandibu-
lar gland and naloxone reverted both alterations. Morphine and CGP also reduced several
infrared vibrational modes representing Amide I, Amide II, CH,/CH3, C = O, PO, asymmetric
and PO, symmetric, which was blocked by pre-treatment with naloxone. To confirm the path-
way to CGP effects, the in silico docking analysis demonstrate the polar contacts interaction
between the CGP and opioid receptor Cys219 residue. Altogether, we showed that salivary
hypofunction and glandular changes elicited by CGP may occur through opioid receptor
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Fig 6. Schematic draw of a proposed pathway for morphine- and CGP-induced regulation of midbrain and autonomic ganglions.
Arrows indicate the salivary and submandibular gland contents regulations (Tincrease, | decrease) under morphine or CGP treatments.
Blue line indicates the inhibitory effect of morphine and CGP to autonomic pathway to submandibular glands. Red and black lines
indicate the sympathetic and parasympathetic pathway to submandibular gland. Opioid receptors are expressed in PAG [51],
hypothalamus [52,53], submandibular ganglia [18,46] and superior cervical [41,42] ganglia. CGP, cyclo-Gly-Pro.

https://doi.org/10.1371/journal.pone.0229761.9006

suggesting that opioid receptors blockage in superior cervical ganglion and submandibular
ganglion may be a possible strategy to restore salivary secretion while maintaining antinoci-
ceptive effects due its effects in central nervous system.

Supporting information

S1 Fig. Effect of acute treatment with CGP and morphine on ionic composition present in
stimulated saliva. (A-D) Inorganic elements of pilocarpine-stimulated saliva were evaluated
the by fluorescent X-ray method. Concentrations of potassium (A), sulfur (B), chloride (C)
and sodium (D) ions in the stimulated saliva remained unchanged after acute treatment with
CGP and morphine. CGP, cyclo-Gly-Pro. Results are mean + SEM of 6 animals; P>0.05 vs.
vehicle. One-way ANOVA, Dunnett as post hoc test.

(PPT)

$2 Fig. Photomicrograph of submandibular gland from Swiss mice after 1h-treatment
with vehicle, morphine and CGP. (A) The submandibular gland morphology is intact in vehi-
cle-treated mice. (B) The acute treatment with morphine was able to increase the evacuated
spaces (arrows) between the mucosal and serous acini in the submandibular gland
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parenchyma. (C) This change was not markedly evident after one hour of CGP treatment.
Images are representative of 8 animals in each group. CGP, cyclo-Gly-Pro. Magnification,
x400; scale bar, 20 pm.

(PPT)

S$3 Fig. Activity of AChE enzyme in submandibular glands from Swiss mice after acute
treatment with vehicle, morphine and CGP. CGP, cyclo-Gly-Pro. Results are mean + SEM of
5 animals; p >0.05 vs. vehicle. One-way ANOVA, Dunnett as post hoc test.

(PPT)
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ABSTRACT

Coronaviruses (CoVs) is a group of viruses from family Coronaviridae which can infect human and
animals, causing mild to severe diseases. The ongoing pandemic of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) represents a global threat, urging into the development of new
therapeutic strategies. Here we presented a selection of relevant compounds, from 2005 up to now,
with in vitro and/or in vivo antiviral activities against human and/or animal CoVs. We also presented

compounds that have reached clinical trials, as well as further discuss the potentiality of other
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molecules towards their application in (re)emergent CoVs outbreaks. Finally, through the
rationalization of the data herein presented, we wish to encourage further research encompassing these

compounds as potential SARS-CoV-2 drug candidates.

INTRODUCTION

Coronaviruses (CoVs) were first identified in 1960 (Kahn and MclIntosh, 2005) and were
classified as members of the family Coronaviridae. CoVs are enveloped, single-stranded RNA viruses
with a genome varying from 25 to 32 kb (Payne, 2017). The viral structure is primarily formed by the
structural proteins such as spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins. The
S, M, and E proteins are embedded in the viral envelope, a lipid bilayer derived from the host cell
membrane. The N protein, on other hand, interacts with the viral RNA into the core of the virion (Figure

1) (Fehr and Perlman, 2015).

These viruses can infect vertebrate animals causing acute to chronic diseases in respiratory,
cardiac, enteric and central nervous systems, both in animals and humans (Weiss and Navas-Martin,
2005). In animals, the most common CoVs are infectious bronchitis virus (IBV), feline CoV (FeCoV),
and mouse hepatitis virus (MHV), which infects chickens, felines and rodents, respectively (Cui et al.,
2019). To date, there are seven known CoVs that cause diseases in humans: HCoV-229E, HCoV-
NL63, HCoV-0OC43, HCoV-HKUI, severe acute respiratory syndrome coronavirus (SARS-CoV),
middle east respiratory syndrome coronavirus (MERS-CoV) and, most recently, SARS-CoV-2
(Graham et al., 2013; CDC, 2020). The CoVs HCoV-229E, HCoV-NL63, HCoV-OC43 and HCoV-
HKU1 cause mild symptoms, similar to a common cold (Payne, 2017). However, SARS-CoV, MERS-
CoV and SARS-CoV-2 can cause mild to severe symptoms related to upper respiratory infection as
fever, cough, dyspnea, pneumonia, acute respiratory distress syndrome (ARDS), ultimately leading to
death (Lai et al., 2020). The severe clinical condition generated specially by SARS-CoV-2 have been
burdening the public health system worldwide (Hsu et al., 2020), evidencing the mandatory need for
further research encompassing this somehow and, until recently, relatively ignored topic by broad

pharmaceutical and medicinal fields (Lu et al., 2015; Cui et al., 2019).

CoVs are linked to a zoonotic transmission for their ability to infect different species. It can
lead to host jumps, allowing the emergence of a new coronaviruses such as SARS-CoV, MERS-CoV
and SARS-CoV-2 (Lu et al., 2015; Reusken et al., 2016; Andersen et al., 2020). The transmission of
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CoVs is based on fecal-oral route in animals (Kipar et al., 2010). In humans, CoVs transmission occurs
by direct contact with droplets when infected and recipient individuals are in close contact (about one
meter). These infectious oral and respiratory droplets produced by talking, coughing, sneezing need to
contact the mucosae (mouth and nose) or conjunctiva (eyes) of the recipient person. Additionally,
indirect transmission can occur by touching a surface with viable CoV and subsequent contact with
mouth, nose or eyes (Doremalen et al., 2020). Viral particles may remain viable on surfaces for several

days, increasing the probability of infection by third parts (Doremalen et al., 2020).

Recently, SARS-CoV-2 emergence was related to zoonotic transmission, but it is still not clear
how this virus was first transmitted to humans (Andersen et al., 2020; Gorbalenya et al., 2020b). By
phylogenetic analysis, the SARS-CoV-2 was grouped within bat SARS-related coronaviruses,
suggesting that a host jump have occurred (Cao et al., 2020a; Lai et al., 2020). Aggravatingly, the high
transmissibility of this new CoV allowed the rapid and efficient spread of the virus across the world,

becoming a pandemic disease in just a few months (CDC, 2020; Wu et al., 2020).

Due to the novelty of such disease, there is a lack of understanding of SARS-CoV-2 replication
process in host cells. The general mechanisms of entry into host cell, replication and release follow
characteristics described to other CoVs and that have partially been confirmed to SARS-CoV-2. To
date, it is known that the SARS-CoV-2 virion entries the host cells by the attachment of the S protein
with the angiotensin-converting enzyme 2 receptor (ACE2), defining SARS-CoV-2 tropism for cells
that express this receptor, as pulmonary, hepatic, gastrointestinal and renal human cells (Chu et al.,
2020; Hoffmann et al., 2020; Tai et al., 2020). The interaction of ACE2 with the receptor binding
domain (RBD) of the S protein triggers the virion endocytoses and formation of an endosome (Rabi et
al., 2020). The S protein possess two subunits, S1 and S2 (Walls et al., 2020). During endocytoses, an
acid-dependent proteolytic cleavage of the S1 protein by cellular proteases, like cathepsin, TMPRRS2
and trypsin, exposes the S2 subunit, a fusion peptide that allows the fusion of the viral envelope with
the endosome membrane, and consequently, release the capsid into the cell cytoplasm (Belouzard et
al., 2009; Matsuyama et al., 2020). In the cytoplasm, the CoV viral genome is uncoated and the viral
RNA is released. The positive-sense RNA viral genome is translated to produce nonstructural proteins
(nsps) from two open reading frames (ORFs), ORFla and ORF1b. The ORF1a encodes the polyprotein
ppla thatis cleaved in 11 nsps, while the ORF1b encodes the polyprotein pplab which is cleaved into
15 nsps. The proteolytic cleavage is performed by viral proteases nsp3 and nsp5 (Yogo et al., 1977;
Lai and Stohlman, 1981; Kim et al., 2020). The nsps assemble to form a replicase-transcriptase

complex (RTC) responsible for RNA synthesis, replication and transcription of nine subgenomic RNAs
3

139



92
93
94
95
96
97
98
99
100
101

102
103
104
105
106
107
108
109
110
111

112
113
114
115
116
117
118
119
120
121
122
123

Antivirals against human-animal Coronaviruses

(sgRNAs) (Chen et al., 2020; Kim et al, 2020; Fehr and Perlman, 2015). The sgRNAs act as mRNAs
for structural and accessory genes localized downstream of the replicase polyproteins. SARS-CoV-2
has 6 accessory proteins: 3a, 6, 7a, 7b, 8 and 10 (Kim et al., 2020). The structural proteins S, E and M
are translated from the sgRNAs and forwarded to the endoplasmic reticulum (ER), and, subsequently,
inserted in an intermediate compartment of ER with Golgi (ERGIC). There, viral genomes are
encapsulated by N proteins and assembled with the structural proteins to form virions (Fehr and
Perlman, 2015; Li et al., 2020; Siu et al., 2008). The M proteins bind to E protein and nucleocapsid,
and then, the S protein is incorporated, forming a complete virion. Finally, the virions are transported
to the cell surface in vesicles and released in a pathway mediated by exocytosis (Figure 2) (Fehr and

Perlman, 2015; Kim et al, 2020; Li et al., 2020).

It is important to emphasize that SARS-CoV-2 shows different epidemiological and clinical
features from the epidemics of SARS-CoV and MERS-CoV (Ceccarelli et al., 2020; Gorbalenya et al.,
2020b, 2020a). The high transmissibility of SARS-CoV-2 may be related to its entry on host cells (Sun
et al., 2020). Although both the SARS-CoV and SARS-CoV-2 glycoprotein S attaches to the ACE2 to
enter the host cells, the binding affinity of SARS-CoV-2 is higher, thus enhancing its infectivity (Sun
et al., 2020; Yan et al., 2020). Despite the relative homology between S1 and S2 amino acid sequences,
al2A root-mean-square deviation at 417 position (Lusvarghi and Bewley, 2016) of S2 protein in
SARS-CoV-2 may be related to its higher infectiveness, contributing to a 10- to 20-fold higher kinetics
affinity of SARS-CoV-2 ectodomain, as evidenced by Wrapp and co-workers, employing surface

plasmon resonance measurements (Wrapp et al., 2020).

Considering the particularities of SARS-CoV-2 and the emergency caused by its outbreak,
several strategies have been adopted to develop therapeutics and prophylactic measures against this
virus. The strategies approached in these development include: i) utilization of bioinformatics onto
prediction and investigation of potential ligands towards target molecules in the viral structure and/or
replication (Ahmed et al., 2020, 2; Jeon et al., 2020, 2); ii) employment of cell culture systems,
permissive to CoVs (Caly et al., 2020; Liu et al., 2020), associated with pseudo particles, subgenomic
replicons and/or full-length CoVs, seeking to assess cellular response or effects of the compounds on
viral replicative cycle (Roberts et al., 2006; Hoffmann et al., 2020); iii) animal models as mice, mouse,
guinea pig, hamster and non-human primates for evaluating therapeutic options or antibody production
in immunization (Natoli et al., 2020; Sheahan et al., 2020) and iv) clinical trials, assessing
administration, distribution, metabolism and toxicity profiles (ADMeTox) of potential the therapeutics

as well as immunization effects in humans (Clark et al., 2019).
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Based in previous results in vaccine development for MERS-CoV and SARS-CoV, and their
similarity with SARS-CoV-2 (Dhama et al., 2020), the current vaccine candidates are more focused in
S protein, since is a major inducer of neutralizing antibodies in infected patients (Walls et al., 2020).
For this reason, the efforts are concentrated in using approaches as mRNA, DNA, viral vectors or virus-
like particles vaccines with a full-length S protein or S1 receptor-binding domain (RBD) to stimulates
immune response and immunization (Ahmed et al., 2020; Chen et al., 2020). The most promising
vaccines are: i) adenovirus-vectored (AZD1222) produced by Oxford University (Thomas, 2020), a
vaccine which is currently in clinical phase 3, being tested in several countries, including the United
States, Brazil, and countries in Asia and Africa; ii) mRNA-1273 associated with a lipidic nanoparticle
(NCT04283461), currently in clinical phase 2; and iii) inactivated virus vaccine, currently in clinical

phase 1 (Mullard, 2020; Tu et al., 2020).

The high transmissibility and viral variability of the novel SARS-CoV-2, associated with the
lack of vaccine or drugs to treat the infected patients, threaten the global health system. In this context,
the development of effective antivirals is critical to bring short-term therapies able to reduce the
severity of clinical outcomes of the coronavirus disease 2019 (COVID-19) and to reduce the spread of
SARS-CoV-2. Here, we summarized compounds described to possess antiviral activity in vitro and/or
in vivo against CoVs, from 2005 up to now, and critically compared molecules that could be further
investigated by their clinical applicability (Table 1). We also discussed the compounds that have
reached clinical trials (Table 2) as well as the potentiality of other molecules towards their application
in (re)emergent CoVs outbreaks. Finally, we aimed to encourage further research encompassing these

compounds as potential SARS-CoV-2 drug candidates.

INHIBITORS OF CoVs REPLICATIVE CYCLE
Inhibitors of CoVs entry into host cells

The entry of human CoVs into the host cells is mainly related to the binding of viral S protein
to the ACE2 receptor (Prabakaran et al., 2004; Sun et al., 2020). Therefore, it is reasonable to
hypothesize that compounds affecting this interaction could be potential antivirals (Prabakaran et al.,

2004).

In this context, a survey encompassing in silico studies of more than 140 thousand potential S-
Protein-inhibiting drugs indicated that the molecule N-(2-aminoethyl)-1 aziridineethanamine (NAAE)
5
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showed the highest docking grade (-23,7 kcal/mol) (Huentelman, et al., 2004). The activity of NAAE
was further confirmed employing an in vitro enzymatic inhibitory assay, using a human recombinant
ACE2. In this assay, ACE2 removes the C-terminal dinitrophenyl moiety that quenches the inherent
fluorescence of the 7-methoxycoumain group, increasing the fluorescence when ACE2 is active
(Huentelman et al., 2004). The results showed that NAAE inhibited the ACE2 enzymatic activity with
an ICsp of 57 umol/L (Huentelman, et al., 2004). In addition, 293T cells expressing ACE2 receptor
were incubated with the NAAE, and then with S glycoprotein-expressing 293T cells, and measurement
of P-galactosidase activity (reported gene in cell-cell fusion) were performed. NAAE at 0.5 uM
inhibited 50% of SARS-CoVs spike protein-mediated cell fusion and suggested that NAAE might be
a candidate for treating SARS-infection, by impairing the viral attachment via the interference with
ACE2. (Huentelman, et al., 2004). However, detailed explanation on how NAAE is a more efficient

ligand to ACE2 than other compounds was not approached by the authors.

Ramos-Tovar and Muriel reported the antiviral activity of Glycyrrhizin (GL), a major
constituent from licorice root (Ramos-Tovar and Muriel, 2019), that was able to inhibit SARS-CoV
entry into Vero cells with an effective concentration of 50% (ECso) of 300 mg-L"! and cytotoxicity
concentration of (CCso) of > 20.000 mg-L™. GL was less effective when the administration occurred
during the viral adsorption period than when it was administered after entry into host cells. Cumulative
effects were observed when this compound was administrated both during and post entry in host cells,
which indicates a significantly potent inhibitor against the virus, under the tested conditions (Cinatl et
al., 2003). Additionally, the antiviral activity of 15 GL derivates against SARS-CoV was assessed
(Hoever et al., 2005). Conjugation on both acidic moieties of GL disaccharide group with 2-acetamido-
a-D-glucopyranosylamine, benzylcysteine and Gly-Leu peptide generated compounds with an increase
of 10 to 70-folds anti-SARS-CoV activity when compared to GL itself (Hoever et al., 2005). For the
case of 2-acetamido-a-D-glucopyranosylamine derivative, it was speculated that viral entry was
inhibited through N-acetylglycosamine binding onto S-protein carbohydrates. Other derivatives such
as the introduction of heterocyclic amides such as 6-amine-thiouracil induced a higher cytotoxicity

profile.

The endossomal cathepsins are essential enzymes in viral entry into host cells (Huang et al.,
2006) and cathepsin L has been pointed with a crucial role in membrane fusion with the endosomes
(Belouzard et al., 2009; Matsuyama et al., 2020). In this context, Shah and coworkers demonstrated
the effective activity of the tetrahydroquinoline oxocarbazate (CID 23631927), an oxocarbazate
inhibitor of cathepsin L against SARS-CoV. Employing a pseudovirus system with a luciferase reporter

6
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to infect 293T cells, the compound inhibited viral entry with an ECso of 273 M and CCso > 100 uM
(Shah et al., 2010). The authors also showed that the compound CID 23631927 seems to bind with a
lower inhibition constant (Kj) to cathepsin L, improving the compound/cathepsin L interaction. This
might be related to the optimized structure with stronger hydrophobic interactions and better hydrogen

bonds between the compound and cathepsin L (Shah et al., 2010).

An extensive work screened a library of compounds following the Lipinski’s rule (Lipinski et
al., 2001) and identified 3 noncytotoxic compounds capable of inhibiting SARS-CoV pseudoparticle
entry into 293T cells (Adedeji et al., 2013). N-(9,10-dioxo-9,10-dihydroanthracen-2-yl)benzamide
(SSAAQ9EL1) blocked early interactions of SARS-CoV S protein with ACE2 (ECso of 6.7 uM and CCso
> 100 pM), whereas N-[[4-(4-methylpiperazin-1-yl)phenyl]methyl]-1,2-0xazole-5-carboxamide
(SSAAQ9E2) affected cathepsin L activity (ECso of 3.1 pM and CCs > 100 uM). Conversely, [(Z)-1-
thiophen-2-ylethylideneamino]thiourea (SSAAQ9E3) prevented the fusion of the viral envelope with
host membrane cells by a direct interaction with spike protein (ECso of 9.7 uM and CCso > 20 uM)
(Adedeji et al., 2013). The compound SSAAO9E3 presented the highest cytotoxic, probably due the
interactions with host proteins. The authors suggested that since these three compounds are derived
from molecules with antiviral activities, presented a good oral bioavailability and rapid systemic

distribution in animal models, they might exhibit interesting pharmacokinetics (Adedeji et al., 2013).

Other compounds also demonstrated to inhibit CoVs entry as presented for emodin (6-methyl-
1,3,8-trihydroxyanthraquinone), a component from Rheum officinale roots, which at 50 uM inhibited
about 80% the infectivity of S protein-pseudotype retrovirus from SARS-CoV in Vero cells (Ho et al.,
2007). Besides the entry activity, emodin was described with an additional post-entry antiviral action.
The authors suggested that emodin might be impairing virus release by affecting 3a viral protein which
is related to ion channels in infected Vero cells (Schwarz et al., 2011). This effect may play an

important role in immune response.

The exploitation of other natural compounds such as proteins seeking potential anti-CoV drugs
was also performed. Griffithsin (GRFT) is a protein isolated from the red alga Griffithsia sp. which
have shown a powerful viral entry inhibition against several enveloped viruses, such as the human
immunodeficiency virus (HIV). GRFT is capable to bind to terminal mannoses of oligosaccharides and
also to glycans localized on the viral envelope glycoproteins (Lusvarghi and Bewley, 2016). GFRT did
not present cytotoxicity in Vero cells, human ileocecal colorectal adenocarcinoma cells, human diploid

fibroblast cells and rhesus monkey kidney cells. Its broad-spectrum antiviral activity in vitro was

7
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demonstrated against several CoVs such as SARS-CoV (ECs of 0.61 pg/mL), bovine coronavirus
(BCoV) (ECso of 0.057 pg-mL™"), MHV (ECsp of 0.23 pg-mL"), HCoV-OC43 (ECsg of 0.16 ug-mL1),
HCoV-229E (ECso of 0.18 pg'mL") and HCoV-NL63 (ECso < 0.032 ug'mL™") (O’Keefe etal., 2010).
In another study, GRFT inhibited early stages of MERS-CoV infection in HEK-293T cells (Millet et
al., 2016). Furthermore, GRFT improved surviving in SARS-CoV infected mice and protected the
Balb/c female mice against infection by binding with S protein (O’Keefe et al., 2010). Altogether,
GRFT could be considered as a potential SARS-CoV-2 entry inhibitor with activity against S proteins.

Antiviral activity by entry inhibition was also evaluated employing antibacterial
chemotherapeutics. Vancomycin, eremomycin and teicoplanin, glycopeptide compounds used to treat
infections caused by Gram-positive bacteria (Preobrazhenskaya and Olsufyeva, 2004), as well as
hydrophobic derivatives of these drugs, were described to possess antiviral activity against HIV
(Printsevskaya et al., 2005). A study showed that vancomycin, eremomycin, and teicoplanin were not
toxic to Vero and T lymphoblast (CEM) cells. Nonetheless, these compounds were not able to inhibit
the feline CoV (FIPV) and SARS-CoV in assays employing such cell lines. Conversely, the
eremomycin derivatives molecules labeled 27 and 39 showed the best inhibition profile against FIPV
(ECso of 5.4 uM and 12 uM, respectively) and SARS-CoV (ECso of 14 uM and 22 pM, respectively)
(Balzarini et al., 2006).

Cationic antimicrobial peptides (AMPs) are another type of peptides which have been
considered as potential broad-spectrum antiviral agents. For instance, mucroporin is an AMP found in
Lychas mucronatus scorpions venom (Dai et al., 2008). Mucroporin was then optimized synthetically
generating mucroporin-M1, that was able to inhibit measles virus (MeV), SARS-CoV and influenza
H5NI1. Specifically, mucroporin M-1 affected SARS-CoV pseudovirus entry with ECso of 14.46
pgmL ! and CCso of 61.58 pg-mL, by a virucidal activity in HeLa-ACE2 cells (Li et al., 2011). The
activity of this synthetic peptide seems to be related to positive charges of the hydrophilic site that can

enhance the interaction with viral surface, inactivating the viral particle.

Other potential antiviral peptides were selected by Struck and colleges. Through the
exploitation of bioinformatics tools, the authors were able to predict sixteen peptides with effective
binding onto the receptor binding domain (RDB) present in S proteins of CoVs. These compounds
were then synthesized, and the hexapeptide Tyr-Lys-Tyr-Arg-Tyr-Leu at 14 mM inhibited the SARS-
CoV and HCoV-NL63 infection in Vero cells, without triggering cytotoxicity (Struck et al., 2012).
This peptide was designed specifically to bind to the site of interaction with S protein, and does not
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interfere with the ACE2 receptor activity, so it might be a good candidate to block SARS-CoV-2 entry
without impairing host metabolism. Taking into consideration that cellular factors such as the Tumor
Necrosis Factor-alpha (TNF-a) converting enzyme (TACE) facilitates the SARS-CoV entry (Haga et
al., 2008), it is reasonable to suggest that TACE inhibitors could hinder SARS-CoV infection. In this
context, TAPI-2, a compound able to inhibit TACE, has shown a potent antiviral activity promoting
65% blockade of the SARS-CoV entry in HEK-293T cells. However, the compound did not affect the
virus titer in in vivo assays (Haga et al., 2010). The authors suggested that since SARS-CoV attaches
to additional receptors such as DC-SIGN and L-SIGN (Sa et al., 2004; Han et al., 2007), viral entry

might be not impaired by this molecule.

In addition to amino acid-based inhibitors, monoclonal antibodies (mAbs) have attracted
attention due to their use in infectious and chronic diseases treatments (Green et al., 2000; Haynes et
al., 2009; Pettitt et al., 2013; D’ Amato et al., 2014), overcoming drawbacks caused in polyclonal Abs
therapy, as those related to donor compatibility (Marasco and Sui, 2007). Human neutralizing Abs
against human CoVs have been generated targeting S glycoproteins to impair viral entry (Belouzard et
al., 2012; Reguera et al., 2012). Notably, several mAbs were identified as inhibitors of MERS-CoV
and SARS-CoV infections both in vitro and in vivo, protecting cells and animals when administered
24h prior or post-infection (Agnihothram et al., 2014; Lip et al., 2006; Zhu et al., 2007; Shanmugaraj
et al., 2020). The mAbs are developed by merging B lymphocytes and myeloma cells, producing
hybridomas capable of recognizing antigens and produce a single Abs class to bind specific epitopes
(Lipman et al., 2005). For that reason, mAbs cross-reactivity among different coronaviruses seems to
be ineffective (Totura and Bavari, 2019). In the particular case of SARS-CoV-2, Wang and coworkers
produced mAbs using 51 lineages of SARS-S hybridoma cells and identified the 47D11 H2L2
neutralizing Abs through ELISA assays. This antibody was produced using mice cells; therefore, it
was further modified to produce a fully human immunoglobulin IgG1, producing the human
monoclonal antibody 47D11. The results showed that 47D11 binds to the RBD region and inhibited
SARS-CoV-2 entry in Vero cells with ECso of 0.57 ug/mL (Wang et al., 2020a). In this context, this

mAbs can be used alone or in association with other compounds to treat COVID-19 infections.
Inhibitors of post-entry stages of CoVs replicative cycle

Among the proteins that are pivotal for CoVs viral replication are the main proteases (Mpro)
such as the chymotrypsin-like protease (3CLpro) and the papain-like proteases (PPL). These enzymes

process viral polyproteins and control replicase complex activity (Anand et al., 2003), figuring as very
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attractive targets for drug development against CoVs. Several natural products and synthetic peptides

have been reported to inhibit Mpro (Cinatl et al., 2005; Vuong et al., 2020).

Gan and coworkers used molecular docking methods to select the octapeptide Ala-Val-Leu-
Gln-Ser-Gly-Phe-Arg as Mpro inhibitor of SARS-CoV and evaluated its antiviral activity in infected
Vero cells. The octapeptide presented an ECsp of 2.7 x 102 mg-mL"! and a CCsp > 100 mg-mL"!,
resulting on a selectivity index of over 3704 (Gan et al., 2006). Moreover, five Phe-Phe dipeptide
inhibitors (A-E) were designed and selected in silico to interact with 3CLpro, and showed to be able
to protect Vero cells from cytopathic effect (CPE) caused by SARS-CoV. The C analogue (JMF1521)
was obtained by the condensation of Phe-Phe dipeptide unsaturated ester with cinnamic acid and
exhibited the highest activity with ECsp of 0.18 uM and CCsp > 200 uM (Shie et al., 2005). The authors
also performed enzymatic assay to evaluate the activity of JMF1521 on 3CLpro and showed that the
peptide inhibited the 3CLpro activity with an inhibition constant of 0.52 uM. The results suggested
that this analogue disposes a rather rigid coplanar structure in the N-terminal motif that results in more

effective hydrogen bonds with the enzymes residues (Shie et al., 2005).

Another example of dipeptide-based compound as protease inhibitor is dipeptidyl EP128533
(Zhang et al., 2000) that showed antiviral activity against SARS-CoV in Vero cells, with an ECso and
CCsp of 3.6 uM and > 100 pM, respectively (Zhang et al., 2006). In accordance with this study, it was
also demonstrated that EP128533 inhibited SARS-CoV with an ECsp of 1.4 ng/mL and CCso > 100
pg/mL (Day et al., 2009). However, the compound was not efficient in reducing the effects of viral
replication in BALB/c mice (Day et al., 2009). The authors proposed that EP128533 is relatively

insoluble and its lack of activity might be related to a low bioavailability in the animal models.

The dipeptides GC373 (dipeptidyl aldehyde) and GC376 (dipeptidyl bisulfite adduct salt from
GC373) were also designed and synthesized as protease inhibitors of the 3CLpro enzyme (Kim et al.,
2012). Their activity was assessed in vitro and results showed that GC373 inhibited HCoV-229E (ECso
of 0.2 uM), feline infectious peritonitis virus (FIPV, ECso of 0.3 pM), MHV (ECso of 2 pM),
transmissible gastroenteritis virus (TGEV, ECso of 0.3 uM) and the bovine coronavirus (BCV, ECs of
0.7 uM) (Kim et al., 2012). GC376 also inhibited HCoV-229E (ECso of 0.15 pM), FIPV (ECso of 0.2
uM), MHV (ECsp of 1.1 pM), TGEV (ECs of 0.15 pM) and BCV (ECso of 0.6 uM). The 3CLpro
activity of these compounds against the SARS-CoV was also analyzed. The GC373 and GC376
inhibited enzymatic activity of SARS-CoV 3CLpro with an inhibition constant of 50% of 3.48 uM and
4.35 uM, respectively (Kim et al., 2012). However, the activity of these compounds was not evaluated
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using infected cells or animal models. Additionally, the effects of GC373 and GC376 were assessed
against feline coronavirus WSU (FCoV-WSU) (ECs values for GC373 and GC376 were 0.15 uM and
0.40 puM, respectively) (Kim et al., 2013). Moreover, the authors described that the concomitant
treatment with these compounds can improve the antiviral effect against feline coronaviruses, and since

the 3CLpro is conserved among CoVs, it might present broad-spectrum activity (Kim et al., 2013).

RNA-dependent RNA polymerase (RdRp) also figures as a promising target for antivirals. In
viral replication, RdRp is responsible for catalyzing the replication of the viral RNA using a
complementary RNA as template. Therefore, compounds that interfere in this process are excellent
drug candidates for treating viral infections (Ganeshpurkar et al., 2019). Nucleoside analogues of
pyrimidine interfere in uridine triphosphate (UTP) metabolism, directly affecting viral replication
(Murphy and Middleton, 2012), as demonstrated by B-D-N*-hydroxycytidine (NHC) which inhibited
SARS-CoV (ECso of 10 uM and CCso > 100 uM) and HCoV-NL63 (ECso of 400 nM and CCso > 100
uM) (Barnard et al., 2004). NHC presented a potent antiviral activity against SARS-CoV-2 in infected
Vero (ICsp of 0.3 uM and CCsp of >10 pM) and Calu-3 cells (ICso of 0.08 uM and CCsp > 100 uM)
(Sheahan et al., 2020). The authors assessed the broad-spectrum antiviral activity of NHC against
MERS-CoV (ICs0 0.024 uM) and SARS-CoV (ICs0 0.14 M) (Sheahan et al., 2020), and also evaluated
the NHC effect in SARS-CoV and MERS-CoV infected mice. NHC improved pulmonary function and
decreased viral load in lungs and the authors proposed that NHC might be useful in emerging CoVs.
Other pyrimidine analogue with potential antiviral activity is 6-azauridine, that inhibited HCoV-NL63
replication in LLC-MK2 cells with an ECsp of 32 nM and CCso of 80 uM (Pyrc et al., 2006).

Ribavirin is a synthetic nucleoside analogue of guanosine used for the treatment of patients
chronically infected by the hepatitis C virus (PubChem, 2005c). Ribavirin antiviral activities have been
described against several RNA viruses, also presenting broad-spectrum antiviral for CoVs (Chan et al.,
2013; Shen et al., 2016). Its activities were described for SARS-CoV in vitro (ECso of 20 pg/mL and
CCso > 200 pg/mL) (Saijo et al., 2005). Nevertheless, no viral load reduction was observed in vivo
employing BALB/c mice (Barnard et al., 2006). The in vitro decrease of ribavirin efficacy was
demonstrated to be associated with the excision of its nucleoside analogues by conserved coronavirus
proofreading mechanisms (Ferron et al., 2017). Moreover, ribavirin showed good results for the
treatment of critically MERS-CoV patients (Al-Tawfiq et al., 2014), and the combined treatment of
ribavirin with type I Interferons (IFN-I) in primate models improved MERS disease symptoms

(Falzarano et al., 2013). Although ribavirin has been given as part of treatment regimens for SARS and
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MERS patients, meta-analyses of cases of study have found limited efficacy of its activities in treating

patients with highly pathogenic coronavirus respiratory syndromes (Morra et al., 2018).

What is more, a nucleoside analogue based on the acyclic sugar scaffold of acyclovir showed
antiviral potential against coronaviruses (Tan et al., 2004). Peters and contributors demonstrated that
this compound has a powerful antiviral activity against MERS-CoV (ECso and CCso of 23 uM and 71
uM, respectively) and HCoV-NL63 (ECso and CCso of 8.8 uM and 120 uM, respectively) (Peters et
al., 2015). However, the mechanisms of which this analogue impairs viral replication are not suggested
by the author, leading to questioning whether it acts as its precursor acyclovir, impairing viral

replication, or by alternative mechanism of action.

As of others drug options in post-entry stages of viral replicative cycle it is possible to report
the activities of Niclosamide, a drug used in antihelminthic treatment (Katz, 1977). Niclosamide
presented antiviral activity on post-entry steps of SARS-CoV infection in Vero cells, with an ECso of
1-3 uM and CCso of 250 uM (Wu et al., 2004). Similarly, this compound suppressed the cytopathic
effect of SARS-CoV at a concentration < 1 uM and inhibited viral replication with an ECso value of
less than 0.1 pM in Vero E6 cells (Wen et al., 2007). Both authors suggested that Niclosamide impairs

post-entry steps. However, this effect seems to not be related to an interaction with 3CLpro.

An additional potential compound is mycophenolic acid (MPA), an antibiotic derived from
penicillium fungal species (PubChem, 2005b), which inhibited MERS-CoV replication in Vero cells
with ECso of 2.87 uM (Hart et al., 2014). However, MPA was not active against SARS-CoV both in
in vitro and in vivo assays (Barnard et al., 2006). Data suggested that MPA inhibits the enzyme IMP
dehydrogenase, inducing apoptosis on alveolar macrophages, and consequently, inhibiting or
suppressing cellular immune responses, important to prevent or limit viral infection (Barnard et al.,

2000).

Bananins, on the other hand, are a class of adamantane-based compounds conjugated with
pyridoxal moiety (vitamin B6) (Kesel, 2003). These molecules showed effective inhibition of SARS-
CoV in FRhK-4 cells, with ECso < 10 pM and CCsp of 390 uM. By both time addition and ATPase
assays, authors proposed that the action of bananin is mainly on the post-entry step of virus replication,
and may be related to an effect on the helicase function and/or on components of cellular pathways

(Tanner et al., 2005).
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Finally, the nonstructural protein 10 (nspl0) of CoVs was described as responsible for a
stimulatory effect on nspl6, a classical S-adenosylmethionine-dependent (nucleoside-2'-O)-
methyltransferase that acts in RNA binding or catalysis. The peptide TP29 was designed as a ligand to
MHYV nspl0 and presented broad-spectrum activity, inhibiting SARS-CoV (ECso of 200 uM) and
MHYV (ECsg of 60 uM) replication in infected cell lines (Wang et al., 2015). The authors also assessed
TP29 activity in MHV infected mice, and demonstrated that treatment improved survival, decreased
viral load in liver and induced type 1 IFN. Based on this data, it was suggested that the TP29 impaired

nsp10/nspl6 2°-O-MTase activity, dysregulating the genome replication process.

Looking towards host machinery: A different approach to CoVs treatment

Targeting the host process during viral infection figures as a promising alternative for drug
development and can play an important role onto abrogating viral replication (Sayce et al., 2010; Ullah
etal., 2019). Nitazoxanide is a broad-spectrum antiviral agent exploited onto treatment of, for instance,
influenza A and B viruses, as well as Ebola virus (EBOV) (Rossignol, 2014; Jasenosky et al., 2019),
with its activity related to the interference in host-regulated pathways during viral replication
(Rossignol, 2016). In vitro studies demonstrated that Nitazoxanide was able to inhibit MERS-CoV in
LLC-MK2 cells, with an ECso of 0.92 pg-mL"!. The authors suggested that nitazoxanide affects pro-

inflammatory cytokines and suppresses its overproduction (Rossignol, 2016).

Another host-target compound is Saracatinib (AZD0530), a tyrosine kinase (SFK) inhibitor.
This compound suppressed early stages of the MERS-CoV replicative cycle in Huh7 cells (ECso of 2.9
UM and CCso > 50 uM), possibly by affecting the SFKs pathways (Shin et al., 2018). SFK possesses
central function in signaling pathways such as ERK/MAPK and PI3K/AKT (Thomas and Brugge,
1997), which are strictly related to CoVs infection. Therefore, the SFKs inhibition might promote viral

clearance, and can be used in association with other drugs (Shin et al., 2018).

Moreover, Cyclosporin A (CsA), a peptide with activity on the cyclophilin family of host
enzymes (isomerases that act as chaperones) (PubChem, 2005a; Davis et al., 2010), inhibited SARS-
CoV (100% inhibition at 16 pM), HCoV-229E (75% inhibition at 16 uM) and MHV (100% inhibition
at 16 pM) in human and animals infected cell culture. CsA presented broad-spectrum antiviral activity
against CoVs and it seems to interfere to the genome replication/transcription during CoVs infections

(de Wilde et al., 2011, 2013; Pfefferle et al., 2011). Alisporivir, a non-immunosuppressive cyclosporin
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A analogue, inhibited the replication of SARS-CoV in Vero E6 infected cells at low-micromolar
concentrations (ECso of 8.3 pM; CCso > 50 uM). This compound also showed broad-spectrum anti-
CoVs activity, inhibiting MERS-CoV EMC/2012 (ECso of 3.6 pM), MERS-CoV N3/Jordan (ECso of
3 uM) and SARS-CoV MA-15 (ECsp of 1.3 uM) in vitro (de Wilde et al., 2017). However, the authors

demonstrated that Alisporivir did not enhance survival in CoV infected mice (de Wilde et al., 2017).

Other promising biomolecules as drug antivirals are interference RNAs (iRNAs). These
macromolecules are small non-coding RNAs associated with controlling the expression of genetic
information (Wilson and Doudna, 2013), and have been described as promising candidates for the
treatment of hepatitis B virus (HBV), hepacivirus (HCV), HIV and human T-cell lymphotropic virus
(HTLV) infections (Y et al., 2007; Shah and Schaffer, 2011; Sanan-Mishra et al., 2017). The short
interference RNAs (siRINAs) were described effective for in vitro antiviral treatment of FIPV, a type
of FCoV (McDonagh et al., 2011, 2015). Most recently, Li and colleagues designed and synthesized
siRNAs that targeted the M and N genes of swine and porcine coronaviruses (SECoV and PDCoV,
respectively). These siRNAs inhibited up to 99% of the expression of these proteins in both Vero and
LLC-PK1 infected cells (Li et al., 2019). Additionally, synthetic siRNAs targeting the structural
proteins E, M and N of SARS-CoV have also been developed, showing reduction of the referred genes
expression in Vero cells (Shi et al., 2005). Moreover, siRNAs targeting the structural proteins 7a, 7b,
3a, 3b, and S reduced approximately 70% of SARS-CoV progeny in Vero cells (Akerstrom et al.,
2007). The different authors propose that treatment with siRNAs can improve treatment-resistance
among viruses, and that these molecules can be designed to target multiple proteins aiming a broad-

spectrum activity.

Ongoing clinical evaluations with candidate drugs against SARS-CoV-2

The current situation of the pandemic of COVID-19 accentuated the mandatory and immediate
demand for effective treatments. Based on previous data concerning the activities against other viruses
and the empirical knowledge from treatments used in case reports, several drugs entered clinical trials
phases to access their therapeutic potential against SARS-CoV-2. In this section, we discussed the
current knowledge on the most promising candidates for the treatment of COVID-19. Data from these

drugs are summarized on the Table 2.
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The nucleoside analogue Remdesivir (GS-5734) is a monophosphoramidate prodrug, which has
antiviral activity described against the EBOV in non-human primates (Warren et al., 2016, 57). Its
activity was assessed in human airways epithelial (HAE) cells infected with SARS-CoV (ECsp of 0.069
uM and CCsp > 10 uM) and MERS-CoV (ECsg of 0.074 uM and CCso > 10 uM), and demonstrated to
inhibit these virus RdRp. Also, GS-5734 reduced infectious virus production of bat CoV by 1.5 t0 2.0
logio in HAE cells and reduced virus titers and virus-induced lung pathologies in a SARS-CoV assay
in vivo (Sheahan et al., 2017). This compound also reduced the severity of MERS-CoV disease, virus
replication and damage in the lungs of rhesus macaques (Wit et al., 2020). The clinical efficacy of GS-
5734 has been assessed by several clinical trials in different countries like France (NCT04365725),
Canada (NCT04330690), USA (NCT04292899) among others, which have been conducted based on
the first reported COVID-19 case treated with Remdesivir in Washington, USA (Holshue et al., 2020).
In the first findings from Wang and coworkers encompassing a randomized, double-blind, multicenter
and placebo-controlled trial with 255 patients, Remdesivir did not present significant antiviral effects
against SARS-CoV-2, nor did it improve clinical outcomes (Wang et al., 2020c). To date, there are
several active clinical trials registered in the PubMed database involving such compound. However,

most of them presented no conclusive outcomes.

As other candidates, Lopinavir and Ritonavir are protease inhibitors used in association to treat
HIV infections (Mills et al., 2009). Lopinavir demonstrated antiviral activities protecting cells of
MERS-CoV infection (ECso of 8 uM) and reducing viral loads in animal assays (Wilde et al., 2014;
Kim et al., 2015). Ritonavir also demonstrated anti-MERS-CoV activities with ECso of 24.9 pM
(Sheahan et al., 2020). It is important to point out that these results do not agree with another work that
was unable to demonstrate in vitro antiviral activity of Lopinavir against MERS-CoV (Chan et al.,
2013). In clinical assays for MERS-CoV, the association of Lopinavir with Ritonavir reduced clinical
outcomes and viral load in infected patients (Sheahan et al., 2020; Yao et al., 2020a). In particular to
SARS-CoV, Lopinavir and Ritonavir presented a low to medium antiviral activity in vitro, and in vivo
assays have not been performed yet (Yao et al., 2020a). In addition, Lopinavir and Ritonavir played an
important role in the clinical outcome of SARS-CoV infected patients by reducing symptoms and the
period of hospitalization, representing a possibility for the treatment of SARS-CoV-2 (Chu et al.,
2004). Cao and collaborators conducted a randomized clinical trial with 199 patients with severe
COVID-19 (Cao et al., 2020b). The patients treated with the association Lopinavir/Ritonavir did not
improve symptoms, nor impaired detectable viral RNA when compared to standard-care (supplemental

oxygen, noninvasive and invasive ventilation, antibiotic agents, vasopressor support, renal-
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replacement therapy and extracorporeal membrane oxygenation). Additionally, the treatment generated
relevant adverse effects to some of the patients (Cao et al., 2020b). The authors proposed that the low
efficacy of Lopinavir with Ritonavir might be associated with the time of administration, since
individuals that were treated on the onset of the disease, had improved clinical results (Cao et al.,
2020b). Later, it was shown that the association of lopinavir and ritonavir with interferon-f1 and
ribavirin to treat mild to moderate COVID-19 patients alleviated symptoms and decreased duration of
viral infection and hospital stay (Hung et al., 2020). This might be related to the inducing cellular

immune response, impairing virus replication.

The type 1 interferons (IFN-I) were also employed in clinical trials. These proteins belong to
the cytokines family and are associated to the immune response in viral infections, thus, playing major
roles in antiviral immunity due to its immunomodulatory properties (Samuel, 2001). Therefore, they
are commonly employed on the treatment of several diseases such as Hepatitis C (Kobayashi et al.,
1993). There are two subtypes of IFN-I, alpha (IFN-a) and beta (IFN-B) (Samuel, 2001). IFN-f is
associated with a more potent activity (Chan et al., 2015), and therefore is capitalized as treatment for
multiple sclerosis patients (Axtell et al., 2010). Due to its more potent inhibition profile, it was
associated with potent antiviral effects against SARS-CoV, MERS-CoV, MHV and HCoV-229E in
vitro and in vivo (Sperber and Hayden, 1989; Vassio et al., 2000; Hensley et al., 2004; Falzarano et
al., 2013; Chan et al., 2015). IFN-f, in particular, has a protective effect in endothelial cells, up-
regulating CD73, consequently, stimulating the anti-inflammatory molecules and maintenance of
endothelial barrier (Bellingan et al., 2014; Sallard et al., 2020). However, a clinical trial with 301
patients showed that this effect was not sufficient to decrease mortality in SARS patients (Ranieri et
al., 2020). Therefore, in SARS-CoV-2, IFN-f has been associated with other drugs in clinical trials,

improving outcomes in COVID-19 patients as in lopinavir or ribavirin (Hung et al., 2020).

COVID-19 patients with mild to severe symptoms can develop an hyperinflammation and
hypercytokinaemia that can lead to multiple organs failure and death (Mehta et al., 2020). The
employment of corticosteroids has shown to be an alternative to overcome the cytokine storm and
hyperinflammation, due to its activities on immune cells (Wilkinson et al., 1991). Such capitalization
was previously reported in SARS-CoV patients, during 2002-2003 epidemic (Chihrin and Loutfy,
2005). For SARS-CoV-2, corticosteroids can improve the clinical condition of patients, reducing
hyperinflammation and the development of ARDS, with faster improvement of symptoms (Wang et
al., 2020; Zha et al., 2020). However, contrasting data concerning these drugs efficacy was recently
described, showing that corticosteroids did not improve symptoms in COVID-19 patients (Zha et al.,

16
This is a provisional file, not the final typeset article

152



493
494
495
496
497
498
499
500
501

502
503
504
505
506
507
508

509
510
511
512
513
514
515
516
517
518
519
520
521
522

Antivirals against human-animal Coronaviruses

2020). Moreover, dexamethasone emerged as a potential drug to treat COVID-19 patients as showed
by results of a randomized, controlled, open-lab and multicenter trial which assessed the effects of
dexamethasone in 454 patients, described to date in pre-prints findings (Horby et al., 2020). Data
suggested that dexamethasone reduced death in one-third of patients in invasive mechanical ventilation
and one-fifth of patients in non-invasive oxygen mechanical ventilation. However, it did not impair
mortality in patients with no respiratory support (Horby et al., 2020). Others trials have been conducted
such as NCT043274011, but considering the preliminary results, WHO suggested that the treatment
with dexamethasone may be applied during the third phase of COVID-19, when the hyperinflammation

is determined and respiratory support is needed.

Another antiviral drug assayed towards SARS-CoV-2 is Umifenovir, a licensed antiviral
exploited upon the prophylaxis and treatment of influenza viruses (Arbidol®) which demonstrated
good pharmacokinetics when absorbed by the organism (Proskurnina et al., 2020). This drug has
antiviral effect against SARS-CoV in vitre at 50 ug-mL"' (Khamitov et al., 2008). Lian and coworkers
coordinated an observational study with 81 patients with moderate to severe SARS-CoV-2 infection
(Lian et al., 2020) which demonstrated that Umifenovir did not shorten the hospitalization period

neither improved prognosis in infected patients (Lian et al., 2020).

Broad-spectrum drugs used against parasitic infections as Ivermectin (Campbell, 2012; Laing
etal., 2017) have also been investigated by their antiviral activity as showed for Dengue virus (DENV),
Influenza A viruses, Chikungunya virus (CHIKV) and HIV (Tay et al., 2013; Goétz et al., 2016;
Varghese et al., 2016; Caly et al., 2020). Its activity is based on impairing several stages of viral
replication, for instance, interfering with nonstructural proteins (Varghese et al., 2016). Caly and
collaborators assessed the effect of Ivermectin on SARS-CoV-2 replication in Vero cells, showing that
the compound at 5 pM presented no toxicity to cells and inhibited up to 99% of viral replication by a
possible antiviral effect on viral release, which is consistent with previous data against other RNA
viruses (Tay et al., 2013; Caly et al., 2020). Clinical trials have been conducted in different medical
centers in Argentina (NCT04381884), Mexico (NCT04391127), Spain (NCT04390022) and USA
(NCT04374279) to access the clinical implications of the use of Ivermectin for COVID-19. However,
to the best of our knowledge, there are no published results in this topic. The NCT04343092 is a phase
1 clinical trial in Iraq conducted to its completion that has evaluated the efficacy of Ivermectin on

COVID-19 patients, so the results might be published soon.
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According to Guan and colleagues, approximately 15.7% of Chinese patients with COVID-19
developed severe pneumonia, and cytokine release syndrome (CRS), an important factor leading to
rapid progression of the disease (Chousterman et al., 2017; Guan et al., 2020). In this context, one of
the key cytokines involved in infection-induced cytokine storm is the interleukin 6 (IL-6) (Scheller and
Rose-John, 2006; Zhang et al., 2020a). Tocilizumab is an IL-6 receptor antagonist approved by the US
FDA for the treatment of severe CRS (Grupp et al., 2013) and figures as an interesting drug to treat
cytokine storm caused by SARS-CoV-2 (Zhang et al., 2020b). The treatment of patients with severe
COVID-19 with Tocilizumab presented no complications in the 21 assisted patients, with an average
age of 56.8 £ 16.5 and no history of illness deterioration or death. Thus, it immediately improved the
clinical outcome and appeared to be an effective treatment to reduce mortality (Xu et al., 2020). A
study reinforced such observations, employing the treatment of COVID-19 patients with Tocilizumab
for 14 days in which it was observed an effective decrease in inflammatory markers, radiological
improvement and ventilatory support requirements for these patients (Alattar et al., 2020).
Additionally, Toniati and collaborators administrated Tocilizumab in 100 patients in Italy (average age
of 62 years old), diagnosed with COVID-19 pneumonia and ARDS, and requiring ventilatory support.
Overall, at 10 days of follow-up, the respiratory condition was improved or stabilized in 77% of the
patients, and, based on their data, the response of this drug in patients with severe COVID-19 was
rapid, sustained and associated with significant clinical improvement (Toniati et al., 2020).
Chloroquine is a 9-aminoquinole that increases the pH in acidic vesicles (Mauthe et al., 2018) and
possesses antiviral activities against HIV and other viruses (Jacobson et al., 2016; Al-Bari, 2017).
Chloroquine was described as an entry inhibitor of SARS-CoV infection in Vero cells and prevented
cell-to-cell spread of the virus (Vincent et al., 2005). Furthermore, it affected the entry and post-entry
stages of the replicative cycle of FCoV in Felis catus cells and monocytes. Additionally, an in vivo
study in cats demonstrated that the treatment with chloroquine improved the clinical score of treated-
groups when compared to the untreated-group (Takano et al., 2013). Chloroquine also had its anti-CoV
activities tested in Vero cells (ECso of 5.47 pM) (Wang et al., 2020; Yao et al., 2020b). Despite the
performance of chloroquine in vitro, clinical studies conducted in China and France showed
contradictory clinical data (Chen et al., 2020, 2020; Gao et al., 2020; Molina et al., 2020). Gao and
collaborators defined that chloroquine phosphate was recommended to treat COVID-19 associated
pneumonia only during the urgent clinical demand, because of its antiviral and anti-inflammatory
activities (Gao et al., 2020). Hydroxychloroquine is an analogue of chloroquine which was described
to have antiviral activity inhibiting SARS-CoV-2 in vitro with ECs of 0.72 pM (Liu et al., 2020; Yao

et al., 2020b). In clinical trials, an open-label non-randomized study by Gautret and colleagues affirmed
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that hydroxychloroquine reduced symptoms from SARS-CoV-2 patients, and the association with
azithromycin could reinforce its effects (Gautret et al., 2020). However, these results have been
questioned. The study had a small sample size and there were limitations in the methodologies

(Juurlink, 2020).

Recent studies have been contradicting the safety used of chloroquine and hydroxychloroquine
since these drugs presented severe side effects that interfered in their use in clinical use, even during
short course therapies (Liu et al., 2020; Juurlink, 2020). Apart from the mild adverse effects, such as
pruritus, nausea and headache, these drugs can predispose patients to life-threatening arrhythmias, an
effect that may be enhanced by concomitant use of azithromycin (Chorin et al., 2020). Both
chloroquine and hydroxychloroquine interfere with ventricular repolarization, leading to prolongation
of the cardiac QT interval and an increased risk of torsades de pointes (TdP), which is a risk especially
for patients with cardiac disease, for children or those taking other drugs that delay repolarization
(Juurlink, 2020; Mzayek et al., 2007; Pukrittayakamee et al., 2014; Ursing et al., 2020). Others possible
damages are hypoglycemia, even in non-diabetic patients (Uniibol et al., 2011; El-Solia et al., 2018);
neuropsychiatric effects, including agitation, insomnia, confusion, paranoia, depression, psychosis and
suicidal ideation (Mohan et al., 1981); hypersensitivity reactions, as severe cutaneous adverse reactions
(Cameron et al., 2014; Girijala et al., 2019); and drug—drug interactions, which are improved by the
genetic variability (genetic polymorphisms of hepatic cytochrome P450 enzyme 2D6 (CYP2D6),
responsible for chloroquine metabolization) (Kirchheiner et al., 2008; Lee et al., 2016). There is a lack
of reliable information on target concentrations or doses for COVID-19, and so doses that proved
effective and safe in malaria for both adults and children are considered onto the treatment (Smit et al.,
2020). Recently, WHO stopped the hydroxychloroquine arm of Solidarity trial to treat COVID-19
based on absence of effectiveness to reduce mortality of hospitalized COVID-19 patients (WHO,
2020). Besides, FDA also cautioned against the administration of hydroxychloroquine or chloroquine
in COVID-19 patients mainly due to risk of heart rhythm issues (FDA, 2020). From these results, it is

evident that the use of these drugs for COVID-19 requires further investigation.

An alternative treatment for COVID-19 is the utilization of convalescent plasma (CP) (Chen et al.,
2020). This treatment refers to plasma therapy based on plasma or plasma derivatives, obtained from
donors who were previously infected and have developed antibodies. These plasma/derivative are, in
their turn, transfused into individuals with SARS-CoV-2 acute infection (Garraud, 2017; Cao and Shi,
2020). Even though the mechanism of action of convalescent plasma therapy is not fully understood,

it presented great results in the treatment of patients with the SARS, during the SARS-CoV outbreak
19
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in Hong Kong in early 2000s (Cheng et al., 2005). It is possible that the etficacy of CP therapy is due
to the fact that the antibodies from convalescent plasma might suppress viremia (Chen et al., 2020).
Duan and colleagues reported the CP transfusion to rescue ten severe cases of SARS-CoV-2 adult
patients. The study showed that one dose (200 mL) of CP significantly increased or maintained the
neutralizing antibodies at a high level, leading to the disappearance of viremia in 7 days. Clinical
symptoms rapidly improved within 3 days and radiological examination showed varying degrees of
absorption of lung lesions within 7 days. According to these results, CP can also provide a promising
rescue option for severe COVID-19 (Duan et al., 2020). However, the author suggested key points to
guarantee the effectiveness of CP therapy: Abs titers and the treatment time point. Firstly, taking into
consideration previous knowledge from MERS-CoV CP therapy, Abs in plasma donor must have a
titer equal or higher of 1:80 (Ko et al., 2018). This titer is only found in recently recovered patients,
since antibody levels decrease 4 months after the disease. Secondly, patients receiving CP treatment

prior to 14 days post-infection responded better than patients treated after 14 days (Duan et al., 2020).

PERSPECTIVES

This review aimed to summarize and discuss data from the literature regarding compounds that
possess anti-CoVs activities and that could be further exploited for the treatment of human and animal
CoVs. Furthermore, we described ongoing clinical trials for SARS-CoV-2 in order to elucidate the

current findings and discussed the relevant features concerning candidate drugs against SARS-CoV-2.

As previously mentioned, most of human-related CoVs emerged by a zoonotic transmission from
animals (Huynh et al., 2012; Coleman and Frieman, 2014; Reusken et al., 2016). Since Coronaviridae
seem to have a very well conserved genome and structures among their viruses (Huentelman Matthew
J. et al., 2004; Guan et al., 2012; Yang and Leibowitz, 2015; Madhugiri et al., 2018), it is possible to
hypothesize that compounds with antiviral activities against different human and/or animal CoVs
(broad-spectrum activity) could be potential candidates for the SARS-CoV-2 treatment. In a less
optimistic scenario, the chemical structures of such compounds and their pharmacological outcomes

have potential to set some light onto drug design of possible anti-SARS-CoV-2 drugs.

Among the strategies for drug design, targeting host-immune factors or using iRNAs figure as
promising alternatives towards antiviral drug development. Also, the exploitation of in silico studies

for drug screening seeking specific targets, as well as for a better comprehension of their interactions
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headed for viral biomolecules have been shown as promising tools to expedite drug development. By
narrowing down the number of drug candidates, in silico studies have the potential to avoid some of
the laborious and generally costly synthesis of many of these compounds (Lengauer and Sing, 2006;
Villegas-Rosales et al., 2012). Nevertheless, there are several predicted compounds in the literature
that were only screened by in silico and/or interaction assays (Arya et al., 2020; Balasubramaniam and
Reis, 2020; Chen et al., 2005; Kaeppler et al., 2005; Lee et al., 2005; Kim et al., 2012), which ultimately
hinders the proper assessment of the compounds antiviral activities. Therefore, it is imperative the
association of these studies with in vitro and in vivo assays in order to confirm the predicted activities
in biological models, as well as to evaluate pharmacological outcomes (Toxicology, 2007). So, this

review encompassed only compounds that have been evaluated by, at least, in vitro models (Table 1).

In this context, from the molecules and drugs described with in vitro activity, we highlighted the
most promising to suggest further evaluation using in vivo systems of CoVs infection, specially, SARS-
CoV-2. The compounds were: NAAE, Glycyrrhizin, 2-acetamido-o-D-Glucopyranosylamine
derivative, Tetrahydroquinoline oxocarbazate (CID 23631927), SSAAO09EI, 2 and 3, Emodin,
Eremomycin 27 and 29, Mucroporin-M1, Monoclonal antibody 47D11, AVLQSGFR, Phe-Phe
dipeptide inhibitor C (JMF1521), GC373 and 376, 6-azauridine, Acyclic sugar scaffold of acyclovir
and Bananins. As described above, these compounds were capable to significantly impair CoVs
infection in cell cultures and might offer important progress into the treatment of described CoVs, as

well as viruses which might be responsible for future viral outbreaks.

Here, we also described compounds that were evaluated in vivo to elucidate their role in the
pathogenesis of CoVs, as well as to assess possible adverse effects. It is important to emphasize that
there is a lack of in vivo model assays, representing a delay in anti-CoVs drugs development, which
directly impact in SARS-CoV-2 pandemic. Here we identified some studies that employed animal
models, as in Balb/c mice and C57BL/6, to evaluate the antiviral effect of compounds in CoVs infection
(Barnard et al., 2006; Cinatl et al., 2003; Day et al., 2009; Hart et al., 2014; Saijo et al., 2005; Zhang
et al., 2006). The in vivo assays allow the gathering of knowledge regarding the ADMeTox profile of
these compounds in complex biologic systems, the viral titers in different organs, host immune
responses to the infection, as well as potential tissue damage caused by the viruses in the presence or
absence of candidate drugs, which represents an advance in understanding pathologies caused by viral
infections (Adachi and Miura, 2014). It is also important to emphasize that protocols used in studies of
animal-related viruses are not easily translated onto human CoVs, since these viruses are classified in
different biological safety levels, representing a risk of infection to scientists (Bayot and King, 2020;
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CDC, 2020). Additionally, the pathologies induced by animal CoVs are mostly related to
gastrointestinal symptoms, differently to what is observed for human-related CoVs that affect mostly
the upper respiratory symptoms (Pedersen et al., 1984; Coleman and Frieman, 2014). The development
of refined and secure protocols to study SARS-CoV-2 infection and its treatment options are required.
Bearing in mind the obstacles cited above, the assessment of the effect in animal models and further

translate to humans remains one of the main challenges.

However, some of the studies were able to assess antiviral effects of some compounds in vivo. The
most relevant compounds we propose that may represent immediate candidates to clinical trials,
considering the urgency of COVID-19, are Griffithsin (GRFT), B-D-N*-hydroxycytidine (NHC),
TP29, Cyclosporin A (CsA), Alisporivir, iRNAs, Saracatinib, Tizoxanide, Nitazoxanide, Niclosamide
and Ribavirin. These compounds abrogated CoVs infection in vitro and in vivo, and improved
symptoms and survival of animals. In addition, Saracatinib, Tizoxanide, Nitazoxanide, Niclosamide
and Ribavirin are molecules licensed to treat diseases such as those from viral and helminthic

infections, or Alzheimer’s disease, representing possibilities for clinical trials as repurposing drugs.

Regarding the clinical trials, most drugs discussed in this review presented adverse effects as
nausea, headache, diarrhea, urticaria, pathologies related to the gastrointestinal system and interference
with liver enzymes (Ruiz-Irastorza et al., 2010; Takano et al., 2013; Roques et al., 2018; Yao et al.,
2020a). Remdesivir, Lopinavir and Ritonavir, and Umifenovir are drugs employed for the treatment of
other viral infections as EBOV and SARS-CoV, but, in the clinical trials with COVID-19 patients,
these treatments did not reduce symptoms and/or decrease viral load. Tocilizumab, Chloroquine and
Hydroxychloroquine demonstrated to inhibit SARS-CoV-2 in vitro and in some clinical trials reduced
COVID-19 symptoms, period of hospitalization and viral load in patients, despite the strong adverse
effects of Chloroquine (Table 2). Even so, recent studies are contradicting the safety profiles of
Chloroquine and Hydroxychloroquine, since it might cause arrhythmia in patients, representing risk

for a considerable number of patients (Juurlink, 2020).

Ongoing studies have been evaluating IFN-f and Ivermectin as treatments against COVID-19.
IFN- B can be associated with other drugs, collaborating to control immune response against the viral
infection (Table 2). On the other hand, corticosteroids, such as dexamethasone, sound promising, but
there are some issues related to its use. These compounds induce immunosuppression and when
administered during initial phases (viral replication) might dysregulate T cells production and
activation of B cells for antibody secretion, that are essential to viral clearance (Cohn, 1991; Giles et
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al., 2018). Furthermore, convalescent plasma therapy is an alternative approach, which presented
positive effects in studies on SARS-CoV-2/COVID-19 patients. Though, its safety is not well defined,
due to the donor-dependent variability and compatibility (antibody titers and other factors vary among
donors), which might cause severe adverse effects in lung, cardiovascular system, and, in some cases,

even transmit diseases (Roback and Guarner, 2020).

Despite the finds encompassing these drugs, it is important to take some aspects in consideration:
i) the trials were generally conducted with a significant number of patients in each study, but it might
not be enough to expand the results to a public health care; ii) some of the studies were observational,
which means they were based on public data, that can be not well documented, leaving information
gaps about particular health issues; additionally, the outcomes in patients are defined by their own
circumstances, and not by an investigator; iii) some studies were not placebo-controlled and double-
blind, so the placebo effect cannot be discarded (Kernan et al., 1999; Hess and Abd-Elsayed, 2019);
iv) the trials were conducted selecting a group of COVID-19 patients, considering mild, moderate or
severe cases, and different outcomes can be expected in each situation since there are factors in viral
load, the progression of the disease and immune response (Kernan et al., 1999; Hess and Abd-Elsayed,
2019). Therefore, drugs with no effect in severe cases cannot be rejected as a possible treatment in mild
to severe cases. When these aspects are not considered, the investigators might be open to commit error
type I or IT in trials (Kernan et al., 1999; Hess and Abd-Elsayed, 2019). For that matter, it is also
important to consider that SARS-CoV-2 is a new virus and we have currently limited knowledge about
its physiopathology. Finally, the development of new treatment options is critical and efforts have been
focused on targeting therapies which aim to improve patient outcome by increasing antiviral activity

associated with minimal toxicity.

Another point to be considered in CoVs treatment is that RNA viruses are known by the high levels
of mutations (error rate) in the replication process (Ganeshpurkar et al., 2019). It can result in resistance
to antiviral treatment, as observed for HIV, HCV, and Influenza viruses (Laplante and St George, 2014;
Li and Chung, 2019; Olearo et al., 2019; Takashita, 2020). A recent study in pre-print raised the
genomic variability of SARS-CoV-2 and the intra-patient capacity of polymorphic quasispecies, which
may offer resistance to antiviral drugs (Karamitros et al., 2020). In addition, previous studies
demonstrated that the use of Chloroquine analogues for decades against malaria has established
chloroquine-resistant Plasmodium strains (Stocks et al., 2002; Al-Bari, 2017; Aguiar et al., 2018). Due
to the beneficial immunomodulatory effects of analogues with severe inflammatory complications of
several viral diseases, such as HIV and SARS-CoV infections, these drugs have been tested
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indiscriminately (Jacobson et al., 2016; Al-Bari, 2017). However, it is a possibility that prophylactic
exposure to pro-apoptotic chloroquine drugs caused natural selection for strains of viruses and other
parasites that have enhanced anti-apoptotic abilities (Parris, 2004). Despite the side effects, the wide
use of some drugs during the SARS-CoV-2 pandemic might raise concerns on the emergence of
resistant viral strains in the future, and we emphasize the lack of information on resistance-associated

to these drugs in the treatment of viral infections.

CONCLUSIONS

The spread of SARS-CoV-2 worldwide is classified as a pandemic disease and represents a
threat to global public health. By 04™ July 2020, SARS-CoV-2 infected 10 922 324 people and had
caused 523 011 deaths around the world (WHO, 2020). In this context, compounds described to possess
antiviral activity against human and/or animal coronaviruses could provide relevant information for
the development of novel SARS-CoV-2 treatments. Herein, we presented and discussed the most
promising compounds that can figure as possible candidates for clinical trials. Moreover, the ongoing

clinical trials evaluating possible COVID-19 therapies were also highlighted.

From what was presented in this review, a plethora of different potential compounds can be
capitalized as possible drugs or even set points for further drug development, seeking to narrow down
the SARS-CoV-2/COVID-19 outbreak. However, time, resources and new experimental protocols are
essential to advance an efficacious treatment. In addition, and despite the urgency of treatment
protocols, it is important to point out the striking need for the establishment of fail-proof regulatory
initiatives that could prevent impacts on health care of patients which could, otherwise, be avoided by

a more stringent control.

In this context, this review describes drugs that might be overlooked, for future analysis and
could possibly become effective antiviral treatments. As a final remark, we can conclude that, to date,
there is no “one hundred percent” effective antiviral therapy against SARS-CoV-2/COVID-19 and
further research is needed to achieve the best therapeutic protocol, that may not be based on an unique

drug, but rather in a combination of active antivirals.
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FIGURE CAPTIONS

Figure 1: Schematic structure of SARS-CoV-2. The viral structure is primarily formed by the structural
proteins such as spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins. The S, M, and
E proteins are all embedded in the viral envelope, a lipid bilayer derived from the host cell membrane.
The N protein interacts with the viral RNA in to the core of the virion.

Figure 2: Schematic representation of SARS-CoV-2 replication cycle in host cells. SARS-CoV-2
attaches to the host cells by interaction between the ACE2 receptors and spike proteins. After entry,
viral uncoating process results in the release of viral genome and replication stage occurs (translation
and transcription). Structural proteins are produced in intermediate compartment of endoplasmic
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1571  reticulum with Golgi complex and forwarded to assembly, packaging and virus release. Compounds
1572 with antiviral activity against SARS-CoV-2 are indicated in each step of virus replication cycle.
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1574 Table 1: Compounds with antiviral activity against human and animal coronaviruses.
Tnhibition o e
Compound S ECS0 or inhibition (%) CoVs Advantges and/or limitations Reference
NAAE Enty 05 M SARS.Coy | Synthetic molecule, evaluated in silico, casly produced but lacks of | Huentelman
in vivo assays etal, 2004
e ' . . Cinatl et al.,
Glycyrrhizin Entry 300 mgL SARS-CoV | Natural molecule, high tolerated but lacks of in vivo assays 008
2-acetamido-0-D-
) f Semi-synthetic molecule, high tolerated, and more potent inhibitor | Hoever et
Glucopyranosylamine Eniry A0uM SARS-CoV' | uut lacks of in vivo assays al, 2005
derivative
Tetrahydroquinoline Entry A ) . e
et hensin 273 SARS.Cov Syx:z:i:x; :noluule. highly tolerated, casily produced but lacks of in ShazhOT;) al.,
(CID 23631927) L vivo assays
SSAAG9EI Entry 67uM SARS-CoV Symhcuc molecule, highly tolerated, easily produced but lacks of in | Adedeji et
vivo assays al, 2013
SSAAQSE2 Enty NP SARS.Coy | Synthetic molecule, highly tolerated, casily produced butlacks ofin | Adedeji et
vivo assays al, 2013
SSAAQ9E3 Entry 97uM SARS-CoV Synthetic molecule, highly tolerated, easily produced but lacks of in | Adedeji et
vivo assays al. 2013
Hoetal,,
Emodin Entry And 50 uM SARS-CoV | Natural molecule, high tolerated but lacks of in vivo assays 2007
Post-Entry Schwarz et
al, 2011
Entry 0.16 pgmL! HCoV-0C43
Entry 0.18 pgmL" HCoV-229E
Entry 061 pgml ! SARS-Cov | Natural molecule, highly tolerated, with a broad-spectrum effect [ (oo
Griffithsin (GRFT) (human and animal CoVs) with animal assay (Balb/c) which | * Lzho: 0“
Entry <0.032pgmL! HCoV-NL63 | protected against infection and improved surviving o
Entry 0.057 pg'mL! BCoV
Entry 0.23 pgmL! MHV
Entry 54pM FIPV
Eremomycin derivate 27
Entry 14uM SARS-CoV The precursor molecules are used to treat bacterial infections, may Balzarini et
facilitates clinical assays, lacks of knowledge of mechanism of | = “
Entry 12 uM FIPV action. e
Eremomycin derivate 39
Entry 2uM SARS-CoV
Mucroporin-M1 Entry 1446 pgmL ! SARS-CoV Syrvuheuc molecule, moderately tolerated, easily produced but lacks | Lietal.,
of in vivo assays 2011
Antivirals against human-animal Coronaviruses
Enry 14 mM SARS.Cov | Synthetic molecule specifically designed 1o S protein of SARS-| ¢\
TyrLys-Tyr-Arg-Tyr-Leu CoV, high olerated, do not impair ACE2 actvity butlacks of n vivo | o o 137
Entry 14mM HCOV-NL63 | assays :
. e . . . Hagaetal.,
TAPL2 Entry 65% SARS-CoV | Good effects in vitro assays but did not had effect on in vivo assays | * 5"
. - ‘Are human antibody, specifically to SARS-CoV-2, highly tolerated | Wang ctal.,
Monoclonal antibody 47D11 Entry 0.57 pgmL SARS-Cov-2 | mplicable on
AVLQSGIR Replication 272 10 mgmL! SARS.Coy | Synthetic molecule, highly tolerated, asily produced butlacks ofin | Gan et al.,
vivo assays 2006
Phe-Phe dipeptide inhibitor C - ) Synthetic molccule, highly tolerated, casily produced but lacks of in | Shic et .,
or1s Replication 018 M SARS-CoV s
Synthetic molecule, highly tolerated, easily produced but has Dz‘zyoz‘;l"
Dipeptidyl EP128533 Replication 3.6 uM or L4pgmL* SARS-CoV | contrating effects in lierature, and did not inhibited the virus in | "5
vivo assays o0
02uM HCoV-229E
03 M FIPV
2uM MHV im et al,
b Synthetic molecule, highly tolerated, casily produced, scems to | im €t as
G373 ; . e 2012; Kim
interact with SARS-CoV 3CLpro but there are not in vivo assays
03 M TGEV etal, 2013
0.7 M BCV
015 M FCoV-WSU
015 M HCoV-229E
02uM FIPV
L1pM MHV .
b Synthetic molecule, highly tolerated, easily produced, seems to | <im <t
GC376 : ) 2012; Kim
interact with SARS-CoV 3CLpro but there are not in vivo assays
0.15uM TGEV etal, 2013
0.6 1M BCV
040 iM FCoV-WSU
» o ) Pyrcetal,
sarauridine Replication - HCoV-NLg | Synthetic molecule, highly tolerated, easily produced but there are |
not in vivo assays
51

186



Antivirals against human-animal Coronaviruses

y 6 ox04. o o ) [ Ramajayam
2enzylthioybroxod- | o L NE SARS.CoV Synthetic molecule, highly tolerated, easily produced but there are | () T
phenyl-1.6-dihydropyrimidine not in vivo assays
Replication 10uM SARS-CoV
Relicati Barnard et
eplication 400 nM HCoV-NL63 | Synthetic molecule, highly tolerated, easily produced and improved | "5 ™
B-D-N* pulmonary function and decreased viral load un lungs in infected | ¢~ "
Replication 0.08-0.3 uM SARS-CoV-2 | mice L 2020
Replication 0.024 uM MERS-CoV
Synthetic molecule, highly tolerated, easily produced, good results S“‘;’]:;va' g
Ribavirin Replication 20 pgml! SARS-CoV [in MERS-CoV. However, has limited efficacy in meta-analyses | o)
study. al,, 2006
- M MERS.Cov | Synthetic molecule, highly tolerated. easily produced but there are
Acyelic sugar scaffold of not in vivo assays Peters et al.,
acyel cule, highly tolera erivate fi cyclovi 2015
acyclovir 88 uM HCoV-NLgs | Synthetic molecule, highly tolerated, derivatefrom Acyclovir,
easily produced but there are not in vivo assays
Drug already in use to treat helminthic infections, good inhibition Waetal,
Niclosamide Replication 0.1 uM SARS-CoV g already In us nthic infections, good INMBIION I | 504 \yen
vitro
etal, 2007
Hartetal.,
2014;
Good effects in vitro with MERS-CoV but did not inhibited SARS- | Cinatl et al
Mycophenolic acid (MPA) | Replication 287 pM MERS-COV | 0 and i vive assays 2003
Barnard et
al., 2006
Replication 60 M MHY Inhibited two species of CoV in mice, also improved survival and [ o " -
TP29 peptide induced INF-1. Inhibited CoV in cell lines, synthetic compound z(g)lcsa ’
Replication 200 uM SARS-CoV designed for proteins ;
Bananins Replication <10pM SARS.Coy | Synthetic molecule, highly tolerated, easily produced but there are | Tanner et
not in vivo assays al., 2005
. Host . . I Rossignol,
192 pgmL! S-CoV o Vi cf ’

Nitazoxanide Enzymes 0.92 pg'mL MERS-Co Drug already in use to treat viral infections, good inhibition in vitro 2016
Tizoxanide En’:‘y‘;cs 0.83 pgrmlL! MERS-CoV | Drug derived from Nitazoxanide, good inhibition in viro Rossignol,
Saracatinib Ty.msme 2.9uM MERS-CoV S.ymheuc moIe:cule, highly tolerated, \wed.m treat Alzheimer's | Shin etal.,

Kinases disease and easily produced but there are not in vivo assays 2018
Hosts de Wilde et
e SARS-CoV, al., 2011,
Cyclosporin A (CsA) Cyl_f;."’:l""" 9-32uM MERS-CoV and Bf;gb:::ﬁy 'Z:‘_:‘°a::::[‘°;:::‘ C}‘C'Z'\'/‘: and infectious diseases. | 5.
o MHV ! pe Y among Pefferle et
ey al, 2011
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Hosts
S Cyclophilin . § Analogue from CsA and has a strong inhibition in vitro against | de Wilde et
x -CoV
Alisporivir Family 83uM SARS-Co SARS-CoV and other CoVs al,, 2017
Enzymes
Viral . . . Acerert
Proteins 0% SARS.Coy | Pifferent approach, specific targeting viral proteins, can block | Akerstrom
replication steps and has no cytotoxicity etal., 2007
) Translation
Interference RNA (iRNAs)
Viral Different approach, specific targeting viral proteins, can block | Li etal
Proteins 99% SECoV 1 ereit approach. S geing viral proteins, "
; replication steps and has no cytotoxicity 2019
Translation
1575  ECS50: effective concentration of 50%; NE: not evaluated
1576
1577  Table 2: Ongoing clinical trials with candidate drugs against SARS-CoV-2 in COVID-19 patients.
Cell culture | Inhibition Animal Outcomes in Clinical
Drug P Clinical trials i Advantages and/or Limitations
assays Step in vitro assays Trials
Inhibited
Inhibited EBOV and
SARS-CoV, . SARS-CoV . - . . Did not provide antiviral | It is a multicentre, double-blind, placebo-controlled clinical
. Replication . Clinical case and clinical trial against| . . . .
Remdesivir | MERS-CoV (RdRp) in both SARS-CoV-2 effects or  improved | trial, but might be needed more studies to confirm, since this
and SARS- P infected clinical outcomes was if 255 people, and has some adverse effects.
CoV-2 mice and
monkeys
Did not provide antiviral
effects or  improved
Loninavie | mbibited [ . Omwmfs o [10is used 1o other human CoVs but the study was not
P SARS-CoV P . . . . i . double-blind, placeb lled. It is necessary
and (protease NE Clinical trial with SARS-CoV-2 severe patients. . .
. and MERS- P . more studies to confirm since it has only 199 people and
Ritonavir inhibitor) However, in early
CoV . . L showed some adverse effects.
infections clinical were
improved.
Tnhibited [ |~ ors | Inhibited
SARS-CoV. ' | SARS-CoV.
iy inducin; ” | Clinical trial with SARS-CoV-2 and is N It is safe, little adverse effects but in clinical trials its used is
IFN-B | MERS-CoV, (lmmuneg MERS-CoV. | e 1o other diseases Do nothave effect alone |, . +ive only when associated with other drugs.
MHV.and | | MHV, and | seases Y . &5
HCoV-229E Spons HCoV-229E
. - | Observational study, and might suffer bias from lack and/or
- Did not provide antiviral : ) . ) :
. . Inhibited . . . N B loss of information and data. It is an applicable study, since
Umifenovir NE NE Observational study with 81 patients effects or improved .
SARS-CoV o demonstrates a tendency, and is drug already used o treat
clinical outcomes .
Influenza viruses.
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one) response) patients. However, it did | for hyperinflammation and hypersecretion of cytokines.
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patients without
respiratory support
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SARS-CoV-2 A
Replication N . . -
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Ivermectin (nonstructura NE Clinical trials are begining NE . .
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(CHIKV and | = Protem
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) Ongoing clinical trials with SARS-CoV-2 | - O3Ve CHECES: 14 already used to treat viral infections controlling immune
. Inhibitor of N . . improved  inflammatory . L . . . L
Tocilizumab NE NE patients, and one with 100 patients N response, impairing cytokine storms, improving antiviral
IL-6 markers and ventilatory -
concluded. response and best clinical outcomes.
support in patients
Inhibited HIV, . . - .
Improved L - Possess important side effects and indicated only in severe
CHIKY, outcomes in Impairs virus replication cases. However, there are some studies with contrastin;
Chloroquine | SARS-CoV Entry Several clinical trials are being conducted | and has anti-| 7 L S ) g
FCoV - results regarding its safety, since it can cause arrhythmias,
and SARS- - inflammatory activities . . y
CoV-2 positive cats. ypogly N Ps ic effects and
Inhibited HIV, Improved patients’ outcomes, including when associated
CHIKV, ) .| with azithromycin. Less toxic option to chloroquine
Hydroxychlo L . Less  toxic  option, . . .
Y y SARS-CoV Entry NE Several clinical trials are being conducted | . _— . p} treatment, but there are studies with contrasting results
-roquine impairs virus replication . .
and SARS- regarding its safety, since it can cause arrthythmias,
CoV-2 P ia, ic effects and i
Risk to patients since it is related to donor-dependent
Convalescent Improved outcomes and | variability and compatibility. Antibody titers may interfere
NE Entry NE Cases report P teomes anc | vaniabllity anc compatibrity. Antibocy tiers may int
Plasma suppressed viremia. in its activity. In addition, it might cause side effects in lung

and cardiovascular system.

EC50: effective concentration of 50%; NE: not evaluated
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Viruses are associated with several human diseases that infect a large number of individuals, hence directly affect-
ing global health and economy. Owing to the lack of efficient vaccines, antiviral therapy and emerging resistance
strains, many viruses are considered as a potential threat to public health. Therefore, researches have been de-
veloped to identify new drug candidates for future treatments. Among them, antiviral research based on natural
molecules is a promising approach. Phospholipases A, (PLA,s) isolated from snake venom have shown significant
antiviral activity against some viruses such as Dengue virus, Human Immunodeficiency virus, Hepatitis C virus
and Yellow fever virus, and have emerged as an attractive alternative strategy for the development of novel an-
tiviral therapy. Thus, this review provides an overview of remarkable findings involving PLAgs from snake venom
that possess antiviral activity, and discusses the mechanisms of action mediated by PLA,s against different stages
of virus replication cycle. Additionally, molecular docking simulations were performed by interacting between
phospholipids from Dengue virus envelope and PLAs from Bothrops asper snake venom. Studies on snake venom

PLA,s highlight the potential use of these proteins for the development of broad-spectrum antiviral drugs.

© 2020

1. Viral diseases: a public health problem

Viruses are associated to several endemic diseases, including En-
terovirus [1], HPV (Human papillomavirus) [2], HIV (Human immun-
odeficiency virus) [3] and HSV (Herpes simplex virus) [4], as well as in
outbreaks as Ebola virus, ZIKV (Zika virus), Influenza virus, YFV (Yel-
low Fever virus), DENV (Dengue virus) and, currently, the SARS-CoV-2
(Severe Acute Respiratory Coronavirus 2) [5-9]. Most of the reported
outbreaks since 1980 were related to virus infections [10], which are
still a global burden for public health and economy. In addition, due to
their genetic diversity, viruses are able to infect a wide range of hosts
that can result in host jumps after zoonotic contacts [11,12].

Pandemics caused by viruses are usually severe and can claim up
to million lives, as shown during the pandemic of HIN1 in 1918 [13],
HIN1 ‘swine flu’ in 2009 [14] and Coronavirus Disease 2019
(COVID-19) [15], that infected 4,993,470 people and caused 327,738
deaths until May 22, 2020 in worldwide according to World Health
Organiza-

« Corresponding authors at: Multidisciplinary Institute of Health, Federal University of
Bahia, Anisio Teixeira Campus, Vitéria da Conquista-BA, Brazil.
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0141-8130/© 2020.

tion. Furthermore, the global incidence of dengue has grown dramati-
cally in recent decades. It is estimated that 100 to 400 million cases of
dengue occur annually worldwide [16].

Viral infection depends on the successful replication into the host
cells [17,18]. In general, the replicative cycle starts by the viral parti-
cle attaching to specific receptors in the surface of host cells that trig-
gers the viral entry by endocytosis (non-enveloped or enveloped virus),
membrane fusion (enveloped virus) and direct penetration [19-21]. Af-
ter internalization, the capsid is released into the cytoplasm, allowing
viral genome uncoating [22], which is replicated to produce copies of
the genome and translated to viral proteins. In the endoplasmic reticu-
lum (ER) and Golgi complex, the viral structure is assembled, matured
and then forwarded to host cell membrane, where the progeny of virus
particles is released [23].

Currently, specific antiviral drugs and vaccines are not sufficient to
control emerging and reemerging viral diseases [24,25]. Thus, the dis-
covery of novel antiviral drugs is mandatory. In general, antiviral ther-
apy is the only approach to specifically treat viral infections, abrogat-
ing viral replicative cycle [26]. However, due to the high genetic vari-
ability, viruses can rapidly acquire resistance to antiviral treatment,
especially RNA viruses [27-29]. Furthermore, antiviral therapy and
the prolonged treatment can cause several adverse effects, including
gastrointestinal effects, fatigue, headache, neuropathy and liver toxic-
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ity [30-32]. In addition, there are no antivirals to all diseases and
the only course is supportive therapy and, thereby, numerous innova-
tive drugs have been developed from natural prototypes such as aspirin
(anti-inflammatory) and morphine (analgesic) [33].

In this way, a diversity of compounds isolated from natural sources
has set grounds for further advances in drug development against var-
ious diseases [34]. Among them, many drugs based on snake venoms
were approved by the FDA or are involved in preclinical or clinical
trials for a variety of therapeutic applications [35-39]. The develop-
ment of snake venom-derived drugs gained a significant improve since
the discovery of bradykinin-potentiating peptides (BPP) isolated from
the Brazilian arrowhead viper (Bothrops jararaca) venom, which allowed
the development of captopril, an inhibitor of the angiotensin-converting
enzyme that is widely used against hypertensive process [40,41]. Be-
sides that, other snake venom-derived drugs have been found in clinical
use, such as tirofiban and eptifibatide (antiplatelet agents) [42,43], ba-
troxobin, moojenin and vivostat (anticoagulant agents) [44-47]. Other
drugs which comprise molecules from snake venom as scaffolds are also
being explored in preclinical studies [48].

Due to this therapeutic potential, snake venom toxins have been
widely explored for the discovery of new bioactive compounds and
stand out as an alternative source for therapeutics for a variety of dis-
eases, including life-threatening viral illnesses [49-52].

2. Phospholipases A, from snake venom

Phospholipases (EC 3.1.) family is widely distributed in nature and
includes hydrolase enzymes, which are essential for phospholipid me-
tabolism and for the regulation of membrane lipids, membrane compo-
sition, signaling, digestion, and inflammation [53]. These proteins are
classified into four major families (A, B, C and D) based on the site
cleaved in the phospholipid molecule [54,55].

Among phospholipases family, the Phospholipases Ay (PLAgs) are
the most studied group [53,54]. These enzymes hydrolyze 2-acyl es-
ter bond to 2-sn phospholipids, releasing free fatty acid and lysophos-
pholipids [56,57]. The free fatty acids (arachidonic acid) can be con-
verted into eicosanoids (prostaglandins, thromboxanes, prostacyclins
and leukotrienes), which are associated to a range of physiological and
pathological effects, such as inflammation and platelet activation. In ad-
dition, the lysophospholipids are also related to a variety of physiologi-
cal roles in cell signaling [53,58].

PLA,s are classified into six groups: cytosolic (¢PLAy), Cca(2*)-in-
dependent (iPLA;), platelet-activating factor acetylhydrolase (PAF-AH),
lysosomal PLA, (LyPLA;), adipose specific PLA; (AdPLA;) and secretory
PLA2 (sPLA,) [53]. In addition, the sPLA,s are divided into the follow-
ing groups: IA, IB, TIA, IIB, IIC, 1ID, TIE, TIF, I1I, V, IX, X, XIA, XIB, XII,
XIII and XIV [53,54]. PLAys from snake venom belong to the group of
secreted type of enzymes (sPLAs) and can be classified into the struc-
tural group IB (in Elapidae snake venoms), which exhibits homology to
the mammalian pancreatic juice PLA;, and also into the group IIA (in
Viperidae snake venoms), that is homologous to the mammalian ‘inflam-
matory’ PLAg [59]. Although the PLAys family is more frequent in snake
venom, recent proteome studies have demonstrated that Phospholipases
B (PLB) can also be found in snake venom [60-62].

sPLAys are proteins with molecular mass of about 14 kDa, pH opti-
mum at 7 and share a conserved catalytic mechanism based on a His/
Asp dyad using Ca®* as an essential cofactor for the catalytic activity.
Group II of sPLAs presents an extended C-terminal segment (5-7 amino
acids) [63,64] and is subdivided into two main subgroups, depending
on the amino acid residue at position 49 in the protein primary struc-
ture. Aspartate (Asp49 or D49) sPLAs are enzymatically active, while
lysine (Lys49 or K49) sPLA,s present no enzymatic activity [65-67].
However, there are further variants, as the serine (Ser49), asparagine
(Asn49) or arginine (Arg49) [68-70].

Lys49 PLAys are devoid of catalytic activity due to their inability to
bind Ca®*, a key cofactor for PLA, activity. Although the lack of enzy-
matic activity, the Lys49 PLA, homologues have shown to display toxi-
city, especially myotoxicity [67]. The toxicity of Lys49 proteins can be
related to a cluster of cationic and hydrophobic/aromatic amino acid
residues located at the C-terminal region of these toxins [71,72].

Therefore, the cytotoxicity of sPLA, is probably mediated by the
interaction between the C-terminal region and the plasma membrane
[73,74]. Moreover, the PLA, effects can be mediated through the in-
tegrins and other receptors, such as vascular endothelial growth factor
receptor-2 (VEGFR-2), and M-Type receptors [75-77]. Recently, it was
demonstrated that the cell surface nucleolin interacts with and internal-
izes the PLA-like Bothrops asper myotoxin-II, which is responsible to me-
diate its toxic activity [78].

sPLA3s from snake venom can act on cell membranes of specific tis-
sues inducing several pharmacological actions such as myotoxicity, neu-
rotoxicity, cardiotoxicity, platelet aggregation activation or inhibition,
hypotension, edema among others [57,79]. In this scenario, these pro-
teins have emerged as a potential therapeutic model, since numerous
studies have focused on their microbicidal [80], antitumor [81-83], an-
tiangiogenesis [84], antiparasitic [85-87] and antiviral activities [51].

The development of efficient antiviral therapies has become a global
health emergency. In this sense, several researches have demonstrated
the antiviral activity of sPLA,s from snake venom against human
viruses, including DENV, YFV, HCV and others [88-92]. Hence, the pre-
sent review aimed to summarize the sPLA,s from snake venom that were
previously described to possess antiviral activity, highlighting the mech-
anisms of action of sPLAys against different stages of virus replication
cycle (Table 1).

3. sPLAys from snake venom with antiviral effects

3.1. Crotoxin, PLA»-CB (basic chain of crotoxin) and PLA4-IC from
Crotalus durissus terrificus venom

The venom of Crotalus durissus terrificus (C. d. terrificus), a South
American rattlesnake, is composed by a large number of molecules
with biological activities, such as crotoxin, crotamin, PLA, “inter-cro”
(PLA,-IC), convulxin and gyroxin [93,94]. Crotoxin, which compre-
hends more than a half of the dry weight of C. d. terrificus venom, is a
heterodimeric compound composed by the PLA,-CB (a basic phospholi-
pase component) and crotapotin (an acidic nontoxic catalytically inac-
tive protein) [95,96]. Villarrubia and coworkers [97] reported that cro-
toxin has anti-HIV (HIV-1, 2) effect by a direct interaction with Gag p24
glycoprotein on the viral surface, which appears to abrogate the HIV an-
choring to host cell.

Furthermore, Muller and colleagues [88] working with diverse
sPLAys isolated from C. d. terrificus venom explored different approaches
to unveil the potent antiviral activity mediated by crotoxin, PLA-CB
and PLA,-IC against DENV-2 and YFV (enveloped virus). The authors
demonstrated that all investigated sPLAs promoted a significant inhibi-
tion of DENV-2 and YFV entry into VERO E6 cells by a direct action on
the viral particles (virucidal activity), and by interfering in the adsorp-
tion and internalization steps (early stages of the viral replication cycle)
[88]. Besides that, cell pretreatment with three sPLA,s was able to pro-
tect host cell against flaviviruses infection after 7 days by the reduction
in the number of plaque formation. Interestingly, sPLA>s treatment after
viral infection promoted an enhancement of load viral, indicating that
antiviral effect occurs in the early stages of viral infection [88]. In ad-
dition, the researchers gained insights into the role of catalytic sites of
the tested sPLA,s, proposing the use of a sPLA, without catalytic activity
(BthTX-I) isolated from Bothrops jararacussu [98].
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Table 1
sPLAs from snake venom with antiviral effects.
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Proposed
action
Protein EC50/used mechanism
Source/species name dosage Virus (inhibition) Reference
Bothrops asper Mt-1 50 pg/mL DENV-1, Entry [921
2,3 (virucidal
activity)
50 pg/mL YEV
1.5 ng/mL DENV-2
(EC50)
Mt-1T 50 pg/mL DENV-1,
2,3
50 pg/mL YFV
2768 ng/mL DENV-2
(EC50)
Bothrops jararacussu BthTX-I 4.8 ng/pL DENV-2  Entry [881
(EC50) (virucidal
activity)
7.063 ng/pL YRV
(EC50)
57.3 ng/pL DENV-2 Entry
(EC50) (interfering in
adsorption)
25.0 ng/puL YFV
(EC50)
69.0 ng/uL. DENV-2  Entry
(EC50) (interfering in
internalization)
23.4 ng/uL YFV
(EC50)
Bothrops leucurus BIK-PLAy 20 pg/mL DENV-1, Replication [911
23 (interfering in
host cell
components)
BID-PLA; 20 pg/mL
Crotalus durissus terrificus Crotoxin 0.001 ng/pL DENV-2 Entry [88-90,971]
(EC50) (virucidal
activity)
0.00045 ng/pL. YFV
(EC50)
0.0046 ng/pL. ROCV
(EC50)
0.0036 ng/pL. MAYV
(EC50)
0.0054 ng/pL. OROV
(EC50)
- HIV-1,2
10 pg/mlL HCV
0.018 ng/pL DENV-2  Entry
(EC50) (interfering in
adsorption)
0.0365 ng/pL. YFV
(EC50)
34.4 ng/pL. DENV-2 Entry
(EC50) (interfering in
internalization)
13.7 ng/pL YEV
(EC50)
0.05 ng/pL. DENV-2  Replication
(EC50) (interfering in
host cell
components)
0.04 ng/pL YFV
(EC50)
10 pg/mL HCV Release
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Table 1 (Continued)
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Proposed
action
Protein EC50/used mechanism
Source/species name dosage Virus (inhibition) Reference
PLA,-CB 0.00003 ng/pL. DENV-2  Entry [88-90]
(subunit (EC50) (virucidal
of activity)
crotoxin)
0.0037 ng/pL YFV
(EC50)
0.021 ng/puL ROCV
(EC50)
0.066 ng/pL MAYV
(EC50)
0.0067 ng/pL OROV
(EC50)
10 pg/mlL HCV
0.044 ng/pL DENV-2  Entry
(EC50) (interfering in
adsorption)
0.01647 ng/pl.  YFV
(EC50)
17.2 ng/pL. DENV-2  Entry
(EC50) (interfering in
internalization)
3.3 ng/pL YV
(EC50)
10 pg/mlL HCV
10 pg/mL HCV Entry
(interfering in
host cell
components)
0.06 ng/pL DENV-2 Replication
(EC50) (interfering in
host cell
components)
0.26 ng/pL. YFV
(EC50)
6.08 pg/mL HCV
(EC50)
PLA,-IC 0.0137 ng/pL DENV-2  Entry 881
(EC50) (virucidal
activity)
0.0054 ng/uL YFV
(EC50)
0.133 ng/pL DENV-2  Entry
(EC50) (interfering in
adsorption)
0.268 ng/jL. YFV
(EC50)
21.6 ng/pL. DENV-2 Entry
(EC50) (interfering in
internalization)
0.775 ng/puL DENV-2 Replication
(EC50) (interfering in
host cell
components)
1.30 ng/pL YFV
(EC50)
Naja mossambica mossambica CM-II- 0.036 ng/mL HCV Entry [114]
SPLAy (EC50) (virucidal
activity)
0.031 ng/mL DENV
(EC50)
1.34 ng/mL JEV
(EC50)
10,000 ng/mL MERS-
(EC50) CoV
>10,000 ng/ SINV
mL (EC50)
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Table 1 (Continued)

Proposed
action
Protein EC50/used mechanism
Source/species name dosage Virus (inhibition) Reference
>10,000 ng/mL FLUAV
(EC50)
>10,000 ng/mL  SeV.
(EC50)
2300 ng/mL VSNJV
(EC50)
5.4 ng/mL HIV-1
(EC50)
>10,000 ng/mL HSV-1
(EC50)
>10,000 ng/mL  CV-B3
(EC50)
>10,000 ng/mL EMCV
(EG50)
Nmmeyn 0.4 nM (EC50) HIV-1 Entry [107]
isolates (interfering in
host cell
components)
Naja nigricollis Nigexine 0.4 nM (EC50) HIV-1
isolates
Oxyuranus scutellatus Taipoxin 0.8 nM (EC50) HIV-1

isolates

CV-B3 (Coxsackievirus B3; Picornaviridae); DENV (Dengue virus); EMCV (Encephalomyocarditis virus; Picornaviridae); FLUAV (Influenza A virus); HCV (Hepatitis C virus); HIV (Hu-
man immunodeficiency virus); HSV (Herpes simplex virus); JEV (Japanese encephalitis virus); MAYV (Mayaro virus); MERS-CoV (Middle East respiratory syndrome coronavirus); OROV
(Oropouche virus); ROCV (Rocio virus); SeV (Sendai virus); SINV (Sindbis virus); VSNJV (Vesicular stomatitis New Jersey virus); YFV (Yellow Fever virus).

BthTX-I revealed antiviral activity against YFV and DENV-2 in the
virucidal, adsorption and internalization assays. Interestingly, as shown
to other catalytically-active sPLAgs at 100 ng/pL, BthTX-I at the same
concentration was also able to inhibit YFV entry by virucidal activ-
ity (100%), interfering in adsorption (77%) and internalization (78%)
[88]. Although BthTX-I showed antiviral activity, the effective con-
centration 50% (EC50) values obtained for this toxin were extremely
higher when compared to the catalytically-active SPLA,s. For example,
for the half-maximum virucidal activity against YFV, this toxin required
7.063 ng/pL, while crotoxin, PLA;-CB and PLA,-IC demanded 0.00045,
0.0037 and 0.0054 ng/pL, respectively. In a similar way against
DENV-2, BthTX-I acted at 4.8 ng/pL, in contrast to the crotoxin, PLA>-CB
and PLA-IC that required 0.001, 0.00003 and 0.0137 ng/uL, respec-
tively. As shown, the huge differences of EC50 values between BthTX-I
and enzymatically active proteins reflect that the enzymatic activity is
an important factor for the antiviral activity of sPLA,s [88].

In a further study, PLA,-CB and crotoxin inhibited virus entry by
virucidal activity against other enveloped viruses, such as Rocio virus
(ROCV; Flaviviridae family), Oropouche virus (OROV; Bunyaviridae
family), and Mayaro virus (MAYV; Togaviridae family). However, these
compounds did not show virucidal effect against Coxsackie B5 virus
(CV-B5; Picornaviridae family; non-enveloped virus), hence suggesting
that the possible antiviral action occurs upon the lipid bilayer viral en-
velope [89]. To corroborate these findings, it was demonstrated that
preincubating DENV-2 with PLA,-CB or crotoxin resulted in an increase
of exposure and degradation of viral RNA [89]. Also, Russo and col-
laborators [99] expressed two recombinant PLAy-CB isoforms through
a prokaryotic system and noted that both rPLA»-CB1 and rPLA,-CB2
maintained the viral inhibitory activity against CHIKV, DENV-2, YFV
and ZIKV when compared to the native sSPLA,-CB. Additionally, Muller
and colleagues [88,89] suggested that the mechanism of action of
PLAo-CB isolated from C. t. terrificus against DENV can occur through
an interaction with components on the host cell surface or mainly due
to the glycerophospholipid cleavage on the virus envelope, destabiliz-

ing viral E proteins and resulting in the viral envelope disruption and
RNA viral exposure before the infection of host cells.

In order to gain insights into the antiviral mechanism of sPLA3s ob-
tained from C. t. terrificus, Shimizu and colleagues [90] showed that
PLA,-CB inhibited HCVcc JFH-1 virus strain entry and replication in
Huh 7.5 cells, and crotoxin blocked virus entry and release, suggesting
that these proteins possess multiple antiviral effects against HCV. More-
over, the authors also reported that PLA>-CB significantly decrease the
levels of lipid droplets, which are essential for the HCV replication com-
plex, and reduced the levels of HCV NS5A protein due to the replication
inhibition, evidencing that besides the action on virus entry, PLA,-CB is
able to disrupt HCV replication probably by an interference in lipid me-
tabolism of host cell [90,100,101].

3.2. BIK-PLA and BID-PLA, from Bothrops leucurus venom

Both BIK-PLA; (Lys49 sPLAjs) and BID-PLA; (Asp49 sPLAps) are
two basic sPLAys isolated from Bothrops leucurus venom, a pit viper
(white-tailed-jararaca) commonly found in the northeast of Brazil
[102]. Cecilio and coworkers [91] showed that the pretreatment of
LLC-MK2 cells (Rhesus Monkey Kidney Epithelial cells) with each iso-
form of BI-PLA; followed by viral infection was able to inhibit DENV
infectivity (serotypes 1, 2 and 3), measured by gRT-PCR quantifica-
tion of the DENV viral load in the cell supernatants after virus infec-
tion. On the other hand, BI-PLAys treatment after viral entry was not
capable of inhibiting viral replication, then suggesting that the antivi-
ral effect occurs upon components on the surface of the host cell mem-
brane. The authors did not assess the potential virucidal mechanism
of Bl-PLAys against DENV. However, they suggested that the possible
mechanism of action of Bl-PLAys does not depend exclusively on their
catalytic site. The Lys49-BIK-PLA, treatment was able to interfere in the
viral load, indicating that the functional effect mediated by Bl-PLAjs
also may occur due to the presence of pharmacological domains on the
enzyme surface that would allow the interaction with host cell proteins,
as well as the enzymatic activity [91]. The authors hypothesized that

195



6 S.C. Teixeira et al. / International Journal of Biological Macromolecules xxx (ocxx) 1-11

the DENV RNA level reduction is mediated by the intracellular action
of BI-PLAys due to the higher penetrability capacity of basic sPLAgs, in
comparison to neutral and acidic enzymes [91,103].

3.3. Mt-I and Mt-II from Bothrops asper venom

Bothrops asper is a viperid specie found in Central America and its
venom contains significant concentrations of acid and basic sPLA; en-
zymes [104]. The B. asper venom has both the basic enzymatically-ac-
tive sSPLA, (Mt-I) and the catalytically-inactive sSPLA,-like protein (Mt-1I)
[74].

Brenes and collaborators [92] investigated the antiviral potential
triggered by both Mt-I and Mt-II isoforms isolated from B. asper venom.
The authors showed that these sPLAys at concentration of 50 pg/mL
completely blocked virus entry by a virucidal action against members of
Flaviviridae family, such as DENV and YFV, while exhibited moderate
to negligible effects against other enveloped viruses (HSV-1, HSV-2, In-
fluenza A H3N2 and Vesicular stomatitis VSV) or non-enveloped viruses
(Sabin Poliovirus 1, 2 and 3). Interestingly, for the half-maximum viru-
cidal activity against DENV-2, Mt-I required 1.5 ng/mL, while Mt-II
acted at 2768 ng/mL, revealing that Mt-I is extremely more potent than
Mt-IT [92]. Investigating the role of the enzymatic activity in the in-
hibitory effect upon DENV-2, it was promoted the inactivation of the
catalytic activity of Mt-I with p-bromophenacyl bromide (pBPB). The
data showed that the chemical inactivation of Mt-I resulted in a reduc-
tion of the virucidal potency, indicating the relevant role of the enzy-
matic action against viral infection [92]. Even without enzymatic activ-
ity, the C-terminal region of Mt-II, which encompasses the amino acid
residues 115-129, is responsible for the membrane-permeabilizing ef-
fect caused in many cellular types [67], as well as its bactericidal activ-
ity [105]. Notwithstanding that, the authors demonstrated that, even at
high concentrations, the synthetic peptide “p115” corresponding to the
C- terminal region of Mt-II (amino acid residues 115-129) did not in-
hibit DENV-2 [92]. Thus, the authors speculate that the weak virucidal
effect of Mt-II may be intrinsic or more possible related to a trace con-
tamination with Mt-I, where the total chromatographic separation for
these toxins is hardly achieved [92].

In addition, it was suggested that Mt-I acts by a direct virucidal
mechanism that depends on its enzymatic activity, which may hy-
drolyze viral envelope phospholipids and disrupt the viral envelope of
flaviviruses leading to the impairment of the infection. Also, the mode
of action of Mt-I and Mt-II is not related to an effect on host cell, since
cell treatment after infection did not interfere in viral replication [92].
Furthermore, in a pretreatment assay, it was demonstrated a partial re-
duction of viral plaques, that may be explained by a slight cytotoxic
action of Mt-I on cells [92]. Finally, the higher antiviral activity of
Mt-I against Flaviviridae viruses in comparison to other enveloped virus
families may be related to the specific structural organization, physic-
ochemical composition, curvature and fluidity of viral envelope from
flaviviruses, which may positively affect the catalytic activity of Mt-I
against this family [106].

3.4. Taipoxin (Oxyuranus scutellatus), nigexine (Naja nigricollis) and
Nmmgyyy; (Naja mossambica mossambica)

In a previous study, Fenard and colleagues [107] demonstrated
anti-HIV-1 effects of different sPLAss from snake venom, such as
taipoxin (Oxyuranus scutellatus venom), Nmmeyy (Naja mossambica
mossambica venom) [108,109] and nigexine (Naja nigricollis venom)
[110]. Investigating the possible mode of action of some of these
SPLA,s, it was observed that despite their enzymatic activity, Nmmeyum
and taipoxin did not show virucidal effects against HIV-1, but promoted
an efficient inhibition of HIV-1 entry by preventing the intracellular re-
lease of HIV-1 Gap p24 proteins from the viral capsid [107].

The blockage of HIV entry appears to not depend exclusively on
sPLAys catalytically active, which was confirmed through two manners:
i) the use of inhibitors of sPLAss activity, such as phenacyl bromide,
aristolochic acid or oleoyloxyethylphosphocholine, that were not able
to interfere in the blockage of virus entry mediated by sPLA,s; ii) the
use of cleavage products of SPLA;s, such as arachidonic acid, lysophos-
phatidylethanolamine, lysophosphatidic acid, oleoyl-lysophosphatidyl-
choline and palmitoyl-lysophosphatidylcholine, which were also not
able to inhibit virus entry [107]. In addition, competition binding assays
between sPLA3s and host cells showed extremely low dissociation con-
stant (K) values for Nmmgyyyy, taipoxin and nigexine, suggesting that the
inhibition of HIV-1 entry triggered by sPLA;s is more probably linked to
sPLAys binding membrane receptors of host cells than their enzymatic
activity [107,111].

3.5. CM-II-sPLA, from Naja mossambica mossambica venom

CM-II-sPLA; is a secreted PLA, isoform isolated from Naja mossam-
bica mossambica venom [112,113]. Recently, Chen and coworkers
[114] reported that this sPLA; possesses a potent dose-dependent viru-
cidal activity that impairs the entry of enveloped viruses from bud-
ding through the endoplasmic reticulum, such as HCV, DENV and JEV
(Japanese encephalitis virus) belonging to the Flaviviridae family. In
contrast, CM-II-sPLA; demonstrated a low antiviral activity against other
enveloped viruses by: i) budding through the plasma membrane, as
observed for SINV (Sindbis virus; Togaviridae), SeV (Sendai virus;
Paramyxoviridae), FLUAV (Influenza A virus; Orthomyxoviridae), VS-
NJV (Vesicular stomatitis New Jersey virus; Rhabdoviridae) and HIV-1
(Retroviridae); ii) budding through the trans-Golgi network, as seen
for HSV- 1 (Herpes simplex virus type 1; Herpesviridae); iii) budding
through the ER-Golgi intermediate compartment, as for MERS-CoV
(Middle East respiratory syndrome coronavirus; Coronaviridae). Ad-
ditionally, the slight effect was also observed against non-enveloped
viruses, such as EMCV (Encephalomyocarditis virus; Picornaviridae) and
CV-B3 (Coxsackievirus B3; Picornaviridae) [114].

The disruption of viral envelope by CM-II-sPLA; appears to be di-
rectly related to its enzymatic activity, which was confirmed by the use
of manoalide (a specific sSPLA, inhibitor) that inhibited the virucidal ac-
tivity of CM-II-sPLA;, against HCV and DENV [114]. Moreover, the selec-
tivity of CM-II-sPLA, for virus buds through endoplasmic reticulum may
be related to the differences in the phospholipid contents and physico-
chemical characteristics (thickness and sturdiness) that can differ among
the different routes of viral budding, which would enhance the sensitiv-
ity to CM-1I-sPLA; mediated by hydrolysis against HCV, DENV and JEV
[114-117].

4. Proposed antiviral mechanism of sPLA3s from snake venom

Findings from the current literature about the antiviral activity of
toxins (Table 1) are heterogeneous, since authors developed a variety of
assays/models using different SPLA,s and viruses. The virucidal model
corresponds to the strategy in which the toxins act directly on the virus
particles before infecting the cell monolayer; in the pre-infection model,
the uninfected monolayers are previously treated with toxins before vi-
ral infection; and in the post-infection model, cell monolayers are ad-
sorbed with the virus followed by toxin treatment. In this sense, many
studies raised the following questions: in which stages of virus replica-
tion are the sPLA;s able to interfere? Does the antiviral action of sSPLA;s
depend on their catalytic activity? Based on this, we summarize a possi-
ble model of antiviral action mediated by sPLAzs from snake venom.

As discussed above, sPLAys have demonstrated to be potent antivi-
ral inhibitors by interfering in different stages of virus replicative cycle
as entry steps, replication and release (Fig. 1). Current studies have re-
ported that the antiviral action of sPLAgs on steps of viral cycle can oc-
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Fig. 1. Schematic representation of the mechanisms of action of SPLA,s from snake venom on vi

ral replicative cycle. sPLA2s, which possess antiviral activity, are indicated in early and/or

late stages of the viral life cycle: entry, replication and release. Mt-I and Mt-II (Bothrops asper), BthTX-I (Bothrops jararacussu), crotoxin, PLA»-CB and PLAy-IC (Crotalus durissus terrificus),
CM-II-sPLA, and Ni (Naja bi bica), nigexine (Naja nigricollis), taipoxin (Oxyuranus scutellatus), BIK-PLA, and BID-PLA, (Bothrops leucurus) are demonstrated.

cur through a direct action upon viral particle and/or by an interaction
with virus or host cell components.

Regarding the virucidal activity, studies have shown that both cat-
alytically-active sPLAps (crotoxin, PLAp-IC, PLA-CB, MtI and
CM-II-sPLA;) and catalytically-inactive sPLAs (Mt-II and BthTX-I) in-
dicated virucidal activity preferentially against enveloped viruses, such
as DENV (serotypes 1, 2 and 3), YFV, ROCV, OROV, MAYV, HCV,
JEV, MERS-CoV, SINV, FLUAV, SeV, VSNJV, HIV-1 and HSV-1
[88-90,92,114].

It is proposed that the potent virucidal activity of sSPLAys against en-
veloped viruses is likely associated with the ability that catalytically-ac-
tive sSPLA»s have to cleave glycerophospholipids in the virus lipid en-
velope, and it is reasonable to propose that sPLA,s also present do-
mains that are capable to interact with viral envelope components,
which could lead to viral envelope disruption, hence resulting in expo-
sure of the viral content (viral inactivation) and compromising the early
stages of viral replication. Additionally, Muller and colleagues [88,89],
through a steric and electrostatic analysis of the interaction of PLA,-CB
with the DENV envelope lipid bilayer, showed that PLA,-CB probably
accesses the DENV lipid bilayer through the pores found on each of the
twenty 3-fold vertices in the E protein shell on the DENV surface, which
would allow the glycerophospholipid cleavage on the virus envelope
and destabilization of the E proteins. Interestingly, it has been demon-
strated that the structural organization and lipid composition of viral en-
velope may influence the antiviral efficiency of some sPLA;s, suggesting
that the virucidal mechanism mediated by sPLAjs is specific [92].

Independent studies have revealed that sPLAjs such as crotoxin,
PLA,-IC, PLA,-CB, BI-PLA; and BthTX-I are also able to dramatically im-
pact the entry, replication and release of viruses by targeting host cell
components [88-91]. To gain insights into these viral cycle stages, it
was demonstrated that Nmmgyyy, taipoxin and nigexine prevented the
intracellular release of HIV-1 Gap p24 proteins from the viral capsid (in-
hibition virus entry) by a direct binding to membrane receptors of host
cells [107]. In addition, PLA,-CB was able to disrupt HCV replication
probably by an interference in lipid metabolism of host cell [90].

It was demonstrated through the use of both specific sPLA; in-
hibitors and the catalytically-inactive sPLA,s that the antiviral effect of
the major tested catalytically-active sPLAys, such as crotoxin, PLA,-IC,
PLA,-CB, BID-PLA;, Mt-I and CM-II-sPLA; is significantly higher when
presented their functional catalytic site to sPLA,s with no enzymatic ac-
tivity (BthTX-I, BIK-PLA, and Mt-IT) [88,91,92,114].

In order to corroborate with the data from the current literature,
we performed docking simulations between the sPLAys from Bothrops
asper venom and three phospholipids found in the DENV envelope,
which are 1-Palmitoyl-2-oleoylphosphatidylcholine (POPC), 1-palmi-
toyl-2-oleoylphosphatidylethanolamine (POPE) and 1-Palmi-
toyl-2-oleoylphosphatidylserine (POPS) [118]. The molecular docking
simulations were done by using the 3D crystal structure of Mt-I (PDB:
5TFV) and Mt-1I (PDB ID 4YV5) retrieved from Protein Database (https:
//www.rcsb.org/).

We simulated the interaction in the enzymatic site of SPLAss with
palmitoyl phospholipids (head or complete structure) using AutoDock
Vina software [119]. The predicted affinity between sPLA>s and palmi-
toyl phospholipids (head or complete) was similar (Table 2). Con-
cerning to the interaction with the phospholipids head, Mt-I showed a
higher affinity to POPC, POPE and POPS (5.1, —4.7 and -5.0 keal/
mol, respectively) related to Mt-Il (Table 2). When we simulated

Table 2
Docking simulations between Mt-I and Mt-II with palmitoyl phospholipids (head or com-
plete structure) from DENV envelope.

PLAs affinity
(keal/mol) Phospholipids

POPC POPE POPS

Head Complete Head Complete Head Complete
Mt-T -5.1 —5.4 -4.7 -5.1 -5.0 —5.4
Mt-II -4.3 —4.5 -4.3 -4.7 -4.3 -4.8

POPC - 1-palmitoyl-2-oleoylphosphatidylcholine; POPE - 1-palmitoyl-2-oleoylphos-
phatidy lamine; POPS - 1-palmitoyl-2-oleoylphosphatidylserine.
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the docking with the complete palmitoyl phospholipid molecule, Mt-I
also has a higher affinity than Mt-II (Table 2).

Although we do not observe a strong difference in the affinity be-
tween Mt-I and Mt-II for palmitoyl phospholipids, it is possible to note
structural variation in the enzymatic site of these two toxins. Compared
to Mt-1I, the enzymatic site of Mt-I (Fig. 2A) is more suitable due to a
smaller aspartic acid radical group. The van der Waals radii volume of
aspartic acid is 91 and hence it is more prominent, while the lysine has
a volume of 135, and this results in less space in enzymatic site entrance
in Mt-II (Fig. 2B). This difference could create an enzymatic site more
restricted to palmitoyl phospholipid entrance/binding and be partially
responsible for the absence of enzymatic activity in Mt-II [120]. In addi-
tion, the enzymatic activity of Mt-I can be attributed to highly conserved
catalytic site formed by the amino acid residues His48, Asp49, Tyr52
and Asp99. Asp49 coordinates the hydrolysis reaction of phospholipids
together with the residues of the Ca2+ binding loop, essential in the
catalytic activity of PLAs. The substitution of lysine residue at the same
position affects the ability of this protein to bind to Ca*- resulting in
the absence of catalytic activity [92].

Despite the stronger antiviral activity is associated with the enzy-
matic activity, the antiviral mechanism of sPLAgs does not depend ex-
clusively on their catalytic site, since Lys49 sPLAys and inhibited cat-
alytically-active sPLAos were also able to show antiviral effects, sug-
gesting that sPLA,s may possess different mechanisms of action. How-

Fig. 2. Docking simulations between sPLA,s and 1-palmitoyl-2-oleoylphosphatidylcholine
(POPC). Mt (A) and Mt-II (B) are showed as surface and the enzymatic site is colored.
The amino acids from the enzymatic site are H48 in red, D49 (Mt-I) or K49 (Mt-ID) in blue,
and Y52 in green. The POPC is showed as wire structure. The aspartic acid has a smaller
volume than lysine, which may result in a less open entrance in Mt-II (panel B) compared
with Mt-I (panel A). H: histidine; D: aspartate; K: lysine; Y: tyrosine. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)

ever, additional studies with different Lys49 from snake venom are re-
quired to better characterize the antiviral potential of this protein class.

Functional and structural studies have described that the activity of
Lys49 PLAys from snake venom toward cell membranes in myotoxic
mechanism involves an allosteric transition, and the participation of
two independent interaction sites with the target membrane
[67,72,121-123]. The action of Lys49 PLA,s is related to a cluster
of cationic and hydrophobic/aromatic amino acid residues located at
the C-terminal region of this toxin. These two conserved regions in
most Lys49-PLA,s are designed by “cationic membrane-docking site”
(MDoS), which are formed by the strictly conserved C-terminal residues
(Lys115 and Argl18), eventually aided by other cationic and exposed
residues such as Lys20, Lys80, Lys122 and Lys127; and the “hydropho-
bic membrane-disruption site” (MDiS) formed by residues of Leu121 and
Phel25. The key step for protein activation is the binding of a fatty
acid at the hydrophobic channel, which leads to allosteric transition and
structure stabilization exposing MDoS and MDiS to the membrane, fol-
lowing by the insertion of the MDIS region from both monomers into
the target membrane. This penetration disrupts the lipid bilayer, causing
alterations in the membrane permeability, highlighted by a prominent
influx of ions (i.e., Ca2* and Na*), and eventually, irreversible intracel-
lular alterations and cell death [123].

According to myotoxic mechanism of Lys49 PLA,s from viperid
snake venoms, it is proposed that the fatty acids which are important
to protein activation may come from membrane phospholipid hydroly-
sis by catalytic PLAys (Asp49), highlighting the synergism between As-
p49 PLAys and Lys49 PLA; in snake envenomation [124]. In this way,
the antiviral effects of the Lys49 PLAss from snake venom, showed in
this review, may be associated to fatty acids from the catalytic activity
of cytosolic PLA; (cPLA5) from virus lipid envelope, once it was demon-
strated that enzymatic activity of the cPLAj is required for replication
of various virus [125-127]. Muller and colleagues [126] showed that
the pharmacological inhibition of a cellular phospholipase, cPLA,, using
a specific small-molecule inhibitor, drastically reduces coronavirus RNA
synthesis and, as a consequence, protein accumulation and the produc-
tion of infectious virus progeny. In addition, cPLA, activity was shown
to be critically involved in the production of infectious progeny of HCV
and DENV [128].

5. Concluding remarks: sPLAys as a possible useful tool for the
development of antiviral compounds

The present review highlighted that PLA,s from snake venom have
become valuable as pharmacological tools and/or therapeutic ap-
proaches due to their extremely high specificity and potent activity
against microbial infection. Regarding to antiviral properties, we high-
lighted the following remarks: (i) the antiviral effects of sPLAys can be
mediated by either a dependent or independent catalytic mechanism;
(ii) sPLAjs-antiviral effects are more evident against enveloped virus;
(iii) sPLAgs promoted the blockage of viral entry into host cells by the di-
rect action on the viral particle, resulting in glycerophospholipids cleav-
age and destabilization of viral envelope proteins; (iv) the structural or-
ganization, physicochemical composition, and the curvature and fluid-
ity of viral envelope may influence in the antiviral efficiency of some
SPLAys; (v) sPLAys promoted the blockage of entry, replication and re-
lease of virus probably by the interference on the host cell components.

The structure and function of sPLA,s from snake venom have been
widely explored. Homology studies with sPLA,s have demonstrated
highly conserved regions in these proteins capable of disrupting the
integrity of membranes and provoking many pharmacological effects.
Despite extensive studies on sPLAys in over decades, there is few of
them focusing on mechanistic aspects of the antiviral activities and to
date are limited to in vitro and in silico models. It is important to note
that these sPLAs showed damage effects in vivo, such as myotoxicity

198



S.C. Teixeira et al. / International Journal of Biological Macromolecules xxx (xxxx) 1-11 9

and inflammation. Thus, further in vivo studies for attesting antiviral ef-
fects of sPLAys need to be addressed to investigate their safety, toxic-
ity and pharmacokinetics. Taken together, new structural and functional
studies with sPLA»s are essential to discover new relevant motifs respon-
sible for the antiviral activities that would allow the future use of these
proteins or peptides for the design of antiviral drugs, capable of ensur-
ing more stability and targeting the specific site of action.
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