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Castillo Pedraza MC. Modulacdo de genes e de seus produtos afeta a viruléncia de
Streptococcus mutans [tese de doutorado]. Araraquara: Faculdade de Odontologia da
UNESP; 2019.

RESUMO

Streptococcus mutans orquestra a formacdo de biofilmes cariogénicos através da
producdo da matriz extracelular que contém exopolissacarideos (EPS), DNA
extracelular (eDNA) e acidos lipoteicéicos (LTA). EPS sdo um marcador de viruléncia
para carie, mas ndo esta claro como os genes associados com eDNA (IytS e IytT) e
LTA (dItA e ditD) afetam a viruléncia de S. mutans. Portanto, avaliou-se como os genes
IytST, dItAD e gtfB (EPS-insollveis) afetariam o desenvolvimento de lesfes cariosas
em ratos e a sobrevivéncia de larvas (Galleria mellonella) apés infeccdo sistémica e
para esclarecer sua contribuicdo na patogenicidade dessa bactéria. Ainda, avaliou-se
o efeito dos tratamentos topicos com miricetina (afeta a sintese de EPS), composto
1771 (modula o metabolismo do LTA) e flior (prevencédo da carie) sobre biofilmes in
vitro de S. mutans. Alimentou-se 0s ratos com dieta cariogénica e inoculou-se com
cepa parental UA159 e cepas com delecao de genes AlytS, AdItD e AgtfB (n=14). Apos
5 semanas, avaliou-se as populacdes microbianas (cultivavel total e S. mutans) e as
lesbes de cérie. Injetou-se a cepa parental e as cepas com dele¢cdo de genes AgtfB,
AlytS, AlytT, AdItA e AdItD na hemocele de larvas e registrou-se a sobrevivéncia das
larvas longitudinalmente (n=10). Formou-se biofiimes de S. mutans sobre discos de
hidroxiapatita revestidos com pelicula salivar e realizou-se tratamentos topicos duas
vezes ao dia: miricetina (Mir), composto 1771, flior (F) Mir+1771, Mir+F, 1771+F,
Mir+1771+F e veiculo (controle) (n=6). Determinou-se nesses biofilmes diversos
parametros: biomassa, populacdo, componentes da matriz (EPS sollveis e insollveis
em agua, eDNA e LTA), arquitetura tridimensional e expressdo génica. Ainda, avaliou-
se a citotoxicidade dos tratamentos (n=8). Na andlise da populacdo microbiana em
ratos, a proporcdo de S. mutans na microbiota total recuperada foi maior para o grupo
UA159 versus os grupos com delegédo (15, 3 e 6 vezes para AgtiB, AlytS e AdItD,
respectivamente). UA159 produziu maior numero de lesdes de carie, com maior
severidade (lesbes em dentina): no esmalte (50% mais lesdes) e na dentina (>80%
mais cavidades) de superficies lisas e superficie sulcal (x30% mais lesbes em esmalte
e >60% mais lesbes em dentina) ao ser comparada com as cepas com delecdo. A
sobrevivéncia de G. mellonellafoi menor em larvas infectadas com UA159, seguido
de AgtfB quando comparado com as outras cepas com delecéo génica. Tratamentos
com miricetina e composto 1771 isolados resultaram em biofilmes com menores
contagens de S. mutans, biomassa, EPS solliveis e insoliveis (vs. veiculo).
Entretanto, a combinagao Mir+1771+F foi mais eficaz, pois diminuiu a contagem de S.
mutans (3 logs), biomassa (60%), EPS sollveis (74%) e insollveis (87,5%) (vs.
veiculo). Ainda, essa estratégia afetou negativamente eDNA, LTA, alterou o tamanho
das microcolbnias e inibiu a expressdo dos genes gtfBC. Adicionalmente, 0s
tratamentos Mir+1771 e Mir+F (vs. controle de viabilidade) foram levemente



citotoxicos (reducdo de viabilidade celular em 13% e 25%, respectivamente). Portanto,
0s genes IytST, dItAD e gtfB contribuem para a cariogenicidade e a viruléncia de S.
mutans; a estratégia com miricetina e composto 1771 modula os produtos destes
genes, tornando-a promissora para o controle desses biofilmes.

Palavras chave: Carie dentaria. Streptococcus mutans. Placa dentaria.



Castillo Pedraza MC. Modulation of genes and their products affects the virulence of
Streptococcus mutans [tese de doutorado]. Araraquara: Faculdade de Odontologia
da UNESP; 20109.

ABSTRACT

Streptococcus mutans orchestrates the cariogenic biofilms formation through the
production of an extracellular matrix that contains exopolysaccharides (EPS),
extracellular DNA (eDNA), and lipoteichoic acids (LTA). EPS is a virulence marker of
dental caries, but it is unclear how genes associated with eDNA (IytS and IytT) and
LTA (dItA and dItD) affect S. mutans virulence. Therefore, this study evaluated how the
genes IytST, dItAD and gtfB (insoluble EPS) affected the development of carious
lesions in rats and the survival of larvae (Galleria mellonella) after systemic infection
to clarify its contribution to the pathogenicity of S. mutans. Also, it assessed the effect
of topical treatments with myricetin (affects EPS synthesis), compound 1771
(modulates LTA metabolism) and fluoride (caries prevention) on in vitro S. mutans
biofilms. The rats received a cariogenic diet and were inoculated with the parental
strain UA159 and its strains with deletion of genes AlytS, AdItD, and AgtfB (n=14). After
five weeks, viable microbial populations (total cultivable and S. mutans) and caries
lesions were evaluated. Larvae were inoculated by intra-hemocoel injection with the
parental strain and deletion strains AgtfB, AlytS, AlytT, AdItA, and AdItD, and larval
survival was recorded longitudinally (n=10). S. mutans in vitro biofilms were formed on
saliva-coated hydroxyapatite discs and topically treated twice-daily: Myricetin (Myr),
Compound 1771, Fluoride (F), Myr+1771, Myr+F, 1771+F, Myr+1771+F, and vehicle-
control (n=6). The biofilms were evaluated to determine biomass, viable S. mutans
counts, matrix components (water-soluble and -insoluble EPS, eDNA, and LTA),
tridimensional architecture, and gene expression. Also, the cytotoxicity of the
treatments was evaluated. In the rodent caries model, the proportion of S. mutans in
total microbiota recovered was higher for the UA159 group versus the deletion groups
(15, 3 and 6-fold for AgtfB, AlytS, and AdItD, respectively). The parental strain UA159
yielded higher number of caries lesions that were also more severe (lesions in dentin):
on enamel (50% more lesions) and dentin (>80% more cavities) of smooth surfaces,
and on enamel (=z30% more lesions) and dentin (>60% more lesions) sulcal surfaces
when compared to the deletion strains. The G. mellonellasurvival was lower in UA159-
infected larvae, followed by AgtfB-infected when compared to other gene deletion
strains. Topical treatments with either myricetin or compound 1771 alone led the
biofilms with lower amounts of S. mutans viable counts, biomass, water-soluble, and
water-insoluble EPS (vs. vehicle). However, the combination Myr+1771+F was more
efficient, as it decreased 3 logs of S. mutans counts, 260% of the biomass, 74% of %
water-soluble EPS, and 87.5% of water-insoluble EPS counts (vs. vehicle). Also, this
strategy negatively affected eDNA, LTA, altered the size of microcolonies, and
inhibited the expression of gtfBC genes. Additionally, Mir+1771 and Mir+F (25%)
treatments (vs. viability control) were mildly cytotoxic (reduction of viability by 13% and



25%, respectively). Therefore, the genes IytST, dItAD, and gtfB contribute to the
cariogenicity and virulence of S. mutans; a strategy with myricetin and compound 1771
modulates the products of these genes, making it a promissory approach to control
cariogenic biofilms.

Keywords: Dental caries. Streptococcus mutans. Dental biofilm.
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1 INTRODUCAO

A carie dentaria acontece pela constante producdo de metabdlitos microbianos
(acido organicos), que acidificam o biofilme e afetam os cristais de hidroxiapatita
(desmineralizacédo)?, que é o principal componente no esmalte. A desmineralizacéo é
considerada “normal” quando € alternada com a remineralizacdo (ions de calcio e
fosfato na saliva ajudam a evitar a perda de tecido mineralizado) com o objetivo de
neutralizar os processos degenerativos da céarie?34. Quando a desmineralizacdo
supera este processo dinamico, aparecem lesdes cariosas irreversiveis que, se nao

tratadas adequadamente, podem levar ao detrimento dentario.

Interacbes entre substrato (dente), dieta rica em carboidratos e biofilme
microbiano!*6.” sdo necessarias para a ocorréncia da carie. Além disso, outros fatores
podem interagir e contribuir com a doenca, como os fatores ambientais dentro da
cavidade bucal (higiene, fluxo salivar, pH, proteinas, Ca?* PO4%) e fatores pessoais
do individuo (renda, perfil sécio - demogréafico, acesso a salde dental, atitudes)8. A
carie pode afetar criancas e adultos sem distin¢cdo de sexo ou cultura, tornando-se um

problema de salde publica mundial®19,

A céarie pode ndo apresentar sintomas, mas na maioria dos eventos avangados
(com presenca de cavidades), o individuo sente desconforto e dor intensa,
acompanhado de inflamacdo na polpa e/ou abcesso dentario, tornando a pessoa
incapaz para exercer atividades diarias'l. Neste caso, o tratamento pode ser
endoddntico ou exodontia. A perda dentaria pode gerar baixa autoestima, problemas

na fonética, dificuldade no processamento dos alimentos e na interacao social.

Estratégias de prevencdo da carie incluem a escovacdo diaria com dentifricio
contendo fllior (minimo trés vez ao dia)'?, a utilizagdo do fio dental (minimo uma vez
ao dia), restricdo de acucares na dieta e consultas com o cirurgido-dentista para
profilaxia dentaria (cada 6 meses), aplicacédo de fllor e selantes!l. Entretanto, com
todas essas estratégias, a carie continua sendo considerada a doenca mais
prevalente no mundo. Segundo Global Burden of Disease Study (GBD) 1990 - 2016,
as doencas na cavidade bucal afetam a metade da populacédo mundial (3580 milhdes),
sendo a carie a mais prevalente entre elas3. Estima-se que, no mundo, 2400 milhdes
de pessoas apresentam carie em dentes permanentes e 489 milhdes de criancas

sofrem de caries nos dentes deciduos?s.
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Existem aproximadamente 700 espécies de microrganismos que habitam a
cavidade bucal'*, onde Streptococcus mutans desempenha um papel importante na
etapa de transicdo da forma ndo-patogénica para biofilmes altamente cariogénicos?®.
Embora existam outros microrganismos que apresentem a capacidade de produzir
acido e viver no acido, S. mutans destaca-se pela sua capacidade de produzir uma
matriz extracelular rica em exopolissacarideos®. S. mutans sdo cocos Gram positivos,
anaerobios facultativos; e tem sido estudado por meio de diversas técnicas

bioquimicas, sorolégicas e genéticas.

Os carboidratos disponiveis na dieta diaria favorecem a formacédo de um biofilme
altamente coesivo. Os microrganismos utilizam a sacarose para modular a construcao
da matriz extracelular mediante as frutosiltransferases (Ftfs) e glicosiltransferases
(Gtfs), que sintetizam exopolissacarideos (EPS)*>17-20 Ainda, a presenca de amido
aumenta o poder cariogénico da sacarose?2?3, A ingestdo frequente desses
carboidratos intercalados aumenta a aderéncia de S. mutans e demais
microrganismos sobre a superficie de hidroxiapatita?4, favorecem a producdo acida
dentro do biofilme?°25 e proporciona estabilidade e integridade a matriz

extracelularl®.26-28

A capacidade de S. mutans para formar biofilmes com uma matriz extracelular
rica em EPS é significativa para a ocorréncia da céarie?®, mas também existe relacdo
com casos de bacteremia e de endocardite infecciosa (EI) com o desenvolvimento de
biofilme formado por esse microrganismo3%31, ElI é uma infeccdo no endocardio
normalmente acontece quando uma bactéria de outra parte do corpo, como as
encontradas na cavidade bucal, se dissemina pela corrente sanguinea alojando-se
nas areas danificadas do revestimento interno do coracdo (endocéardio). As bactérias
aproveitam as condi¢cdes favoraveis de crescimento para deposicdo e formacdo de
biofilme32. Independentemente do lugar da formacgéo do biofilme, todo biofilme tem
pelo menos uma propriedade em comum, a presenga de uma matriz derivada de

microrganismosss.

7

Matriz extracelular é considerada como uma barreira de protecdo contra
substancias nocivas que impedem o desenvolvimento do biofilme33. Matriz
extracelular de biofilmes cariogénicos tem os EPS como componentes indispensaveis
para a sua construcdo e estruturacdo tridimensional (3D)193334, S, mutans é um

grande produtor de substancias poliméricas extracelulares incluindo EPS, DNA
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extracelular (eDNA) e &cido lipoteicdicos (LTA)16243334 Esses componentes
encontrados na matriz, sdo importantes para sua construgdo?*. Ainda, sdo
identificados dentro da matriz de biofilmes orais outros componentes: proteinas,

lipidios e lipopolissacarideos (derivados de espécies Gram negativas)3>-37,

O eDNA fornece integridade estrutural e estabilidade nos biofilmes de S.
mutans?3. Este componente da matriz pode ser liberado durante o processo de lise
celular e morte celular ou em algum momento pode também ser secretado por
microvesiculas ligadas a membrana38. A expressdo dos genes IytST, IrgAB e cidAB
de S. mutans estdo relacionados com a presenca de eDNA na matriz, quando 0s
carboidratos da dieta e as condi¢des ambientais sédo favoraveis?33°. O sistema IrgAB
/ cidAB é importante na formac&o do biofilme, na tolerancia ao estresse oxidativo e
na regulacdo da autdlise; estas funcdes sdo reguladas pelo sistema de dois
componente IytST através da disponibilidade de carboidrato via a proteina ccpA (do
inglés catabolite control protein A)39:40,

O LTA esta associado a aderéncia de estreptococos orais*42 e desempenha um
papel significativo na colonizacdo de bactérias Gram positivas, contribuindo com a
formacéo e a patogenicidade do biofilme#142, LTA encontra-se ligado na membrana
celular por uma lipoproteina e podem ser liberados para o ambiente extracelular3-4°,
especialmente durante a remodelagem da parede celular. O metabolismo deste
componente encontra-se associado a expressao dos genes do operon dItABCD e
SMU.775 de S. mutans?44546, Os genes de operon dItABCD adicionam os residuos
de D-alanina que favorecem a aderéncia das bactérias e a construcdo do
biofilme*4748, O gene SMU.775 (proteina hipotética) pode estar realizando a fungéo
do gene LtaS de Staphylococcus aureus e sintetizar o acido lipoteicdico poliglicerol-

fosfato a partir de fosfatidilglicerol>4°.

Assim, uma pesquisa in vitro com S. mutans cepa parental UA159 e cepas com
delecbdes de genes especfficos utilizados para modular eDNA (AlytS e AlytT), LTA
(AdItA e AdItD) e EPS insoluvel (AgtfB), avaliou a composicéo bioquimica da matriz?4.
Esse estudo detectou a presenca de eDNA, LTA, EPS sollveis e insollveis em agua
e proteinas solluveis na matriz de biofilmes monoespécie de S. mutans (cepa parental
UA159 e cepas com delecéo dos genes gtfB, IytS, IytT, dItA e dItD) e mistos (S. mutans
—cepa parental UA159 ou mutante, Streptococcus gordonii e Actinomyces naeslundii),

avaliados em dois momentos 67 e 115 horas. A delecédo de genes especificos afetou
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ndo sO a composicao da matriz, mas também a dinamica de populacdes bacterianas
e a arquitetura 3D de biofilmes. O desenho experimental de biofilme in vitro utilizado,
também mostrou que a auséncia dos genes |ytS e IytT induziram maior liberacdo de
eDNA; 0 mesmo ocorreu para os genes dItA e dItD quanto a presenca de LTA. Ainda,
esses biofilmes mostraram aumento de EPS sollveis e insoliveis, que se
incrementam ainda mais durante a maturagdo. Portanto, alteracées nos processos de
liberacdo de eDNA, LTA e EPS podem modificar a composicdo da matriz e interferir

na formacéo do biofilme?4.

S. mutans possivelmente apresenta outros sistemas que sdo ativados para
compensar a auséncia de atividades dos sistemas IytST e dItABCD que também
mantém as propriedades estruturais e funcionais da matriz do biofilme, pois era
esperado que a delecao de IytS e IytT diminuisse a quantidade de eDNA e que a
delecdo de dItA e dItD reduzisse a quantidade de LTA na matriz (versus a cepa
parental). No entanto, os dados mostraram mais eDNA e LTA em biofilmes com as
respectivas cepas de dele¢éo e a estrutura 3D foi distinta quando comparada a cepa
parental?®>. Essas caracteristicas poderiam ser por causa de alteracbes na
remodelacdo e composicdo da parede celular (e carga)324047.5051  pPorém, é
imprescindivel esclarecer minuciosamente as funcdes desses componentes, para
compreender a fisiologia do biofilme e assim direcionar terapias para prevenir e/ou

remover biofilmes cariogénicos.

Assim, essa pesquisa forneceu subsidios para a proposicao de estudos mais
detalhados do potencial de eDNA e LTA em conjunto com EPS na viruléncia de S.
mutans. Além disso, este estudo avaliou agentes (com acdo antimicrobiana) para
reduzir o desenvolvimento de biofilme de S. mutans, interferindo nas funcbes da
matriz. Investigar como esses genes influenciam na ocorréncia e severidade de carie
ajudardo a entender melhor a biologia de S. mutans e a inibicdo das funcdes e ou
composicdo da matriz pela aplicacdo de agentes especificos poderiam interferir nos

processos de estruturacdo de biofilmes cariogénicos.
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2 PROPOSICAO

O objetivo geral desse trabalho foi avaliar a viruléncia de cepas de S. mutans
com delecdo dos genes IytST e dItAD em modelos in vivo de céarie e de infeccdo
sistémica, e testar agentes especificos para interferir na construcdo da matriz

extracelular.
Os obijetivos especificos foram:

Objetivo 1. Analise dos genes IytS e dItD de S. mutans no desenvolvimento e

severidade de lesbes cariosas in vivo utilizando um modelo animal (Ratos-fémeas).

Objetivo 2. Avaliacao das funcbes dos genes IytST e dItAD de S. mutans na viruléncia
em infec¢gBes sistémicas in vivo usando um modelo invertebrado (Galleria mellonella)

€ na resposta ao estresse oxidativo.

Objetivo 3. Avaliacdo do efeito da combinacdo de miricetina (interfere na sintese de
exopolissacarideos), composto 1771 (inibe o metabolismo de acidos lipoteicoicos) e
fluor (promove remineralizacdo e interfere na acidogenicidade e aciduricidade) no

desenvolvimento do biofilme de S. mutans in vitro.
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3 PUBLICACOES

Destaca-se que os objetivos 1 e 2 foram realizados e constam na Publicacdo 1
e que o objetivo 3 foi realizado e enviado para periddico cientifico como a Publicagédo

2. Essas duas publicacdes estdo apresentadas a seguir.
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3.1 Publicacéo 1*

Castillo Pedraza MC, Rosalen PL, de Castilho ARF, Freires IA, de Sales Leite L,
Faustoferri RC, Quivey RG Jr, Klein MIl. Inactivation of Streptococcus mutans
genes IytST and dItAD impairs its pathogenicity in vivo. J Oral Microbiol. 2019;
11(1): 1607505. doi: 10.1080/20002297.2019.1607505.

Inactivation of Streptococcus mutans genes lytST and dItAD impairs its

pathogenicity in vivo
ABSTRACT

Background: Streptococcus mutans orchestrates the development of a biofilm
that causes dental caries in the presence of dietary sucrose, and, in the bloodstream,
S. mutans can cause systemic infections. The development of a cariogenic biofilm is
dependent on the formation of an extracellular matrix rich in exopolysaccharides, which
contains extracellular DNA (eDNA) and lipoteichoic acids (LTAs). While the
exopolysaccharides are virulence markers, the involvement of genes linked to eDNA
and LTAs metabolism in the pathogenicity of S. mutans remains unclear. Objective
and Design: In this study, a parental strain S. mutans UA159 and derivative strains
carrying single gene deletions were used to investigate the role of eDNA (AlytS and
AlytT), LTA (AdItA and AdItD), and insoluble exopolysaccharides (AgtfB) in virulence
in a rodent model of dental caries (rats) and a systemic infection model (Galleria
mellonella larvae). Results: Fewer carious lesions were observed on smooth and
sulcal surfaces of enamel and dentin of the rats infected with AlytS, AdItD, and AgtfB
(vs. the parental strain). Moreover, strains carrying gene deletions prevented the killing
of larvae (vs. the parental strain). Conclusions: Altogether, these findings indicate that

inactivation of IytST and dItAD impaired S. mutans cariogenicity and virulence in vivo.

*Artigo escrito seguindo as normas bibliograficas da revista J Oral Microbiology (ANEXO A). Disponivel
em: https://www.tandfonline.convdoi/full/10.1080/20002297.2019.1607505
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Keywords: exopolysaccharides, eDNA, lipoteichoic acids, dental caries, systemic

infection, oxidative stress
INTRODUCTION

Streptococcus mutans is considered a primary agent for dental caries
development since it metabolizes dietary sugars into organic acids and produces
exopolysaccharides, which trap acids in microniches within biofilms and at the interface
between biofilms and tooth surfaces, causing tooth demineralization [1,2]. In addition,
S. mutans can also cause systemic infections when it reaches the bloodstream
(bacteremia) and persistin tissues such as the heart (endocarditis) [3-5]. In both cases,
S. mutans uses its ability to form biofilms and to withstand environmental stresses
(oxidative, nutritional, among others). Biofilms are communities of microbial cells
structured and organized in a dynamic environment, covered and embedded within a
three-dimensional (3D) extracellular matrix [6,7]. The matrix of cariogenic biofilms
formed by S. mutans are rich in exopolysaccharides and contain extracellular DNA
(eDNA) and lipoteichoic acids (LTA) that interact with exopolysaccharides [8]. While
exopolysaccharides are proven cariogenic factors [2], it remains to be determined how
genes associated with eDNA and LTA metabolism affect the occurrence of dental

caries and systemic infection.

The presence of carbohydrates (sucrose and starch) contributes to the formation
of the matrix in cariogenic biofilms. The matrix provides stability and structural integrity
by allowing bacteria to adhere to tooth surfaces and provide protection against harmful
environmental stimuli or other attacks [9]. The adhesion mechanism is guided by the
glucosyitransferase (Gtfs) exoenzymes, which synthesize exopolysaccharides [9].
Furthermore, when carbohydrates are present in the oral cavity, acid production in the
biofilm increases [10]. Organic acids can be retained in low pH niches within the biofilm
because the exopolysaccharide-rich matrix prevents neutralization of these acids by
saliva [11]. S. mutans encodes three different Gtfs, namely: GtfB, which produces
water-insoluble exopolysaccharides (glucans); GtfC, which produces both water-
soluble and -insoluble exopolysaccharides (glucans); and GtfD, which produces
soluble exopolysaccharides (glucans); these enzymes are also known as Gtf-l, Gtf-Sl,

and Gtf-S, respectively [9].
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In addition to exopolysaccharide production, S. mutans can release eDNA and
LTA that will interact with exopolysaccharides [8,12]. Sucrose and starch induce the
expression of gtfB [13,14], the two-component system IytST (associated with cell lysis
and cell-wall remodeling) [13,14], and the operon dItABCD (related to LTA metabolism)
[13,15]. This augmented expression increases the abundance of exopolysaccharides,
eDNA and LTA that enable the construction of a bulky and sturdy extracellular matrix
in S. mutans biofilms [8,14,16].

eDNA can be released during cell lysis and via microvesicles [17]. Reduction in
IlytST gene expression results in a decrease in eDNA presence in the matrix during the
biofilm development process [14]. LTA is a cell wall polymer of Gram-positive bacteria,
consisting of 1,3-polyglycerol-phosphate bound to the cell membrane by a lipoprotein,
which during the remodeling of the cell wall or cell division, can be released into the
extracellular environment [18,19]. LTA plays a significant role in the colonization of
Gram-positive bacteria, contributing to the formation and pathogenicity of biofilms, and
is associated with adherence and colonization of oral streptococci [20,21]. D-alanine
promotes adhesion and biofilm development [22,23] and the dItABCD (D-alanyl-LTA)
genes metabolize these residues during LTA synthesis [24]. Of note, activation of the
dItA and dItD genes occurs during the early stages of matrix formation in mixed-species

cariogenic biofilms [15].

In an in vitro study the S. mutans deletion strains AlytS, AlytT, AdItA, and AdItD
contributed to an increased amount of extracellular eDNA and LTA in the matrix of
biofilms, compared to either the parental S. mutans strain, UA159, or the AgtfB strain
[8]. The presence of eDNA and LTA in the matrix resulted in an increased amount of
soluble and insoluble exopolysaccharides, indicating that these biofilms could be more
cariogenic (with a potential to cause increased caries) [8]. Thus, the evaluation of these
genes associated with the essential components of the matrix (exopolysaccharides,
eDNA and LTA) may help to clarify their contribution to the pathogenicity of S. mutans.
Moreover, itis still unknown how these deletion strains behave when subjected to a
systemic infection model. Thus, it is essential to clarify the functions of IytST and dlt
genes to better understand the biology of S. mutans and to direct therapies to control
biofilm formation by this species. The purpose of this research was to analyze the

virulence of the IytST and dItAD genes of S. mutans in the development and severity
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of carious lesions (in a rodent model of dental caries) and virulence in a systemic

infection model (Galleria mellonella).

MATERIAL AND METHODS
Bacterial Strains

Streptococcus mutans UA159, serotype ¢ (ATCC 700610), a proven cariogenic
organism, was the parental strain used in this study. Mutant strain derivatives of UA159
were created carrying deletions in IytS, IytT, dItA and dItD. The deletion strains for IytS,
IytT [25], dItA, and dItD [26] came from the collection of mutant strains created in the
Quivey laboratory (kindly provided by Dr. Robert G. Quivey Jr, Center for Oral Biology,
University of Rochester, Rochester, NY). In addition, a strain defective in gtfB was
used as a control, because it displays impaired biofilm formation in vitro [11,27], and
reduced pathogenicity in vivo [28]. The gtfB mutant was kindly provided by Dr. Robert
A. Burne (Department of Oral Biology, University of Florida, Gainesville, FL). The
strains were stored at —80°C in tryptic soy broth containing 20% glycerol and were
plated on blood agar plates or BHI agar plates with erythromycin (5 pg / mL, Sigma)

before use in the following assays.

Rat model of dental caries

The animal experiment was reviewed and approved by the Ethical Committee on
Animal Research at the University of Campinas (CEUA - Ethics Committee on Animal
Use/UNICAMP, Campinas, SP, Brazil, process number 4463-1 / 2017) (ANEXO B)
and was performed according to methods previously described [29,30]. An overview
of the experimental design is shown in Figure 1. A total of 56 SPF (Specific Pathogen
Free) female W.istar rats, aged 19 days were provided by CEMIB/UNICAMP
(Multidisciplinary Center for Biological Research, Campinas, SP, Brazil). From the
arrival of the animals until the end of the experiment, the animals were kept in a room
of the vivarium for research using Genetically Modified Organisms (GMOs), authorized
and approved by the GMO Biosafety Committee from FOP/UNICAMP (A001-2017)
(ANEXO C).
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On the day after the arrival of the animals, the animals were randomized to form
four groups composed of 14 animals, using ear tags. The four groups were color-
coded, so the investigators handling the animals were blinded to the strain that would
be used for infection. The black group was infected with the parental strain, UA159
(positive control strain). The red group was infected with AgtfB (a reduced-caries-
causing control to which the caries-causing potential of the tested strains was
compared). The blue and green groups were infected with AlytS and AdItD,

respectively.

Each animal was weighed (COMTEC 426-1070) and the data recorded. Initial
screening was performed to verify that the animals were not colonized with mutans
streptococci. A sterile cotton bud (Labor Import), wetted in saline solution (0.89%
NaCl), was used to swab the rat mouths. Each oral swab was struck on a Mitis
Salivarius agar plate without antibiotic (MSA) and on a Mitis Salivarius agar plate
containing 0.2 U of bacitracin per ml (MSB). The plates were incubated (37°C, 95%
(Vv) air/ 5% (viv) COz2, 48h) and the morphologies of colonies were visually evaluated

to ensure that the animals were free of mutans streptococci colonization.

Biofilm and inocula preparation for caries animal study. The four strains (parental
strain UA159 and deletion strains AgtfB, AlytS, and AdItD) were grown in biofilm
cultures on glass rods in the presence of sucrose. It has been shown that using biofilm
cultures as the inoculum in the rat mouth enhances their ability to colonize tooth
surfaces [31,32]. On day one of biofilm growth, 50 pL of each strain was transferred to
a tube containing TY (tryptone plus yeast extract, Difco) and 2% sucrose (Dinamica®
/ 1894-1), antibiotic was added to media for cultures of the deletion strains. After
incubation at 37°C in a 95% (v/v) air/ 5% (v/v) CO2 atmosphere for 24h (day two of
biofilm growth), each rod was transferred to new tubes with fresh media containing 2%
sucrose. These cultures were incubated under the same conditions described above,
and the rods transferred to fresh media again on day three of biofilm growth. On day
four of biofilm growth, biofilms were scraped off the rods and transferred to a new tube
containing fresh media, then incubated as above. After 18h, these cultures were plated
on MSB agar plates and incubated for 48h, after which time the plates were stored at

4°C to be utilized as inocula to infect the animals.

On the day before the arrival of the animals, starter cultures were prepared by

inoculating 10 mL of TY liquid medium containing 1% glucose (Synth) with colonies
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from the plates described above. Two tubes were prepared for each strain and
incubated at 37°C in a 95% (v/iv) air/ 5% (v/iv) CO2 atmosphere. After 18 h, the starter
cultures were diluted in TY liquid medium containing 1% glucose (1:20 dilution). The
diluted cultures were allowed to grow to an O.D.s4onm ~ 0.5. Each culture was then
transferred to a 50 mL tube containing 14 swabs. These tubes were maintained on ice
until shortly before inoculating the animals' mouths, at which time the cultures were

warmed to room temperature.

Infection and maintenance of animals. Rats were infected with the cultures
described above by oral swabbing four times, on four consecutive days (as outlined in
Figure 1). After these four infection procedures, a confirmatory screening was
performed to verify the presence of the S. mutans strains in the mouth of each rat,
similar to the procedure used in the initial screening. Immediately after the confirmatory
screening, the animals were transferred to suspended cages (two animals per cage),
where they remained for five weeks until sacrificed.

After the firstinfection, the rats’ dietwas replaced with Diet 2000 (containing 56%
sucrose [Table S1; 33]). The animals were given sterile, distilled, deionized, water
containing 5% sucrose, ad libitum. The ad libitum cariogenic diet used during the five-
week experimental period is an established method for allowing the development of
carious lesions on the dental surfaces [9]. The animals were weighed weekly (Figure
S1). In the second and fourth weeks, the vitamin Vitagold Potenciado (Fabiani Saude
Animal, S&o Paulo, Brazil) was added to the drinking water (20 mL per 10 L of water)

to prevent hair loss.

Recovery of jaws from animals. The animals were euthanized by anesthesia using
Ketamine (Dopalen 1000mg / 10 mL - Ceva ®) (300 mg / kg) and Xylazine (Anasedan
2000mg/ 10 mL - Ceva ®) (30 mg / kg), followed by decapitation.

The lower left jaw of each animal was aseptically dissected and was suspended
in 5 mL of sterile 0.89% NaCl solution. The jaws were sonicated twice, with a 10-s
interval between probe sonication for 30 s at 7 W (Vibracell, Sonics and Material Inc.,
Newtown, CT). Aliquots of each biofilm suspension were used for 10-fold serial
dilutions. The dilutions 1:10, 1:100 and 1:1000 and undiluted suspension were seeded
on blood agar medium (for total cultured microbiota) and MSB agar medium (for S.

mutans), and the plates were incubated for 48 h at 37°C in a 95% (v/iv) air/ 5% (v/v)
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CO2 atmosphere. The blood agar plates were incubated for another 24h at 37°C.
Colonies were counted and used to calculate CFU in 5 mL of biofilm suspension

(CFU/biofilm). All jaws were stored at -20°C until manual dissection for caries scoring.

Caries Scoring. The teeth were prepared for caries scoring according to Larson’s
modification of Keyes’ system [34]. One calibrated examiner performed the caries
score of the codified jaws. The smooth surface caries scoring (buccal, morsal,
proximal, lingual, and palatine) was done using a stereoscopic Zeiss magnifying lens
(Stemi SV 6).

Before performing caries scoring on sulcal surfaces, the samples were prepared
as follows: The jaws were painted with transparent nail polish to strengthen the
structure and left to dry for 24 h. Murexide (SIGMA M-2628) dye solution (0.24 mg/mL)
was used to stain the jaw and left to dry for 18 h. A sagittal cut was made in the jaws
with carbide disc coupled to a micromotor (mc52 - dent) to allow for better visualization
of the sulcal surface. Caries scoring was performed on the sulcal surfaces using a

stereoscopic Zeiss magnifying lens (Stemi SV 6).

Infection study in the invertebrate model Galleria mellonella

Five deletion strains (AgtfB, AlytT, AlytS, AdItA, and AdItD) and the parental strain
(UA159) of S. mutans were used to examine pathogenicity in the Galleria mellonella
model of infection. The strains were cultured as described in Bacterial Strains. Starter
cultures of each of the six strains were prepared in 10 mL of TY liquid medium
containing 1% glucose and incubated at 37°C in a 95% (v/v) air/ 5% (viv) CO2
atmosphere. After 18 h, the cultures were diluted in TY liquid medium containing 1%

glucose (1:20 dilution) and grown to an O.D.s40nm ~ 0.5.

Cells were collected by centrifugation (6,500 x g / 4°C / 15min, Hettich
Zentrifugen, rutin 420R) and pellets were washed twice with 3 mL of sterile 0.89% NaCl
solution. Cell pellets were resuspended in 3 mL 0.89% NaCl. Briefly, a 100 yL aliquot
of each strain suspension was transferred to a tube containing 900 uL of 0.89% NaCl
solution to perform 10-fold serial dilutions. The 10-7 dilution was plated on blood agar
(in triplicate), and the plates were incubated at 37°C in a 95% (v/v) air/ 5% (v/iv) COz2
atmosphere. After 48h, the colonies were counted and used for the calculation of CFU.

A heat-killed control for each strain was incubated for 40 min at 85 °C.
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The systemic infection of G. mellonellawas performed as described previously
[35-37]. The larvae were stored at 32°C, in the dark, in a greenhouse (SOLAB BODSL-
200/364, Solab, Piracicaba, Brazil) until the experiment. For each bacterial strain
tested, a group of 10 larvae, varying from 200 to 300 mg and without signs of
melanization, were selected for inoculation with the six strains of S. mutans (parental
UA159, AgtfB, AlytT, AlytS, AdItA, and AdItD) and the heat-inactivated control strains

(all infections were performed in triplicate).

Five uL of S. mutans from each strain containing 1-1.5 x 108 CFU was injected
intra-hemocoel via the last left proleg using a Hamilton syringe (Hamilton, Reno NV)
[38]. After injection, the larvae were placed in Petri dishes for incubation at 37°C ina
95% (v/v) air/ 5% (viv) CO2 atmosphere. The appearance of melanization and larval
survival were recorded three times per day according to the G. mellonellaHealth Index
Scoring System [39]. The larvae were classified as dead when they displayed no

movement in response to touch.

Tolerance to oxidative stress by hydrogen peroxide (H202)

Planktonic cultures and biofilms of the six strains of S. mutans (parental UA159,
AgtfB, AlytT, AlytS, AdItA, and AdItD) were subjected to an H202 challenge, as
oxidative stress is part of the innate immune system of G. mellonella [38,40]. The
planktonic cultures were grown as described above for the infection of larvae. Cultures
were exposed to 0.2% H202 for 0, 5, 15, 30 and 45 minutes. Atthe end of the exposure
time, aliquots (100 pL) were used for 10-fold serial dilutions that were plated on blood

agar plates.

The biofilm cultures were grown on vertically placed hydroxyapatite disks (1.25
cm diameter, Chromatography products Clarkson, Inc., South Wiliamsport, PA),
coated with filter-sterilized clarified human whole saliva (sHA). The saliva and pellicle
preparation were performed as described before [8]. The saliva collection and use were
approved by the Institutional Ethics Committee on Human Research at UNESP (CAAE:
31717914.3.0000.5416) (ANEXO D). Biofilm formation was performed as described by
Castillo Pedraza at al. [8]. Briefly, the strains were grown in tryptone-yeast extract broth
(TY, 2.5% tryptone, 1.5% yeast extract) containing 1% glucose at 37°C in a 95% (v/v)
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air/ 5% (viv) CO2 atmosphere until reaching late exponential growth phase (ODs40nm
~1.0).

Next, each strain was inoculated individually (106 CFU mL™)in 2.8 mL of TY with
0.1% sucrose and 25% saliva and incubated at 37°C in a 95% (v/v) air/ 5% (viv) COz2
atmosphere. The beginning of this incubation was considered day 0 (biofilm age 0 h).
At 19 h, the culture medium was replaced by transferring the custom-made disk holder
with nascent biofilms to wells containing fresh medium (TY + 0.1% sucrose and 25%
saliva) using forceps. After 29 h of biofilm growth, biofiims were transferred to TY
containing 0.5% sucrose, 1% starch, and 25% saliva to increase the amount of
carbohydrate serving as substrates for microbial metabolism and matrix accumulation.
The culture medium was then changed twice daily (8 am and 6 pm) until the end of the
experimental period. Thus, the biofilms were kept immersed in 0.1% sucrose/25%
saliva for 10 h, and in 0.5% sucrose/1% starch/25% saliva for 14 h. Biofiims were
grown up to 67 h, and during all ages were incubated with the same initial environment
as 0 h (at 37°C in a 95% (v/v) air/ 5% (v/iv) CO2 atmosphere).

At 67 h biofilms were removed from the culture medium, rinsed (three times) with
0.89% NacCl solution, and transferred to wells of a 24-well plate containing 0.2% H202
and incubated for 15, 30 and 45 min. At time O min, biofilms were incubated without
H202. At the end of the exposure time, the disks were transferred to tubes containing
2 mL 0.89% NaCl solution and sonicated for 10 min (in an ultrasonic bath) to harvest
biofilms from the disks. The disks were scraped with a sterile spatula to remove
residual biofilm. The biofilms were homogenized with a probe for 30 s at 7 W
(Sonicator model Q125, QSonica). From these biofilm suspensions, aliquots (100 pL)

were used for 10-fold serial dilutions that were plated on blood agar plates.

For both planktonic and biofilm cultures, the plates were incubated for 48 h at
37°C in a 95% (v/v) air/ 5% (viv) COz2 atmosphere and the colonies were counted to
obtain CFU/mL (planktonic cultures) or CFU/biofiim (biofilms). The population

recovered at 0 min was set at 100% per strain for planktonic and biofilm cultures.

Statistical analyses

The virulence potential of the different deletion strains and the parental strain of

S. mutans were analyzed using Prism 7 software (GraphPad Software, Inc.). The
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microbial population data (total culturable microbiota, S. mutans, and percentage of S.
mutans) recovered from rats were evaluated with analysis of variance (ANOVA) one-
way followed by Tukey's test (a = 0.05). The development of carious lesions was
evaluated by two-way ANOVA, followed by the Tukey's test (a = 0.05) using as factors
“S. mutans strain” and “type of caries lesion on smooth and sulcal surfaces”. The
amount of CFU inoculated per strains of S. mutans in G. mellonella larvae was
analyzed by one-way ANOVA, followed by the Tukey's test (a = 0.05). The virulence
potential of S. mutans in the invertebrate model was assessed using the Kaplan-Meier
survival curve and estimates of survival differences were compared using the log-rank
test. Oxidative stress tolerance (H202) was evaluated using ANOVA two-way followed
by Tukey's test (a = 0.05) using as factors “S. mutans strain” and “exposure time” for

both planktonic cultures and biofilms.

RESULTS
Loss of lytS and dItD reduced caries formation in arat model

Total cultivable flora recovered from rats used in a model for caries formation
revealed that rats infected with the parental strain UA159 and the AgtfB and AlytS
strains, did not show significant differences between them, but the AdItD strain had
fewer CFU/mL, compared to the parental strain UA159 (p = 0.0224, one-way ANOVA,
followed by the Tukey's test; Figure 2(a)). Infection with the AgtfB strain, our reduced
caries control, resulted in a lower S. mutans population, compared to the other strains
tested (parental strain UA159 and AlytS strain) except for the AdItD strain (no
significant difference between AgtfB and AdItD; Figure 2(b)). The proportion of S.
mutans in the total microbiota was higher for the parental strain UA159 compared to
all deletion strains tested (p < 0.0001, one-way ANOVA, followed by the Tukey's test;
Figure 2(c)). Moreover, the percentage of S. mutans for AgtfB was lower than for AlytS
(p = 0.0027), and there was no difference between AgtfB and AdItD strains (p =
0.2036). Therefore, there was a successful implantation of S. mutans in the oral

microbiota of all rats evaluated.

All strains tested caused dental caries on smooth and sulcal surfaces (Figure 3).
There were significant changes in smooth carious lesion scores for rats infected with

the deletion strains, compared to UA159 (Figure 3(a)); however, there was not a
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significant difference among the mutant strains. Animals infected with the AlytS strain

exhibited a greater number of smooth surface carious lesions on enamel (E) and dentin
(Ds and Dm) than rats infected with AgtfB and AdItD (Figure 3(a)). None of the mutant
strains tested caused severe dentinal caries (DxX) on smooth and sulcal surfaces,
though the rats infected with the AlytS strain displayed a significantly higher number of
slight dentinal caries (Ds) on smooth surfaces than the AdItD strain (Figure 3(a)).
These data suggest that lytS and dItD could play an important role in the development
of caries on smooth surfaces. This observation has already been recorded for smooth

surface lesions in animals infected with a AgtfB strain [28].

Sulcal carious lesions were reduced in rats infected with mutant strains,
compared to infection with UA159. Moreover, there was no difference between the
mutant strains in severity, but their scores were lower than those from UA159 infected
animals (Figure 3(b)). Importantly, animals infected with the deletion strains also did
not display Dx lesions on sulcal surfaces, suggesting that the products of the IytS, dItD
and gtfB genes could also play an essential role inthe development of caries on sulcal
surfaces. Further, the loss of IytS, ditD and gtfB not only influenced the development

of cariogenic biofilms in vitro [8] but also in vivo.

Strains carrying gene deletions gtfB, IytT, lytS, dItA, and dItD prevented the
killing of G. mellonella larvae

The deletion strains were then tested in an in vivo model of infection, Galleria
mellonella. Using similar inocula (Figure S2), all the deletion strains were able to
survive longer in the larvae than the parent strain, UA159, which killed all larvae after
67 hours of infection (Figure 4; Table S2). In addition, only 7% of the larvae inoculated
with AgtfB survived at 72 hours, demonstrating higher systemic virulence potential of
this strain when compared to the other deletion strains. Specifically, the larvae
inoculated with AlytT (16.6%), AlytS, (40%), AdItA (40%) and AdItD (50%) showed a
higher percentage of survival at 72 hours after inoculation. Thus, the AdItD strain was
significantly less able to cause larvae kiling, compared to the other deletion strains
tested (Figure 4). These results indicate that the products of the genes examined in

this study may play a role in influencing how S. mutans thrives in systemic infections.
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S. mutans strains tolerance to hydrogen peroxide

To further examine the mechanism by which the gene deletion strains were able
to survive in the G. mellonellalarvae, the ability of the strains, grown in planktonic or
biofilm cultures, to survive exposure to H202 was determined. In planktonic cultures,
the parental strain exhibited the greatest ability to survive a peroxide challenge
following 45 minutes of exposure. There was a gradual decrease in the survival
percentage of S. mutans in planktonic cultures (Figure 5(a)) and biofilms (Figure 5(b))
of AlytT, AlytS, AdItA, and AdItD strains after exposure to H202, except for the
planktonic culture of AlytT that increased its population when it passed from 30 to 45
min. However, the AgffB strain was significantly better able to withstand a peroxide
challenge when grown in a biofilm culture. This finding suggests that a decreased
amount of insoluble exopolysaccharides found in the extracellular matrix of AgtfB
biofilm cultures [8] did not facilitate H202 killing, and other factor(s) may be playing a
role (e.g., cell membrane composition and turnover). The ability of the AgtfB strain to
persist in biofilm cultures exposed to H202 is borne out in the results observed in our

in vivo G. mellonellainfection model (Figure 4).

DISCUSSION

The present study demonstrated that the lytST and dItAD genes affect S. mutans
virulence in arodent model of caries and a systemic infection assay. All rats infected
with the S. mutans parental strain UA159 and deletion strains developed carious
lesions. Greater numbers of enamel and dentinal lesions were measured in teeth of
animals infected with the parental UA159 strain on the smooth and sulcal surfaces of
the animals’ teeth. However, in the animals infected with the deletion strains AgtfB,
AlytS and AdItD, caries lesions were less severe; moreover, these deletion strains did
not cause severe dentinal caries. Thus, the absence of the products encoded by gtfB,
lytS and dItD resulted in decreased cariogenicity of S. mutans. In addition, loss of the
gtfB, IytS, IytT, dItA, and dItD gene products prevented the killing of G. mellonellalarvae
after systemic infection with S. mutans (compared to the UA159 parental strain),
indicating that these five gene products may also influence systemic infections, by
reducing the virulence of the organism. This reduction in systemic infection may be in

part due to the absence of these genes made the deletion strains (except AgtfB) more



32

susceptible to oxidative stress, which is part of the innate immune system of G.

mellonella.

The two in vivo models were selected with distinct purposes; the rodent model
was to assess the cariogenic potential of strains with deletion of specific genes, and
the invertebrate model as an incipient model to evaluate whether the deleted genes
could impair systemic infection potential of S. mutans. Specifically, because the
deletion strains caused fewer caries lesions with lower severity (vs. the parental strain),
the specific genes (and their products) could be targets for directed
preventive/therapeutic approaches. Thus, if such approaches would be implemented,
there was no information whether targeting these genes would interfere with S. mutans
behavior in case of bacteremia (e.g., once it goes to the host bloodstream during oral
hygiene procedures like flossing). There was no information whether the attenuated
virulence phenotype to cause caries would also present an attenuated phenotype in a
systemic infection. Therefore, a simple systemic model (larvae) was selected to verify

how the deletion strains would affect S. mutans virulence.

In the caries model, the microbial population recovered from rats showed a higher
proportion of S. mutans in the total microbiota for UA159 versus deletion strains (15-
fold for AgtfB, 3-fold for AlytS, and 6-fold for AdItD). Recently, a library of UA159
transposon mutants was inoculated in mice to identify genes that are important for
colonization and survival in the oral cavity; after 3 weeks, the mutant strains gtfB, dItC,
ditD, and IytT presented lower recovery, while dItA, ditB, and IytS were recovered at
similar rate as UA159, but no caries status was reported [41]. Here, the deletion strains
AdItA and AdItD growth in TY+1% glucose was slower compared to the parental strain
UA159 and the deletion strains AgtfB, AlytS, and AlytT. These two strains took 40 to
60 min more to reach mid-exponential (O.D.s4onm ~ 0.5) and late exponential growth
phase (O.D.saonm ~ 1.0). Thus, only AdItA and AdItD presented a slow-growth defect
that may explain in part the outcome for lower colonization in the rats’ teeth and fewer
and less severe carious lesions observed. Initial work with AlytT (AlytR) grown in Brain
Heart Infusion broth demonstrated a defect in cell division leading to longer chains
because of defects in autolysin activity but without changes in planktonic growth rate
or biofilm formation [25]. Later, in a comprehensive study of a genomic collection of
gene deletion mutants, the strains were categorized into several growth traits [26]. Both

AdItA and AdItD had poor acid survival in planktonic cultures and single-species biofilm
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formation deficiencies on polystyrene surfaces inthe presence of sucrose or glucose
[26]. The deficiency in biofilm formation on hydroxyapatite was not observed in our in
vitro study, which used TY culture media with saliva and sucrose alternated with
sucrose plus starch [8]. Furthermore, the pH of spent culture media did not differ
between strains grown in single-species biofilms, indicating that all strains grew as pH
of culture media dropped from 7.0 to ~4.5 [8]. Nevertheless, the slower growth and
lower acid tolerance of AdItA and AdItD may contribute to the lower percentage of S.

mutans recovered and fewer (and less severe) caries lesions.

In the current study, for smooth surfaces, UA159 yielded >50% more lesions than
the deletion strains on enamel, while it caused the highest amount of caries lesions in
dentin (>80% more cavities). For sulcal surfaces, UA159 yielded =30% more lesions
than the deletion strains on enamel, while UA159 also caused a higher amount of
caries lesions in dentin (being >60% more severe than the deletion strains). S. mutans
possesses several virulence factors associated with cariogenicity such as adhesion
capacity, acidogenicity, acid tolerance, production of bacteriocins (mutacins) and
biofilm formation [10,42]. However, the ability to synthesize water-insoluble
exopolysaccharides is a trait that makes S. mutans a significant pathogen of dental
caries [2]. The synthesis of exopolysaccharides depends on the expression of Gtfs by
this microorganism in the presence of dietary carbohydrates [9]. Lack of working gtfB
was related to low levels of carious lesions on the smooth surfaces of rat teeth [28,43].
Thus, it was expected that the AgtfB strain would cause less carious lesions on the

surfaces of the teeth in the present study.

The infection by AlytS caused fewer caries lesions in enamel and dentin of rats
than the parental strain UA159. Thus, the interruption of the two-component system
IytST affected S. mutans cariogenicity. The IytST complex is essential for IrgAB
expression in S. mutans, which participates in oxidative stress tolerance, biofilm build-
up and regulation of autolysis [44,45]. The eDNA released by autolysis interacts with
GtfB and LTA and affects the production of exopolysaccharides, colonization by S.
mutans, and construction of the extracellular matrix [8,12,17]. Previously, our group
described an increased amount of eDNA in the matrix of in vitro biofilms formed by
AlytS and AlytT [vs. the parental strain; 8]. We proposed that the loss of these genes
was affecting S. mutans cell metabolism by increasing cell wall turnover, thereby

increasing the secretion of microvesicles containing eDNA [17], or triggering additional
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pathways that culminate in the augmented release of DNA into the matrix [8]. The
induction of additional pathways could explain the decreased cariogenicity of AlytS in

vivo observed in this study.

In addition, the AdItD strain also showed a lower number of caries lesions in
enamel and dentin of rats (versus the parental strain UA159), suggesting that the
product of the dItD gene could also be involved in the cariogenicity of S. mutans. This
finding was expected since the dItABCD operon genes are required for the addition of
D-alanine residues during LTA synthesis [19]; these residues affect bacterial adhesion
to the surface and formation of biofilms [22,23,46,47]. Also, a previous in vivo study
induced the expression of the dItABCD operon and demonstrated a higher occurrence
of caries [48]. Furthermore, the S. mutans proteins encoded by the dItA, dItC and dItD
genes were abundant during the early stages of cariogenic biofilm formation and were
related to the amounts of intracellular polysaccharides [15,23]. Therefore, the loss of
genes related to the synthesis of exopolysaccharides, eDNA, and LTA metabolism

impairs cariogenicity of S. mutans.

In an earlier invitro study, it was expected that the deletion of IytS and IytT would
decrease the amount of eDNA, and deletion of dItA and dItD would reduce the quantity
of LTA in the matrix (versus the parental strain). However, the data showed more eDNA
and LTA in biofilms with the respective deletion strains and that the 3D structure was
distinct [8]. Based on these data, it was expected that the strains yielding more eDNA
and LTA in the matrix would cause more caries lesions; but this was not the outcome
in the rodent model of dental caries here. An explanation is that the deletion of IytST
and dItAD alters S. mutans physiology to form biofilms with distinct quantities of
extracellular matrix components in vitro [8]. These traits could be because of alterations
in the cell wall turnover and composition (and charge), as suggested previously
[13,44,45,49,50]. The cell wall works as an ‘anchor’ for matrix components to connect
to cells surface and mediates cell-cell binding, cell-matrix, cell-matrix-dental surface.
Hence, alterations in this ‘anchor’ could lead to a weaker, smaller (with fewer cells
connected to each other and to the matrix; that is, lower percentage of S. mutans
recovered from rats’ dental biofilms) and more ‘porous’ 3D structure that would retain
less acid inside the biofilm and at the interface biofilm/dental surface, causing fewer
caries lesions. Thus, a more ‘porous’ 3D structure might be related to the distinct

patterns of the distribution of bacteria and exopolysaccharides observed in the in vitro
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biofilms (vs. parental strain UA159), represented as percentage coverage per area
from the interface substratum/biofilm (hydroxyapatite disk) to the top (outer layer) of
each biofilm [8].

Oral bacteria can enter the bloodstream, and usually, bacteremia can be rapidly
eliminated by the immune system. However, it has been shown that if S. mutans
persists in the bloodstream, it can colonize the endothelial cells of the coronary arteries
[36]; the cerebral arterial wall [51], the renal arterial wall [52], and even reach the
hepatic veins in the liver [53]. G. mellonella has a pathogenic defense mechanism
similar to the innate immune system of mammals [54], and their hemolymph is
considered an analog to blood in vertebrates. This invertebrate model was used to
analyze S. mutans pathogenesis in systemic diseases such as bacterial endocarditis
[35-37]. Here, the deletion of the gtfB, IytS, IytT, dItA, and dItD genes caused lower and
slower larval mortality rates. However, the AgtfB strain had a higher capacity to kill
more larvae when compared to the other deletion strains. The larvae defense
mechanisms include a plasmacyte-mediated melanocyte process [38], and the
production of reactive oxygen species (ROS), enzymes, and antimicrobial peptides
[40]. But, as G. mellonellais a limited, preliminary systemic model, further studies will
need to be performed to address the contribution of these genes to S. mutans systemic
virulence. In addition, the mechanism by which S. mutans reacts to the stress caused

by the immune system of G. mellonellais still to be elucidated.

Nevertheless, S. mutans is susceptible to oxidative stress [55]. Here, the AlytS,
AlytT, AdItA and AdItD strains revealed lower tolerance to H202, making these genes
important for providing resistance to oxidative stress. The AgtfB strain showed greater
survival to H202 exposure than the other deletion strains, possibly due to the presence
of IytST and dItAD that could together alleviate the deleterious effects of hydrogen
peroxide. The lack of a protective matrix in AgtfB could render this strain more
susceptible to oxidative challenge, but the data showed an opposite outcome. Thus,
we hypothesize that the absence of a working gtfB gene changes the cell
wall/membrane making S. mutans cells more tolerant to oxidative stress when grown
in a biofilm. Further research is needed to pinpoint the exact mechanism for AgtfB
higher tolerance to H202 and explain why it killed more larvae than the other four
deletion strains tested. For example, transcriptomic and/or proteomic analyses of AgtfB

challenged with H202 cold indicate the mechanisms involved in the observed tolerance.
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Nevertheless, previous gene expression analysis indicated that AgtfB might present a
slower turnover in the cell membrane in mixed-species biofilms [13, used the same

strain AgtfB used here], corroborating with earlier work using a AgtfBC strain [56].

Moreover, bacterial adaptation to changing environmental conditions is often
accomplished by TCSs that modulate gene expression in response to many stimuli
[57]. A previous study showed that the Cid/Lrg systems interact together to favor the
colonization of S. mutans against environmental stresses [58]. The expression of IrgAB
is dependent on the IytST genes and confers resistance to oxidative stress [44,45].
LWVtST (IytS: sensor kinase; IytT: response regulator) is required to activate the
expression of IrgAB, which are part of the S. mutans arsenal that controls biofilm
formation and autolysis [45]. The S. mutans IrgAB/IytST deletion strains exhibited a
decreased growth rate inthe presence of several ROS [44,45]. Before, the expression
pattern was distinct for lytS and IytT. The expression of lytS was influenced by pH and
abundance of carbohydrates, while IytT was expressed in very low magnitudes at
distinct developmental stages for both UA159 and AgtfB in mixed-species biofilms,
regardless of environmental pH or nutrient availability [13]. The similarity between both
types of biofiims indicates that IytT may interfere with multiple metabolic pathways

simultaneously.

Furthermore, as the AgtfB biofilm aged, the expression of lytS decreased, being
inversely proportional to the increase of expression recorded for IrgAB, which was not
observed for UA159 biofilms. Even though LytST controls the expression of IrgAB, a
AlrgAB mutant presented a distinct transcriptomic profile from the AlytS mutant [45],
suggesting that changes in gene expression by the mutation of IrgAB could be
independent of LWST [59]. Further comparison of transcriptomics and proteomics of a
AlrgAB mutant (vs. the parental strain) subjected to distinct oxidative, heat and
antimicrobial stresses indicated ‘that adaptation to a new environment may require
radical proteome turnover or metabolic remodeling’ [50]. Among the pathways (and
resulting products) were several genes/proteins involved in cell wall biogenesis
affecting cell wall turnover and stress tolerance (e.g., GtfC, AtlA, DItC) [50]. In addition,

alteration in the cell wall of dit mutants may also occur.

The deletion strains AdItA and AdItD exhibited the same behaviors as the AlytS
and AlytT when inoculated in G. mellonellalarvae. Thus, these genes could also be

contributing to the virulence of S. mutans in systemic diseases and cooperation for the
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tolerance to ROS products. Moreover, the expression of the dIt genes was related to
the resistance of S. mutans biofilms against gentamicin, a drug used to treat
endocarditis [49]. The AdItA showed a more negatively charged surface than the
parental strain, reducing the tolerance of the dItA mutant biofilms towards the positively
charged gentamicin [49]. Furthermore, it was shown that dItABCD affects the
susceptibility of S. mutans to cationic antimicrobial peptides (innate immune factors in
humans) [60]. It has been shown that a D-Ala analog can block the activity of DItA and
synergize with the peptidoglycan synthesis inhibitor of vancomycin, leading to growth
inhibition [61]. Additionally, a small molecule was identified as a LtaS enzyme inhibitor
[62] that inhibit the growth of several medically critical Gram-positive bacteria [62,63].
Our preliminary work with this small molecule has shown to inhibit S. mutans growth

in planktonic culture and biofilms (Castillo Pedraza at al., unpublished data).

Therefore, the higher survival of larvae infected with AlytS, AlytT, AdItA, and AdItD
may be related to the strains’ lower tolerance to oxidative stress after exposure to H20z,
and host antimicrobial peptides [60]. Thus, it is possible that changes on cell
wall/membrane in the deletion mutant tested here could explain some of the distinct
and even unexpected outcomes, and thus, future research on cell wal/membrane

composition and structure is warranted.

In conclusion, besides the roles that the IytST and dItAD genes play in the
development and composition of in vitro biofilms [8], the results from this study
demonstrate that they are also factors in the virulence of S. mutans in the development
of dental caries and systemic infection. Inhibition of these genes and their products
with specific therapies would help decrease the virulence of S. mutans to prevent the
deleterious effects of demineralization and reduce microorganism survival in systemic

infections.
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FIGURES
Maintenance of animals (five weeks of the experiment):
» Feed on diet 2000 (56% sucrose) and water with 5% sucrose (ad libitium)
+ Weighed weekly
Infection (four days): Four strains/groups Day of the sacrifice: Euthanasia,
(parental strain UA159 and deletion strains dissection of the left jaws to assess microbial
AgtfB, AlytS and AdltD) population in biofilm.
Aged 21 - 22 - 23 - 24 days
Initial week Final week
1 day of the Aged 25 days 37 days of the experiment
experiment Confirmatory screening
Aged 20 days Caries Scoring
* The animals were randomized, to form four Smoocth and sulcal
groups composed of 14 animals. surface

+ Each animal was weighed (initial weight).

+ Initial screening
SPF - Specific Pathogen Free

Figure 1. Experimental design for the rat model of dental caries.
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Figure 2. Microbial population recovered from the animals at the end of the
caries study. The total cultivable microbiota (A) and S. mutans strains (B) derived
from rats infected by parental strain UA159 and deletion strains AgtfB, AlytS and AdItD.
(C) The percentage of S. mutans (%) in the total cultivable microbiota. Bars with the
same letters indicate no statistical difference between the different strains in each
graph (p > 0.05; one-way ANOVA, followed by Tukey's test). The data represented are

the means, and the error bars correspond to the standard deviation (n = 14 per group).
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Figure 3. Influence of S. mutans strains on development and severity of dental
caries on smooth (A) and sulcal (B) surfaces. The data displayed are the means,
and the error bars correspond to the standard deviation (n = 14 per group). Bars with
the same letters, by type of caries lesion, indicate no statistically significant differences
between the strains (p > 0.05; two-way ANOVA, followed by the Tukey's test). In the
Dx category for both smooth and sulcal caries, no bars, other than S. mutans UA159,
are represented, since the three deletion strains AgtfB, AlytS, and AdItD did not yield
this type of lesion. E: Enamel; Ds: light dentin caries; Dm: moderate dentin caries; and

Dx: severe dentinal caries.
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Figure 4. Survival of G. mellonella larvae after infection with S. mutans parental
UA159 and deletion strains AgtfB, AlytT, AlytS, AdItA and AdItD. (B) Virulence of
S. mutans strains displayed by Kaplan-Meier survival curves. Estimates of differences
in survival were compared using the Matel-Cox Log-rank test. All larvae survived the
heat-killed (HK) control of all strains tested, therefore, the data shown for HK are

representative results from one strain.
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Figure 5. S. mutans parental UA159 and deletion strains AgtfB, AlytT, AlytS,
AdItA and AdItD tolerance to hydrogen peroxide. The graphs show the different
survival percentages of the strains population from planktonic culture (A) and biofilms
(B) after longitudinal exposure to H202. The data shown are the means, and the error

bars correspond to the standard deviation (n =6 per group).
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SUPPLEMENTAL MATERIAL

Table S1. Diet 2000.

Table S1. Contents of 2000 Diet (%)*
1% desiccated liver (DIFCO)
2% iodized salt (Cisne)
1% of proteinin Alfalfa (20.29% protein-Accorsi Medicinal Plants)
5% of yeast powder extract (DIFCO)
7% of whole wheat flour (Renata)
28% of skimmed milk powder (La Serenissima)
56% of powdered icing sugar (Malvalério)
*The dietary material throughoutthe experimentcame from the same manufacturing batch (Bowen etal., 1988).

A 200- B 200
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5 100- & 1004
5 5 - AlytS
50 504 -+ AditD
0- 01— ; T r . r
UA159 AgtfB  AlytS  AditD 1w 2w 3w 4w 5w Fw

Figure S1. The weight of rats during the dental caries experiment. (A) The overall
weight was similar between the different groups (p > 0.05, one-way ANOVA). The data
represented are the means, and the error bars correspond to the standard deviation (n
= 14 per group). (B) Longitudinal growth of rats. A significant increase in the weight of
all animals occurred within each group over time (p < 0.0001 for each strain, two-way
ANOVA and repeated measures, followed by Tukey's test). Thus, the Diet 2000 and
other care during the maintenance period allowed all rats to grow equally well, as
expected. These circumstances may provide anideal environment for the implantation
of microorganisms tested in the oral cavity.

1019

H

CFU logqg(inoculated)

UA159 AgtfB AlytS AlytT AdItA AdItD

Figure S2. Quantity of S. mutans parental UA159 and deletion strains AgtfB, AlytT,
AlytS, AdItA and AdItD inoculated into the hemocoel of G. mellonellalarvae in the three
experiments performed. The data represented are the means, and the error bars
correspond to the standard deviation.



Table S2. Summary of Galleria mellonella larvae percentage survival over time.

Time Strains

(h) UA159 | AgtfB AlytS AlytT AdItA | aditD HK

0 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
14 86.6 90.0 96.6 93.3 100.0 | 100.0 | 100.00
21 63.3 73.3 86.6 80.0 83.3 100.0 | 100.00
24 30.0 63.3 80.0 66.6 76.6 83.3 | 100.00
43 20.0 43.3 66.6 53.3 66.6 70.0 | 100.00
48 3.3 20.0 56.6 33.3 53.3 60.0 | 100.00
67 0.0 13.3 46.6 20.0 40.0 53.3 | 100.00
72 7.0 40.0 16.6 40.0 50.0 | 100.00
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Alllarvae sunived the heat-killed (HK) control of all strains tested, therefore, the data shown for HK are
representative results from one strain.
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Modulation of lipoteichoic acids and exopolysaccharides prevents

Streptococcus mutans biofilm accumulation
ABSTRACT

Background: Dental caries is a diet-biofilm-dependent disease. Streptococcus
mutans contributes to cariogenic biofilms by producing an extracellular matrix rich in
exopolysaccharides and acids. Objective: To determine the effect of topical
treatments with compound 1771 (modulates lipoteichoic acid—LTA metabolism) and
myricetin (affects the synthesis of exopolysaccharides) on S. mutans biofilms. Design:
In vitro S. mutans UA159 biofilms were grown on saliva-coated hydroxyapatite discs,
alternating 0.1% sucrose and 0.5% sucrose plus 1% starch. Twice-daily topical
treatments were performed with both agents alone and combined with and without
fluoride: compound 1771 (2.6 pg/mL), myricetin (500 pg/mL), 1771+myricetin, fluoride
(250 ppm), 1771+fluoride, myricetin+fluoride, 1771+myricetin+fluoride, and vehicle.
Biofilms were evaluated via microbiological, biochemical, imaging, and gene
expression methods. Results: The compound 1771 alone yielded less viable counts,
biomass, exopolysaccharides, and extracellular LTA. However, the combination
1771+myricetintfluoride decreased 3 logs of bacterium counts, 60% biomass, >74%
exopolysaccharides, and 20% LTA. The effect of treatments on extracellular DNA was
not pronounced. The combination strategy affected the size of microcolonies and
exopolysaccharides distribution and inhibited the expression of genes linked to
insoluble exopolysaccharides synthesis. Conclusions: Compound 1771 prevented
the accumulation of S. mutans biofilm; however, the effect was more pronounced when

it was associated with fluoride and myricetin.

*Artigo escrito seguindo as normas bibliogréficas da revista J Oral Microbiology (ANEXO A).
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Keywords: Biofilm, Streptococcus mutans, compound 1771, myricetin,

exopolysaccharides, lipoteichoic acids.

INTRODUCTION

Dental caries is a noncommunicable infectious disease that reaches a high
percentage of the world population without distinction of age and is the main factor
related to the loss of dentition [1-3]. Several factors interact for the disease occurrence
[4-6], and its development is associated with the transition from a healthy biofilm to a
pathogenic one [7,8]. Thus, strategies are needed to control cariogenic biofilm

development.

Among several species that comprise the oral microbiota, Streptococcus mutans
is considered an important etiological factor for dental caries in association with a
sugar-rich diet [8,9]. The uniqueness of this species is its ability to orchestrate the
cariogenic biofilm build-up by producing a three-dimensional (3D) extracellular matrix
rich in exopolysaccharides (EPS) that impedes diffusion and creates
microenvironments where metabolites such acids accumulate within the biofilm and at
the interface biofilm/teeth surface [10], leading to the demineralization of teeth enamel
[11]. This matrix also contains extracellular DNA (eDNA) and lipoteichoic acid (LTA)
[12-14]. This bacterium also produces acids and withstands acidic niches [15].

Dietary sucrose and starch are substrate and acceptors for EPS synthesis by S.
mutans exoenzymes glycosyltransferases (GtfB, GtfC, and GtfD) present on the
pellicle and microbial surfaces enabling local accumulation of microbes on the teeth
[16]. Also, fructans produced by a fructosyitransferase are a minor part of EPS in the
matrix [16]. Over time, these EPS build a matrix that embeds the microbial cells forming
a cohesive and diffusion-limiting milieu, creating acidic niches where cariogenic
species thrive and cause acid-dissolution of teeth [10,11]. Moreover, EPS-rich
extracellular matrix protects the microorganisms from antimicrobial therapies, and

provides viscoelasticity to biofilms, hindering its mechanical removal [13].

eDNA cooperates with EPS inthe early phases of biofilm development while LTA
participates in the maturation of matrix and biofilm [14]. The deletion of gtfB gene
affects the expression dynamics of eDNA-linked (IytST, IrgAB, ccpA) genes and
markedly decrease the expression of dIitB (from operon dItABCD linked to LTA
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metabolism) and EPS-associated genes (gtfBCD, gbpB, dexA) [17]. Most of those
genes have gene products involved with cell wal/membrane composition/structure,
indicating that these cell components turnover may be affected, thereby influencing
matrix and biofilm development. The inactivation of IytST, dItAD, and gtfB impaired S.
mutans cariogenicity in a rodent model, and its virulence in a systemic infection model
(Galleria mellonella larvae) [18]. Hence, strategies to modulate these genes and its

products could affect S. mutans pathogenicity.

Classical caries prevention strategies include exposure to fluoride (aid in the
remineralization process), restriction of dietary sugars (reduce substrate for microbial
metabolism for EPS and acid production) and mechanical removal of dental plaque
(brushing and flossing). In addition, chlorhexidine, a broad-spectrum bactericidal
agent, suppresses mutans streptococci levels in saliva but is less effective against
biofilms and has undesirable side effects [19]. Nevertheless, fluoride is the mainstay
for caries prevention as it has led to the significant reduction in decay; however, itoffers
incomplete protection against caries and does not address the infectious aspects of
the disease effectively, even though it can affect the glycolytic activity of streptococci
[20]. Extensive efforts for fluoridated drinking water have been in place, but it does not
reach the entire population, especially in Brazil [21]. Moreover, promoting fluoride
toothpaste would retard caries in populations but would not eliminate it, as caries
occurs in populations with good fluoride exposure [22]. Additionally, an increase in
daily dosage may lead to fluorosis of teeth and bones [23,24].

The use of fluoride combined with bioactive agents can improve the individual
action of fluoride and become an interesting strategy for cariogenic anti-biofilm
therapies. In this context, myricetin is a flavonoid that inhibits gtfBC expression and
EPS synthesis [25-27]. This flavonoid also affects S. mutans acidogenicity by hindering
the F-ATPase activity and glycolytic pH-drop [25]. In addition, the compound 1771 is a
small molecule (synthetic compound) that inhibits the synthesis of LTA in Gram-
positive bacteria Staphylococcus aureus [28] and Enterococcus faecium [29].
Therefore, here it was investigated whether the combination of myricetin, compound
1771 and fluoride influences S. mutans biofilm development by interfering with the
bacterium gene expression and metabolism that would hinder the extracellular matrix

build-up.
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MATERIAL AND METHODS
Experimental Design

An in vitro study with Streptococcus mutans was conducted to investigate the
antimicrobial and antibiofilm activity of compound 1771 and myricetin. The
antimicrobial activity was evaluated using planktonic cultures in microdilution assay to
determine the minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC). Next, S. mutans single-species biofilm based on two batch
culture approaches were used to investigate the anti-biofilm activity. First, the MIC and
2xMIC concentrations were used to evaluate the anti-biofilm effect of each agent using
a polystyrene microplate biofilm model by determining S. mutans viable population
(colony forming units or CFU/biofilm) and biomass (violet crystal method). After, 2xMIC
of both agents alone and combined with and without fluoride were used for twice-daily
topical treatments of biofilms formed on saliva-coated hydroxyapatite discs as
substrate. The study was approved by the Institutional Ethical Committee (CAAE:
31717914.3.0000.5416) (ANEXO D).

In the second biofilm model, the eight experimental groups that corresponded to
the distinct topical treatments were: compound 1771 (2.6 pg/mL), myricetin (500
pg/mL), compound 1771+myricetin, fluoride (250 ppm), compound 1771+fluoride,
myricetin+fluoride, compound 1771+myricetin+fluoride, and vehicle (3.2% ethanol plus
0.02% dimethyl sulfoxide—DMSO). After 67 h, biofilms were evaluated to determine
biofilm biomass, S. mutans viable counts, and extracellular matrix components (water-
soluble and -insoluble EPS, eDNA, and LTA). Furthermore, after 46 h of biofilm
development, gene expression of selected genes was performed, and confocal laser
scanning microscopy was used to visualize and quantify the structural components
(EPS and bacteria) of the biofilms. Moreover, during biofilm growth, the culture medium

was changed twice daily, and the pH values of the spent medium were measured.

Three independent experiments were carried out in triplicate for the antimicrobial
and anti-biofilm on polystyrene surface (n=9), while in duplicate for the anti-biofilm on
saliva-coated hydroxyapatite surface (n=6). The data were statistically analyzed
according to the factorial design of this study, considering each microplate well or
hydroxyapatite disc as a statistical block. The discs were randomly assigned for each

experimental group. Biochemical analyses of the extracellular matrix were performed
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to verify how specific agents or combination of agents influenced biofilm development
and consequent pathogenic potential. Our hypothesis was that interfering with EPS
synthesis and cooperation with eDNA and LTA by using selected bioactive agents
would hinder the development of S. mutans cariogenic biofilm. In addition, the

cytotoxicity of each treatment and vehicle was investigated.

Test agents

Compound 1771 and myricetin were acquired via MolPort ordering service;
compound 1771 was supplied by UkrOrg Synthesis Ltd (Cat. # PB25353228) while
myricetin was supplied by AK Scientific Inc (Cat. # J10595). Sodium fluoride was
purchased from Sigma-Aldrich Co. (St Louis, MO; Cat. # 71519). Stock solutions of
each agent were prepared. Compound 1771 was dissolved in the combination of
84.5% ethanol and 15% DMSO at a final concentration of 2 mg/mL (4.68 mM).
Myricetin was dissolved in 84.5% ethanol, with 1xPBS (Phosphate Buffered Saline, pH
7.2) at a final concentration of 15.912 mg/mL (50 mM).

For the antimicrobial activity assays (MIC and MBC), the concentrations used
were 166.7-1.302 pyg/mL for compound 1771 and 500-3.9 pg/mL for myricetin. For the
antibiofilm assays on the polystyrene surface, the concentrations used were MIC and
2xMIC. However, the concentrations selected for twice-daily topical treatments of
biofilms formed on saliva-coated hydroxyapatite discs as substrate were 2xMIC of both
agents, alone and combined with and without fluoride: myricetin or Myr (500 pg/mL),
compound 1771 or 1771 (2.6 pg/mL), compound 1771+myricetin or Myr+1771,
myricetin+fluoride (250 ppm) or Myr+F, compound 1771+fluoride or 1771+F,
compound 1771+myricetin+fluoride or Myr+1771+F, fluoride or F (250 ppm), and
vehicle or V (3.2% ethanol plus 0.02% DMSO). Thus, the topical treatments, the test
agents, including fluoride, were dissolved in 3.2% ethanol containing 0.02% DMSO
just before carrying out the assays. The concentration of fluoride was selected based

on the commercially available fluoride-based mouth rinse products [27,30,31].

Bacterial Strain and growth conditions

S. mutans UA159, serotype ¢ (ATCC 700610) strain stocks stored at —80°C in
tryptic soy broth containing 20% glycerol were plated on blood agar plates (37°C, 5%
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CO02/95% air atmosphere or 5% CO2, 48 h). Starter cultures were prepared by
inoculating 5 to 10 colonies in tryptone-yeast extract broth (TY; 2.5% tryptone, 1.5%
yeast extract, pH 7.0) containing 1% glucose tryptone broth and 1% glucose yeast
extract, followed by incubation for 16 h (37°C, 5% COz2). The starter cultures were
diluted 1:20in fresh TY+1% glucose and incubated until mid- exponential growth phase
for the antimicrobial and antibiofilm assays.

Antimicrobial activity

The antimicrobial activity was evaluated by determining the minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) using broth
microdilution following the Clinical and Laboratory Standards Institute [32], with some
modifications. The S. mutans cultures at the mid-exponential growth phase were
diluted in TY+1% glucose until reaching 2x108 CFU/mL. Aliquots of 100 uL of these
cultures were transferred to 96-well microplates. Next, treatments or vehicle were
added, so the final bacterial load was 1x108 CFU/mL, and the microplates were
incubated (37°C, 5% COz2, 24 h). In addition to treatments and vehicle, a microbial
growth control without treatment was included; controls per treatment without microbial
inoculation were also performed. Each treatment was performed in triplicates at three
distinct experiments. After 24 h of incubation, visual inspection of the wells (turbidity:
microbial growth, clear: no growth) and ODse2nm readings (ELISA plate reader,
Biochrom Ez, Cambourne, UK) were performed to determine MIC. Also, an aliquot of
each well was used for plating for a 10-fold serial dilution (10-1 to 10-%) in saline solution
(0.89% NacCl; Synth) to determine microbial cells viability by plating blood agar plates
(37°C, 5% COz2, 48 h). After incubation, the colonies were counted to obtain CFU/mL
and determine the MBC.

Antibiofilm assay using the polystyrene microplate model

The initial anti-biofilm assay was performed using the polystyrene microplate
model to investigate whether compound 1771 presented antibiofilm activity. Even
though it is known that myricetin has this activity [25-27], it was tested to ensure that
the one from the acquired here also had this property. Therefore, S. mutans cultures

at the mid-exponential growth phase were diluted in TY+1% sucrose until reaching
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2x10% CFU/mL. Aliquots of 100 pL of these cultures were transferred to 96-well
microplates. Next, treatments (MIC and 2xMIC) or vehicle were added, so the final
bacterial load was 1x10® CFU/mL, and the microplates were incubated (37°C, 5% COz2,
24 h) [33]. In addition to treatments and vehicle, a microbial growth control without
treatment was included; controls per treatment and medium without microbial
inoculation were also performed. After 24 h of incubation, the microplates were placed
on an orbital shaker at 75 rpm for 5 minutes (Quimis, Sao Paulo, BR). Next, the culture
medium with unbound microbial cells was removed, and remaining biofilms were

washed three times, with 0.89% NaCl solution to remove non-adhered cells.

The biomass of treated biofilms was assessed via violet crystal method. Briefly,
the washed biofilms were stained with an aqueous solution of 0.1% violet crystal and
incubated (25°C, 35 min). Next, the wells were washed using Milli-Q water and air-
dried for 60-90 min. Then, the violet crystal was eluted with 99% EtOH and incubation
during 5 minutes on the orbital shaker (37°C, 200 rpm). The eluted volumes were
transferred to another microplate, and the ODs7onm was measured on an ELISA plate
reader (Biochrom Ez). The readings per treatments and controls were converted into
the percentage of biofilm biomass inhibition by each treatment and compared to vehicle

control.

In addition, to verify the viable counts of the microbial population of treated
biofilms, the washed biofilms were removed from each well using pipet tips and 0.89%
NaCl solution and transferred to microtubes. Then, an aliquot of each biofilm
suspension was used for a 10-fold serial dilution (10-1 to 10-°) followed by plating on
blood agar plates (37°C, 5% COz, 48 h). After incubation, the colonies were counted
to obtain CFU/mL and calculate the log of microbial growth inhibition by each agent,

compared to vehicle control.

Biofilm formation on saliva-coated hydroxyapatite discs and topical treatments

Biofilms of S. mutans UA159 were formed on saliva-coated hydroxyapatite (sHA)
discs (surface area of 2.93 + 0.2 cm?, Clarkson Chromatography Products Inc., South
Williamsport, PA, USA) in batch cultures for 46 and 67 h, as detailed elsewhere [14].
Saliva and pellicle preparation were performed as described before [34]. Saliva was
donated by two volunteers who had not used antimicrobial treatments in the last three

months. Each volunteer rinsed their mouth with 5 mL of Milli-Q water, then masticate
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a piece of parafilm, collecting 5 mL saliva into a collection tube, which was then
discarded. Next, the volunteers continued masticating the parafilm and collected saliva
into anice-chilled tube. The saliva samples from all volunteers were pooled and diluted
1:1 with adsorption buffer (AB buffer: 50 mM KCI, 1 mM KPO4, 1 mM CaClz, 1 mM
MgClz, 0.1 mM Phenylmethylsulfonyl Fluoride-PMSF, in dd-H20, pH 6.5). Saliva was
centrifuged (3,220 x g, 20 min, 4°C; Centrifuge 5810R, Eppendorf) and the clarified
portion was filtered sterilized (0.22 um low protein binding polyethersulfone membrane
filter). Saliva was used fresh for pellicle formation and medium preparation at the start
of the experiment, and any remaining saliva was aliquotted and stored at -80°C until

use for culture media preparation.

Saliva-coated HA discs were placed in a vertical position in a 24 well microtiter
dish using a custom-made disc holder [14]. Next, these discs with salivary pellicle were
dip-washed into wells containing AB buffer, and topically treated during 1.5 min with
the seven tested treatments or vehicle control (eight experimental groups): (1) Myr; (2)
1771; (3) Myr+1771; (4) Myr+F; (5) 1771+F; (6) Myr+1771+F; (7) F; (8) V. The
procedure for topical treatment consisted of dripping 250 pL of each treatment on the
corresponding discs (two discs per treatment). The treated discs were dip-washed into
wells containing AB buffer and transferred to wells containing S. mutans culture for
biofilm formation (time O h). Here, the S. mutans cultures at the late-exponential growth
phase were diluted in TY+0.1% sucrose and 25% saliva until reaching 2x106 CFU/mL.
The biofilms were incubated for 6 h (37°C, 5% CO2), when the discs with initial biofilm
were rinsed with 0.89% NaCl, treated with each corresponding treatment or control (as
above), rinsed with 0.89% NaCl (to remove excess treatment), and transferred back to
the corresponding culture media until biofilms were 19 h-old, when culture medium was

changed.

The culture medium was changed daily at 8 am (TY+0.1% sucrose and 25%
saliva) and 4 pm (0.5% sucrose + 1% starch and 25% saliva). After each media
change, the pH of the spent media was measured. The biofilms were topically treated
two hours after each culture change (Figure 1). The biofilms were grown until reaching
two developmental phases: 46 h for gene expression assessment and 67 h for
microbial population, biomass, biochemical characteristics of biofilm extracellular

matrix, and confocal analyses.
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Biofilm analyses

Determination of microbial population, biomass and biochemical characteristics of

biofilm extracellular matrix

At67 h of development, biofilms were processed for analyses following previously
described protocols [34]. Briefly, biofilms were dip-washed into wells containing sterile
0.89% NaCl solution (saline solution). Each biofilm (disc) was transferred to a glass
tube containing 1 mL of saline solution. Next, 1 mL of saline solution was used to wash
the walls of each tube. The glass tubes with biofilms/discs were placed in a beaker and
subjected to water-bath sonication for 10 minutes. A sterile metal spatula was used to
scrape off any remaining biofilm from each disc surface, and the 2 mL of each biofilm
suspension was transferred to a new 15 mL tube. Next, each glass tube was washed
with 3 mL of saline solution, which were transferred to the tube containing the initial 2
mL, yielding 5 mL total biofilm suspension per biofilm/disc. Each biofilm suspension (5

mL) was sonicated using a probe at 7 w for 30 sec (Sonicador model Q125, QSonica).

An aliquot of each suspension (0.1 mL) was used for a 10-fold serial dilution to
determine the number of CFU by plating on blood agar plates (37°C, 5% COz, 48 h).
The remaining volume (4.9 mL) was centrifuged (3,220 x g, 20 min, 4°C). The
supernatant (with soluble extracellular matrix components) was transferred to a new
tube, and the pellet (precipitate with the microbial cells and insoluble matrix
components) was washed twice with 2.6 mL sterile Milli-Q water (3,220 x g, 20 min,
4°C). The supernatants generated during the two washes were combined with the first
supernatant obtained, totaling 10 mL, which was used to isolate and quantify water-
soluble EPS [35], eDNA [36], and LTA [14]. The pellet was suspended in 2.55 mL of
Milli-Q water, of which 0.5 mL was used for quantification of insoluble dry-weight
(biomass) and 1 mL for the isolation and quantitation of water-insoluble EPS (or alkali-
soluble polysaccharides) [35].

Laser scanning confocal fluorescence microscopy imaging and computational

analyses of treated biofilms

Biofilms were formed and treated as described above. However, 1 uM Alexa
Fluor™ 647-labeled dextran conjugate (absorbance/fluorescence emission maxima of
647/668 nm; Molecular Probes, Carlsbad, CA, USA) was added to the culture medium
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at the beginning of, and during the development of the biofilms [37]. This strategy
enables the incorporation of labeled dextrans into EPS during its synthesis process
and matrix build-up. When the biofilms reached 67 h of development, the discs were
dip-washed into wells containing with 0.89% NaCl and transferred to wells containing
0.89% NacCl solution and SYTO™ 9 (485/498 nm; Molecular Probes), which is a green
fluorescent nucleic acid marker for visualization of bacteria [37]. The imaging of the
three-dimensional structure of these biofilms was performed using a Zeiss LSM 780
microscope (Zeiss, Jena, Germany), fitted with a 20X objective lens. Each biofilm was
scanned at three randomly selected positions, and a series of confocal images were
generated by optical sectioning at each of these positions. The images were analyzed
using Amira 6.0.1 software (Mercury Computer Systems Inc., Chelmsford, MS, USA)
for 3D reconstruction of EPS and bacteria [10]. Furthermore, each image was analyzed
using COMSTAT version 2 software [38] for quantification of total bacteria content and
EPS matrix (bio-volume), and percent of coverage per area from the interface

substrate/biofilm (hydroxyapatite disc) to the top (outer layer) of each biofilm.

Gene expression analysis of treated S. mutans biofilms

Five treatments for biofilms were chosen to evaluate S. mutans gene expression
based on the data from biochemical analyses and 3D structure of biofilms: Myr, 1771,
Myr+1771+F, F, and V (control). The S. mutans assessed genes were associated with
EPS (gtfB and gtfC), eDNA (IrgA), LTA (dItB, dItD, and SMU.775), and tolerance to
acid (atpD) and oxidative (nox1) stresses [10,17,39,40]. Biofilms were grown and
topically treated as described earlier. At 46 h of growth that corresponds to 1 h after
treatments (at 45 h), biofilms were removed and processed for total RNA isolation,
followed by cDNA synthesis and quantitatve PCR (QPCR) following the MIQE
guidelines [41].

The biofilms were dip-washed into wells containing sterile 0.89% NaCl solution
(saline solution). Each biofilm (disc) was transferred to a glass tube containing 1 mL
of RNAlater™ Stabilization Solution (Ambion, Austin, TX, USA). Next, 1 mL of
RNAlater™ was used to wash the walls of each tube. The glass tubes with
biofilms/discs were placed in a beaker and subjected to water-bath sonication for 10
minutes for biofilm detachment from discs. A sterile RNAse-free metal spatula was

used to scrape off any remaining biofilm from each disc surface. Each biofilm
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suspension was transferred to a new centrifuge tube, and two mL of RNAlater™ were
used to rinse the glass and the discs; this volume was recovered and stored in the
corresponding centrifuge tubes. These biofilm suspensions were stored at —-80°C until
RNA isolation.

RNA was extracted as described elsewhere [42]. Briefly, biofilm suspension in
RNAlater™ were diluted 1:1 with 1xPBS (pH 7.2) and centrifuged (3,220 x g, 20 min,
4°C). The supernatant was discarded, and the resulting pellet was resuspended in 5
mL of 1xPBS, followed by sonication with a probe for 30 sec at 7 w (Sonicador model
Q125); this procedure was repeated twice. After, the pellet was resuspended in 750
ML NAES (50 mM sodium acetate buffer, 10 mM EDTA and 1% SDS; pH 5.0; Ambion)
and 750 uL acid phenol (Ambion). This mixture was transferred to tubes containing
glass beads, followed by mechanical disruption using a Bead-beater for 40 seconds
(Biospec Products) and cooling samples by placing them on ice for 1 min. This
homogenization procedure was repeated twice, and the samples were centrifuged
(15,480 x g, 5 min, 4°C; Centrifuge 5430R, Eppendorf). Then, RNA was extracted
using the phenol-chloroform acid separation method and purified with DNAse in
column (RNeasy Micro Kit, Qiagen, Austin, TX, USA) and solution (Turbo DNase;
Ambion, Austin, TX, USA). DNAse was removed using the RNeasy MinElute clean-up
kit (Qiagen). After purification, the total RNA amount (OD 260nm) and purity (OD
260/280 ratio) were verified (DS-11 + Nano-spectrophotometer). The integrity of the
purified RNA was determined by 1% agarose gel electrophoresis. RNA was diluted to

a concentration of 100 ug/uL and stored at -80°C until cDNA synthesis.

cDNA synthesis was performed in duplicate per sample using 0.5 ug of total RNA
and the iScriptkit (Bio-Rad Laboratories, Inc., CA, USA). Negative controls were made
without using reverse transcriptase to determine whether there was DNA
contamination. Reactions were incubated using CFX96 Touch ™ Real-Time PCR
Detection System (Bio-Rad), with the cycle: 25°C / 5 min, 42°C /30 min, 85°C / 5 min,
4°C «. The cDNA samples were stored at -20°C until used for the quantification of
gene expression (QPCR).

gPCR analyses were performed using specific primers from the literature
[10,17,39,40]. cDNA was diluted 1:5 for specific genes and 1:1,000 for 16S rRNA gene
(used for normalization of specific gene expression); cDNA negative controls were not

diluted. cDNA and negative controls were amplified by a CFX96 System (Bio-Rad)
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using specific primers and iQ SYBR Green supermix (Bio-Rad). A standard curve was
plotted for each primer set as detailed elsewhere [43]. The reactions were run using
the following cycle ina CFX96 System (Bio-Rad) equipment: step 1 (1X) 95 °C /3 min;
Step 2 (35X) 95°C / 15 sec, 58°C / 30 sec, 68°C / 15 sec (data collection); Step 3 (1X)
95 °C / 1 min; Step 4 (1X) 55 °C / 1 min; Step 5 (80X) 55°C / 1 min, for analysis of the
melting curve. The standard curves were used to transform the Quantification Cycle
(Cq) values to relative numbers of cDNA molecules. Relative expression was
calculated by normalizing each gene of interest to the 16S rRNA reference gene. Next,
these values were compared to those from biofilms treated with vehicle-control to

determine the fold-change in gene expression.

Cytotoxicity of treatments

Oral keratinocytes NOK-si lineage [44] according Standard International
Organization (ISO) 10993-5 [45], were grown in Dulbecco's Modified Eagle's Medium
(DMEM, GIBCO, Grand Island, NY, USA) with 2 mM glutamine; containing 10% fetal
bovine serum (FBS, GIBCO, Grand Island, NY), penicilin G (10.000 pg/mL),
streptomycin (10.000 pg/mL) and amphotericin (25 pg/mL) (Invitrogen). The culture
was incubated (37°C, 5% COz2). The cells were grown to confluency (90%), washed
with 1X phosphate buffer (140 mM NaCl, 3.0 mM KCI, 4.30 mM Na2HPO4, 1.40 mM
KH2 POas4, pH 7.0), removed with trypsin (0.05%) / EDTA solution (0.53 mM)
(Invitrogen), and then centrifuged (400 x g, 5 min). The cells were resuspended in the
same culture medium and replated. The medium was changed every two or three days.
For the experiments, cells between the 3rd and 8th passage were used. Cells were
counted in Neubauer's chamber and plated in 96-well microplate wells (2x104 cells
well). The plates were incubated for 24 h (37°C, 5% CO2).

Next, the cytotoxicity resulting from the presence of treatments (agents and
vehicle control), death control (0.11% Triton X-100), and untreated control (cell viability
control) on monolayer cells was determined by the colorimetric assay of viability cell
MTT [3- (4,5-dimethyithiazol-2-yl) 2,5-diphenyltetrazolium bromide] (Sigma). This
assay was performed using cell culture in monolayer, 1 h after contact with treatments
and controls included in the culture medium. After the incubation period, the cells were
washed with 500 pL of 1xPBS (pH 7.4) and incubated (37°C, 5% COz2, 4 h) with 250
ML of MTT solution (5 mg/mL). Then the forming crystals were solubilized in 250 uL of
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2-propanol added to each well. Spectrophotometric measurements were performed at
awavelength of 562 nm. Two experimental occasions were performed with 4 replicates
per occasion (n=8). The data obtained were converted into a percentage of viable cells
and compared to the control without treatment (control of cell viability).

Statistical analyses

The data were analyzed to evaluate whether the tested treatments affected S.
mutans biofilm using Prism 7 software (GraphPad Software, Inc. 2018). The analyses
were performed using descriptive and inferential statistic according to the distribution
(Shapiro-Wilk test of normality; a = 0.05). The antimicrobial activity data of myricetin
and compound 1771 showed a normal distribution and were evaluated with one-way
ANOVA, Dunnett’s post-test (a = 0.05). The anti-biofilm activity data of myricetin and
compound 1771 did not present normal distribution, so it was evaluated with the
Kruskal-Wallis test, with Dunn’s post-test (a = 0.05). The data obtained for topically
treated biofilms presented a normal distribution; thus, data for the wviable counts,
biomass, matrix components (water-soluble and -insoluble EPS, eDNA, and LTA),
biovolume quantification of bacteria and EPS were evaluated by one-way ANOVA,
followed by test Tukey's multiple comparisons (a = 0.05). The gene expression data
were normalized by the 16S rRNA gene data, followed by an analysis of the fold
change relative to the vehicle. Data for gene gtfB, gtfC, IrgA, and SMU.775 did not
present normal distribution and were examined using the Kruskal-Wallis test, followed
by Dunn’s post-test (a = 0.05). Meanwhile, data for genes atpD, nox1, ditB, and dItD
presented normal distribution and were evaluated via one-way ANOVA, followed by
test Tukey's multiple comparisons (a = 0.05). The data from cytotoxic assays
presented normal distribution and were evaluated using one-way ANOVA, followed by

Tukey's multiple comparisons test (a = 0.05).

RESULTS
Antimicrobial activity

The MIC and MBC values were 1.302 pg/mL for compound 1771; while for
myricetin, these values were 250 e 500 pg/mL, respectively. Figure 2 depicts the S.

mutans viable population recovered at distinct concentrations of agents.
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Antibiofilm activity using the polystyrene microplate model

The anti-biofilm effect of MIC and 2xMIC for compound 1771 and myricetin are
shown in Figure 3. Both agents reduced the counts of S. mutans viable population by
> 4 logs and biomass by >99% (p<0.0001; Kruskal-Wallis test with Dunn post-test).

Effect of topical treatments on biofilms grown on saliva-coated hydroxyapatite

discs
pH of the spent culture media

The pH of spent media was measured after the culture medium changes (19, 27,
43 and 51 h) and when the biofilms were removed for processing and analyses (67 h)
(Figure 4). At 19 h the biofilms treated with 1771 had the highest pH value (it was less
acidic) when compared to the treatments Myr+F (p=0.0009), 1771+F (p=0.0017),
Myr+1771+F (p=0.0027), and V (p=0.0466) (one-way ANOVA, followed by Tukey's
test). At 27 h, there were no differences between treatments and vehicle. However, at
43, 51 and 67 h, vehicle group presented the lowest pH value versus all treatments
(p<0.0001; one-way ANOVA, followed by Tukey's test). The combination strategy
Myr+1771+F yielded the highest pH value compared to Myr+1771 and F at 43 h, while
it was less acid versus all other treatments at 67 h (p<0.0356; one-way ANOVA,
followed by Tukey's test). Additionally, at 67 h F treatment yielded the highest pH value
when compared to Myr, 1771, Myr+1771, and Myr+ F (p<0.0001; one-way ANOVA,
followed by Tukey's test). Furthermore, the agents combined with fluoride lead to
higher pH values in the spent media (vs. vehicle or agents alone or combined).
However, the pH values were similar for all treatments at 46 h, when biofilms were
processed for gene expression analysis (these data are not depicted in the graph

because they are from five experimental groups selected for this essay).
Viable counts of S. mutans and biomass

The quantification of viable S. mutans numbers is shown in Figure 5A. All
treatment with agents alone or combined with or without fluoride reduced the bacterial
population in comparison with the vehicle (p<0.0001; one-way ANOVA, followed by
Tukey's test). The compound 1771 alone reduced 1 log compared to the vehicle.
However, this effect was most pronounced in the biofilms treated with the combination

strategy Myr+1771+F, which had 3 logs difference from the vehicle (p<0.0001; one-
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way ANOVA, followed by Tukey's test). Furthermore, a similar trend was observed for
the biomasses of the insoluble portion of S. mutans biofilms (Figure 5B); all treatments
were able to decrease the values versus the vehicle-treated (p<0.0001; one-way
ANOVA, followed by Tukey's test). However, the highest reduction in biomass was
observed for biofilms treated with the combination of Myr+1771+F when compared to
all other treatments and vehicle (p<0.0001; one-way ANOVA, followed by Tukey's

test), showing a =60% reduction versus the vehicle.

Extracellular matrix components

The quantification of four components of the extracellular matrix is depicted in
Figure 6. Regarding EPS, all treatments yielded biofilms with lower quantities of both
water-soluble and -insoluble EPS compared to vehicle-treated biofilms (Figure 6A and
6B; p<0.0001; one-way ANOVA, followed by Tukey's test). However, the combination
of Myr+1771+F was more effective in hindering the accumulation of water-insoluble
EPS (a marker of cariogenic biofilims; =87.87+4.23%) and water-soluble EPS (vs. all
other treatments; =73.88+10.83%), although the effect of Myr alone was also
pronounced for both types of EPS. In contrast, the effect of treatments on eDNA and
LTA amounts was not as noticeable than EPS (Figure 6C and 6D). However, the four
treatments containing compound 1771 yielded about 15 to 20% less LTA in the matrix
than the other treatments, especially fluoride (p<0.0303; one-way ANOVA, followed by
Tukey's test).

3D structure, biovolume and percent coverage distribution of bacteria and EPS

Representative images of the 3D structure of biofilms are shown in Figure 7.
Biofilms treated with wvehicle presented agglomerations of well-defined large
microcolonies protected by the EPS in the extracellular matrix. In contrast, the biofilms
treated with the combination Myr+1771+F presented smaller microcolonies that were
spread out across the disc surface, with a less defined EPS matrix. The treatments
Myr+1771 and F also yielded fewer microcolonies, but they appear to be closer
together, and eventually, larger microcolonies are observed. The treatments Myr,
1771, Myr+F, and 1771+F presented a similar architecture, with large microcolonies

and small microcolonies (interspaced between the larger ones) spread out on the
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surface of the disc. Thus, in general, the 3D structures of the treated biofilms were
different, but the most striking differences were observed for biofilms treated with the
combination of Myr+1771+F versus the vehicle-treaded. This observation can be
reinforced by the amount of biovolume (biomass) of bacteria and EPS (Figure 8) and
the distribution profile of bacteria and EPS (Figure 9). The percentage of coverage per
area from the interface substrate/biofilm (hydroxyapatite disc) to the top (outer layer)
of each biofilm demonstrated that the wvehicle exhibited a higher percentage of
coverage compared to the other treatments, especially the combination of
Myr+1771+F.

S. mutans gene expression

The effect of five selected treatments on S. mutans gene expression is depicted
in figure 10. The gtfB and gtfC genes that encode exoenzymes that synthesizes
exopolysaccharides presented lower expression in biofilms treated by the combination
of Myr+1771+F (vs. V; p<0.0005; Kruskal-Wallis test, with Dunn’s post-test). However,
the expression of gtfB was also repressed by fluoride (p<0.0092), while the expression
of gtfC was down-regulated by Myr and 1771 alone. In contrast, IrgA and SMU.775
genes were induced by the combination of Myr+1771+F and F alone (vs. V; p<0.0005;
Kruskal-Wallis test, with Dunn’s post-test). Nonetheless, the expression of IrgA and
SMU.775 were similar for biofilms treated with compound 1771 alone, myricetin alone,
and vehicle-control (p>0.05). In addition, there were no significant differences in the
expression of genes nox1, ditB, and dItD genes for the tested treatments and vehicle.
However, the fluoride alone significantly decreased the expression of atpD, involved in

S. mutans acid tolerance.

Cytotoxicity of treatments

The exposure of NOK-si lineage cells for 1 h to the treatments with Myr+1771
and Myr+F decreased cell viability in 13 and 25%, respectively, compared to the
viability control (Figure 11). Nevertheless, the model used here had cells organized as
a monolayer and not a tissue with a three-dimensional organization seen in the oral
mucosa. Also, a formulation used in the oral cavity will have a shorter exposure time,

as tested here for topical treatments (1.5 min).
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DISCUSSION

Approaches combining bioactive agents with fluoride for preventing cariogenic
biofilm development have been proposed, including compounds that affect the
production of EPS-rich matrix [27,46]. Taking in consideration that EPS interacts with
eDNA and LTA the extracellular matrix [14] and that meddling with genes associated
with EPS, eDNA and LTA reduces the cariogenicity of S. mutans [18], the current study
investigated whether a compound that targets LTA metabolism in Gram-positive
bacteria and works as an antimicrobial [28,29] would have an effect when used for
topical treatment and whether combining this agent with a flavonoid that hinders EPS
production and fluoride would have a more pronounced effect in hampering S. mutans

biofilm development.

The topical application of compound 1771 and myricetin alone prevented the
accumulation of S. mutans biofilm in vitro. However, the effect was more pronounced
when compound 1771 was associated with myricetin and fluoride, affecting the amount
of matrix components and the 3D architecture of biofilms. The combination of
compound 1771+myricetin+fluoride reduced 3 logs of S. mutans counts, =60% of the
biomass, >74% water-soluble and -insoluble EPS, and = 20% of LTA in the matrix (vs.
vehicle). Nevertheless, the slight changes in the quantities of eDNA and LTA could
affect the 3D organization of the biofilms, as both biomolecules interact with EPS in
the matrix at distinct stages of biofilm development; eDNA at the early phases while
LTA during the later phases of biofilm development [14]. Moreover, the agents
combined with fluoride lead to higher pH values in the spent media (vs. vehicle or
agents alone or combined). Inhibition of the dynamic processes that occur within a
biofilm can minimize or avoid the damage caused by it on teeth surfaces and prevent

dental caries.

EPS synthesis and its 3D organization in the matrix is a determinant factor in the
etiology of dental caries [11]. In the presence of dietary carbohydrates, EPS are mainly
glucans produced by S. mutans glucosyitransferases GtfB, GtfC, and GtfD, encoded
by gtfB, gtfC, and gtfD, respectively [16]. Here, the expression of gtfB and gtfC genes
was lower in biofilms treated by the combination of Myr+1771+F. However, the
expression of gtfB was also repressed by fluoride, and the expression of gtfC was
down-regulated by Myr and 1771 alone. These differences may be because GtB

produces water-insoluble EPS, while GtfC produces both water-soluble and -insoluble
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EPS, and the location where these exoenzymes bind preferentially. GtfB has more

affinity to the bacterial cell wall and GtfC to the salivary pellicle.

Moreover, repression of gtfB and gtfC may explain the reduction of water-soluble
and -insoluble EPS in the matrix. As GtfB binds to the surface of the microorganisms
and the surface of hydroxyapatite [47]; the EPS formed on the microbial surface
improves the interactions between the microorganisms, cellular aggregation, and
increases the cohesion of the biofilm [48]. Interestingly, the expression of the genes
associated with the synthesis, binding, and remodeling of exopolysaccharides is
reduced in a deletion strain of the gtfB gene [17]. Therefore, the adverse effect on gtfB
gene expression justifies the low content of water-insoluble EPS and biomass in
biofilms treated with myricetin, compound 1771 combined or not with fluoride; resulting
in a biofilm with disadvantages in the survival and persistence of virulent organisms.
Fluoride makes an active contribution to the repression of gtfB, regardless of
concentration (125 or 250 ppm F) [26].

Although eDNA quantification showed statistically significant differences for the
combination of myricetin, 1771 compound with or without fluoride, compared to the
effect of treatments on EPS, myricetin and compound 1771 affected the amount of
eDNA to a lesser extent. This matrix component is important in the construction, 3D
architecture, and stability of the matrix [13,14] and in the virulence of S. mutans biofilms
[18]. Surprisingly, the expression of IrgA was higher in biofilms treated with the
combination of Myr+1771+F and F alone; thus, this behavior may be associated with
fluoride. IrgA gene is involved in S. mutans cell-wall remodeling and autolysis
processes that can yield eDNA [49,50]. Therefore, an increase in expression of IrgA
may indicate that these treatments trigger cell wall remodeling and/or to autolysis. Also,
eDNA can be actively secreted from live S. mutans cells via additional metabolic
pathways involved in protein secretion and components for protein insertion into
membranes (i.e., Ffh, YidC1, and YidC2) [12]. However, eDNA may be released but
may not be incorporated in the matrix if treatments are impeding EPS synthesis and/or
binding; consequently, eDNA as a soluble component could be in the spent medium
[51,52], or being consumed as a nutrient during the periods with low carbohydrate
concentration in the medium and not be part of the structure of biofilms thereby

affecting the 3D architecture of treated biofilms (vs. vehicle control).
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In addition, the LTA content in the matrix of the biofiims treated was not that
different, but LTA quantities were significantly reduced in those subjected to the four
treatments containing compound 1771 (1771 alone, Myr+1771, 1771+F, and
Myr+1771+F). A small reduction in LTA may also be contributing to alteration in the
biofilm architecture, S. mutans viable population, biomass, and EPS in the matrix.
Moreover, the expression of gene SMU.775 was induced by the combination of
Myr+1771+F and F alone while 1771 or myricetin alone yield similar expression to the
vehicle-control. Thus, the induction of SMU.775 could be because of fluoride per se,
as for IrgA. SMU.775 is a hypothetical gene with homology to the LTA synthase from
S. aureus and so, could be involved in the metabolism of LTA [13]. However, there
were no significant differences in the expression of genes dItB and dItD for the tested
treatments and vehicle. Hence, the tested agents alone or combined with fluoride did
not affect the expression of operon dItABCD genes involved in the addition of D-alanine
residues during LTA synthesis [53]. Several studies demonstrated that interfering with
the D-alanization process of LTA affect the cells surface charge and cells susceptibility
to antimicrobials [54-56]. Nevertheless, it is possible that the compound 1771
interfered with the LTA metabolism and affected the cell surface charge and/or
composition, thereby, interfering with how EPS would bind to cells and mediate the

formation of microcolonies and EPS distribution in the 3D structure of treated biofilms.

During biofilm development, the microbial cells produce components for the
extracellular matrix, and these components attach to the cell wall and to the substrate
(i.e., the surface where biofilm grows on) [57]. Thus, of alterations in the cell wall
turnover and composition (and charge), or quality and quantity of matrix components
can interfere with cell-cell binding, cell-matrix, cell-matrix-dental surface, modifying the
3D architecture of biofilms and its cariogenic potential. Furthermore, the microbial cells
in biofilms with distinct 3D structure may respond differently to environmental stresses.
S. mutans possess a vast arsenal to cope with these stressors, especially acidic

environment, and oxidative stresses.

Here, the expression of nox1 related to the oxidative stress response was similar
between the tested treatments and vehicle control. However, the F slightly decreased
the expression of atpD, involved in S. mutans acid tolerance. It has been shown that
fluoride affects the glycolytic activity in cells and inhibits intracellular enzymes when it

interferes with membrane proton permeability [58], which would affect the tolerance of
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S. mutans to the acidic microenvironments within a biofilm [24,26]. Myricetin also
contributes aciduricity via inhibition of glycolytic activity by altering membrane
permeability [26]. However, here, when myricetin and 1771 were used alone or in
combination with fluoride to treat biofilms, these agents did not interfere with the
expression of atpD, which could be because of the concentrations used, exposure time
and/or their effect would be detected at a different biofiim developmental phase.
Nevertheless, it was demonstrated that insoluble glucans are an essential factor linking
acidogenicity with aciduricity [59]; thereby the combination tested here would not only
influence the matrix composition, viable counts but how the cells in the biofilm respond

to an acidic environment during biofilm growth.

The combination strategy yielded lower EPS matrix production and the amount
of small microcolonies. The microcolonies morphology and the EPS distribution
influence the diffusion of the metabolites in biofilms and the action of antimicrobial
agents on the microorganisms. It was demonstrated that within larger microcolonies,
acidic niches are created, with pH values 4.5 - 5.5, increasing adhesion, strengthening
the biofilm structure, and decreasing cell dead by cationic chlorhexidine [10]. The
persistence of these acidic microenvironment leads to dental demineralization. Thus,
the use of myricetin and compound 1771 combined with fluoride could be an ally in
reducing the pathogenicity of the dental biofilm. Usage of myricetin and compound
1771 is not intended to eliminate fluoride but to improve the cariostatic efficacy of this
product due to advantages of fluoride. Although the S. mutans biofilm model employed
here for twice-daily topical treatments does not mimic the biological interaction of
microorganisms within a cariogenic dental plaque, it shows that the tested agents
interfered with critical cariogenic properties. Future studies should dissect how the
proposed combination of Myr+1771+F affects the complex oral microbiota and
prevents carious lesions in vivo, and whether increasing the concentration of agents

and/or exposure/retention time (e.g., via drug-delivery systems).

In summary, the topical application of a compound that modulates lipoteichoic
acid metabolism prevented the accumulation of S. mutans biofilm in vitro. Moreover,
the effect was more pronounced when compound 1771 was associated with fluoride

and a flavonoid.
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Figure 1. Experimental design for twice-daily topical treatments using a saliva-

coated hydroxyapatite biofilm model.
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Figure 2. Antimicrobial activity of myricetin (A) and compound 1771 (B). The S.
mutans viable population data are shown as average, and error bars correspond to the
standard deviation (n=12). V: Vehicle; for myricetin, the vehicle was 7% ethanol in
1xPBS (pH 7.2); while for compound 1771, it was 7% ethanol and 1.25% DMSO. S.
mutans: growth control culture. **** denotes a statistically significant difference

between the vehicle and the concentrations tested. (p<0.0001; one-way ANOVA test,

followed by Dunnett's multiple comparisons test).
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Figure 3. Antibiofilm activity of myricetin and compound 1771 tested at
concentrations of MIC and 2xMIC using the polystyrene microplate model. The
S. mutans viable population (A) and biomass (B) data are shown as the median and
interquartile range (n=12). The two concentrations ofthe two agents were able to inhibit
both viable population and biomass. S. mutans: growth control group. **** denotes the
statistical difference between treatments and V (p<0.0001; Kruskal-Wallis test,
followed by Dunn's post-test). Myr: myricetin. 1771: compound 1771. V: vehicle used

for each compound.
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Figure 4. pH of spent culture media from topically treated biofilms at distinct
developmental phases. The spent biofilm culture media were evaluated at 19, 27, 43,
51, and 67 h. At19 h, the culture medium treated with compound 1771 showed a higher
pH value when compared to Myr+F, 1771+F, Myr+1771, F and V. At 27 h, there was

no significant difference between treatments. The biofilm culture medium with vehicle
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showed lower pH at 43, 51, and 67 h. The medium from Myr+1771+F at 43 h had the
highest pH value when compared to Myr+1771 and F and at 67 h had the highest pH
value (p<0.05, one-way ANOVA, followed by Tukey's test). The data represented are
the means, and the error bars correspond to the standard deviation.
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Figure 5. S. mutans viable counts (A) and insoluble biomass (dry-weight) (B) of
topically treated biofilms. At 67 h, the wvehicle yielded the highest values of
CFU/biofilm and biomass, while the lowest values were found for the combination of
Myr+1771+F. Bars with the same letters indicate no statistical difference between the
different treatments in each graph (p>0.05; one-way ANOVA, followed by Tukey's test).
The data represented are the means, and the error bars correspond to the standard

deviation.
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Figure 6. Modulation of the extracellular matrix components of the treated
biofilms. The graphs exhibit the content of water-soluble EPS (A), water-insoluble
EPS (B), eDNA (C), and LTA (D) in the extracellular matrix. Bars with the same letters
indicate no statistical difference between the different treatments in each graph
(p>0.05; one-way ANOVA, followed by Tukey's test). The data represented are the

means, and the error bars correspond to the standard deviation.
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Figure 7. 3D architecture of the topically treated S. mutans biofilm. Representative images of 67 h-old biofilms are displayed in
this image. The red color represents exopolysaccharides produced by S. mutans (Alexa Fluor 647) and the green color S. mutans
cells (SYTO 9). The larger image in each set represents the overlapping images of the red and green channels, which are shown
separately in a smaller size (scale bars of 25 ym). The bottom images are a cross-section of the biofilm with overlapping images of
both channels (scale bars of 50 um).



80

N

A B
80 a 80
Eeo Ee0 a
) ab ©
5 b ab 5
» 40 b P b w401 ab be ab
b e be pe be
: b _r :
& 20 :[ m 20 I i o
0 N\ 0 N N N X & % < 3
& &
@*\ <\ X <\ ® *( ‘:\\K /\'\x 6\‘\ <\ . <\ @ “‘x '\'\\x I\,\x
N A & QA
@’3 *x @‘\ ‘x
» &

Figure 8. Biovolume of bacteria and EPSin topically treated biofilms. Biovolume
is represented as biomass (um3/um?) of bacteria (A) and EPS (B). Bars with the same
letters indicate no statistical difference between the different treatments in each graph
(p>0.05; one-way ANOVA, followed by Tukey's test). The data represented are the

means, and the error bars correspond to the standard deviation.
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Figure 9. Profile of the distribution of bacteria and EPS in each of the topically
treated biofilms. The data shown are the mean percentage coverage per area from
the interface substratum/biofilm (hydroxyapatite disc) to the top (outer layer) of each
biofilm at 67 h (n=12 images per biofilm).
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Figure 10. Gene expression profile of S. mutans biofilms after topical treatments.
The fold-change is relative to vehicle-treated biofilms. Data presented are median and



83

interquartile range are shown for genes gtfB, gtfC, IrgA, and SMU.775 (box plot graphs,
Kruskal-Wallis test, followed by Dunn post-test), while mean and standard deviation
for genes ditB, dItD, atpD, and nox1 (bar graphs; one-way ANOVA, followed by Tukey's
test), while median and interquartile range are shown for genes gtfB, gtfC, IrgA, and
SMU.775 (box plot graphs, Kruskal-Wallis test, followed by Dunn post-test). The
asterisks depict significant statistical differences of treatments versus the vehicle,
where *p £0.05, ** p<0.01, *™* p<0.001, and **** p <0.0001. The data were obtained
from three experiments (with two cDNA per experiment), and the quantification of

gPCR expression was performed in duplicate.
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Figure 11. Cell viability of keratinocytes NOK-si after exposure to treatments.
The data represented are the means, and the error bars correspond to the standard
deviation "Cont L" indicates cell viability control and "Cont D", the cell death control.
The percentage of cell viability was obtained considering the cell viability control as
100%. The asterisks denote a statistically significant difference of a specific extract
versus cell viability control (Cont L), where ***p<0.0001 and ***p=0.0005 (one-way

ANOVA, followed by Tukey's test).
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4 DISCUSSAO

A primeira publicacédo apresentada demonstrou que a delecdo dos genes AgtfB,
AlytS, AlyfT, AdItA e AdItD afetam a viruléncia de S. mutans na superficie dentaria
(Ratos - Wistar) e na infeccéo sistémica (G. mellonella)®2. Este comportamento de S.
mutans pode ser atribuido pela auséncia dos produtos codificados pelos genes,
essenciais na construgdo de uma matriz altamente coesiva2*.

As exoenzimas Gtfs de S. mutans favorecem a sintese de EPS na matriz quando
a sacarose e o amido estdo presentes na dietal®. A sintese e a organizacdo
tridimensional de EPS sao fatores determinantes na ocorréncia da carie?®. Isso pode
ser visualizado neste estudo, onde a delecdo de AgtfB ocasionou menor nimero de
lesbes cariosas sobre as superficies lisa e sulcal dos dentes dos ratos. Portanto, o
gene gtfB ndo s6 é determinante na construgcdo da matriz extracelular, mas também é
relacionado ao desenvolvimento e severidade de lesbes cariosas®?,

Os genes IytS e dItD também estédo envolvidos na cariogenicidade de S. mutans;
pois a delecdo desses genes ocasionou menores nimeros de lesdes de esmalte e de
dentina em ratos (vs. a cepa parental UA159 com todos os genes). A interrupcdo do
sistema de dois componentes IytST afeta a expressdo de IrgAB em S. mutans,
interferindo na regulacdo da autélise e assim, na liberacdo de eDNAS3%40
Adicionalmente, os genes dItABCD sao necessarios para a adicdo de residuos de D-
alanina durante o metabolismo de LTA%®; esses residuos afetam os processos de
adesdo a superficie da hidroxiapatita e a formacéo de biofilmes#8°3, A interacdo de
EPS, eDNA e LTA favorece a espécie S. mutans na colonizacdo e na formacao de
biofilme com uma matriz altamente coesiva?43°>38, Portanto, a falta de genes funcionais
relacionados ao metabolismo de EPS, eDNA e LTA prejudica a cariogenicidade de S.
mutans®3,

Adicionalmente, demonstrou-se que a dele¢céo dos genes gtfB, IytS, IytT, dItA e
ditD causou menores taxas de mortalidade larval de G. mellonella®?; assim, esses
genes poderiam afetar a viruléncia de S. mutans para causar doengas extraorais. No
entanto, a cepa AgtfB apresentou maior capacidade de matar mais larvas quando
comparada as demais cepas com dele¢do. S. mutans pode estar se defendendo dos
mecanismos de protecdo da larva (por exemplo, producdo de espécie reativas de

oxigénio) pela tolerancia ao estresse oxidativo conferida pelos genes IytST e dItAD®2.
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Assim, a maior sobrevida das larvas pode estar relacionada a menor tolerancia ao
estresse oxidativo ap0s a exposi¢do ao H20z2.

Portanto, os genes IytST e dItAD contribuem na viruléncia de S. mutans para
desenvolver carie dentaria e em infeccdo sistémica. Esse resultado forneceu
subsidios para testar terapias que inibam os produtos codificados por esses genes,
para minimizar ou evitar os danos causados por eles e seus produtos nas superficies
dos dentes e prevenir a céarie dentaria.

Deste modo, na segunda publicacdo foi testado o composto 1771 (inibe o
metabolismo de LTA em bactérias Gram-positivas), a miricetina (flavondide que inibe
a expressao de gtfBC e a sintese de EPS) e o fllor (pilar da prevencdo da cérie). A
aplicacdo topica do composto 1771 e da miricetina isoladamente impede o
desenvolvimento de biofilmes de S. mutans. No entanto, o efeito desses agentes
bioativos foi mais pronunciado quando foram associados ao flior (Publicacdo 2).

A terapia combinada (Myr+1771+F) reduziu pronunciadamente os dados de
populacdo de S. mutans, biomassa, EPS solluveis e insoliveis. Ainda, mesmo sem
afetar marcadamente LTA e eDNA, as quantidades dessas duas biomoléculas
presentes na matriz foram necesséarias para contribuir com a construcdo e a
organizacdo 3D dos biofilmes. O contetdo de LTA na matriz dos biofilmes tratados foi
significativamente reduzido apenas nos quatro tratamentos contendo 0 composto
1771 (1771, Myr+1771, 1771+F e Myr+1771+F) (Publicacdo 2). Uma pequena
reducdo de LTA também pode estar contribuindo para alteragdo na arquitetura do
biofilme, populacéo viavel de S. mutans, biomassa e EPS na matriz.

Entretanto, a expresséo de IrgA e SMU.775 foi maior nos biofilmes tratados com
a combinacdo de Myr+1771+F e F sozinho; assim, esse comportamento pode estar
associado ao flor. O gene IrgA esta envolvido no processo de remodelacao e autélise
da parede celular de S. mutans e pode originar eDNA na matriz3?>4, Portanto, um
aumento na expressao de IrgA pode indicar que esses tratamentos desencadeiam a
remodelacdo da parede celular e / ou a autélise. Aléem disso, eDNA pode ser secretado
ativamente a partir de células vivas de S. mutans através de vias metabdlicas
adicionais envolvidas na secrecdo de proteinas e componentes para insercao de
proteinas em membranas (i.e., Ffh, YidC1 e YidC2)38. No entanto, o0 eDNA poderia ser
liberado, mas poderia ndo ser incorporado na matriz se os tratamentos estiverem
impedindo a sintese e / ou ligacdo de EPS. Consequentemente, o eDNA como

componente solivel na matriz pode estar no meio de cultura “velho”>>56, ou ser
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consumido como nutriente durante o0s periodos com baixa concentracdo de
carboidratos no meio e ndo como parte da estrutura dos biofilmes, afetando a
arquitetura 3D dos biofilmes tratados (vs. veiculo) (Publicacédo 2).

SMU.775 € um gene hipotético com homologia a sintase de LTA em S. aureus
e, portanto, poderia estar envolvido no metabolismo da LTAS%. Adicionalmente, ndo
houve diferengas significativas na expressdo dos genes dItB e ditD entre os
tratamentos e wveiculo (Publicacdo 2). Varios estudos demonstraram que a
interferéncia no processo de D-alanizacdo de LTA afeta a carga superficial das células
e a susceptibilidade das células a antimicrobianos®1:57:58, No entanto, é possivel que o
composto 1771 tenha interferido no metabolismo do LTA e afetado a carga e / ou
composicao da superficie celular, interferindo assim na forma como EPS se ligaria as
células e mediaria a formacao de microcolénias e distribuicdo de EPS na estrutura 3D
dos biofilmes tratados (Publicagéo 2).

A expressdo de noxl relacionada a resposta ao estresse oxidativo foi
semelhante entre os tratamentos testados e o veiculo. No entanto, o F diminuiu
ligeiramente a expressao de atpD, envolvido na tolerancia ao acido de S. mutans. Foi
demonstrado que o fltor afeta a atividade glicolitica em células bacterianas e inibe as
enzimas intracelulares quando interfere com a permeabilidade da membrana aos
prétons®®, afetando a tolerancia de S. mutans aos microambientes acidicos dentro de
um biofilme®961, A miricetina também contribui na diminuicdo da aciduricidade,
mediante a inibicdo da atividade glicolitica pela alteragcdo da permeabilidade da
membranabl. No entanto, neste estudo, a miricetina e o composto 1771 isolados ou
combinados com fllor, ndo interferiram na expressédo de atpD; isso pode ter ocorrido
com base nas concentracdes utilizadas, no tempo de exposicdo e / ou na fase de
desenvolvimento do biofilme avaliada. No entanto, foi demonstrado que os EPS
insoliveis sdo um fator essencial que intermedeia a acidogenicidade e a
aciduricidade®?. Desse modo, a combinacédo aqui testada influenciaria ndo apenas a
composicdo da matriz, contagem de células vidveis, mas também como as células do
biofilme respondem a um ambiente &cido durante o crescimento do biofilme.

O tratamento com a combinacdo Myr+1771+F mostrou menor expressao dos
genes gtfB e gtfC (versus o veiculo). No entanto, a expressao de gtfB também foi
reprimida por fllor sozinho e a expresséao de gtfC foi regulada negativamente por Myr
e 1771 isoladamente. O comportamento desses genes, esta relacionada com as

diferencas na localizagdo das exoenzimas GtfB e GtfC e a sua producdo de EPS, o
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gue pode explicar a reducédo nas quantidades de EPS soluveis e insollveis, biomassa,
capacidade de sobrevivéncia de S. mutans no biofilme e o padréo distinto de estrutura
3D encontrado para biofilmes tratados (Publicacéo 2).

A estratégia com a combinagdo Myr+1771+F diminuiu a morfologia das
microcolénias dentro do biofilme. Microcolbénias menores apresentam menos
formacdo de micronichos acidos, interferindo na adesédo e na estrutura do biofilme,
evitando a desmineralizacdo dentaria®. Assim, o uso de miricetina e composto 1771
combinado com flior pode ser uma boa estratégia para reducdo da patogenicidade
do biofilme dental. A utilizacdo da miricetina e do composto 1771 ndo se destina a
eliminar o fllor, mas sim, melhorar a eficacia cariostatica deste produto.

Embora o modelo de biofilme de S. mutans empregado na publicacéo 2 ndo imite
a interacao bioldgica de microrganismos dentro de uma placa dentaria cariogénica, o
mesmo mostra que 0s agentes testados interferiram nas propriedades criticas do
biofilme. Estudos futuros sdo necessarios para avaliar se a terapia de Myr+1771+F
afeta a microbiota oral complexa e previne lesdes cariosas in vivo e se 0 aumento da
concentracdo de agentes e / ou do tempo de exposicdo / retencdo, pode tornar a
estratégia eficaz em um cenario clinico.

Assim, a auséncia de genes importantes para a biologia de S. mutans e a
construcdo da matriz do biofilme diminui a viruléncia em modelos de carie e infecdo
sisttmica (Publicacdo 1); sobretudo, a modulacdo desses genes por terapia
direcionada altera a composicdo da matriz do biofiime e diminui o potencial

cariogénico de S. mutans (Publicacéo 2).
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5 CONCLUSAO

Auséncia funcional dos genes gtfB, lyST e dItAD de S. mutans diminui a
cariogenicidade de biofilmes formados sobre a superficie dentaria e a viruléncia em
infeccBes sistémicas; ainda estratégia com miricetina e composto 1771 modula os
produtos destes genes, tornando-a uma terapia antibiofilme promissora. Portanto, as

conclusbes especificas desta pesquisa sao:

e Ainativacdo do gene gtfB, IytS e dItD desencadeia menor quantidade de lesbes
cariosas em modelo animal em superficies lisas e sulcos, pela auséncia dos seus
produtos que favorecem a formacéo do biofilme cariogénico.

e A auséncia dos genes gtfB, IytST e dItAD de S. mutans diminui a viruléncia desta
espécie em infec¢ao sistémica in vivo (modelo incipiente - Galleria mellonella). A
reducdo na infeccao sistémica pode serem parte porque a auséncia desses genes
tornou as cepas com delegdo (exceto AgtflB) mais suscetiveis ao estresse
oxidativo, que faz parte do sistema imune inato de G. mellonella.

e A aplicacdo topica do composto 1771 e da miricetina isoladamente impediu o
acumulo de biofilme de S. mutans (in vitro). No entanto, o efeito € mais
pronunciado quando foi combinado o composto 1771, a miricetina e o flior. A
estratégia combinada afeta a quantidade dos componentes na matriz, a
arquitetura 3D dos biofilmes e a expressdo dos genes que codificam exoenzimas
que sintetizam EPS.
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ANEXO C
Aprovacao para atividades em contengdo com organismos geneticamente
modificados e seus derivados pela Comissao Interna de Biosseguranca da Faculdade
de Odontologia de Piracicaba - FOP/UNICAMP.

R\ UNIVERSIDADE ESTADUAL DE CAMPINAS v
%.;' Faculdade de Odontologia de Piracicaba . W
UNICAMP ClBio - Comissdo Interna de Biosseguranca

L{ )
APROVACAQ PARA ATIVIDADES EM CONTENCAO COM ORGANISMOS
GENETICAMENTE MODIFICADOS E SEUS DERIVADOS

Oficio CIBio-FOP n. A001/2017 Piracicaba, 09 de fevereiro de 2017.

RESPONSAVEL PELO PROJETO: Prof. Dr. Pedro Luiz Rosalen

com copia para a chefia do Departamento responséve!

Prezado Professor:

O projeto "Papel dos genes TS e ditAD de Streptococcus mutans no desenvolvimento e
severidade de lesdes cariosas em ratos", envolvendo organismos geneticamente modificados do
tipo |, sob sua responsabilidade, protocolado sob o numero de requerimento R001/2017, foi
APROVADC pela Comissao Interna de Biosseguranga da Faculdade de Odontologia de Piracicaba
- UNICAMP para ser desenvolvido nas dependéncias do Laboratério da Area de Farmacologia,
Anestesiologia e Terapéutica (Nivel de Biosseguranga NB-1), do Departamento de Ciéncias
Fisiologicas da Faculdade de Odontologia de Piracicaba ¢ da Sala de Animais Geneticamente
Modificados (Nivel de Biosseguranga NB-1), do Biotério da Faculdade de Odontologia de
Piracicaba no periodo de fevereiro de 2017 a fevereiro de 2018. Aprovagao nimero A001/2017.

O RESPONSAVEL PELO PROJETO DEVERA:

1) assegurar a plena capacitagéo da equipe de trabalho e o cumprimento das resolugdes
nermativas (RNs) da CTNBio (disponiveis em www.ctnbio.gov.br). rei 1 jan. 41 ¢, vimg

2) manter toda documentagéo acerca do projeto e da capacitagéo da equipe de trabalho em
arquivo organizado e de pronto acesso, para visitas/inspecdes pela CIBio-FOP efou 6rgéos
competentes. & 1 far 14, At 13 gVl

3) comunicar a CIBio-FOP através de oficio eventuais alteracdes no projeto e seu local de
realizagao ou na equipe de trabalho. rw 4 faee ), s 1 v, )

4) entregar a CIBio-FOP o relatério em formulario padronizado contendo a descrigéo e o
andamento do projeto, impresso em duas vias assinadas/rubricadas pelo responsavel pelo projeto
pela chefia do departamento, no primeiro dia util do més de fevereiro, anualmente. e guando do
encerramento do projeto. =u 1 pam s ¢, 1), & 10

Atenciosamente,

favn el @paess S F

Presidente da CIBio
Prof. Dr. Rafael Nobrega Stipy
Area de Wicrobio ogia e Imurclogia - Mazicula: 393502
Cesartame

rafaclns@fopunicamobr | (13} 21655707

canmeo e nibrica Chefe do Departamento

Prof. Dr. Francisco Carlos Gropgo

Chefe to Departamenta de Cigncias Fisiolsgicas
:

ido: Aprovagio para atividades em conteng3o com OGIV:

do 1511

: Prof. Dr. Rafacl Nobreza Stipp T o
por: Comissgo Interna de TOP/UNICAMP “

[ wamero de paginas: 1

FOP/UNICAMP (Piracicaba-5F) |

Faculdade de Odontologia de Piracicaba — UNICAMP
Av. Limeira, 901 - Bairro Aredo - Cx. Postal 52
CEP 13414-903 - Piracicaba — SP — Brasil

PROF. DR. RAFAEL NOBREGA STIPP

Area de Microbivlugia e imunologla

Departamento de Diagnostico Oral
FOP/UNICAMP

Comissiio Interna de Biosseguranca pag.
Fone: (19) 2106-5349
Fone: {19) 2106-5707



\\",, UNIVERSIDADE ESTADUAL DE CAMPINAS
%.\g- Faculdade de Odontologia de Piracicaba

ClBio - Comiss3o Interna de Biosseguranga
UNICAMP

Vigéncia do projeto:
O projeto esté autorizado para ser realizado de fevereiro de 2017 a janeiro de 2018.

Outras consideragoes:

No requerimento n&o foi informado sobre o armazenamento dos OGMs na FOP/UNICAMP apés o
transporte. Para realizar o armazenamento, a equipe devera seguir os procedimentos operacionais
autorizados e adotados pela area credenciada, estando em conformidade com a legislag&o vigente. Ressalto
que os experimentos em animais devem possuir a aprovagéo do 6rgéo competente em ética animal para
estudos realizados na FOP/UNICAMP (CEUA/UNICAMP).

Concluséo da analise:

Com base nas informagdes apresentadas no requerimento n® R001-2017, e tendo em vista que elas
atendem aos requisitos necessarios para atividades em contengéo com OGMs e seus derivados, como
sucintamente apresentados nos itens anteriores, sou favoravel & aprovag&o deste requerimento.

m

Membro da CIBio
Prof. Dr. Anténio Pedro Ricomini Filho

C 1] Parecer técnico Modelo de d aprovado pela CIBio-FOP em 03/NOV/2015

Versdo do 15.11 Local: FOP/UNICAMP (Piracicaba-SP)

Numero de pagi Variavel Confeccionado por: Prof. Dr. Rafael Nobrega Stipp
Faculdade de Odontologia de Piracicaba — UNICAMP Comissdo Interna de Biosseguranca Pag.
Av. Limeira, 901 - Bairro Aredo - Cx. Postal 52 Fone: (19) 2106-5349 2

CEP 13414-903 - Piracicaba - SP - Brasil Fone: (19) 2106-5707
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ANEXO D
Aprovacdo do projeto pelo Comité de Etica em Pesquisa em Seres Humanos da
Faculdade de Odontologia de Araraquara — FOAr/UNESP.

FACULDADE DE
ODONTOLOGIA DE gm"‘m
ARARAQUARA - UNESP

PARECER CONSUBSTANCIADO DO CEP

DADOS DO PROJETO DE PESQUISA

Titulo da Pesquisa: Funcdio de DNA extracelular e de acidos lipoteicoicos na matriz extracelular de
biofilmes cariogénicos.

Pesquisador: MARLISE INEZ KLEIN

Area Tematica:

Versdo: 2

CAAE: 31717914.3.0000.5416

Instituigio Proponente: Faculdade de Odontologia de Araraguara - UNESP

Patrocinador Principal: Financiamento Proprio

DADOS DO PARECER

Himero do Parecer: 748.142
Data da Relatoria: 13/08/2014

Apresentagdo do Projeto:

Projeto apresentado de forma clara e objetiva, com todos os detalhes necessaros para andlise.

Objetivo da Pesquisa:

Os objetivos desse projeto sdo: 1) elucidar a fungdo de eDNA e ALT nas propriedades estruturais e
funcionais da MEC (matriz extracelular); 2) determinar a dindmica de expressdo dos genes de 5. mutans
associados com eDNA e ALT em biofilme cariogénico miste; 3) examinar o papel de eDNA e ALT na
colenizagdo dentdria e na formagdo de biofilme in vive usande um models animal.

Avaliagio dos Riscos e Beneficios:

Os riscos e beneficios foram avaliados pelo pesquisador responsével.

Comentarios e Consideragdes sobre a Pesquisa:

O estudo provera base para terapias direcionadas aos elementos importantes na construgdo da MEC (matriz
extracelular) para prevenir efou atenuar biefilmes patogénicos Portanto estudo de relevancia para a area em
questio.

Consideragies sobre os Termos de apresentagao obrigatdria:

Termos foram apresentados adequadamente.

Enderego:  HUMAITA 1820

Bairro: CENTRO CEP: 14.801-003
UF: 3P Municipio: ARARAQUARA
Telefone: 16330164 Fax: 18330164 E-mail: cep@foarunesp.br. mnagle@foar.unesp br
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FACULDADE DE
ODONTOLOGIA DE W
ARARAQUARA - UNESP

Contnuagio 00 Parecer: 745,142

Recomendagdes:

Conclusdes ou Pendéncias e Lista de Inadequagdes:
MN&c existem pendéncias para o projeto.

Situagdo do Parecer:
Aprovado

Necessita Apreciagdo da CONEP:

Nae

Consideragoes Finais a critério do CEP:

Atendidas pendéncias de reunido de 26 de junho de 2014, considero APROVADO o protocolo.

ARARAQUARA, 12 de Agosto de 2014

Assinado por:
Mauricio Meirelles Nagle
(Coordenador)
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N&o autorizo a reproducéao deste trabalho antes de 18 de setembro de 2021
(Direitos de publicacéo reservado ao autor)
Araraquara, 18 de Setembro de 2019

Midian Clara Castillo Pedraza



