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RESUMO

A prevengdo das doengas inflamatdrias intestinais tem sido vislumbrada por meio de
intervengdes nutricionais. No entanto, o impacto dos alimentos funcionais na microbiota
intestinal é uma importante questdo, uma vez que mudangas na comunidade bacteriana
comensal podem levar a inflamacdo. Além disso, a presenca de microrganismos vivos em
alimentos pode representar riscos de aquisicdo de resisténcia a antibioticos por bactérias da
microbiota. Neste estudo, dois tipos de queijos experimentais foram investigados quanto aos
seus efeitos na microbiota fecal de camundongos convencionaisC57BL6, tanto em estado de
salude como sob colite induzida por DSS. Um tipo foi fermentado por Propionibacterium
freudenreichii 129, enquanto o outro queijo era do tipo Emmental contendo esta cepa
probidtica e mais duas bactérias laticas, Lactobacillus delbrueckii e Streptococcus
thermophilus. O estudo descobriu que ambos 0s queijos ndo perturbaram a comunidade
microbiana normal, enquanto o queijo Emmental aumentou a populacéo de certos simbiontes,
como Romboutsia e Akkermansia. Além disso, a analisede reconstrucao de vias metabolicas
revelou que A. muciniphila pode produzir acetato e cooperar com outras espécies comensais
para produzir Indol e &cido gamma- aminobutirico quando camundongos saudaveis foram
tratados com o queijo do tipo Emmental. No contexto da colite, consumir queijo de cepa Unica
restaurou algumas das fungbes metabolicas do microbioma afetado, enquanto o queijo tipo
Emmental promoveu o aumento de Ligilactobacillus murinus. Neste dltimo, foram
identificados genes envolvidos na producdo de metabdlitos e adesinas que podem ter atividade
imunomodulatéria. O estudo também realizou uma andlise do resistoma, que revelou quegenes
de resisténcia a antibiéticos ndo foram transferidos das bactérias utilizadas no preparo do
queijo para a microbiota dos camundongos. No geral, 0os queijos experimentais foram
considerados seguros em relacdo a transferéncia de genes de resisténcia. Além disso, o queijo
tipo Emmental aumentou a capacidade da microbiota de produzir metabdlitos que regulam o
eixo intestino-cérebro, o que pode tornd-lo uma terapia potencial para doencas
neurodegenerativas inflamatdrias. No contexto da colite, o estudosugere que o queijo funcional
Emmental tem propriedades anti-inflamatdrias com base na promocdo de proteinas de Lg.

murinus com o sistema imune do hospedeiro.

Palavras-chave: Alimentos Funcionais, Probiéticos, Inflamassoma, Microbioma intestinal,

Metabdlitos bhioativos.



ABSTRACT
The prevention of Inflammatory Bowel Diseases has been explored through nutritional
interventions. However, the impact of interventions such as functional foods on the gut
microbiota is a crucial concern, as changes in the commensal bacterial community can lead to
colitis. Additionally, the risk of acquiring antibiotic resistance from foreign bacteria in food
cannot be disregarded. In this study, two types of experimental cheeses were investigated for
their effects on the fecal microbiota of conventional C57BL6 mice,both in a healthy state and
under DSS-induced colitis. One type was fermented by Propionibacterium freudenreichii 129,
while the other was an Emmental-type cheese containing this probiotic strain and two more,
Lactobacillus delbrueckii and Streptococcus thermophillus. The study found that both cheeses
did not disrupt the normal microbial community, and the Emmental-type cheese increased the
population of certain symbionts. Furthermore, metabolic pathway reconstruction analysis
revealed thatAkkermansia muciniphila may produce acetate and cope with other commensal
species to produce Indole and gamma-Aminobutyric acid when healhy mice were treated with
the Emmental cheese. In the context of colitis, consuming the Single-Strain cheese restored
some of the impaired microbiome metabolic functions, while Emmental-type cheese promoted
the increase of Ligilactobacillus murinus. The latter contains genes involved in the production
of metabolites and adhesin proteins that may have potential immunomodulatory activity. The
study also conducted a resistome analysis, whichrevealed that antibiotic resistance genes were
not transferred from starter bacteria in the cheese to mice microbiota. Overall, the
experimental cheeses were found to be safe regarding the transfer of antibiotic resistance genes
to gut microbiota. Additionally, the Emmental-type cheese increased the microbiota's capacity
to produce metabolites that regulate the gut-brain axis, which may make it a potential therapy
for inflammatory neurodegenerative diseases. In the context of colitis, the study suggests that
the functionalEmmental cheese has anti-inflammatory properties based on its promotion of Lg.

murinusinteraction with the host.

Keywords: Functional foods, Probiotics, Inflammasome, Gut Microbiome, Bioactive

metabolites, Metagenome Assembled Genomes.
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1.

Introducao

1.1 Microbiota intestinal

O Trato Gastrointestinal (TGI) constitui um conjunto de 6rgaos, tecidos e outras
estruturas anatémicas responsaveis pelo processo de digestdo e transporte de alimento e
de defesa contra toxinas e patdgenos do meio externo. Por ser um ambiente rico em
nutrientes, a superficie de mucosas que reveste o TGI inferior, do qual fazem parte os
intestinos delgado e grosso, é colonizada por uma comunidade microbiana denominada
microbiota intestinal (Fan e Pedersen 2021). Estacomunidade é composta por uma grande
diversidade de microrganismos, principalmente bactérias. Por este motivo, elas vém
sendo mais estudadas, porém, a microbiota humana também pode incluir fungos, como
Candida spp. e Saccharomyces spp., e virus, como bacteriéfagos e virus eucarioticos
enquanto que protozoarios e arqueias também podem estar presentes em menor
quantidade (Rinninella et al. 2019).

A composicdo microbiana de cada individuo é Gnica em comparacdo com a de
todos os outros seres humanos, o que dificulta determinar com precisdo o0 nimerode
espécies bactérias, no entanto, estima-se que esta compreenda cerca de 2000 espécies. Em
termos de biomassa, estima-se que as bactérias comensais representam 1 & 2 kg do corpo
humano e que atinjam populac6es de 100 trilhdes, isto é, pelo menos duas vezes mais que
0 numero de células dos 6rgdos e tecidos do hospedeiro (Thurshby e Juge 2017; Martino
et al. 2022; Syromyatnikov et al. 2022).

1.1.1 Formacéo e organizagao estrutural da microbiota
As espécies de microrganismos que compdem a microbiota intestinal podem ser
autoctones, sendo capazes de colonizar o hospedeiro, ou aldctones, 0s quais ndo o habitam
permanentemente. A maioria das espécies € autoctone, sendo bem adaptadas as condicdes
do TGI, enguanto apenas uma infima parte vem do ambiente externo, como por exemplo
através da dieta. Estas, em condigdes de homeostasia, ndo conseguem sobreviver
facilmente ou competir por nichos com a microbiota residente (Thursby e Juge 2017).
A colonizacao do hospedeiro pelos microrganismos autoctones, inicia-se durante o
nascimento, quando o infante é exposto a microbiota materna durante a passagem através

do canal vaginal. Recentemente tem-se discutido também o



fendmeno do imprinting imunologico durante a gestacdo, na qual os metabdlitos capazes
de atravessar a placenta estimulam o sistema imune do feto, podendo interferir na
composic¢do da microbiota apds o nascimento (Martino et al. 2022).

A composicdo inicial da microbiota intestinal é relativamente simples, sendo
dominada por lactobacilos, entre outras espécies encontradas na mucosa vaginal damée e
gradativamente evolui através de transicBes sucessivas até se tornar estavel, ou seja,
semelhante a microbiota dos adultos (Thursby e Juge 2017). Neste contexto,as espécies
primo colonizadoras geralmente séo anaerdbias facultativas resistentes aalta tenséo de O
e proporcionam a formacdo de um ambiente favoravel para o estabelecimento de bactérias
anaerobicas restritas. Durante a amamentacdo, nutrientes e anticorpos do leite materno
moldam a estrutura da microbiota, novamente promovendo a expansdo de bactérias,
principalmente as bifidobactérias e o filo Bacteriodetes, capazes de metabolizar
oligossacarideos do leite (Fan e Pedersen 2021). Ap6s o desmame, a introducdo de
alimentos solidos, tais como fibras vegetaisna dieta, entre outros fatores ambientais
relacionados ao estilo de vida, e aspectos culturais sdo responsaveis pela ascensdo da
diversidade microbiana (Zmora, Suez, eElinav 2019). Estudos recentes mostram que 0
microbioma intestinal de adultos saudaveis € dominado pelos filos bacterianos Firmicutes,
Bacteroidetes, Actinobacteria, Proteobacteria e Verrucomicrobia (Ghosh e Pramanik
2021). Os doisprimeiros geralmente representam mais que 90% da microbiota intestinal.
O filo Firmicutes é composto por cerca de 200 géneros diferentes, como Lactobacillus, Bacillus,
Clostridium, Enterococcus e Ruminicoccus. O filo Bacteroidetes consiste em géneros predominantes,
como Bacteroides e Prevotella. A proporcdo média de Proteobacteria é de cerca de 10-15% da
microbiota total, representado principalmentepelo grupo das Enterobacterias tais como
Escherichia, Salmonella, Helicobacter, Klebsiella, Pseudomonas, entre outros. No filo
Verrucomicrobia, atualmente s6 se conhece um género, denominado Akkermansia, capaz
de colonizar o TGI humano, cuja proporcdo de é de 1-6% (Kim et al., 2022 ;
Syromyatnikov et al. 2022).

A composicdo da microbiota apresenta também variacOes na diversidade e na
densidade populacional de acordo com as regides dos intestinos. Isto porque as condic¢des
adversas do TGl sofrem drasticas mudancas em termos de fisiologia, pHe tenséo de Oze
motilidade digestiva. Neste contexto, o intestino delgado é um ambiente mais dindmico e
desafiador para as bactérias comensais, principalmente devido ao fluxo intenso e as altas

concentragdes de sais biliares. Em contrapartida, o



intestino grosso é caracterizado por taxas de fluxo lentas, faixas de pH entre neutroa
levemente acido e baixa tensdo de oxigénio. Portanto, observa-se progressivamenteum
gradiente crescente de espécies estritamente anaerdbias (Rinninella et al. 2019). No
entanto, é importante ressaltar que a microbiota intestinal humana éextremamente diversa

entre individuos, e que ainda ha muito a ser descoberto em relacao as espécies presentes.

1.1.2 Funcdes e relagdes simbidticas com o hospedeiro

A microbiota intestinal possui de dois a 170 milhdes de genes Unicos,enquanto o
genoma humano tem cerca 25 mil. Dessa forma, o metagenoma microbiano pode
representar até 99,9% da informacao genética codificante do hospedeiro se considerado
como parte do organismo (Almeida et al. 2021). Enquanto o material genético do
hospedeiro é herdado verticalmente sendo relativamente estavel, o metagenoma é
extremamente dindmico por sofrer alteracfes rapidamente e se adaptar continuamente as
mudancas do ambiente, tais como dieta, ciclos circadianos, infecges, uso de drogas antimicrobianas e
estresses (Martino et al. 2022).

Em condicbes de homeostase, a microbiota mantém uma relagcdo de simbiosecom
0 hospedeiro, trazendo contribuicbes fundamentais para diversas funcgdes,enquanto
ocupam sitios ricos em nutrientes. A maioria das espécies de bactérias quehabita o TGI
depende de nutrientes obtidos a partir da dieta, enquanto algumasespécies sdo capazes
de utilizar compostos produzidos pelo préprio hospedeiro comofonte de energia. Estudos
sugerem que essa relacdo mutualistica é resultado dacoevolucdo a longo prazo.
Portanto, sugere-se que nosso organismo seja ndo apenastolerante, mas dependente das
funcdes desempenhadas pela microbiota para que haja um equilibrio estavel e a
sobrevivéncia de ambos (Lerner, Matthias, e Aminov 2017).Entre as funcdes essenciais
desempenhadas pela microbiota intestinal, destacam-se: (i) digestdo de fibras
resistentes para producdo de acidos graxos decadeia curta (AGCC); (ii) comunicacao
com o Sistema Nervoso Central (SNC)através do eixo intestino-cérebro, influenciando
o humor, o comportamento e acogni¢do; (iii) Protecdo contra patdgenos, competindo
com eles por nutrientes e sitiosou pelo fortalecimento da barreira epitelial; (iv) Regulacéo
do sistema imunoldgico,pelo estimulo de células e mediadores moleculares da barreira
epitelial e de tecidoslinfoides associados a camada de mucosas (Ahluwalia, Magnusson,
e Ohman 2017).
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1.1.2.1 Producéo de &cidos graxos de cadeia curta na regulacdo do metabolismoenergético
do TGl

A microbiota intestinal digere os componentes dietéticos do hospedeiro para atender
as suas proprias necessidades nutricionais, a0 mesmo tempo em que fornece energia e
nutrientes para o hospedeiro (Chen, Xu, e Chen 2021). Por exemplo, os AGCCsé&o produzidos
pela fermentacdo de fibras da dieta por bactérias intestinais como Faecalibacterium spp. e
bifidobactérias. A ligacdo destes metabolitos com receptores acoplados a proteina G (GPCR)
das células do hospedeiro pode afetar funcdes demetabolismo energético, tais como
regulacdo da sensibilidade a insulina em adipdcitos e 6rgdos periféricos (McNabney e
Henagan 2017). Neste contexto, varios tecidos, incluindo tecidos musculares, hepaticos,
adiposos e esqueléticos, sdo conhecidos por possuir estes receptores, cuja ativacdo leva a
alteracdes fisioldgicas benéficas importantesna prevencao de obesidade e diabetes tipo 2. No
TGI um dos beneficios amplamente reconhecidos do consumo de fibras é a producgdo de
butirato, propionato e acetato pela microbiota que, por serem moléculas pequenas e altamente
hidrofobicas, podem ser absorvidas rapidamente via difusdo simples ou facilitada através da
superficie dosenterdcitos (Tye et al. 2018).

O butirato tem um importante papel na proliferacdo e diferenciacdo das células do
epitélio intestinal, sendo responsavel por 70% do metabolismo energético no célon. Alémde ser
metabolizado como fonte de carbono para as células do intestino grosso, o butiratotambém
ativa receptores do tipo GPCR na superficie celular, incluindo GPR43, GPR41 e GPR109A,
que atuam na regulacdo de vias inflamatorias e também funciona como uminibidor do
processo de desacetilacdo das histonas. Portanto, é capaz de regular a expressdo de genes
eucarioticos em processos anti-carcinogénicos, principalmente no surgimento de
adenocarcinoma (cancer colorretal) através de mecanismos epigenéticos através do
remodelamento da cromatina. Ademais, tanto o acetato quanto o propionato tém sido descritos
como fatores importantes na lipélise no tecido adiposo, promovendo a inibi¢édo do transporte
adicional de acidos graxos livres para o figado e mantendo a homeostase da glicose no corpo
(McNabney e Henagan 2017).

1.1.2.3 Comunicagao com o eixo intestino-cérebro
A microbiota intestinal também produz alguns metabolitos neuroativos, como
neurotransmissores ou Sseus precursores, que podem afetar as concentragcbes de

neuromoduladores relacionados ou seus precursores no cerebro (Chen et al. 2021). No
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SNC existem neurotransmissores excitatorios produzidos de maneira endogena pelos
enterdcitos ou células da glia, tais como glutamato, acetilcolina e dopamina, bem como
neurotransmissores inibitorios, como &cido y-aminobutirico (GABA), glicina e serotonina,
que em geral ativam vérias fungdes cerebrais, incluindo movimento, emocao,aprendizado e
mem©aria, mas também sistemas periféricos como certas funcdes do TGI contribuindo para a
0 equilibrio homeostatico entre a microbiota e o hospedeiro (Gasmi et al. 2023). No entanto,
estudos recentes demonstram que algumas bactérias codificamgenes para enzimas especificas
que podem catalisar a conversdo de substratos, principalmente aminoacidos, em
neurotransmissores ou precursores correspondentes, que podem atravessar a barreira
hematoencefalica. Além disso, alguns metabdlitosbacterianos podem atuar indiretamente no
SNC, como moléculas sinalizadoras para induzir a sintese e liberagdo de neurotransmissores
por células enddcrinas do intestino e pela rapida estimulacéo do nervo Vago (Chen et al. 2021).
Por exemplo, o glutamato, considerado o neurotransmissor mais abundante no cérebro pode
ser produzido por espécies comensais como Lactiplantibacillus plantarum, Bacteroides
vulgatus e Campylobacter jejuni, a partir de intermediarios do metabolismo energético como
0 oxalacetato. O glutamato pode ainda ser convertido em GABA pela acdo da enzima
Glutamato-descarboxilase encontrada em bactérias como Bifidobacterium spp. Bacteroides
fragilis, Parabacteroides e Eubacterium spp. Outros trabalhos sugerem que metabdlitos
neuroativos derivados de Staphylococcus, Ruminococcus gnavus e Clostridium sporogenes
podem ser produzidos a partir de aminoacidos aromaticos (tirosina, triptofano e fenilalanina)
(Averina et al. 2020; Otaru et al. 2021). Nestecontexto, o indol destaca-se como um dos
principais metabdlitos produzidos pelo metabolismo do triptofano. Outros metab6litos como
0 acetato tem capacidade de atravessar a barreira hematoencefalica e contribuir para funcdes

no SNC tais como a biossintese de neurotransmissores (Chen et al. 2021).

1.1.2.3 Interagé@o da microbiota com o Sistema Imune de Mucosas

A barreira de mucosas que reveste o0 TGI é a primeira interface entre a microbiota
presente na luz intestinal e os 6rgédos e tecidos internos do hospedeiro. Para que haja um
equilibrio homeostatico é necessario que as células do hospedeiro sejam capazes de
reconhecer antigenos e componentes de origem microbiana a fim de controlar a entrada de
toxinas e microrganismos patogénicos oportunistas (Ahluwalia et al. 2017; Manichanh et
al. 2012). Neste contexto, o TGI possui
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estruturas que atuam tanto em respostas imunes inatas quanto adaptativas, permitindo a
tolerancia de comensais benéficos e a0 mesmo tempo impede a invasédo de parasitas(Boulangé
et al. 2016).

Entre estas estruturas do componente inato destacam-se as células especializadas do
tecido epitelial, tais como as células caliciformes, responsaveis pela formacao da camada de
muco, que além de servir de sitio aderente, também fornece nutrientes para bactérias
comensais tais como Akkermansia muciniphila, B. bifidum e B. thetaiotaomicron (Liu et al.
2022). Estudos revelam que espécies de bactérias com atividades mucoliticas sdo capazes de
assimilar nutrientes da camada de muco atraves de enzimas que quebram os oligossacarideos,
presentes nas proteinas denominadas mucinas, em acUcares simples. As mucinas,
principalmente a MUC2, sdo moléculas abundantes, compostas por uma cadeia de
carboidratos (oligossacarideos) ligados a uma cadeia proteica (Kim et al. [s.d.]). A.
muciniphila possui uma série de enzimas, incluindo sialidases, glicosidases e sulfatases, que
podem quebrar os oligossacarideos presentes na mucina em monossacarideos e AGCC como
0 acetato, que podem ser usados como fonte de energia pela microbiotaintestinal e possuem
atividade anti-inflamatdria através da ligacdo de receptores GPCR nas células intestinais,
como GPR41 e GPR43 que atuam na inibicdo do fatorNF-xB (do Inglés - Nuclear factor
kappa-light-chain-enhancer of activated B cells) ena producéo de citocinas pré-inflamatorias
(Lietal. 2021; Liu et al. 2021).

Outras vias de comunicacdo entre as células epiteliais e as bactérias comensais ocorre
pela interagdo de ligantes de origem microbiana conhecidos como padrdes moleculares
associados aos microrganismos (MAMP — do Inglés - Microbe Associated Molecular
Patterns) e receptores expressos na superficie celular eucaridtica, denominados receptores de
reconhecimento de padrdes (RRP). Os MAMP estdo presentes em diversas sub-localizacdes
celulares das bactérias, incluindo lipoproteinas, acidos nucléicos (moléculas de RNA e DNA
ndo metiladas)peptideoglicanos e acidos lipotéicos presentes na parede celular de bactérias
Gram- positivas, lipopolissacarideos (LPS) (bactérias Gram-negativas) eflagelinas(Boulangé
et al. 2016; Manichanh et al. 2012).

Os RPP mais estudados sdo os receptores do tipo Toll (TLRs - do Inglés - Toll-like
receptors), e do tipo NOD (NLR- do Inglés — Nucleotide-binding and oligomerization
domain-like receptors) normalmente sdo encontrados como proteinas associadas as

membranas celulares ou peptideos sensoriais citoplasmaticos
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que participam da e transducéo de sinais e da cascata de sinalizacdo envolvidos emdiversos
mecanismos protetores que incluem o fortalecimento da barreira epitelial, através da
expressdo de proteinas envolvidas nas juncdes firmes dos enterocitos, taiscomo ocludinas e
zonulinas, secrecdo de peptideos antimicrobianos como asdefensinas, e na producdo de
muco (de Zoete e Flavell 2013). Porém em condi¢desde homeostasia a ativacdo de respostas
imunes inflamatdrias ndo ocorrem no TGIl,uma vez que a inflamagdo pode comprometer a
funcdo de barreira da camada demucosas. Existem estruturas imunoldgicas acopladas a
mucosa intestinal, como porexemplo o tecido Linfoide Associado ao Intestino (GALT — do
Inglés - Gut-Associated Lymphoid Tissue) difusamente distribuido o na forma de Placas de
Peyer,nos quais acontece inducdo de respostas imunes adaptativas (antigeno especifica)
efetoras, ou seja envolvidas na protecdo contra de patdgenos e na toleranciaimunoldgica aos
comensais (Carvalho et al. 2017; Kobayashi et al. 2019). Estasestruturas coletam antigenos
trazidos capturados do intestino para os apresentarematravés das células apresentadoras de
antigenos aos linfocitos, estimulando respostasimunes adaptativas do tipo Thl, Th2, Th17 ou
Treg. A ativacéo do tipo de respostalinfocitaria reguladora ou efetora depende de fatores como
citocinas produzidos pelas células do epitélio mucoso e de estimulos de compostos
microbianos tais comoMAMP (Boulangé et al. 2016). Dessa maneira, 0s enterdcitos
juntamente com ascélulas do sistema imune participam da iniciacdo e regulacdo da
imunidade dirigida aos microrganismos comensais. Neste contexto, as células Treg
suprimem asrespostas efetoras principalmente pela producdo de Interleucina (IL)-10 e
TGF-Bimpedindo o recrutamento de granulécitos, e a ativacdo de macréfagos, neutrofilosao
passo que também sdo capazes de estimularem a producdo da Imunoglobulina A,considerada
um dos principais mecanismos protetores do TGI. Estima-se quediversas espécies da
microbiota intestinal, incluindo o género Lactobacillus, sdocapazes de estimular respostas
anti-inflamatorias pela estimulacdo de IL-10 viaativacdo por receptores TLR ou NOD
(Kobayashi et al. 2019; Reboldi e Cyster 2016).Dessa forma o GALT é continuamente
desafiado por antigenos microbianos mesmo em  condigdes saudaveis,

gerando uma resposta tolerogénica  aos microrganismos
benéficos, que compde a maior parte da microbiota intestinal.Contudo, a homeostase do TGl
pode ser comprometida pelo aumento no estimulo daresposta efetora, causado por alteragdes

da comunidade microbiana, tais como
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expansdo de espécies potencialmente patogénicas, levando ao aparecimentocondigdes

inflamatorias (Carvalho et al. 2017).

1.2 Doencas Inflamatdrias Intestinais

As Doencas Inflamatdrias Intestinais (IBD — do Inglés — Inflammatory Bowel
Diseases) sdo um grupo de doencas cronicas idiopéticas, ou seja, com etiologia exata
desconhecida. Porém, estudos revelam que a intersecéo de diversos fatores como dietas ricas
em carboidratos e gordura, habitos de higiene,tabagismo e estresse, susceptibilidade genética
e alteracOes da microbiota levam a umaresposta inflamatoria exacerbada na mucosa do TGI.
As IBD possuem duas formas clinicas principais, a saber a Doenca de Crohn e a Colite
Ulcerativa. Ambas sdo caracterizadas por dores intensas na regido do abddémen, diarréia,
sangramento e perda de peso. Os pacientes que desenvolvem estas doencas sdo geralmente
acometidos por periodos ciclicos de recorréncia e interrupcao da inflamacéo que pode durar
varias semanas. A incidéncia das IBD tem aumentadomundialmente nos ultimos anos devido
ao estilo de vida ocidental caracterizado por dietas pobres em fibras de origem vegetal, uso
inadequado de antibidticos, principalmente na infancia quando a microbiota ainda € instavel
(Ananthakrishnan 2015; Carvalho et al. 2017).

1.2.1 Disbiose associada as IBD

Apesar de diversos fatores influenciarem o estabelecimento das IBD, as alteracGes da
estrutura e funcBes da microbiota tem sido frequentemente apontada pela comunidade
cientifica como tendo um papel chave no processo patogénico.lIsto porque o microbioma de
pacientes de Doenca de Crohn e Colite Ulcerativa apresentam uma queda nas populagdes de
espécies de bactérias responsaveis pelaproducdo de AGCC envolvidos na manutengdo do
epitélio intestinal e pela estimulacdo dos mecanismos de toleréncia, podendo destacar os filos
Firmicutes,Bacteroidetes e Verrucomicrobia tais como Lactobacillus spp., Faecalibacterium
prausnitzii, Roseburia spp. e Akkermansia muciniphila (Manichanh et al. 2012). Em
contrapartida, pode ser encontrado um aumento de espécies consideradas potencialmente
patogénicas como Clostridium difficile, Ruminococcus gnavus ediversos géneros do filo

Proteobacteria. Este estado caracterizado pela
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composicdo anormal da microbiota denomina-se disbiose, e leva a ativacdo dos RRP das
células epiteliais, estimulando respostas imunes com perfil pro- inflamatorio mediado
principalmente por citocinas tais como TNF, IL-6, IFN-y IL-12 e IL-17 (Manichanh et al.
2012; de Zoete e Flavell 2013).

Estudos recentes tém discutido o papel de respostas imunes induzidas pelaativacédo do
inflamassoma via receptores NLR. Até o momento, sabe-se que membros de trés familias
de receptores de reconhecimento de padrdo tém um papel estabelecido na montagem do
inflamassoma: NLRP1, NLRP3, NLRC4 e proteinas inibidoras de apoptose neuronal
(NAIPs) da familia de receptores semelhantes a NOD (NLR) (Tye et al. 2018). O
inflamassoma NLRP3 é um complexo multiproteico envolvido na ativacdo da resposta
inflamatoria do corpo.No TGI ele é expresso tanto em células do sistema imunoldgico,
incluindo célulasimunes residentes no intestino, como macréfagos, quanto em células
dendriticase células epiteliais intestinais. Sua ativacdo ocorre quando os receptores NLRP3
detectam a presenca de sinais do ambiente, como, infecdes, estresse celular, danos teciduais
ou produtos bacterianos como os MAMP, que leva a producdo eliberagcdo de citocinas
inflamato6rias, como IL-1p e IL-18. Na Doenca de Crohn ea Colite Ulcerativa, o
inflamassoma NLRP3 esta hiperativo e leva a producdo excessiva de citocinas inflamatdrias,
0 que pode provocar danos na mucosa intestinal (Huang, Xu, e Zhou 2021).

Estudos in vivo em modelo murino de colite induzida por sulfato de sédioDextrano
(DSS) demonstram que a ativacao do inflamassoma em camundongos também causa perda
de neurdnios entéricos reduzindo a motilidade intestinal. Osneur6nios entéricos séo células
nervosas que regulam a motilidade e a funcdo doTGI. Eles sdo altamente sensiveis as
citocinas inflamatdrias e podem ser danificados pela inflamacdo. A perda de neurénios
entéricos pode resultar em uma variedade de disturbios gastrointestinais, como constipacao,
diarreia, dispepsia e dor abdominal (Magalhées e Castelucci 2021).

Por outro lado, a deficiéncia na ativagdo do inflamassoma NLRP3 também pode
contribuir para a inflamacéo intestinal, uma vez que a supressao da respostainflamatoria pode
permitir a proliferacdo de bactérias patogénicas e aumentar a suscetibilidade a infeccdes.
Em resumo, a ativacdo do inflamassoma NLRP3 desempenha um papel importante na

inflamacdo intestinal, e o seu papel
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especifico pode variar dependendo do contexto fisiologico e patologico (Zaki etal. 2010).

1.2.2 Intervenc0es terapéuticas das IBD

As IBD ainda ndo tém cura definitiva, mas existem diversos tipos de tratamento que
atuam no controle dos sintomas, prevenc¢édo de complicagdes como infeccdes e na melhora
da qualidade de vida dos pacientes. O uso de drogasimunossupressoras mais utilizados séo
os corticoides e os aminossaliciatos, Por ser derivado do cortisol que também esta envolvido
em varias fungdes metabdlicas, além da regulacdo do sistema imune, o uso prolongado leva
a efeitoscolaterais que incluem alteracbes de humor, hiperglicemia, dores de cabeca e
osteoporose (Cai, Wang, e Li 2021). Adicionalmente, podem comprometer o sistema
imunoldgico tornando o individuo mais susceptivel a infec¢bes portanto requer um
acompanhamento médico frequente. Os aminossalicilatos tém sido bastante utilizados no
tratamento das IBD, porém agem atraves da inibicdo de alvos especificos tais como
moléculas de adesdo dos leucdcitos impedindo seu recrutamento para a mucosa intestinal.
O uso de aminossalicilatos também esta associado a diversos efeitos colaterais que reduzem
0 bem-estar do paciente, incluindo desconforto abdominal, anemia, infertilidade e a
deficiéncia de acido folico (Greenfield et al. 1993). O uso de anticorpos monoclonais que se
ligam a moléculas especificas envolvidas na inflamag&o intestinal, como o fator denecrose
tumoral alfa (TNF-a) ou a integrina a4fB7 ajudam a reduzir a inflamagdoe prevenir as
recidivas das IBD. Os antibidticos de amplo espectro, podendo destacar Metronidazol e a
Ciprofloxacina, sdo utilizados para prevenircomplicacfes graves, porém seu uso pode
comprometer a estrutura da comunidade microbiana e induzir a resisténcia antimicrobiana
em bactérias com potencial patogénico. Procedimentos cirlrgicos vezes sdo também
utilizados emcasos mais graves para a remocdo do célon e do reto em pacientes de Colite
Ulcerativa, enquanto na Doenca de Cronh emprega-se a remocao de segmentos danificados
(Moreno, Fernandez-Tomé, e Abalo 2021).

Portanto, considerando que o tratamento convencional para as IBD ndo proporciona
um efeito terapéutico satisfatorio e pode causar sérios efeitos colaterais aos pacientes, é
imprescindivel o desenvolvimento de novas estratégiasterapéuticas que possam fornecer

resultados mais eficazes e duradouros.
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1.3 Alimentos funcionais

Uma vez que a dieta de estilo ocidental € um fator significativo nodesenvolvimento
de IBD, estratégias nutricionais, incluindo o consumo de alimentos funcionais, tém sido
consideradas como uma alternativa para a sua prevencao. Alimentos funcionais sdo aqueles
que, além de fornecer nutrientes basicos para 0 corpo, contém compostos bioativos que
podem ter beneficios adicionais a salde. Esses compostos podem incluir vitaminas,
minerais, fibras, &cidos graxos 6mega-3, fitoquimicos, probidticos, prebidticos e outros
componentes que podem ajudar a prevenir ou tratar doencas e melhorar a saude
(Ananthakrishnan 2015; Shin e Lim 2020).

Prebioticos sdo compostos alimentares ndo digeriveis que, quando consumidos em
quantidades adequadas, promovem o crescimento e a atividade debactérias benéficas no
intestino. Esses compostos alimentares resistem a digestdoe sdo capazes de chegar ao colon
intactos, onde séo fermentados pela microbiota intestinal. Como resultado da fermentacéo,
essas bactérias produzem metabdlitossecundarios, como os AGCC, que s&o importantes para
a saude intestinal e geral.Os prebio6ticos podem ser encontrados em alimentos de origem
vegetal como frutas, legumes, gréos integrais e de origem animal como o leite e derivados
(Davani-Davari et al. 2019).

Probidticos sdo microrganismos vivos, principalmente bactérias e leveduras, que
guando consumidos em quantidades adequadas, conferem beneficios a satude do hospedeiro.
Muitos destes microrganismos possuem caracteristicas fenotipicas semelhantes as espécies
de comensais encontradas naturalmente no TGI, e quando consumidos em quantidades
adequadas, podem contribuir para algumas funcdes da microbiota tais como a digestdo e a
absorcéo de nutrientes, fortalecimento do sistema imunoldgico e inibicdo do crescimento de
bactérias patogénicas. Os probidticos podem ser encontrados em diversos alimentos
fermentados, como iogurtes, kefir, kombucha e chucrute, bem como nasuperficie de plantas,
e em cavidades de outros animais. E importante notar que diferentes cepas de probiGticos
podem ter diferentes efeitos sobre a salde, e a quantidade e frequéncia de consumo também

podem influenciar os efeitos protetores (Carvalho et al. 2017).
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1.3.1 Uso de produtos lacteos fermentados no tratamento das IBD

Os compostos bioativos presentes no leite e produtos lacteos sdo cruciais paramuitos
processos bioquimicos e fisiologicos, tornando-os uma parte importantede uma dieta
saudavel. O Consumo de alimentos funcionais lacteos fermentadosem quantidades
adequadas pode trazer beneficios a salde, uma vez que essesalimentos fornecem
nutrientes essenciais, como vitaminas e minerais, além deterem efeitos positivos em uma
ou mais funcgdes bioldgicas com propriedades anti-inflamatérias. Ademais, o0s produtos
lacteos fermentados sdo particularmenteadequados para transportar bactérias probidticas
ao intestino humano eproporcionar o ambiente propicio ao seu crescimento. Pesquisas
anterioresindicam que as bactérias utilizadas na fermentacdo de produtos lacteos como
queijos e iogurtes tém a capacidade de hidrolisar a caseina, que € a proteina maiscomum do
leite. Esse processo pode produzir glicomacropeptideos bioativos(GMP) que contém
cadeias de carboidratos que podem servir como substratosimportantes para as bactérias
autoctones do TGI (Chatterton et al. 2013; Sawin etal. 2015). Os GMP derivados do leite
tém sido estudados por seus efeitos anti-inflamatdrios no tratamento da inflamagédo
intestinal. Varios estudos indicam queos GMP sdo capazes de modular a resposta imune, em
modelos animais de colite.Um mecanismo proposto para o efeito anti-inflamatorio dos
GMP ¢ suacapacidade de se ligar a receptores especificos presentes em células do sistema
imunolégico, como os receptores TLR. Essa interacdo pode inibir a producdo decitocinas
pro-inflamatorias como TNF-a, IL-6 e IL-1B e aumentar a producdo decitocinas anti-
inflamatdrias, como a IL-10 (Feeney et al. 2017; Pruss et al. 2021). Adicionalmente, a
inclusdo de cepas probidticas bacterianas em alimentos lacteos pode conferir propriedades
protetoras adicionais. Neste contexto, com ointuito de avaliar esta estratégia como
alternativa para o tratamento de IBD, nossogrupo de pesquisa desenvolveu dois queijos
do tipo Suico experimentais. Noprimeiro do tipo, foi utilizada a cepa com potencial
probidtico Propionibacteriumfreudenreichii CIRM-BIA 129; enquanto no segundo, do
tipo Emmental, tréscepas - P. freudenreichii, e mais duas bactérias laticas com
propriedades anti- inflamatorias, Lactobacillus delbrueckii CNRZ327 e Streptococcus
thermophilus
LMD-9 (Rabah et al. 2020).

Esta cepa de P. freudenreichii é capaz de produzir vitaminas do complexoB,

incluindo a vitamina B12, que é importante para a salde do sistema nervoso,
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efeito imunomodulador estimulando a producgéo de anticorpos IgA, em modelo animal de
mucosite intestinal, inibicdo de bactérias patogénicas e regulagdo do metabolismo de
carboidratos e lipidios, reduzindo sua absorcdo pelo organismo. Estudos in vitro sugerem
potencial anticancerigeno, inibindo o crescimento de células tumorais. Além disso as
propionibactérias sdo essenciais para o preparo do queijo tipo Emmental, sendo responsavel
pelo processo de maturacdo e propriedades organolépticas o que torna P. freudenreichii
CIRM-BIA 129 uma cepa ideal para o desenvolvimento de alimentos funcionais e para o
tratamento da colite (Aburjaile et al. 2016; Rabah, Rosa do Carmo, e Jan 2017).
Adicionalmente as cepas de L. delbrueckii CNRZ327 e S. thermophilus LMD-9
apresentaram propriedades anti-inflamatdrias em estudos realizados em modelos animais e
in vitro, entre as quais destacam-se a reducdo da producédo de citocinas pré- inflamatérias
IL-6 e TNF-a, agdo antioxidante, reduzindo a producédo de espéciesreativas de oxigénio que
contribuem para o estresse oxidativo e a inflamacdo, protecdo da barreira intestinal,
prevenindo a entrada de patdgenos e toxinas na corrente sanguinea (El Kafsi et al. 2014;
Junjua et al. 2016; Santos Rocha et al. 2014).

Os resultados do nosso estudo anterior utilizando um modelo de colite murina
induzida por DSS, mostraram que 0 queijo Emmental teve um efeito protetor devido a
sinergia entre as bactérias do acido latico e P. freudenreichii (Rabah et al. 2020). Esses
achados sugerem que estudos clinicos em pacientes com colite ulcerativa podem ser
promissores. Contudo, uma vez que a microbiotatem sido apontada como tendo um papel
chave nas fungdes do TGI, outros estudosdevem ser feitos para avaliar o impacto dos queijos
experimentais na microbiota intestinal, incluindo a modulacdo de outras bactérias
simbioticas, podendo destacar Akkermansia, Lactobacillus, Roseburia e Faecalibacterium.
Por outro lado, a modulacao de bactérias patogénicas também merece atencdo, pois algumas
podem contribuir para a inflamag&o na colite, afetando a estrutura e funcdo da microbiota

intestinal e a eficacia do tratamento com 0s queijos experimentais.

1.4 Uso da metagendmica na investigacéo de microbiomas
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Por muitos anos, os cientistas tém se interessado pela microbiota intestinal, masum
dos principais desafios na pesquisa relacionada tem sido a dificuldade em cultivaresses
microrganismos. Inicialmente, a investigacdo da composi¢cdo da microbiotaintestinal em
seres humanos era conduzida por meio de observag¢fes microscopicas ecultivo de bactérias
a partir de amostras fecais ou bidpsias intestinais. Contudo, aabordagem microbioldgica
classica tem uma limitagdo, uma vez que 70-80% das espéciesde bactérias presentes no TGl
ndo podem ser cultivadas em meios artificiais (Almeida etal. 2021). Nesse cenério, as técnicas
de biologia molecular, como o sequenciamento dogene da subunidade 16S do rRNA e o
sequenciamento metagenémico completo por meiode plataformas de nova geracdo (NGS —
do Inglés — Next Generation Sequencing), ttmimpulsionado significativamente a investigacao
dos microbiomas (Carvalho et al. 2017).Nos Gltimos anos, diversos programas de pesquisa
em consorcios internacionais,
como o MetaHIT (do Inglés — Metagenomics of the Human Intestinal Tract) e o HMP (dolInglés
— Human Microbiome Project), tém se empenhado em caracterizar a microbiota que esta
associada ao trato gastrointestinal humano por meio do sequenciamento gendmico de espécies
individuais e amostras de comunidades microbioldgicas complexas. Esses esforcos tém
possibilitado uma descricdo mais detalhada da composicéo da microbiota intestinal e de suas
funcdes relacionadas ao TGI (Dusko Ehrlich e MetaHIT consortium 2010; Qin et al. 2010).
Com a reducdo do custo do sequenciamento, as abordagens metagenémicas sdo agora
comumente usadas por varios grupos de pesquisa em diferentes paises para estudar
comunidades microbianas com maisdetalhes. Pesquisas baseadas no uso de tecnologias de
sequenciamento de DNA de alto desempenho tem produzido rapidamente grandes quantidades
de informagao genética, disponibilizando milhares de genomas microbianos em base de dados
publicas como o NCBI (do Inglés - National Center for Biotechnology Information). Essas
sequéncias genémicas fornecem um catdlogo abrangente dos componentes genéticos
microbianos que podem ser utilizado para compreender a fisiologia microbiana de diversos
habitats, tal como o TGI humano (Segal et al. 2019).

Com o dilavio de informacgdes geradas, tem sido indispensavel o uso de técnicas de
bioinformatica para a analise dados metagendmicos, A maior parte das pesquisas relacionadas
ao estudo do microbioma do TGI, tem empregado o uso da metataxondémicapor apresentar
custos reduzidos e meios rapidos de definir a comunidade microbiana, através sequenciamento
do gene 16S rRNA, que estdo presentes em todos os organismoscelulares (Carvalho et al.
2017; Dusko Ehrlich e MetaHIT consortium 2010). Por ser
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relativamente pequeno e apresentar um nivel altamente significativo de conservacdo de
sequéncia de bases nucleotidicas entre espécies bacterianas, mas que apresenta variagdes
suficientes para inferir relagdes evolutivas, este gene tem sido considerado o melhor marcador
taxondmico universal para estudo de bactérias e arqueias. A metataxondémica, também
cunhada como Metagendmica subtrativa ou direcionada, procura amplificar e
subsequentemente sequenciar as regides hiper variaveis do gene codificante de 16S rRNA e
posteriormente as sequéncias Unicas ou agrupadas representando unidades taxonémicas
operacionais (OTU — do Inglés — Operational Taxonomic Units) sdo identificadas em filotipos
de acordo com a sua similaridade com sequéncias anotadas em um banco de dados de
referéncia. Apesar de ser uma ferramenta poderosa, ela apresenta algumas limitacdes,
incluindo resolucdo apenas até o nivel de género, o que impede a distincdo entre espécies
filogeneticamente préximas. As etapas de amplificacdo podem introduzir vieses como
“quimeras” artificiais, resultando em uma falsa impressao da diversidade microbiana. Além
disso, a deteccdo por este tipo de abordagem é limitada a alvos especificos e ndo permite
identificar de maneira compreensiva outras regides gendmicas,o que a torna ineficaz para o
estudo de funcdo dos microbiomas (Hilton et al. 2016; Pérez-Losada et al. 2022).

Em contrapartida, a abordagem de metagenémica de shotgun, é capaz de realizaro
sequenciamento ndo direcionado de DNA do contetdo génico de toda a comunidade em um
ambiente, e permite fornecer identificacdo taxondmica de alta resolucdo permitindo distinguir
diferentes cepas de uma mesma espécie, assim como predizer fungdes da comunidade
microbiana. Isto porque, diferente da abordagem metataxondmica, que tem como alvo apenas
copias de fragmentos de DNA de um Unico marcador, todas as moléculas de DNA extraido de
uma determinada amostra sdo fragmentadas em partes menores e sequenciadas de maneira
independente (Segal et al. 2019). As sequéncias de DNA resultantes podem ser montadas
visando a reconstrucdo dos genomas das espécies de um determinado microbioma, e
posteriormente alinhados contra um banco de dados primarios ou especializados para fornecer
dados taxondmicos quantitativos precisos e anotacdo funcional de genes. Além disso a
predicdo das vias metabdlicas em escala comunitaria também pode ser obtida pela abordagem
de metagenoma completo atraves de pesquisas de similaridade de sequéncia em bancos de
dados de vias biologicas, e usaros resultados obtidos para anotar genes e reconstruir vias
metabolicas (Abubucker et al. 2012; Frioux et al. 2020).
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Considerando que a interacdo complexa entre produtos da fermentacdo das cepas
probidticas de P. freudenheichi, L. delbrueckii e S. thermophilus liberadas na composicdodo
queijo e amicrobiota intestinal pode determinar o papel benéfico do uso do queijo tipoSuigo no
tratamento da inflamacdo intestinal, o objetivo do presente estudo € investigar como o0s queijos
funcionais experimentais afetam a microbiota intestinal em camundongos C57BL6, em
condicdes de homeostase e inflamacdo induzida por DSS utilizando uma abordagem de

sequenciamento metagendmico completo.
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2. Objetivos

2.1 Objetivo Geral
Investigar os efeitos de queijos funcionais experimentais na estrutura e

funcdo a microbiota intestinal em condicdes de homeostase e inflamacéo.

2.2 Objetivos especificos
- Avaliar os efeitos do consumo dos queijos na estrutura e fungdo do microbioma
intestinal de camundongos C57BL6 na condi¢do de homeostase;
- Avaliar os efeitos do consumo dos queijos na estrutura e funcdo do microbioma

em modelo animal de colite induzida por DSS em camundongos C57BL6.
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3. Capitulo |

Este capitulo contém um artigo de pesquisa original conduzido pelo grupo do
Laboratdrio de Genética Celular e Molecular (LGCM) da UFMG em colaboragdo com o
Institut National de Recherche pour 1’Agriculture, 1’Alimentation et 1’Environnement
(INRAE) de Rennes, na Franca. O artigo foi submetido na revista BMC Microbiome, e
teve como objetivo investigar os efeitos de queijos tipo Suico funcionais na microbiota
intestinal de camundongos na condigdo de satde ou inflamatoria, utilizando a abordagem
de sequenciamento metagendémico completo, nabusca por compreender mecanismos
associados as propriedades benéficas ou fatoresde risco associados ao uso dos queijos

experimentais como uma possivel alternativa para o tratamento de I1BD.
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Abstract
Background

Nutritional interventions have been considered an alternative rationale for preventing
Inflammatory Bowel Diseases. The investigation of their impact on the gut microbiota isa
fundamental question since shifts in the composition of the commensal bacterial community
are required for the onset and maintenance of colitis. Therefore, in this study,we investigated
the effects of two types of cheeses, fermented by probioticpropionibacteria. One experimental
single-strain cheese was solely fermented by Propionibacterium freudenreichii CIRM-
BIA129. Another was an Emmental made in industrial conditions using the same propionic
strain, in combination with Lactobacillus delbrueckii CNRZ327 and Streptococcus
thermophilus LMD-9, as starters. Both kinds ofcheese were tested in healthy conditions and
the context of DSS-induced colitis in conventional C57BL6 mice and the gut microbiota was
investigated.

Results

Based on the metagenomic analysis, our results suggest that the consumption of both cheese
types tested did not disturb the typical microbial community, although the Emmental intake
increased symbionts population as Romboutsia sp. and partially increased Akkermansia
muciniphila. Furthermore, metabolic pathway reconstruction analysis suggests that A.
muciniphila may produce acetate through sulfate assimilatory metabolism and may cooperate
with other commensal species in tryptophan and glutamate metabolism to produce indole and
gamma-aminobutyric acid. Considering thecolitis context, the consumption of the single-
strain cheese restored some of the impairedmicrobiome metabolic functions, while Emmental
cheese promoted the increase ofLigilactobacillus murinus. This bacterium presented several
genes involved in producing metabolites and adhesin proteins with potential
immunomodulatory activity.

Conclusions

This study concludes that the Emmental cheese effects increased the microbiota's capacityto
produce metabolites involved in gut-brain axis regulation in intestinal homeostasis condition
and, therefore, may represent a potential therapy for inflammatory neurodegenerative
diseases. Regarding the colitis context, our results support the beneficial properties of
functional Emmental cheese by suggesting possible anti- inflammatory mechanisms based on
the promotion of Lg. murinus interaction with the host.

Keywords: Functional Cheese, Probiotics, Shotgun Metagenomics, OMICS,
Inflammatory Bowel Diseases, Gut Microbiota
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Background

Western lifestyle, including diet, plays an important role in the growing prevalence of
Inflammatory Bowel Disease (IBD), a set of chronic diseases for which no cure exists.
Conventional IBD treatment promotes strong side effects, responsible for a negative impact
on patients’ well-being [1]. Therefore, nutritional interventions such as the use offunctional
foods have been glimpsed as a way to alleviate IBD symptoms [2]. Dairy products, including
beverages and cheeses, are interesting candidates for developing novel rationales for treating
gut inflammation, as they contain antioxidation and anti- inflammatory bioactive molecules
such as vitamins, minerals, fatty acids, and peptides produced by the bacterial fermentation
process [3].

Moreover, using probiotic bacterial strains in food may provide additional protective
properties. In this context, two Swiss-type experimental cheeses were developed by our
research group in an attempt to evaluate their protective capacity in a murine colitis model
induced by Dextran Sodium Sulphate (DSS) [4]; One using the probiotic Propionibacterium
freudenreichii CIRM-BIA129 strain as a unique starter (Single-straincheese); and a second
cheese (Emmental-type cheese) based on the use of three strains,

P. freudenreichii CIRM-BIA129 and two Lactic Acid Bacteria (LAB), Lactobacillus
delbrueckii CNRZ327 and Streptococcus thermophilus LMD-9. These three strains were
selected based on their ability to protect the integrity of the intestinal mucosal barrier, even
when challenged by acute inflammation [5]. Although this approach has been demonstrated
to ameliorate symptoms of inflammation, the impact of the experimental cheeses on the gut
microbiota remains veiled.

Indeed, the composition of the diet is known to modulate the gut microbiome rapidly and
reproducibly [6]. Accordingly, dairy products may modulate gut microbiota and immune
response [7]. In addition to high amounts of bacteria involved in ripening, cheese may contain
prebiotic factors leading to a modification of the composition of the bacterial community in
the gut, which could be either beneficial or detrimental to the host’s health.Recent studies
suggest our microbiome can dynamically respond to environmentalchanges, such as diet, via
a restructuration of microbial species populations, either by selecting adaptation mechanisms
or driven by horizontal gene exchange fromallochthonous food-borne bacteria [8]. In
addition, it is well established that substantial changes in the microbiota are involved in the
pathogenesis of IBD and metabolicsyndromes such as obesity [9]. On the other hand, the use
of functional foods with live microorganisms has been shown to improve symbiotic functions
by increasing themicrobiota metabolic processes involved in the production of short-chain
fatty acids (SCFA) and other beneficial metabolites with protective roles in the gut and may
also affect in a positive way systemic physiology [2], [10].

Given interesting results on the restoration of colitis in mice with the cheese, including down-
regulation of the proinflammatory markers Tumor Necrosis Factor (TNF) and Interferon
gamma (IFNy), in the present study, we aimed to investigate the modulatory effects of the
experimental cheeses towards the gut microbiota, in homeostasis conditionand during
inflammation induced by DSS, in the C57BL6 mice model, using high standard Shotgun
metagenomic sequencing approach.
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Results
Effects of cheese consumption on microbiome structure and function in homeostasis:

Treatment with both Kkinds of cheese does not disturb microbiome diversity, but
Emmental increases the population of Romboutsia and Akkermansia in healthy
conditions

Shannon index analysis revealed no difference (p=0,686) among the groups of healthy mice,
as shown in Figure 1A, suggesting that the treatment with the two kinds of cheese does not
affect the gut microbiota diversity. Regarding the analysis of the relative abundance of taxa
(Figure 1B and Table S1), the five most abundant genera in the controlgroup (Naive) were
Bacteroides (64,3%), Parabacteroides (8,0%), Alistipes (5,5%), Akkermansia (3,2%) and
Bifidobacterium (2,8%). None of those genera populations presented significant changes after
consumption of the cheeses. However, Romboutsia showed a significant increase in mice
consuming the Emmental cheese (0,2%), when compared to the Naive group (0,02%)
(p=0,029). Although Akkermansia did not show astatistically significant difference, it was
found enriched (20-60%) in three samples (n=6)of the Emmental Cheese feeding group.
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Figure 1. Microbiome taxonomy profile in healthy mice treated with cheeses. Beta-
diversity analysis based on Shannon index (H”) in (A). The line inside the box plot represents
the median of H'. The length of the whiskers represents 1,5 times the inter- quartile range
(H+IQRx1.5). The white circle in the graph represents outliers (>1,5xIQR). One-way
ANOVA followed by Tukey Pos hoc test. No statistical significance, P-value > 0.05. Heatmap
of bacterial taxonomy relative abundance in (B). Data in the graph represent the proportion of
reads assigned to a given genus-level taxon.Dendrogram represents a hierarchical clustering
based on the UPGMA method.

Treatment with cheeses modulates metabolic and cellular processes involved in
microbiota adaptation to environmental stress, sulfur assimilation, and xenobioticsin
healthy conditions
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The principal component analysis (PCA) of the number of genes in each KEGG pathway
category indicates high data homogeneity among healthy mice groups, as shown in Figure2A.
The analysis of similarities (ANOSIM) indicated no significant difference among thegroups
(Figure S1) (P = 0,1824). Regarding the functional profiling comparison among the groups
(Figure 2B, C, D, and E and Table S2), the cheese matrix consumption promoted an
enrichment of genes involved in the sulfur relay system, RNA polymerase functions, and
PI3K-Akt signaling pathway. At the same time, a reduction was observedin neomycin,
kanamycin, and gentamicin biosynthesis when compared to the Naive group. Mice fed on the
single-strain cheese exhibited a decrease in lipopolysaccharide biosynthesis (LPS) and an
increase in fatty acids biosynthesis. After treatment with Emmental-type cheese, mice
microbiota mainly presented a decrease in gene richness associated with amino sugar and
nucleotide sugar metabolism, and sulfur metabolism. However, an increase in benzoate
degradation and two kinase signaling pathways was also observed when compared to the
Naive group.
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Figure 2. Microbiome functional profile in healthy mice treated with cheeses.Principal
component analysis (PCA) plot of the number of genes per KEGG pathway in (A). Extended
error bar plot showing the differentially enriched pathways between the following groups:
Naive and Cheese matrix in (B); Naive and Single-strain cheese in (C),and Naive and
Emmental-type cheese in (D). Welch’s test. Statistical significance when P-value < 0.05.

Effects of cheese consumption on microbiome structure and function in mice with
colitis:

Microbiota of mice fed with single-strain cheese increases in Proteobacteria during
inflammation

The beta diversity analysis indicated no significant difference among the groups (p=0,0867)
(Figure S2).

The genera Bacteroides (p=0,0011) and Parabacteroides (p=5,21E-3) were significantly
reduced after DSS administration when compared to the Naive group (Figure 3 and TableS3).
No statistical difference was found regarding the relative abundance of taxa in mice gutwith
DSS-induced colitis treated or not with the cheese matrix (p>0,05). However, miceconsuming
the single-strain cheese exhibited an increase in the population of
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Helicobacter (p=0,016), Campylobacter (p=8,72E-3), and Arcobacter (p=0,026) (Figure3 and
Table S3).
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Figure 3. Heatmap of microbiome taxonomy profile in mice with colitis treated withthe
Single-strain cheese. Data in the graph represent the proportion of reads assigned toa given
genus-level taxon. Dendrogram represents a hierarchical clustering based on the UPGMA
method.

Microbiota of mice fed with Emmental-type cheese increases in Lactobacillus during
colitis

Lactobacillus exhibited the most increased population in mice treated with the Emmental-type
cheese, followed by Lacnhoscostridium, Bifidobacterium, Blautia, and Roseburia when
compared to the DSS Group (p<0,05) (Figure 4, Figure S3 and Table S4). The
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bacterial genera Bacteroides, Prevotella, Curtobacterium, Alistipes, and Pseudomonas
(p<0,05) were among the taxa with a reduced population in this group.

Figure 4. Circos plot representing the most enriched taxons and KEGG pathways inmice
with colitis treated with Emmental-type cheese. Data in the graph represent the proportion
of reads from samples B246 (DSS group) and B266 (Emmental-type cheese Group) assigned
to a given bacterial genus in greyish blue. In purple is the proportion ofgenes mapped in each
KEGG pathway. abc.tnsp stands for ABC Transporters, P_transf.sys for Phosphotransferase
system, and Pep.glycan for Peptidoglycan metabolism. Chi-square test: All data represented
in the graph were statistically significant (p < 0.05).

Consumption of Single-strain cheese during colitis can restore some of the impairedgut
microbiota metabolic functions

The PCA of the number of genes per KEGG pathway followed by ANOSIM has shown
significant differences among the DSS Group and the other groups (Figure 5A and Figure
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S1) (P =0,0039). Regarding the differentially enriched KEGG pathways among the groups
(Figure 4, Figure 5B, C, D, and E and Table S5), the DSS administration caused substantial
changes, mainly a reduction in the global metabolic processes (Metabolic pathways and
Microbial metabolism in diverse environments) followed by specificmetabolic processes such
as carbohydrate metabolism (Pentose phosphate pathway,Galactose, and Inositol phosphate
metabolism), amino acids metabolism (Arginine,Proline, Tryptophan, and Lysine), Lipid
metabolism (Glycerolipid, Sphingolipid and Arachidonic acid), Metabolism of co-factors and
vitamins (Porphyrin and Vitamin B6), energy metabolism (Sulfur) and xenobiotics
metabolism (Nitrotoluene and Styrene degradation) (Figure 5B and Table S5). However,
enrichment was observed regarding other pathways including lipid (Ether lipid and linoleic
acid) and amino acid metabolism(Valine, leucine, and isoleucine biosynthesis), biosynthesis
of other secondary metabolites (Prodigiosin, Glucosinolate, Phenazine, and Flavonoids),
Ketone bodiesbiosynthesis, Terpenoids metabolism (Terpenoid and zeatin biosynthesis),
Glycan biosynthesis (O-Antigen repeat unit) and xenobiotic metabolism (Dioxin). Moreover,
some cellular processes involved in translation (Aminoacyl-tRNA biosynthesis) and cell
growth and death (Cell cycle — Caulobacter) also increased.

Consumption of the sterile cheese matrix did not present any significant difference when
compared to the DSS Group (Figure 5C and Table S5). Mice consuming the Single-strain
cheese by contrast exhibited an enrichment of energy metabolism (carbon fixationpathways),
carbohydrate metabolism (pyruvate metabolism), and transcription process (RNA
polymerase) (Figure 5D). However, purine nucleotide and taurine metabolism were reduced.
When comparing DSS+Emmental and DSS groups, Emmental consumption increased the
number of genes involved in cellular processes such as membrane transport (ABC transporter
and phosphotransferase system), quorum sensing,and beta-lactam resistance. Contrarily,
Emmental consumption resulted in a reduction of peptidoglycan metabolism, flagellar
assembly, and bacterial chemotaxis (Figure 4 and Figure 5E). Although non-significant, an
increase in galactose, starch, and sucrosemetabolism was also observed (Figure 5E and Table
S6).
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Figure 5. Microbiome functional profile in mice with colitis treated with cheeses. PCA
plot of the number of genes per KEGG pathway in (A). Extended error bar plot showing the
differentially enriched pathway between the following groups: Naive and DSS in (B) DSS
and DSS+Cheese matrix in (C); DSS and DSS+Single-strain cheese in (D); DSS (B246) and
DSS+Emmental-type cheese (B266) in (E). Welch’s test or Chi- square test. Statistical
significance when P-value < 0.05.

Individual taxa contribution analysis and metabolic pathway reconstruction in mice
treated with the Emmental-type cheese in healthy and in colitis conditions:

Akkermansia muciniphila is a major contributor to nervous system functions in healthy
mice

Metagenome Assembled Genomes (MAGs) were recovered from the Emmental Group
(sample B238) and taxonomically classified based on Tetra correlation analysis (TCA) against
Jspecies database: Akkermansia muciniphila (97,9% Completeness, 0,0% Contamination);
Alistipes dispar (77,2% Completeness, 6,4% Contamination) and Muribaculum intestinale
(46,5% Completeness, 3,4% Contamination) (Table S7). The phylogenomic analysis has
confirmed Akkermansia muciniphila taxonomy at the specieslevel (Figure S4). MAGs
contribution to biological pathways is shown in Figure 6B and Figure S5. It was observed that
the M. intestinale genome contains more genes, when compared with the other MAGs, which
contribute to functions related to global, co-factorand vitamins, and energy metabolism
(carbon fixation, Methane, and Nitrogen), except for sulfur metabolism genes, which were
more present in A. muciniphila genome.Regarding amino acids metabolism, A. muciniphila
has more genes contributing to Tryptophan metabolism and genes that interact with
GABAergic synapse pathways. Moreover, genetic information processing related to
translation and transcription was
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more enriched in this bacterium. At. dispar genome presented the lowest number of genes
contributing to most of the functions.

The Integrated metabolic pathways map reconstruction suggested that the A. muciniphila
genome presented most enzyme genes (13 from 16 genes) required for tryptophan
biosynthesis from intermediate metabolites from glycolysis and pentose pathways. Moreover,
M. intestinale and At. dispar can also contribute to 9 and two steps, respectively, in tryptophan
biosynthesis (Figure 6B). However, only At. dispar genome contained the tryptophanase
enzyme gene [EC:4.1.99.1] required to produce Indole (Figure S6).

Regarding the GABAergic synapses pathway, the glutaminase [EC:3.5.1.2] and glutamate
decarboxylase [EC:4.1.1.15] genes involved in GABA production by converting glutamate
were exclusively found in the A. muciniphila genome. At the sametime, the other bacteria
only contributed to glutamine and glutamate biosynthesis from the citric acid cycle
intermediate metabolites (Figure S6). Sulfur reduction assimilatory metabolism genes were
exclusively found in the A. muciniphila genome, and the reconstructed map (Figure S6)
suggests this bacterium can produce acetate from hydrogen sulfide and serine metabolism
through the activity of cysteine synthase [EC:2.5.1.47] and serine O-acetyltransferase
[EC:2.3.1.30].
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Metabolism: 2,552 Alistipes: 614
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Genetic Information Processing: 209
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Figure 6. Functional contribution analysis and metabolic pathway reconstruction of
MAGs recovered from the Emmental-type group. (A) Sankey diagram representing MAGs
individual contribution in the number of genes to each KEEG pathway levels 2 and 3
categories. (B) MAGs Tryptophan metabolism integrated pathway. The EC numberboxes'
colors represent the taxa: A. mucinlphila in green; At. dispar in pink and M. intestinale in blue.

Highlighted arrows indicated complete modules.

Ligilactobacillus murinus is a major contributor to central carbohydrate metabolismin
mice microbiome population and presents genes involved in the production of

metabolites with potential anti-inflammatory activity

The TCA-based taxonomy of MAGs recovered from the DSS+Emmental Group (sample

B266) was Ligilactobacillus murinus (54,0% Completeness and 2,4% Contamination);
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Duncaniella dubossi (46,5% Completeness and 10,3% Contamination) and Helicobacter
apodemus (46,0% Completeness and 9,1% Contamination) (Table S7). The Lg. murinus
taxonomy was also suggested by the phylogenetic tree (Fig S4). MAGs individual
contribution to biological pathways is shown in Figure 7B and Figure S5. Regarding
metabolism, global metabolic function genes were more abundant in Lg. murinus,followed
by D. dubossi and H. apodemus. Lg. murinus was the major contributor to carbohydrate
(starch and sucrose, galactose, fructose and mannose), Nucleotide (purine)metabolism. D.
dubossi and Lg. murinus had an equal contribution to amino acids metabolism, although the
first bacterium species genes were more related tophenylalanine, tyrosine, and tryptophan
biosynthesis, while the late species genes were associated with alanine, aspartate, and
glutamate metabolism. Energy metabolism genes were predominantly found in H. apodemus
and primarily associated with oxidative phosphorylation. Most co-factors and vitamin
metabolism genes were distributed between the genomes from Lg. murinus (vitamin B6 and
thiamine metabolism, phanthenate and CoA biosynthesis), and D. dubossi (biotin, riboflavin,
and folate metabolism). Regarding environmental and cellular processes, Lg. murinus genome
contains more genes involved in membrane transport (ABC transporters), signal transduction
(two-component system), and biofilm formation.

Reconstructed pathways maps have shown ABC transporters system in the Lg. murinus
genome was most related to the transport of phosphate, amino acids (glutamine, cystine,
arginine, histidine, and lysine), oligopeptides, and inorganic ions (Figure S7). The
phosphotransferase system in this bacterium is involved in the uptake of several sugars
(glucose, mannose, and fructose), while H. apodemus presents only a fructose up-take system
(Figure S7). Regarding metabolites with potential anti-inflammatory properties, all three
bacteria contribute to acetate production via glycolysis/pyruvate metabolism, although most
genes involved in central carbohydrate metabolism were detected in Lg. murinus genome
(Figure 7B). Moreover, the same bacterium contains glutamate-cysteineligase [EC:6.3.2.2]
required to produce glutathione (Figure S7). Although D. dubossi andLg. murinus genomes
presented most Co-factors and vitamin metabolism genes. Thiamine, riboflavin, and vitamin
B6 pathways lack enzyme genes in their biosynthesis. Regarding lipid metabolism, H.
apodemus, and Lg. murinus contribute to the biosynthesis of phosphatidylethanolamine
through the metabolism of glycerophospholipids by phosphatidate cytidylyltransferase
[EC:2.7.7.41] and CDPdiglyceride-serine O- phosphatidyl transferase [EC:2.7.8.8].


https://www.kegg.jp/entry/2.7.8.8
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Figure 7. Functional contribution analysis and metabolic pathway reconstruction of
MAGs recovered from DSS+Emmental group. (A) Sankey diagram representingMAGs
individual contribution in the number of genes to each KEEG pathway levels 2 and 3
categories. (B) MAGs Pyruvate metabolism integrated pathway. The colors insideEC number
boxes represent the following taxa: D. dubossi in green, H. apodemus in pink,and Lg. murinus

in blue. Highlighted arrows indicated

complete modules.

Ligilactobacillus murinus presents potential immunomodulatory interaction with the

human gut Immune system

Lg. murinus presented 20 Cell wall proteins classified as adhesins. From those, 17 proteins
were predicted to interact at least with one human protein involved in the inflammasome
activation pathway, as shown in Figure 8 and Table S8. Bacterial adhesinspresenting the best
interaction prediction score (100% identity with known interaction network proteins) were
B266-M15-00085, B266-M15-00251, and B266-M15-01787. Allthree in silico interactions
occurred with the NF-kB p105 human protein. In quantitative
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terms, most interactions occurred between bacterial proteins and NF-kB pl05 (17
interactions), followed by NLRP1 and NAIP5 (11 interactions). InterPRO domain analysis
suggests the presence of Mucin-type Glycan binding domains (data not shown).

Cellwall Proteins

TRAF6
IKK1 NF-kB_p105

Figure 8. Protein-Protein Interaction network between Lg. murinus and human
Inflammasome activation pathway. The nodes represent human or bacterial proteins, and
lines connecting the nodes indicate interactions. B266-M15 captions represent
Ligilactobacillus murinus MAG predicted proteins from sample B266 (DSS+Emmental
Group).

Discussion Homeostasis
context

Consumption of both experimental kinds of cheese, in a healthy or colitis context, promoted
distinct changes in mice microbial communities. The present study revealed that five-day diet
complementation based on the control sterile cheese matrix, on a Swiss- type cheese
exclusively fermented by P. freudenreichii CIRM-BIA129 or on an Emmental cheese
manufactured using P. freudenreichii CIRM-BIA129 in association with L. delbrueckii
CNRZ327 and S. thermophilus LMD-9 as starters, does not cause long-term shifts of the gut
microbiota. In particular, no unbalanced composition
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(dysbiotic) profile was observed in healthy mice. In this context, we observed that microbial
diversity was kept, and most of the taxa found in the normal microbiome exhibited no
significant changes in population sizes after the three complementation rounds. Moreover,
PCA and ANOSIM analysis regarding KEEG functional profiling support these findings and
suggested that none of the experimental cheeses impaired fundamental microbiota functions.
Therefore, they might be safe for healthy consumers.

Considering the effects promoted by the sterile cheese matrix composed of an acidified curd-
like mixture of cow milk fat, protein, and carbohydrate, the microbiota cellular process
involved in genetic information processing like Sulfur relay system, RNApolymerase, and
phosphatidylinositol 3'-kinase(P13K)-Akt signaling functions were found enriched. One
factor associated with the modulation of such functions is the cheesematrix's acidic (pH 5.5)
condition. In this context, gut microorganisms with greater capacity to adapt and survive
in this environment could have expanded, such as the increase in Sulfur relay system genes
involved in many Post-transcriptional RNA modifications [11]. Moreover, the gene mapping
in the PI3K-Akt signaling pathway waspredicted as a heat shock protein chaperone when
aligned to Uniprot Protein DB (98,02%ldentity, AOA1B1SDF3), hence, supporting the stress
adaptation hypothesis. It was also expected that the cheese matrix substrate could work as a
prebiotic factor for the gut bacteria, as suggested previously [12]. These genes were also
increased in mice receivingthe Emmental type cheese. In this case, the acidification of the
cheese promoted by the production of propionic and acetic acid, as a result of propionibacteria
fermentation couldbe involved in selecting low pH stress tolerating mechanisms.

Swiss-type cheeses are usually high-fat, and therefore the excess of lipids could provide a
niche for other lipolytic bacteria in the gut [10]. Consuming cheese containing only P.
freudenreichii CIRM-BIA129 induced the enrichment of lipid metabolism capacities, such as
the increase in Fatty acid biosynthesis genes and a decrease in the biosynthesis of LPS. This
effect was not observed in mice consuming the Emmental-type cheese containing the
thermophilic Latic Acid Bacteria strains, suggesting that their lipolytic activity might
complement propionibacteria in the breakdown of lipids. The impact of the enrichment in
lipolysis promoted by commensal bacteria in the host functions is largely unknown and should
be further investigated. On the other hand, LPS are glycansproduced by Gram-negative
bacteria and have been strongly associated with the stimulation of pro-inflammatory
responses in the gut [9]. Our study found the LPS biosynthesis pathway incomplete in the
normal microbiota. The number of genes in this pathway was further reduced after treatment
with the cheese containing only P. freudenreichii CIRM-BIA129, suggesting this approach
could help prevent the initiationof an inflammatory process.

Xenobiotics degradation genes were predicted within the gut microbiome of control miceand
of mice consuming the Emmental cheese. An increase in Benzoate metabolism geneswas
observed after cheese consumption. However, other xenobiotics metabolism genes, such as
styrene and caprolactam, were absent in these animals. Sodium benzoate is widelyused for the
preservation of fermented foods, including cheeses. It is furthermore produced from hippuric
acid and phenylalanine metabolism because of bacterial fermentation in cheese [13]. Studies
have pointed out that frequent exposure to
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xenobiotics from the diet may have allowed gut microbes to evolve the capacity to metabolize
them [14], [15].

In contrast to the Single-strain cheese, the Emmental-type cheese was prepared following an
industrial scale process, which could explain the increase in xenobiotic degradation. Natural
preservatives in the food industry are replacing Sodium Benzoate, and we suggest this
improvement should be considered for the development of safer functional foods as these
metabolites have been associated with toxic effects when consumed in highconcentrations
[16]. Another crucial metabolic function affected by the experimental Emmental cheese
consumption in healthy mice was the decrease in Amino sugar and nucleotide sugar
metabolism. This pathway involves many glycation processes of lipids and proteins in
bacteria, including peptidoglycan or O-antigen (LPS) biosynthesis. Pathway reconstruction
analysis suggests the microbiome of Emmental treated mice keptthe ability to phosphorylate
D-galactose and D-glucose but lacked the D-hexose 6- phosphotransferase gene, indicating a
limited capacity regarding sugars like mannose andfructose (data not shown). This effect could
result from a low-carbohydrate diet as most of the milk sugar is probably consumed by the
starter bacteria used for cheese fermentation.

Sulfur metabolism is critical in the host and microbiota functions, including physiologic and
pathogenic ones. Sulfate substrates can be found in the gastrointestinal tract in the inorganic
form or conjugated with organic substances such as mucin proteins, bile acid, and amino acids
from the diet [14]. The present report suggests a decrease in sulfur metabolism, caused by
Emmental consumption, as indicated by a lack of genes involvedin the uptake of inorganic
Sulfate. The gut microbiota however kept the ability to obtainsulfate from Sulfonated organic
compounds. Interestingly, this result corroborates with the partial increase in A. muciniphila,
which has been reported as a probiotic mucin scavenger bacterium in the gut [17].
Furthermore, two kinds of sulfate-degrading microorganisms have been described in the
bacteria kingdom: (i) Sulfidogenic, such as Desulfovibrio spp. or Bilophila spp, which use
sulfate as a final electron acceptor to generate energy and produce inorganic hydrogen sulfide
(HS) as an end-product that canbe toxic when produced in large amounts and has been
associated with IBD pathogenesis[18]; (ii) Sulfate assimilatory, including A. muciniphila, that
consume energy to incorporate Sulfate in several organic compounds, including peptides and
amino acids and may produce secondary metabolites which can be used as a carbon source
for other commensal bacteria [19]. The A. muciniphila genome recovered from a metagenome
sample (B238) from a mouse consuming Emmental revealed a complete Sulfur assimilatory
pathway. Moreover, pathway contribution analysis supported beneficial properties modulated
by Emmental consumption, as it was shown this Akkermansia along with Bacteriodales
members, Alistipes, and Muribaculum, may produce acetate via sulfurmetabolism, Indole and
GABA via amino acids degradation, all considered key metabolites in the regulation of the
host immune system in intestinal and gut-brain axis inflammatory disorders [20], [21].

Previous studies have reported that proteolysis of Casein, milk's most abundant protein, can
produce bioactive Glycomacropeptides (GMP) containing mucin-type carbohydrate chains
such as N-acetylgalactosamine and N-acetylneuraminic acid [12]. Milk mucin- type GMPs
are rich in galactose, glutamate, and serine. They, therefore, could provide
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the primary substrate for A. muciniphila to produce metabolites with neuromodulatory
properties such as Indole, GABA, and Acetate, respectively, as suggested by pathway
reconstruction and contribution analysis performed in our study. A prebiotic formulationthat
increased Akkermansia based on sialyl glycopeptide (SGP) extracted from milk GMPwas
recently developed and patented (JP2019043867A) in Japan. These results together suggest
that the synergic proteolytic activity of the thermophilic bacteria L. delbruekii and S.
thermophilus in the fermentation process of Emmental cheese might have a crucialrole in the
enrichment of A. muciniphila in the gut. Therefore, we suggest that selecting probiotic strains
with appropriate proteolytic activity, generating GMP might be the key to developing
functional dairy foods to promote the enrichment of this bacterium in the gut.

Another common member of the typical mammalian microbiota, Romboutsia, was increased
around ten times when mice consumed the Emmental-type cheese. Interestingly, this genus
has been found enriched in rat microbiota after receiving a mix of lactobacilli probiotic strains
[22]. This genus is an anaerobic member of the Firmicutesphylum and is closely related to
Clostridium sp. Its role in the gut microbiota is poorly understood. However, it is known that
the primary metabolic end-products of the type species R. idealis are SCFA, acetate, and
formate when cultivated in artificial media [23].We could not investigate the presence of the
possible genes associated with SCFA biosynthesis in this bacterium due to the small number
of reads obtained.

Inflammation context

DSS administration did not affect the microbiota diversity regardless of the type of cheese
treatment. It did, however, modify the gut population of genera Bacteroides and
Parabacteroides, as well as the gene content as expected of imbalanced community shiftsfound
in IBD patients [22]. Carbohydrate metabolism was the most affected KEEG pathway, with
fewer genes in the context of colitis. Among the pathways that converselyexhibited an
enrichment, the O-Glycan biosynthesis pathway was noticed. The concomitant increase of
Gram-negative bacteria such as Helicobacter ssp. can explain this finding.

Interestingly, PCA and ANOSIM revealed functional dissimilarity between the DSS control
group and groups of inflamed mice consuming cheese, suggesting different signatures in
microbiome structures. While cheese matrix consumption has not shown any improvement in
structural and functional aspects, our results suggest that consumingsingle-strain cheese could
restore some of the impaired metabolic functions related to carbohydrate metabolism,
including pyruvate and carbon fixation pathways. However, itcould not contain the growth of
Helicobacter spp., which is considered an opportunistic commensal in rodent gut [24]. This
finding is intriguing as we have previously reported that the cheese fermented exclusively
with P. freudenreichii could ameliorateinflammatory markers in murine DSS-induced colitis,
such as reduced TNF and IFN- gamma [4]. LPS (O-antigens) from Helicobacter spp. possess
weak pro-inflammatory effects but are vital for the persistence of the bacterium by providing
camouflage as it mimics glycans present in the gastrointestinal mucosa [25]. We hypothesize
that despite the anti-inflammatory properties of P. freudenreichii, the prebiotic factors
and
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environment acidification of the cheese could have allowed the expansion of Helicobacter as
this microorganism presents resistance mechanisms such as Urease coding genes for
tolerating low pH [24].

In contrast, the consumption of the Emmental-type cheese enhanced the intestinal population
of the lactobacilaceae Lg. murinus. This bacterium has shown promising probiotic properties
in treating intestinal inflammation disorders; and a recent study has reported its ability to
alleviate DSS-induced colitis in mice [19], [26]. Another crucial functional impact of
Emmental-type cheese consumption in mice with DSS-induced colitis was the increased
diversity of sugars and amino acids uptake systems (ABC transporters systems and
phosphotransferases systems) found in Lg murinus MAG, suggesting an improved capacity
to adapt and assimilate different kinds of nutrients. While Duncaniella spp. MAG shares
many genes in common involved in global metabolism, Lg. murinus MAG presented a higher
abundance of genes involved in producing metabolites with potential anti-inflammatory
activity, such as acetate and glutathione.

Furthermore, PPI analysis suggested the ability of Lg. murinus cell wall layer adhesin proteins
to exert an immunomodulatory activity by interacting with human and mouse Inflammasome
sensor proteins, mainly NLRP1 and NAIP5. Additionally, the NF-kB pl105 subunit is
predicted to interact with several ligands from this bacterium cell wall. Commensal probiotic
strains have been reported to possess immunomodulatory properties related to NLRP1 and
NAIP5 inflammasome attenuation and regulation of inflammation markers by inhibiting the
NF-kB complex formation [27]-[29]. These findings corroborate our previous study, showing
that the Emmental cheese diet reducedthe expression of IFN-gamma and TNF and prevented
tissue damage caused by DSS in mice [4]. This might explain the mechanism behind its
beneficial properties. However, further investigations are required to confirm whether these
interactions involve inhibitory or activation mechanisms. In addition, these results suggest
that Lg. murinus adhesins may provide competition with other luminal ligands as toxins and
antigens fromcommensal pathobionts such as H. apodemus.

Conclusions

This study concludes that experimental Emmental-type cheese is safe for healthy consumers
and may promote the increased capacity of the microbiota to produce metabolites with
neuromodulation properties in gut-brain axis regulation. However, further studies are required
to fully characterize the impact of cheeses on the central nervous system and
neurodegenerative diseases. Furthermore, our results suggest possible anti-inflammatory
mechanisms based on the interaction of enriched commensalLg. murinus with the gut immune
system.

Material and Methods

Cheeses preparation and bacterial strains
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Cheeses were manufactured as described in a previous study [4]. For a control sterile matrix
preparation, UHT cow milk was added with milk proteins and cream before acidification
using Glucono Delta Lactone, moulding, pressing, drying, and wrapping. An experimental
single-strain cheese was prepared the same way following the growth of Propionibacterium
freudenreichii CIRM-BIA129 in UHT milk. Finally, an Emmentalcheese was manufactured
at an industrial scale by the Entremont alliance company (Malestroit, France). Lactobacillus
delbrueckii subsp lactis CNRZ327, Streptococcus thermophilus LMD-9 and P. freudenreichii
CIRM-BIA129 were used as starters in this industrial Emmental cheese. All bacterial strains
were provided by the international microbiological resource centre CIRM-BIA (Centre
International de Ressources Microbiennes, Bactéries d'Intérét, France). A sterile mixture of
cow milk, milk cream, and casein peptone was used as the substrate matrix for starter bacteria.
For the placebo control, a solution of Glucono Delta Lactone was used to reproduce
acidification during fermentation (pH 5.5).

Animal experiments and sample collection

The present study used the same mice as previously in Rabah and Colleagues (2018). Female
C57BL6 mice between six and eight weeks were obtained from the Federal University of
Minas Gerais (Belo Horizonte, Brazil). The study was approved by the Brazilian Ethics
Committee on Animal Use (CEUA, Brazil, protocol 364/2018), and theanimals were housed
in a 12 h/12 h light/dark cycle-controlled room with a temperature of 25 °C and unrestricted
access to standard chow and filtered water before the experiment. We, at this moment,
confirm that the study was carried out in compliance with the ARRIVE guidelines.

For the in vivo assay, a colitis preventive treatment protocol was followed, as shown in Figure
9. Mice were divided into eight groups (n=6). The first four groups consisted of noninflamed
mice pre-treated with probiotic cheeses for five days: (i) the negative control(Naive group),
which did not receive any treatment; (ii) the Matrix group, receiving 400mg of a sterile
nonfermented cheese matrix daily by gavage; (iii) Single-strain and (iv) Emmental groups
which received daily gavage with 400 mg of cheeses prepared as described above.

The remaining four groups were composed of mice pre-treated with probiotic cheeses forfive
days and challenged with colitis induced by drinking 3% dextran sulfate sodium (DSS) (MP
Biomedicals, Illkirch-Graffenstadenn, France) during seven days: (v) DSS control group,
mice receiving DSS treated with PBS (Phosphate-Buffered Saline); (vi) DSS-Matrix group,
receiving DSS and fed with the nonfermented cheese matrix; (vii) DSS+Single-strain and
(viii) DSS+Emmental groups, mice receiving DSS and fed by gavage either with experimental
or conventional Emmental cheeses. All mice were euthanized on the 12" day of the
experiment, followed by stool samples collected and stored at —80 °C.
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Figure 9. Colitis pre-treatment in C57BL6 mice with experimental cheeses. Intragastric
gavage was administered to the cheeses daily (400mg of cheese in 500 pl PBS pH 7.4). DSS
3% solution was administered daily in drinking water. 100mg of micestool samples were
collected after euthanasia.

Metagenomic DNA isolation and Sequencing

Total DNA was extracted from 48 mice stool samples (100 mg) from (8 groups with six animals
each, following Ql1Aamp DNAStool Mini Kit protocol (Qiagen) recommendations and used
to prepare whole shotgun metagenomic libraries performed with the Illumina TruSeq DNA
Sample Preparation kit.The Metagenomic DNA libraries were sequenced using the HiSeq
2500 platform (Illumina) with paired-end (2 x 150 bp) reads with inserts size of 450bp. Sixteen
samplescould not be sequenced due to the low yield of high-quality DNA. A summary of the
amounts of reads obtained for each sample is shown in Table S9.

Public genomes used in this study

Datasets of 97 complete public genomes of Akkermansia spp. strains and 17 Ligilactobacillus
representative species were downloaded from the NCBI RefSeq genome database (accessed
Sept. 23, 2022) for the phylogenomic analyses. The accessionnumber of all genomes is shown
in Table S10.

Microbiome taxonomy and function profiling

FastQ file base quality was verified using FastQC v.0.11.9 tool, and the low-quality reads
(Phred <30) were filtered using Fastp v. 0.232 software. A 150pb read-based taxonomic
classification was performed using kaiju v1.9.2 software [30], aligning the sequences to the
NCBI BLAST nr +euk sequences database. Afterwards, the relative abundances of bacterial
taxa in the samples were estimated and statistically compared using RStudio
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built-in functions and STAMP v2.1.3 software. A diversity analysis was conducted by
estimating the Shannon index using the Vegan package for RStudio.

The reads classified as Bacteria were extracted and submitted for a de novo assembly using
the megahit v.1.2.9 tool for functional analysis. Following the assembly, contigs were
annotated using Prokka v1.14.5. An enrichment analysis based on orthologs was performed
using the KEGG database, and the number of genes for each category/pathwaywas compared
statistically among the groups using the same tools described above.

A normality test was performed using the Shapiro-Wilk test for the comparative analyses
performed among the groups (n=6). ANOVA or Kruskal-Wallis’s test was used for data
presenting either Gaussian or asymmetric distribution, respectively, followed by Tukey or
Welch’s T-test for Post hoc analysis. A Chi-square hypothesis test was used to comparedata
from the DSS-Emmental group (n=1) to other groups. For Principal Component Analysis
(PCA) data, an Analysis of similarities (ANOSIM) was performed. Significant differences
were considered when the P-value < 0,05.

MAGS reconstruction and individual taxa contribution analysis

To evaluate the individual functional contribution of taxa, de novo assembled contigs
(minimum length = 1000pb) from one sample selected from the group Emmental and one
sample from the DSS-Emmental group was used for recovering metagenome-assembled
genomes (MAG) based on a binning algorithm performed by the MaxBin2 v. 1.2.0 tool [31].
The MAG completeness and contamination were verified using CheckM v1.2.2 software. The
taxonomy at the species level was investigated by tetranucleotide pairwisealignment against
the JSpeciesWS tool genomesDB database followed by a multi-locus (92 single copy
orthologous genes) phylogeny using the Up-to-date bacterial core gene (UBCG) v. 3.0 tool.
The trees were built using the Maximum Likelihood method with 1000 Bootstrap replicates.
For this step, it was used a dataset of complete public genomesdescribed in item 2.4.
Afterwards, the number of genes per KEGG pathway for each MAG was estimated, as
described above, compared, and clustered in a heatmap plot using the Pheatmap package for
Rstudio. Then, the list of genes from all MAGs was mapped to KEGG pathways using the
KEEGmapper tool. All the maps (map00620, map04727, map00400, map00380, map00250,
map00920, map02010, map02060, and map00480) used for the reconstruction and
visualization of MAGs integrated metabolic pathways were initially generated by Kanehisa
laboratories [32].

Identification of MAGs cell-adhesion related sequences and Protein-Protein Interaction
with human gut Inflammatory pathways

Translated amino acid sequences from the MAG B266-M15 (Ligilactobacillus murinus)were
submitted to the PsortB (https://doi.org/10.1093/bioinformatics/btq249) v3.0 (accessed on
02/02/23) web-platform for extraction of proteins located on Cell Wall surface. Subsequently,
all cytoplasmic proteins were submitted to Vaxign2 (https://doi.org/10.1093/nar/gkab279)
(accessed on 02/02/23) to select adhesin-related proteins, considering a 60% probability
cutoff. Human, mice, and homologous pig



52

proteins were discarded. Afterwards, Protein-Protein Interaction (PPI) was performed with
human inflammasome key proteins (https://doi.org/10.1038/mi.2017.19,
https://doi.org/10.3390/microorganisms9040829). The GenBank ID for the 17 selected
proteins is available in Table 1. For this step, cell adhesion-related proteins were submitted
on INTERSPPI - Human&Bacteria v3 (10.1021/acs.jproteome.9b00074) (accessed on
02/03/23) to predict PPI, considering a 97% of identity against the platformdatabases and 95%
interaction probability cutoff. Networks were plotted in the Rstudio igraph package and
Python networkx and pyvis packages.

Table 1. Inflammasome pathways-associated proteins in this study.

Protein GenBank ID
NLRP1 NP_127497.1
NLRP3 NP_001230062.1
NLRP6 NP_612202.2
NLRP12 NP_653288.1
NLRC4 NP_001186067.1
AIM2 NP_004824.1
NAIP5 Q9R016.3

NAIPs AAI36274.1
NFk-B_p105 NP_003989.2
TRAF6 NP_004611.1
IRAK1 NP_001560.2
IRAK4 NP_057207.2
TLR4 NP_612564.1
NKFPBIA NP_065390.1
RELA NP_068810.3
TGFB1 NP_001278963.1
IKKB 014920.1
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4. Concluséao

De acordo com este estudo, 0 queijo experimental Emmental é considerado seguropara
pessoas saudaveis e pode até aumentar a capacidade da microbiota de produzir metabolitos
que tém propriedades de neuromodulacao na regulacdo do eixo intestino- cérebro. No entanto,
ainda ha a necessidade de mais pesquisas para entender completamente o impacto dos queijos
no sistema nervoso central e nas doencas neurodegenerativas. Alem disso, os resultados
sugerem que pode haver possiveis mecanismos antiinflamatdrios relacionados a interacédo de
bactérias comensais, como o Lactobacillus murinus, com o sistema imunolégico no trato

gastrointestinal.



5. Perspectivas
- Investigar como 0s queijos funcionais experimentais afetam a comunidade de Fagos;
- Investigar como os efeitos dos queijos funcionais experimentais e modelo murino de

esclerose multipla.
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Apéndice B — Material suplementar do artigo apresentado no Capitulo |

Tabelas disponiveis em:
https://drive.google.com/drive/folders/19jPV1KMFnGtyLvJDNjdAmhodE6ik\W4kn?us
p=sharing (acesso 27/02/2023)
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Figure S1. Analysis of similarities (ANOSIM) of number of genes in each KEEG
pathway among the groups. Dissimilarity rank based on Bray-Curtis distance estimated
for health mice samples in (A) and mice with colitis in (B). White circles in the graph
represent outliers. R value is a ratio of the between groups variation to the within group
variation. Statistical significance when P-value < 0.05.
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Figure S2. Beta-diversity analysis of microbiome in mice with colitis treated with
cheeses. Beta-diversity analysis based on Shannon index (H’). The line inside the box
plot represents the median of H'. The length of the whiskers represents 1,5 times the inter-
quartile range (H'+IQRx1.5). White circles in the graph represent outliers (>1,5xIQR).
One-way ANOVA followed by Tukey Pos hoc test. No statistical significance, P-value >
0.05. The line inside the box plot represents the median of Shannon index (H'). The length
of the whiskers represents 1,5 times the inter-quartile range (H'tIQRx1.5). White circles
in the graph represent outliers (>1,5xIQR). One-way ANOVA followed by Tukey Pos
hoc test. No statistical significance, P-value > 0.05.
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Figure S3. Microbiome taxonomy profile in mice with colitis treated with the
Emmental cheese. Barplot of bacterial taxonomy showing the relative abundance
between samples from DSS group and one sample from the DSS+Emmental group as
follows: B245 (DSS) and B266 (DSS+Emmental) in (A); B246 (DSS) and B266
(DSS+Emmental) in (B); B247 (DSS) and B266 (DSS+Emmental) in (C). Chi-square
test. Statistical significance when P-value > 0,05.
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Figure S4. Maximum likelihood phylogenetic tree of selected MAGs. (A) MAGO from
Emmental group (sample B238) and a dataset of 95 Akkermansia muciniphila strains and
three A. glycaniphila strains from GenBank (NCBI). Rubritalea marina was used as an
outgroup. (B) Maximum likelihood phylogenetic tree of MAG15 reconstructed from
DSS+Emmental group (sample B266) and 14 species from Ligilactobacillus genus from
GenBank (NCBI). Lb. delbruekii CNRZ327 was used as an outgroup. The trees represents
concatenated sequences of 92 bacterial orthologous gens. Bootstrap support values
between 85 and 100 are represented by blue circles below the branches.
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Figure S5. Heatmap plot showing the individual taxa contribution analysis. Data in
the graph represents the number of genes per KEEG pathway estimated for recovered
Metagenomes-assembled Genomes (MAG) in one sample from the Emmental group (A)
and DSS+Emmental group (B). Dendrogram represents a hierarchical clustering based on

UPGMA method.
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Figure S6. Other metabolic pathway reconstruction of MAGs recovered from
Emmental group. The colors inside EC number boxes represent the following taxa: A.
mucinlphila in green; At. dubossi in pink and M. intestinale in blue.
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Supplementary Fig 7. Other metabolic pathway reconstruction of MAGs recovered
from Emmental group. The colors inside EC number boxes represent the following taxa:
D. dubossi in green; H. apodemus in pink and Lg. murinus in blue.



