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RESUMO

A imunidade inata treinada tem sido objeto de amplo estudo para compreensdo do
desenvolvimento de memoria imunologica em células imunes inatas. O desenvolvimento
de melhor capacidade de protecao contra numerosas doencgas, dentre elas, metabolicas,
neoplasicas e infecciosas, tem demonstrado o aspecto promissor do treinamento imune
inato. Algumas substincias tém sido amplamente utilizadas com essa finalidade, em
especial B-glucana e zymosan. Diante disso, este trabalho objetivou investigar a
capacidade destas substancias em contribuir para melhorar a eficiéncia de candidatas a
vacina contra infeccdo por B. ovis e L. monocytogenes. Este trabalho demonstrou que -
glucana foi capaz de conduzir a reducdo importante da infeccdo bacteriana in vitro em
macrofagos da medula 6sseas de camundongos estimulados, além da colonizagdo
bacteriana em 6rgaos alvo, comparada ao zymosan. A estimula¢do com B-glucana nao foi
capaz de melhorar a eficiéncia vacinal das vacinas atenuada de B. ovis AabcBA e, porém,
observou-se importante reducdo da colonizagdo bacteriana em animais vacinados com B.
ovis inativada por irradiagdo gama. A estimulagdo com B-glucana também nao foi capaz
de melhorar a eficicia vacinal da vacina inativada L. monocytogenes gama-irradiada,
embora metade dos camundongos estimulado e vacinado ndo tiveram recuperagao
bacteriana detectavel. O nimero de doses ¢ um fator que pode contribuir de maneira
negativa para o controle de agentes infecciosos, prejudicando a indugdo da imunidade
treinada. Estes resultados sugerem que a imunidade inata treinada pode ser um importante
mecanismo no auxilio no controle e preveng¢do de doencas infecciosas causadas por

bactérias intracelulares, e que seu uso pode favorecer determinados protocolos vacinais.

Palavras-chaves: imunidade treinada; Brucella ovis; brucelose; Listeria monocytogenes;

listeriose; vacinagdo; prote¢do; imunizagao; B-glucana; zymosan.



ABSTRACT

Trained innate immunity has been the subject of extensive study to understand the
development of immunological memory in innate immune cells. The development of
improved protective capacity against numerous diseases, including metabolic, neoplastic
and infectious diseases, has demonstrated the promising aspect of innate immune training.
Some substances have been widely used for this purpose, especially B-glucan and
zymosan. Therefore, this study aimed to investigate the ability of these substances to
contribute to improving the efficiency of vaccine candidates against B. ovis and L.
monocytogenes infection. It demonstrated that B-glucan was able to lead to a significant
reduction in bacterial infection in vitro in bone marrow macrophages of stimulated mice,
in addition to bacterial colonization in target organs, compared to zymosan. Stimulation
with B-glucan was not able to improve the vaccine efficiency of the attenuated B. ovis
AabcBA vaccines, but a significant reduction in bacterial colonization was observed in
animals vaccinated with gamma-irradiated B. ovis. Stimulation with B-glucan was also
not able to improve the vaccine efficacy of the gamma-irradiated inactivated L.
monocytogenes vaccine, although half of the stimulated and vaccinated mice did not have
detectable bacterial recovery. The number of doses is a factor that can negatively
contribute to the control of infectious agents, impairing the induction of trained immunity.
These results suggest that trained innate immunity can be an important mechanism in
aiding the control and prevention of infectious diseases caused by intracellular bacteria,

and that its use can favor certain vaccine protocols.

Keywords: trained immunity; Brucella ovis; brucellosis; Listeria monocytogenes;

listeriosis; vaccination; protection; immunization; B-glucan; zymosan.
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1. Introducao

As doengas infecciosas representam um grande risco a vida de seres humanos e
animais. Para enfrentar este tipo de ameaga o organismo hospedeiro desenvolveu
mecanismos eficazes de defesa em contraponto ao aumento da capacidade de causar
doenca destes microrganismos (Schleimer et al., 2007). Um dos meios de defesa para a
manuten¢do da saude ocorre pela manuten¢ao da homeostase de 6rgaos e sistemas. Essa
tarefa que ¢ desempenhada por diversos tipos celulares envolvidos na resposta imune

(Gordon, 2016).

Hé muito tempo acredita-se que as células do sistema imune inato ndo possuiam
a capacidade de desenvolver memoria. No entanto, hd alguns anos, pesquisas tém
demonstrado que células do sistema imune inato, sobretudo macréfagos, podem se tornar
mais eficazes em combater agentes infecciosos apds serem sensibilizados por substancias,
sem relagdo alguma com tais agentes. Um fato interessante ¢ que esta resposta ndo ocorre
apenas contra microrganismos ja enfrentados por estas células, os macrofagos apresentam
maior capacidade de controle mesmo contra agentes que nunca tiveram contato, durante
infec¢des heterdlogas (Quintin et al., 2012; Cheng et al., 2014). Diante dessas descobertas

postulou-se denominar esta condi¢do de imunidade inata treinada (Netea, et al., 2011).

Esta caracteristica foi demonstrada com a vacinagao contra tuberculose. A vacina
BCG (bacilo Calmette-Guerin), induz a imunidade inata treinada, protegendo contra
outros numerosos agentes infecciosos, mesmo que o organismo hospedeiro nunca os
tivesse enfrentado antes (Quintin et al., 2012; Cheng et al., 2014). Outros microrganismos
como Candida albicans (Rosati et al.,, 2024) ou mesmo, substincias como
polissacarideos, zymosan (Ciarlo et al., 2020) e B-glucana, sdo capazes de induzir o
treinamento imune nestas células (Moorlag et al., 2020). Estes componentes sdo
reconhecidos por receptores que induz modificagdes epigenéticas e metabdlicas nas
células, resultando em maior capacidade de eliminacdo de agentes infecciosos, assim
como maior inducdo da sintese de citocinas pro-inflamatodrias. Essa ativacdo de células
do sistema imune inato pode contribuir sobremaneira para a prote¢do contra numerosos
agentes infecciosos, especialmente os agentes intracelulares (Netea et al., 2011; Ciarlo et

al., 2020).

Dentre os agentes infecciosos que podem ser citados estdo as bactérias do género
Brucella spp. e Listeria spp. patégenos intracelulares causadores de doengas importantes

tanto para satde humana quanto animal. Bactérias do género Brucella acometem
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diferentes espécies de animais domésticos causando doenga cronica que envolve
principalmente o sistema reprodutor com quadros de aborto ou natimortalidade,
placentite, epididimite e orquite (Corbel, 2006; Pappas et al., 2006). A infec¢do por L.
monocytogenes pode exibir manifestagdes clinicas distintas, que variam desde o
desenvolvimento de inflamagdo do sistema nervoso central, quadros abortivos, ou

quadros septicémicos em neonatos (Engelen-Lee et al., 2018; Ogunleye et al., 2021).

Por se tratar de doencas graves, seu controle e profilaxia s3o de grande
importancia. Uma das medidas mais eficazes no controle de doencas infecciosas se da por
meio da vacinagdo. A vacinagao desde sua descoberta até os dias atuais tem contribuido
enormemente para erradicagdo e controle de doengas infecciosas (Piot et al., 2019).
Contudo, devido a adaptagdo de determinados microrganismos para evadir dos
mecanismos de defesa do sistema imune, a busca por protocolos vacinais com
capacidades de exercer controle adequado destes agentes ainda ¢ amplamente
investigado. Isso mostra a necessidade de se compreender os mecanismos pelo qual estes
microrganismos conseguem evadir da resposta imune, assim como entender de qual
maneira as células do sistema imune podem ser preparadas para combater inimigos

dificeis de controlar (Knight-Jonesa e Rushton, 2013; O'Brien e Nolan, 2019).

Uma das alternativas para aumentar a capacidade de controle de agentes
infecciosos seria associar o efeito da imunidade inata treinada com vacinas. Essa
associacao de células com maior capacidade de eliminacdo de agentes infecciosos, ligadas
a resposta imune adaptativa, pode maximizar o efeito vacinal, contribuindo para um

controle mais eficaz das infec¢des causadas por agentes intracelulares.

Vacinologia em brucelose tem sido explorada ha mais de 30 anos (Carvalho et al.,
2016.) e ha diversos estudos buscando desenvolvimento vacina contra listeriose (Rocha
et al., 2021; Meng et al., 2025). Alguns estudos ja avaliaram como a indugdo da
imunidade inata treinada € capaz de controlar a infecao por Brucella sp. ou Listeria sp. in
vitro ou in vivo (Ciarlo et al., 2020; Aratjo et al., 2023), entretanto a avaliacao da
imunidade treinada como favorecedor da resposta vacinal eficaz contra estas duas
infecg¢des ainda ndo foram investigadas. Assim o objetivo deste estudo € avaliar o efeito
da imunidade treinada em dois modelos distintos de vacina, atenuada ou inativada, contra
infec¢do por Brucella ovis (Silva et al., 2015) ou Listeria monocytogenes (Rocha et al.,

2021) em modelo murino.
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2. Revisao de literatura
2.1. Infec¢ao e vacinologia de Brucella spp.

As vacinas sao uma das ferramentas mais poderosas quando se trata de prevencao
de doencas infectocontagiosas. Gragas ao desenvolvimento de vacinas, doencas
importantes como a variola foram erradicadas (Piot et al., 2019). Outras doencas de
grande importancia tanto para seres humanos quanto em animais, como a infec¢do pelo
virus da raiva (O'Brien e Nolan, 2019), bem como enfermidades que podem gerar
importante déficit econdomico, como € o caso da febre aftosa em animais de producao, sao
controladas por meio do emprego de programas de imunizacao (Knight-Jonesa e Rushton,

2013).

Contudo, ainda existem numerosos agentes infecciosos para os quais o controle
da infec¢@o por meio da vacinacdo ¢ um grande desafio. A respeito disso, € possivel citar
a infecc¢do por agentes infecciosos sobretudo agentes bacterianos intracelulares como M.
tuberculosis (Zhuang, et al., 2023), B. abortus (Carvalho et al., 2016; Oliveira et al., 2022)
e L. monocytogenes (Brockstedt ¢ Dubensky Jr, 2008), que causam doengas de grande
relevancia tanto para saide humana quanto animal. Ainda hoje, buscam vacinas possam
conduzir a protecdo eficaz e duradoura, e ndo representar risco a saude, justificando

numerosos estudos que abordando diversas estratégias para o desenvolvimento vacinal.

A infeccdo por bactérias do género Brucella, grupos de bactérias Gram-negativas
e intracelular facultativas, foi descrita pela primeira vez em 1887 (Bruce, 1887). Desde
entdo varias espécies de Brucella tem sido descrita, dentre estas tem-se B. melitensis, B.
abortus, B. ovis, B. canis, B. neotomae (Corbel e Brinley-Morgan, 1984), que sao
mencionadas como espécies classicas por exibirem um hospedeiro preferencial. Contudo,
outras espécies de designadas como ndo cldssicas aumentando o niimero de espécies que
compdem este género: B. pinnipedialis (Foster et al., 2007), B. ceti (Foster et al., 2007),
B. microti (Scholz et al., 2008), B. inopinata (Scholz et al., 2010), B. papionis (Whatmore
et al., 2014) e B. vulpis (Scholz et al., 2016), assim como organismos denominados de

Bruella-Like identificado em anfibios (Eisenberg et al., 2016; Soler-Llorens et al., 2016).

Dentre estas espécies algumas exibem grande relevancia para satde humana e
animal como B. melitensis, B. abortus, B. suis e B. canis que apresentam carater zoondtico
e sdo descritas como causadoras de importantes doengas em seres humanos por todo o

mundo do mundo, em alguns locais ocorrendo de forma endémica (Pappas et al., 2005;
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Pappas et al., 2006). As lesdes causadas por estas bactérias podem estar relacionada ao
amplo tropismo celular observado em determinadas espécies (Carvalho et al., 2023). Nos
seres humanos, os aspectos clinicos exibem ampla variabilidade sendo febre, dores
articulares, astenia e suores noturnos os principais sinais. A doengas pode estar associada
a lesdes em diversos 6rgaos como figado, bago, sistema nervoso central, articulagdes
coracdo, mediastino e sistema reprodutor, sendo consideradas (Sabzi et al., 2017,
Ebrahimpour et al., 2017; Sabzi e Faraji, 2017; Casallas et al., 2018; Bosilkovski et al.,
2018; Handattu et al., 2018; Inan et al., 2019).

Nos bovinos, a infeccdo por B. abortus pode causar perdas econdOmicas
significativas ligadas a falhas reprodutivas, assim como queda na produtividade, sendo
considerada uma das principais causas de aborto em bovinos de ampla distribuicdo
mundial (Santos et al., 2013; Carvalho et al., 2016; Gwida et al., 2016; Hernandez-Mora
et al., 2017; Higuera et al., 2018 Xavier et al., 2009; Poester et al., 2013).

Outras espécies de Brucella também causam prejuizos econdmicos em criagdes
no mundo todo. Brucella melitensis ¢ o principal agente da brucelose em pequenos
ruminantes, sendo também a espécie zoondtica mais patogénica ao homem (Papas et al.,
2005; Blasco e Molina-Flores, 2011). B. canis infecta caes sendo responsavel por
infeccdes cronicas assintomaticas de diagnostico desafiador ou associadas a falhas
reprodutivas e natimortalidade (Souza et al., 2018). Infeccao por B. ovis causa epididimite
e falha reprodutiva em carneiros, e embora amplamente distribuida, ¢ geralmente

negligenciada (Carvalho Junior et al., 2012).

Estas bactérias exibem mecanismos que implicam diretamente em sua
sobrevivéncia, como a capacidade de permanecer e se replicar no interior de células
fagociticas como macréfagos, células trofoblasticas e células dendriticas, mais
precisamente no reticulo endoplasmatico, sendo capaz de modular a formagdo do
fagolisossomo, permitindo desta forma sua permanéncia no interior das células
hospedeiras, o que dificulta sua eliminagdo e leva a um estado de infeccdo persistente

(Gorvel e Moreno, 2002; Moreno, 2014).

Com base em sua caracteristica intracelular, o controle da infec¢do por Brucella
spp. ¢ dificultado, haja vista que, este agente se abriga no interior de células hospedeiras,
dificultando a acdo da maioria dos antibidticos, conduzindo a dificuldades em sua
eliminagao (Gorvel e Moreno, 2002). Outra complicacao importante para o tratamento de

infec¢des por Brucella spp. € sua resisténcia antimicrobiana, havendo necessidade de
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combinacao de farmacos, especialmente doxiciclina e rifampicina, associadas a um longo
periodo de tratamento de acordo com a apresentagdo clinica, estirpe envolvida e das
complicacdes que possam surgir (Shehabi et al., 1990; Pappas et al., 2005; Pappas et al.,
2006; Corbel, 2006).

Na brucelose, assim como ocorre com outros agentes infecciosos zoonoticos uma
forma eficiente de prevenir a doenca do homem seria controlar a infec¢do nos animais.
Diante disso uma das principais estratégias seria por meio da vacinagdo, implantados por
meio de programas de controle (Olsen e Stoffregen, 2005). Atualmente as vacinas em uso
para prevencao da brucelose animal sao oriundas de cepas vivas atenuadas, sendo as mais
amplamente utilizadas comercialmente B. melitensis Rev-1, B. abortus S19 e B. abortus
RB51 (Corbel, 2006; Dorneles et al., 2015; Carvalho et al., 2016). Entretanto, a utilizagao
destas vacinas possui varias limitagdes, como risco de infec¢ao em seres humanos, devido
a inoculacao acidental, risco de infec¢ao do animal, podendo ocasionar quadros de aborto
em fémeas gestantes submetidas a vacinagdo, restri¢do de idade dos animais a serem
vacinados, vacinacdo apenas de fémeas, interferéncia em testes sorologicos, eliminagao

através do leite, e resisténcia a antibiotico (rifampicina) (Dorneles et al., 2015; Gruber et

al., 2020).

Com base nestas caracteristicas, a busca por vacinas capazes de conferir maior
protecdo sem apresentarem riscos a saude humana e animal sdo frequentemente
requeridas, o que tem impulsionado o desenvolvimento vacinal contra a brucelose.
Contudo, segundo Carvalho et al. (2016), ndo hd uma dire¢do a qual seguir para melhorar
o efeito protetor destas vacinas abrindo, portanto, preceito para o surgimento de novas

candidatas ou de protocolos que levem ao aumento da eficiéncia.

Na busca por vacinas atenuadas que apresentem caracteristicas consideradas
ideais como, maior seguranga, vias de aplicagdes praticas, que facilitem a imunizagao,
efeito protetor duradouro e economicamente viavel vem sendo almejados (Ficht et al.,

2009).

Em estudo realizado por Hensel et al. (2020), avaliaram a capacidade de protecao
contra a infeccdo por B. melitensis, pela estirpe vacinal denominada de Brucella
melitensis 16MAvjbR (exibindo mutagénese de transposon que afeta a expressdo de
fatores de viruléncia), além de avaliar suas caracteristicas de segurancga. Neste estudo
verificou-se que a estirpe vacinal quando inoculada em ovelhas gestantes pode conduzir

a quadros de aborto, assim como levar a colonizagio de tecidos fetais, embora em menor
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quantidade quando comparado a estirpe vacinal comercial (Rev. 1), no entanto este
mutante nao foi capaz de conferir maior prote¢do durante a infec¢ao pela estirpe selvagem
de B. melitensis. Segundo alguns autores, o uso desta estirpe foi capaz de permitir
distinguir entre animais vacinados dos animais naturalmente infectados (Wang et al.,

2011).

Em experimento avaliando a capacidade de uma estirpe mutante ligada a
alteragdes na sintese de LPS, denominado de B. melitensis 16MAwzm, foi analisada
quanto sua capacidade de protecdo em camundongos, assim como carateristicas de
seguranca e interferéncia em testes sorologicos tanto em camundongos quanto em ovinos
(Zabalza-Barangua et al., 2023). Um ponto importante demonstrado ¢ sua capacidade de
esta estirpe de ndo causar colonizac¢ao de tecidos placentarios e fetais, de camundongos
sendo capaz ainda de conferir protecdo em diante da infec¢ao B. melitensis e B. ovis. Esta
estirpe foi recuperada tanto de tecidos (linfonodos, baco e figado) de ovinos jovens e
adultos oito semanas p6s-imunizagdo, além de causar interferéncia em testes soroldgicos.
Embora ndo tenha sido identificado alteracdes gestacionais em ovelhas prenhes
imunizados por esta estirpe, era possivel recuperd-la por através de secre¢des vaginais,

leite no periodo pos-parto (Zabalza-Barangua et al., 2023).

Nosso grupo de pesquisa tem trabalhado hd mais de uma década com o
desenvolvimento vacinal de uma vacina atenuada de B. ovis. A candidata a vacina B. ovis
AabcBA deficiente na expressdo de proteinas que fazem parte de um sistema ABC
transportador tem efeito protetor contra infeccdo por B. ovis demonstrado em
camundongos e ovinos. Em camundongos B. ovis AdabcBA tem baixa persisténcia no
organismo, ndo sendo recuperada de 6rgaos como bago, figado e sistema reprodutor um
dia p6s inoculagdo intraperitoneal, e ndo causam lesdes em nenhum destes 6rgados (Silva
et al.,, 2011). Além disso reduz a colonizagdo bacteriana em bago e figado em
camundongos vacinados e desafiados com B. ovis (Silva et al., 2011). No modelo murino
a imuniza¢do com B. ovis AabcBA encapsulada em alginato demonstrou capacidade
protetora contra infec¢do por B. ovis, B. canis e B. melitensis (Silva et al., 2015; Eckstein

et al., 2020; Costa et al., 2020; Braz et al., 2022; Silva et al., 2024; Oliveira et al., 2024).

Silva et al. (2015) demonstraram que carneiros vacinados com B. ovis AabcBA
encapsulada em alginato, ndo excretam a estirpe vacinal através do s€émen e urina. Estes
animais apresentam ainda resposta imunologica tanto celular quanto humoral frente a

vacina exibindo niveis significativos de linfocitos T CD4" ¢ T CDS8", além da
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soroconversao em testes soroldgicos, esses dados contribuiram para um controle eficaz

da infecg¢do, resultando na ndo recuperacao bacteriana de animais infectados.

Este modelo vacinal também tem demonstrado eficiente protecdo sobretudo
quando encapsuladas por alginato e quitosana. Isso pode ser observado por Braz et al.
(2022) ao avaliar os efeitos protetores desta vacina em camundongos gestantes. Nesse
estudo verificou-se que a prote¢do induzida pela vacina era capaz de reduzir a colonizagdo
bacteriana no tutero de fémeas gestantes em, sendo importante ressaltar que esta estirpe
vacinal se mostrou amplamente segura para os fetos, nao sendo observado nenhum tipo
de lesao que fosse atribuivel a vacina. Além de prote¢do contra infecgdo em fémeas
gestantes, esta vacina se mostrou eficaz em proteger também camundongos C57BL/6
fémeas, reduzindo a recuperagdo bacteriana de do bago e figado de animais infectados,
associada a reducdo das lesdes histopatoldgicas nesses 6rgaos, e induzindo uma reposta
imune humoral com altos niveis de IgG, sobretudo da subclasse IgG2b, que favorece a

uma resposta imune celular importante em infec¢do por B. ovis (Oliveira et al., 2024).

As vacinas inativadas, exibem algumas carateristicas que contrastam com vacinas
atenuadas, dentre elas a maior seguranca, pelo fato ndo ter a possibilidade de tornar
virulenta novamente, interferir em métodos sorologicos e representar risco tanto para
animais quanto para seres humanos ser resistente a antimicrobianos (Marin et al., 1990;
Blasco, 1997; Ponsart et al., 2020). Assim vacinas inativadas tornasse atrativas quanto
assegura apresentada. Contudo, dependendo do método de inativacdo bacteriana,
proteinas importantes para indugdo da reposta imune podem ser prejudicadas, trazendo
prejuizo a protecdo contra infecgdes (Ghattas et al., 2021). Os meios utilizados para
realizar a inativacao bacterina sao muito variados, dentre eles a inativagdo por radiagao
gama (Rocha et al., 2021), inativagdo pelo calor (Motaharinia et al., 2013) pH (Durno e
Tounekti, 2015) dentre outros. Desta forma a principal desvantagem destas vacinas € sua
baixa capacidade imunogénica, especialmente contra patdégenos intracelulares, sendo
necessario, doses maiores € com maiores numeros de repeticdes, além do uso de
adjuvantes na tentativa de se melhorar essa capacidade imunogénica (Montaraz e Winter,
1986; Ghattas et al., 2021). Embora a inativagdo pelo calor possa conferir certo grau de
protecao, ela € pouco duradoura quando comparada a vacina atenuada, este fato fica ainda
mais evidente devido a incapacidade de ndo demonstrar protecdo em periodos mais

longos, nesse caso, cinquenta dias pds-vacinacao (Vitry et al., 2014).
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Recentemente nosso grupo demostrou que, mesmo quando associado a
substancias adjuvantes como capsulas de alginato e quitosana, a estirpe vacinal B. ovis
gama-irradiada ndo foi capaz de conferir protecdo apos a infeccdo, havendo colonizagdo
bacteriana no bago e no figado, assim como lesdes histoldgicas causadas por B. ovis em
camundongos vacinados semelhantes ao observado em animais somente infectados (Silva
et al., 2024). Estas informagdes nos permitem observar que embora sejam seguras, a baixa
protecdo induzida dificulta sua aplicagdo, impulsionando o desenvolvimento de novos

métodos para obtencao de estirpe vacinais (Carvalho et al., 2016).

Outro grupo que vem ganhando destaque sao as vacinas de subunidades (Carvalho
et al., 2016). Estas vacinas sdo compostas por particulas proteicas capazes de levar a
quadros de imunogenicidade contra um determinado patoégeno (Lai et al., 2023). Dentre
as vantagens exibidas por este grupo de vacinas tem-se sua seguranga, uma vez que €
composta por unidades proteicas, podendo ser utilizadas ainda em individuos
imunossuprimidos, sem o risco de desenvolvimento de infec¢do (Heidary et al., 2022; Lai
et al., 2023). No entanto, estas vacinas exibem desvantagens em seu uso como, menor
capacidade de indugdo da resposta imune devido a menor antigenicidade, menos
duradoura no organismo hospedeiro e por exibirem maior instabilidade, além da

necessidade do uso de adjuvantes (Singha et al., 2011).

Nos tltimos anos a utiliza¢ao de vacinas de subunidades tem aumentado na busca
por uma vacina eficaz contra a brucelose. Diversos componentes bacterianos,
especialmente proteina da membrana externa (OMP) de Brucella, tem sido investigado
quanto sua capacidade de protecdo e emprego em desenvolvimento vacinal (Carvalho et
al., 2016). Na tentativa de se identificar proteinas alvo com forte capacidade imunogénica,
Wang et al. (2024) realizaram um estudo avaliando a capacidade de diversas proteinas,
dentre elas Cu/Zn-SOD (copper-zinc superoxide dismutase), e diversas OMPs incluindo,
OMP16,0MP19 e OMP31, BP26 e a proteina ribossomal L7/L 12, como importante alvos
para desenvolvimento de vacinas de multiplas subunidades. Durantes as analises
verificaram-se que as proteinas Cu/Zn-SOD, OMP31 e BP26 exibiram antigenicidade

consideravel, assim como capacidade de ligagdao a TLR4.

Uma vacina de multiplas subunidades composta por OMP25, BP26 e L7/L12 de
B. abortus demonstrou capacidade de indug¢ao de produgdo de niveis significativos de
anticorpos IgG especificos para cada uma das subunidades, mesmo apos quarenta e dois

dias apds a imunizagdo. Contudo, as subclasses de IgG observadas com maior
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representatividade (IgG1 e IgG2a), direcionam um perfil de reposta para o tipo Th2
(Gupta et al., 2019). Além da inducdo de producdo imunoglobulinas, estas subunidades
quando associadas elevaram os niveis de citocinas como IFN-y e TNF-0, no entanto
conduziram a uma redugdo nos niveis de IL-4 e IL-10, fato que colaborou com a redugao

da carga bacteriana em 6rgaos como o figado e o bago (Gupta et al., 2019).

Recentemente foi demonstrado que uma vacina de subunidade composta por
BP26, associada a CPG-ODN (oligonucleotideo sintético que estimula o TLR9) (Dongye
et al., 2022) como adjuvante, revelou uma reposta humoral favorecendo o
estabelecimento de uma resposta do tipo Thl, por meio dos niveis altos de IgG2a
produzidos, assim como maior indu¢do de sintese de citocinas IFN-y e TNF-a, assim
como uma maior inducdo da polarizagdo de macréfagos M1, que auxiliam no melhor
desenvolvimento de respostas do tipo Th1 (Martinez e Gordon, 2014), assim como células

TCDS8 (Wen et al., 2024).

Embora varios métodos para obtencdo de estirpes vacinais tenham sido avaliados,
em um estudo conduzido por Carvalho et al. (2016), demonstrou que as que exibem maior
representatividade na busca por uma vacina eficaz contra infeccao por Brucella spp. sdo
as de subunidades e as atenuadas, embora haja um discreto aumento em outros grupos
como vacinas de DNA e as que utilizam estirpes mutantes. Este conjunto de dados nos
mostra que apesar de varios caminhos possam ser utilizados para obtencdo de candidas a
vacina, o controle eficiente da infec¢do por estas bactérias, sobretudo as zoondticas ainda

sdo um desafio.

2.2. Infecgao e vacinologia de Listeria spp.

As bactérias do género Listeria spp. sd0 microrganismos gram-positivos, nao
formadores de esporos, moveis, amplamente difundidas pelo meio ambiente podendo ser
1solados de amostras do solo (Liao et al., 2021), vegetais (Chen et al., 2019), agua assim
como em alimentos (Jaramillo-Bedoya et al., 2020). Diversa espécies de animais dentre
as espécies domésticos (Dreyer et al., 2016) e selvagens (Weindl et al., 2016), além seres

humanos (Engelen-Lee et al., 2018) podem ser infectados por estas bactérias.

Dentre as espécies pertencentes a este género, a L. monocytogenes ¢ a mais

importante, por ser a mais patogénica e estar relacionada a doencas graves em diversas
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espécies, principalmente de mamiferos (Dreyer et al., 2016; Orsi et al., 2024; Abram et

al., 2003).

Grande parte dos casos de infeccdo por L. monocytogenes em seres humanos se
da por meio do consumo de alimento contaminados, como queijo (Jaramillo-Bedoya et
al., 2020), carne (Jeong et al., 2023), alimentos de origem vegetal (Chen et al., 2019),
produtos industrializados (Mudadu et al., 2022). Em animais de produ¢do como bovinos
e ovinos, a infecgdo por este agente esta ligada a silagem e pastagem contaminados

(Headley et al., 2014).

Em seres humanos a infec¢do este microrganismo pode conduzir a quadros
clinicos distintos como a ocorréncia de lesdes neuroldgicas, caracterizadas por meningite
supurada, meningoencefalite supurada, rombencefalite e/ou formacdo de abcessos
cerebrais (Engelen-Lee et al., 2018; Ogunleye et al., 2021). Outra apresentacdo observada
em seres humanos como ¢ a listeriose materno-fetal, caracterizados por quadros graves
de inflamacdo placentaria (Zhang et al., 2024), que podem culminar com quadros de
natimortalidade, abortos, ou ainda lesGes sistémicas, assim como desenvolvimento de

septicemia neonatal (Xu et al., 2022).

Em animais domésticos a listeriose pode se conduzir a alteragdes neurologicas
ocasionadas por rombencefalite supurada, com formacdo de microabcesso no tronco
cerebral, causando manifestagdes clinicas como incoordenagao, desvio lateral da cabeca,
depressdo, cegueira unilateral (Rissi et al., 2010). Em outros casos pode resultar em aborto
ou levar ao nascimento de crias fracas e natimortalidade (Clune et al., 2020). H4 ainda a
manifestagdo septicémica, levando a lesdes em diversos o6rgaos como figado, coragao,

encéfalo e ainda inflamagdes intrauterinas (Rothenburger et al., 2015).

De maneira geral as infec¢des ocorrem por meio do consumo de alimentos
contaminados sendo neste caso a via oral a principal porta de entrada para este agente
(Jaramillo-Bedoya et al., 2020). Contudo, a transmissao vertical ¢ de grande importancia,
uma vez que pode representar sérios riscos de vida fetal (D'Aleo et al., 2024). Apos a
entrada no organismo, esta bactéria, conseguem atravessar o epitélio intestinal, chegando
a corrente sanguinea e linfatica por onde se dissemina e chega a 6rgaos como linfonodos,
baco e figado, se disseminando para outras regides do corpo e atravessando barreiras
importantes como a barreira placentdria e hematoencefalica (Radoshevich e Cossart,

2018).
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ApOs a entrada no organismo hospedeiro esta bactéria € capaz de invadir células
fagociticas e nao fagociticas, isso ocorre por meio de proteina chamadas de internalinas
(Inl). Estas proteinas em especial a internalina A (Inl A), interagem com receptores de E-
caderina na superficie epitelial de enterocitos, invadindo estas células (Lecuit et al.,
2001). Apods a invasdo celular, esta bactéria fica inicialmente retida o vactolo
(fagossomo), onde entdo por meio da secregdo de fatores de viruléncia como fosfolipases
C (PIcA e PIcB), assim como listeriolisina O (LLO) ¢ capaz de causar poros na membrana
do fagossomo levando a sua ruptura e liberacdo da bactéria no citoplasma, assim como
causar poros na membrana externa e permitir a saida para o meio extracelular. A partir
dai esse microrganismo passa a se multiplicar e por acdo da expressao de uma proteina
indutora de actina (ActA) leva a um rearranjo no citoesqueleto celular por meio da
polimerizagao de moléculas de actina o que permite que esta bactéria se movimente
intracelularmente chegando até a membrana atravessando esta membrana e invadindo a
célula adjacente (Pamer, 2004; Radoshevich e Cossart, 2018). Uma vez alcancando a
circulagdo, esta bactéria consegue se disseminar para outros tecidos, como o figado onde
agora, interage por meio da Inl B com receptores celulares de hepatdcitos conhecidos

como Met (o receptor do fator de crescimento de hepatdcitos) (Niemann et al., 2007).

Com base na capacidade de evasao do sistema imune celular métodos profilaticos
sdao de grande importancia para prevenir a infec¢do por este agente. Diante disso, uma
estratégia a ser utilizada ¢ o desenvolvimento vacinal. Ao longo dos anos, numerosos
estudos tém buscado desenvolver vacinas eficazes contra a infeccdo por L.

monocytogenes.

Candidatas a vacinas tém sido desenvolvidas a partir de estirpes mutantes de L.
monocytogenes. A dele¢do de genes ligados a fatores de viruléncia responsaveis pela
invasdo celular (prf4 - positive regulatory factor A) (Vasanthakrishnan et al., 2015);
capacidade de evasao do fagossomo (plcA, plcB, hly e mpl), ou da célula (act4) (Yin et
al., 2008) ou maior sobrevivéncia por amenizar a agdo relacionada a respostas oxidativas
intracelular (orfX), (Meng et al., 2020). Vacinas desenvolvidas a partir destas mutagdes,
demonstraram ser seguras, ndo sendo mais recuperadas de bago e figado de camundongos
sete e nove dias apoOs a inoculagdo respectivamente. Esta vacina foi capaz de evitar a
morte de camundongos inoculados com dose letal em camundongos desafiados com
estirpe selvagem de L. monocytogenes, associada a maior indu¢do de anticorpo

direcionados a LLO, assim como a indugdo de citocinas pro-inflamatorias voltadas para
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uma resposta do tipo Thl, como TNF-a, INF-y e IL-6, associados a inda a uma menor

sintese de IL-4 e IL-10 (Meng et al., 2020).

Um estudo realizado por Ma et al. (2020) avaliou a capacidade de quatro estirpes
mutantes em desenvolver resposta protetora contra infec¢ao por L. monocytogenes. Esta
vacina foi projetada com base na deple¢do de genes associados a fatores de viruléncia
(PrfA, ActA, Hly e InlB) importantes e que podem conferir maior protecdo durante
infec¢cdes em camundongos (Meng et al., 2020). Estas estirpes mutantes foram avaliadas
separadamente, permitindo identificar que estas conferem protecao significativa durante
a infeccdo por L. monocytogenes. Esta menor recuperacao bacteriana em o6rgaos alvo
(figado e bago), culminou lesdes anatomopatoldgicas mais brandas nesses 6rgdos. Estas
caracteristicas segundo os autores estavam ligadas a maior expressdo de sintese de

citocinas que direcionam uma resposta Th1 (Ma et al., 2020).

Meng et al. (2023) ao avaliarem o efeito protetor da vacina exibindo tripla
deplecdo (NTSNAactd / plcB / orfX) demonstrou ser segura para ovinos, nao sendo
recuperada e nem induzindo a lesdes em 6rgaos como figado, bago, pulmao, cérebro e
rim, 23 dias apds a imunizacdo. Além destas caracteristicas, esta estirpe vacinal se
mostrou eficaz na reducdo dos sinais clinicos em ovelhas infectadas com
L. monocytogenes, aumentando a sobrevivéncia em animais submetidos a doses letais, e
apresentando um fator importante que ¢ a capacidade de diferenciar entre animais

vacinados de naturalmente infectados (Meng et al., 2023).

A busca por vacinas eficazes contra infec¢do por L. monocytogenes tem sido
impulsionada dado seu potencial patogénico, sobretudo em grupos de risco que exibem

imunossupressao como idosos, gestantes e pacientes com doengas cronicas.

As vacinas inativadas podem ser preparadas a partir de diferentes métodos, sendo
a inativagdo pelo calor ou por irradiagdo gama os mais amplamente utilizados. A
avaliacdo de L. monocytogenes inativadas pelo calor, ndo demonstrou ser eficaz contra a
infeccdo por L. monocytogenes principalmente quando associada a substancias
adjuvantes. Embora a presenca de estruturas bacterianas incite uma resposta imune, a
potencializacdo desta ac@o e a protecdo mais eficaz s6 ¢ conseguida quando se associa
adjuvantes (Jazani et al., 2010). Uma vez que a resposta imune celular ¢ necessaria para
o controle de agente intracelulares, o uso de adjuvantes ou associados a vacinas que

possam induzir este tipo de resposta sao muito interessantes (Griffiths e Khader, 2014).
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Em estudos recentes, nosso grupo avaliou um protocolo vacinal com vacina
inativada contra listeriose experimental (Rocha et al., 2021). Camundongos imunizados
por L. monocytogenes inativadas irradiacdo gama, quando revestidas por microcapsulas
de alginato e quitosana forma capazes de conferir imunidade protetora em camundongos
desafiados com L. monocytogenes. Foi observado reducao da colonizacao bacterina em
orgaos alvos (bago e figado), aumento do numero de linfécitos TCD4 e TCDS, assim
como maiores indices de IFN-y e IL-10 secretados, demonstrando que este protocolo pode
levar a formagao de uma resposta imune celular protetora (Rocha et al., 2021).0 processo
de inativacdo por irradiagdo gama, permite que a célula bacteriana permanece em um
estagio metabolicamente ativo, embora ndo consiga invadir as células e nem se replicar,
no entanto ¢ capaz de manter as proteinas superficiais altamente preservadas e assim
contribuir para uma resposta imune mais ampla, quando comparados por exemplo a
inativagdo pelo calor, onde pode ocorrer a desnaturagdo de proteinas imunogénicas

importantes para a indu¢do de imunidade (Magnani et al., 2009).

Um dos métodos de inativagdo bacteriana utilizados para obten¢do de cepas
vacinais se da por meio de formalina. Embora este método tenha se mostrado prejudicial
por acarretar danos a estruturas proteicas interferindo a imunogenicidade (Westcott et al.,
2023). Em estudo realizado por Al-Bayati et al. (2024), comparou o desenvolvimento de
estirpes vacinais inativadas por formalina e proteinas filtradas de cultura de L.
monocytogenes. Neste trabalho os autores demonstraram que ambas as preparacdes
imunizantes sdo capazes de induzir a producdo de IgM e IL-1B, porém com niveis
inferiores aos animais somente infectados, além de nao prevenir lesdes no sistema
nervoso central, baco e figado de animais posteriormente desafiados (Al-Bayati et al.,

2024).

Meng et al. (2025), utilizaram este mesmo método de inativacdo associado a
diferentes adjuvantes com objetivo de verificar sua eficacia protetora tanto em modelo
murino, quanto em ovinos. Neste estudo, os autores demonstraram que os adjuvantes
hidréxido de aluminio e montanide apresentam resposta protetora semelhante,
caracterizada pela reducdo da colonizacdo bacterina de bago e figado em camundongos,
e maior sobrevivéncia em animais (camundongos e ovinos) infectados com
L. monocytogenes. Contudo, produgdo de citocinas como IFN-y, I[L-6 ¢ TNF-a ¢ maior

animais que receberam montanide como adjuvante (Meng et al., 2025).
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Além da abordagem voltada para formulacdes vacinais contra infec¢cdo por
L. monocytogenes, este microrganismo tem sido utilizado como vetor para
desenvolvimento de novas vacinas tanto contra agentes infecciosos (Jia et al., 2022:
Imhof et al., 2023) como para o controle de neoplasias (Musser et al. 2020; Hochnadel et
al., 2022). Uma das caracteristicas apresentada por vacinas utilizando L. monocytogenes
¢ sua forte inducdo de uma resposta do tipo Thl, estimulando a resposta imune inata,
levando a sintese de citocinas, contribuindo para o controle de agentes infecciosos
intracelulares, neoplasias e virus (Weiskirch e Paterson, 1997). Embora diversas
tecnologias para a criacao de novas candidatas a vacina estejam crescendo amplamente,
estudos adicionais voltados a analisar e a capacidade protetoras destas vacinas em
condi¢cdes diversas que reflitam o quadro clinico exibido em diferentes espécies sdo de

grande importancia.

2.3. Resposta imune inata

O sistema imune inato € classicamente considerado a primeira linha de defesa do
hospedeiro, onde de maneira ampla seus componentes agem de forma inespecifica contra
agentes infecciosos. Este mecanismo de defesa ¢ constituido por diferentes componentes,
sendo eles a barreira epitelial, células fagociticas como neutréfilos e macréfagos, células
natural killer (NK cells), além de citocinas, sistema complemento e proteinas de fase

aguda.

As células epiteliais desempenham papel fundamental na resposta imune inata,
sendo o mecanismo intimamente relacionado na defesa do corpo, estando na interface
hospedeiro-patogeno, além de contribuir para regulacdo e estabelecimento da resposta
imune adaptativa (Medzhitov, 2007). O controle da manutenc¢ao do organismo hospedeiro
¢ realizado a partir de diversas substidncias como lisozima, peroxidases, defensinas,
fosfolipases, dentre outras (Schleimer et al., 2007), participando assim diretamente do
sistema de defesa, sinalizando para chegada de cé€lulas inflamatérias e adaptando-se a

determinados insultos na tentativa de se tornar mais resistente.

O processo de fagocitose consiste na capacidade de células fagociticas em capitar
particulas de (0,5 pm) em uma regido formada por membrana plasméatica denominada de
fagossomo (Rabinovitch, 1995). Este processo embora seja crucial para manutengdo da

imunidade inata, desempenha papéis importantes durante o desenvolvimento do
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individuo, processos infecciosos intracelulares e extracelulares, durante a inflamagao,
remodelagdo e reparo dos tecidos apds lesdes (Wynn e Vannella, 2016), assim como na
capitagdo e eliminagdo de células necrdticas, apoptdticas e senescentes, bem como
diversas outras fung¢des, sendo um importante processo na manutengdo fisiologica do

organismo hospedeiro (Arandjelovic e Ravichandran, 2015; Gordon, 2016).

O sistema imunoldgico tem células fagociticas profissionais, em especial
macrofagos e neutrofilos, cuja seu papel primordial é exercer fagocitose, além de
contribuir para manutengao da integridade dos organismos hospedeiro, contribui para
estabelecimento da imunidade adaptativa por meio da apresentagdo de antigenos
(Rabinovitch, 1995; Rosales, 2018; Burn et al., 2021; Lendeckel et al., 2022). Estas
células, em especial os macrofagos tém sido amplamente estudados para melhor
compreensdo das alteragdes que neles ocorrem quando sdo estimulados por algumas
substancias (i.e., B-glucana e zymosan) e se tornam capazes de controlar de maneira
eficiente agentes infecciosos ao qual nunca tiveram contato, o que tem sido denominado
de imunidade inata treinada (Netea et al., 2011; Cheng et al., 2014: Ciarlo et al., 2020;
Moorlag et al., 2020).

As células NK, s@o uma populacao de linfécitos oriunda da medula dssea, mas
que se encontram amplamente distribuidas por todo o organismo, sendo de grande
importancia para o sistema imune inato (Carrega e Ferlazzo, 2012; Artis e Spits, 2015).
Os linfocitos sdo tipos celulares que possuem uma ampla gama de subpopulagdes,
especialmente relacionado aos seus receptores expressos, em especial a expressao do
cluster de diferenciacdo 56 (CD56) e CDI16, embora outras populagdes de menor
representatividade sejam encontradas. (Cooper et al., 2001a; Cooper et al., 2001b;
Basilio-Queirds e Mischak-Weissinger, 2023). Uma das caracteristicas destas células que
nos permite diferencid-las de outros linfécitos ¢ sua capacidade de ndo expressar
receptores de células T (Ritz et al., 1985). Células NK expressam numerosos receptores
ativadores ou inibitorios, estando dentre estes receptores, dois tipos importantes ligados
ao MHC de classe 1, os receptores semelhantes a lectina do tipo C e os receptores

semelhantes as imunoglobulinas de células NK (Colonna et al., 1999; Kelley et al., 2005).

Esta caracteristica permite que as células NK consigam reconhecer suas células
alvo, sejam elas células tumorais, infectadas por agentes infecciosos e células que exibem
algum tipo de estresse, que nao permitam seu reconhecimento como fazendo parte do

organismo hospedeiro, além de permitir o reconhecimento de outras células NK. Desta
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maneira, estas células contribuem para a homeostase imunologica eliminando
diretamente células indesejaveis assim como auxiliando no recrutamento de outras células
do sistema imune (Moretta et al., 1993; Bellora et al., 2010; Wolf et al., 2023). Assim
como outras células do sistema imune inato, células NK tem demonstrado sofre alteracdes
por estimuladores da imunidade inata treinada, contribuindo em especial para

imunoterapia contra neoplasias (Waldmannova et al., 2016; Wang et al., 2023).

Outro importante mecanismo utilizado pelo sistema imune inato para controlar e
reconhecer células hospedeiras alteradas ¢ o Sistema Complemento. Este Sistema ¢
constituido por numerosas proteinas plasmaticas que sao expressas na superficie celular.
Estas proteinas agem de maneira a auxiliar na elimina¢do de células apoptoticas
(Roumenina et al., 2011), identificar patégenos por meio da opsonizacgao (Baudino et al.,
2014), promover a lise celular (Menny et al., 2018). Esse mecanismo pode ter inicio a
partir de trés diferentes vias, sendo elas: a via classica, via alternativa e via da lectina
(Norise e Remuzzi, 2013; Merle et al., 2015). Embora haja diferencas durante os
acontecimentos dos eventos nas trés vias, todas culminam com a formagao do MAC, um
conjunto proteico que conduz a formagdo de poros na membrana plasmatica permitindo
a passagem de agua e ions através da membrana o que resulta na morte celular por

osmolise (Menny et al., 2018; Xie et al., 2020).

Para garantir o controle de infec¢do por microrganismos invasores um sistema de
reconhecimento eficiente ¢ sem duvida um dos pontos principais (Carpenter e O'Neill,
2024). Para isso as cé¢lulas do sistema imune inato contam com presenca de regides
composta por proteinas capazes de identificar tanto moléculas endogenas quanto
exdgenas, estas estruturas sdo chamadas de receptores de reconhecimento de padrdes
(RRP). Esses receptores tém a capacidade de reconhecer e se ligar a compostos
moleculares em patégenos denominados de padrdes moleculares associados a patdgenos
(PAMPs), além de reconhecer células hospedeiras danificadas de maneira semelhante
sendo agora entdo denominados de padrdes moleculares associados ao perigo (DAMPs)

(Janeway, 1989).

Embora atualmente sejam reconhecidos diversos tipos de RRP, aqui serdo
abordados aqueles envolvidos no reconhecimento de bactérias ou particulas de $-glucanas
O receptor dectina-1 ¢ um membro da familia de receptores conhecidos como lectinas do
tipo C, um grupo de proteinas transmembrana ou secretados capazes de reconhecer

carboidratos, embora, diversos tipos de ligantes como proteinas e lipideos possam ter seu



33

reconhecimento por meio deste receptor (Weis et al., 1998; Brown et al., 2018). Este
receptor ¢ expresso em diversos tipos de células incluindo, mondcitos, macrofagos,
neutrofilos (Taylor et al., 2002), amplamente distribuido pelo organismo, sendo apontado

como um importante meio de vigilancia imunolégica (Brown, 2006).

O receptor dectina-1 possui a capacidade de reconhecer diversas particulas de [3-
glucanas, oriundos de bactérias, fungos leveduras e cereais (Brown e Gordon, 2001).
Ap6s a ligacdo de particulas de B-glucana ao receptor dectina-1, dé se inicio a sintese de
numerosas citocinas, dentre elas as envolvidas em respostas pro-inflamatérias como IL-

1B, IL-6 e TNF-a (Cheng et al., 2014; Pedro et al., 2021).

Os receptores do tipo Toll (TLRs — do inglés: Tol! like receptors) sdo compostos
por glicoproteinas transmembranas do tipo 1, que exibem um dominio intracitoplasmatico
homologo a Toll/IL-1, responsavel pela sinalizagdo e recrutamento de proteinas
sinalizadoras, que ativam fatores de transcri¢do regulando a expressdo de diversas
citocinas pré-inflamatérias (Narayanan e Ho, 2015.) Atualmente sdo reconhecidos dez

tipos de TLRs em seres humanos e treze em camundongos (Takeuchi e Akira, 2010).

Os TLR2 sao capazes de reconhecer lipoproteinas, presentes em microrganismos
como bactérias, fungos e virus. Para que haja o reconhecimento destes ligantes por este
receptor ha necessidade da interagdo deste com TLR1 ou TLR6, formando heterodimeros
(Takeuchi e Akira, 2010). Estudos tem demostrado uma interagdo entre a TLR2 e dectina-
1, na superficie celular de macrofagos relacionados ao reconhecimento de zymosan, o
que induz a ativacgdo de proteinas quinase do bago culminando com transcri¢do de pro-

IL-1B, levando a sintese secrecao de IL-1B (Rogers et al., 2005).

Um importante receptor capaz de identificar lipopolissacarideos (LPS) na
superficie de bactérias gram-negativas € o TLR4. No entanto para o reconhecimento desta
estrutura este receptor atua simultaneamente com MD-2 (Shimazu et al., 1999), uma
molécula denominada de proteina de ligacdo ao LPS (Tsukamoto et al., 2018). Apds a
ativacdo deste receptor por LPS, uma via de sinalizagdo por meio do MyD88 (Myeloid
differentiation 88), um importante sinalizador que se liga ao receptor TLR (Medzhitov,
et al., 1998) e inicia a ativacao do fator nuclear-kappa B (NF-kB), um importante fator de
transcrigdo que tem a capacidade de regular diversos genes envolvidos na reposta
inflamatéria sobretudo conduzido a formagdo de citocinas pro-inflamatorias
(Oeckinghaus e Ghosh, 2009). Este processo conduz a alteragdes do metabolismo celular

em macrofagos, deixando estas células mais ativas, por meio de alteracdes no
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metabolismo da glicose, conduzindo a glicolise anaerobica, o que ¢ demonstrado pela
maior sintese de IL-1fB e maior produ¢do de ROS, permitindo um controle mais eficiente

de processos infecciosos (Mills et al., 2016).

A sinalizacao por meio destes receptores tem importante fungdo na indugao da
resposta imunologica, desencadeiam a ativacdo das células da imunidade inata e

permitem assim por seguinte a ativa¢do da imunidade adaptativa (Akira et al., 2006).

2.4. Imunidade inata treinada

Memoéria imunoldgica ¢ uma caracteristica de células do sistema imune
adaptativo, embora estudos tenham demonstrado que macréfagos apds serem estimulados
com substancias como por exemplos zymosan e B-glucana exibem uma capacidade de
melhor controlar microrganismos heterdlogos (Bowdish et al., 2007: Ciarlo et al., 2020).
Esta caracteristica ¢ demonstrada quando apds processo infecciosos ou vacinais,
macrofagos sdo capazes de elaborar uma reposta mais rapida e de maior intensidade em
uma segunda exposi¢do, proporcionando um controle mais eficientes de microrganismos
similares ou distintos ao estimulo inicial. Esta caracteristica tem sido denominada de

imunidade inata treinada (Netea et al., 2011).

A capacidade de resposta gerada na imunidade inata treinada ¢ distinta da
imunidade adaptativa. Segundo Netea e Joosten (2024) exibe uma série de caracteristicas
peculiares como: ndo ser gerada a partir de um antigeno especifico, resultar em
reprogramagao epigenética duradouras, levando a altera¢cdes do metabolismo celular com
regulacdo da transcricdo génica. As células do sistema imune inato, reconhecem
substancias estimuladoras (i.e., B-glucana) por meio do receptor dectina-1. Em seguida
inicia-se uma cascata de sinais de transcri¢ao através de fatores de transcri¢gdo como NF-
kB, proteina STAT (transdutor de sinale ativador de transcri¢do) e proteina ativadora 1
(AP-1), recrutando enzimas que levam a alteracdes da cromatina tornando-a mais
acessivel (Netea et al., 2016). Isso leva a monometilagdo ou trimetilagdo da histona trés
na lisina quatro (H3K4mel e H3K4me3), acetilagdo da histona trés na lisina 27
(H3K427ac) (Cheng et al., 2014; Saeed et al., 2014; Netea et al., 2020) e a acetilacdo da
histona trés na lisina nove (H3K9ac) (Gates et al., 2017; Igolkina et al., 2019; Qui et al.,
2025). Essas alteracdes levam sinalizacdo por meio da via Akt-mTOR-HIF-1a,

conduzindo a mudanga no metabolismo oxidativo da glicdlise, aumento da producao de
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lactato, e aumentando a producao de citocinas pré-inflamatorias como IL-6, TNF-a e IL-
1B, levando a maior prote¢do contra agentes infecciosos (Cheng et al., 2014; Saeed et al.,

2014; Ciarlo et al., 2020).

Primeiros estudos que evidenciam experimentalmente a imunidade inata treinada
demonstraram a capacidade de prote¢do cruzada através da imunizagdo com a vacina
BCG (bacilo Calmette-Guerin) utilizada para profilaxia da tuberculose, conferindo
protecdo contra a infec¢do subsequente por Candida albicans, tanto em macrofagos que
foram previamente tratados com BCG, assim como camundongos que receberam a vacina

e foram posteriormente infectados pelo fungo (Wout et al., 1992).

Evidéncias epidemioldgicas mostram que diferentes vacinas induzem protegdo
cruzada, contra patdgenos para o qual ndo foram formuladas, refletindo na redugdo da
mortalidade infantil, como ocorre em vacinas como BCG, contra o sarampo ¢ contra a
poliomielite (Higgins et al., 2016; Andersen et al., 2018; Garly et al., 2003). Contudo,
esta evidéncia nao ¢ verdade para todas as vacinas. No caso da vacina DTP (diphtheria-

tetanus-pertussis), foi verificado aumento na mortalidade (Higgins et al., 2016).

Diversos estudos tém sido direcionados a compreender como de fato ocorre a
reprogramag¢do em células do sistema imune inato que as torna capazes de exibir um
padrao de células treinadas. Diversas substancias tém sido apontadas como indutoras da
imunidade inata treinada, dentre elas a vacina BCG (Jeljeli et al., 2019), Candida albicans
(Katzmarski et al., 2021), zymosan (Ciarlo et al., 2020) e B-glucana (Moorlag et al.,
2020).

A i1munidade inata treinada demonstrada pela vacinacdo com BCG em
camundongos, foi capaz de induzir em macréfagos esplénicos maior expressao de TLR2
e TLR4, além de favorecer o aumento na sintese de citocinas pro-inflamatérias TNF, IL-

1B, IL-6, e maior liberag¢do de lactato, quando estimuladas com LPS (Jeljeli et al., 2019).

A vacina BCG tem a capacidade de infectar células-tronco hematopoiéticas da
medula 6ssea, podendo ser recuperada, por aproximadamente 7 meses pds-imunizagao,
quando camundongos sdo vacinados por via intravenosa (Kaufmann et al., 2018). Este
processo favorece proliferacdo de células-tronco hematopoiéticas, associada a maior
expressao de genes relacionados ao ciclo celular, replicacdo de DNA e divisdo celular,

culminado com o maior controle da infecgdo por macrofagos derivados da medula 6ssea,
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quando submetidos a infec¢do in vitro por Mycobacterium tuberculosis (Kaufmann et al.,

2018).

Estes efeitos estdo ligados a alteragdes epigenéticas encontradas nestas células,
caracterizadas pela trimetilacdo da lisina quatro na histona trés (H3K4m3), assim como a
acetilacao da lisina vinte e sete da histona trés (H3K27ac) e monometilagdo da lisina
quatro na histona trés (H3K4m1). As regides génicas reguladoras (H3K27ac e H3K4m3),
exibiram maior enriquecimento de genes, que estdo relacionados ao controle da infec¢o
por este agente, levando ao controle mais eficiente durante o desafio infecioso, mediada

pela sintese de citocinas pré-inflamatérias (Kaufmann et al., 2018; Jeljeli et al., 2019).

Candida albicans também ja foi avaliado como agente indutor da imunidade
treinada. Camundongos machos previamente treinados com C. albicans tiveram sua prole
submetido a infec¢ao por Escherichia coli, resultando em maior protecdo destes animais,
caracterizada pela menor recuperacdo de coldnias bacterianas de 6rgdos como figado,
baco, rim e pulmao, ¢ associada a maior sintese de IL-1pB e IL-6. Este mesmo efeito foi
demonstrado na segunda geracdo dos animais, o que demonstrou a capacidade da

transmissdo entre geragdes destas alteracdes epigenéticas (Katzmarski et al., 2021).

Assim como na indu¢do da imunidade inata treinada por microrganismos, efeitos
similares foram observados quando o treinamento imunoldgico ¢ realizado por meio do
uso do B-glucana. Alteragdes epigenéticas relacionadas a H3K27ac e H3K4m3, levando
a alteragdes no metabolismo celular principalmente aumento da glicdlise oxidativa, que
associadas a sintese de citocinas como IL-6, favorecem o controle de infecgdes (Moorlag

et al., 2020; Vierboom et al., 2021; Ferreira et al., 2024).

Em estudo realizado por Ciarlo et al. (2020), demonstrou a indu¢do imunidade
inata treinada por acdo de zymosan contra diversos agentes infecciosos, incluindo L.
monocytogenes, C. albicans, E. coli, Staphilococcus aureus, Citrobacter rodentium e
Pseudomonas aeruginosa. Surpreendentemente, durante infeccdo por estes agentes,
camundongos treinados por cinco semanas apresentam maior sobrevivéncia, refletindo
em menor recuperacao bacteriana. Estes resultados foram sustentados por uma resposta
mais robusta de IL-1p e IL-6, através da sinalizagdo via MyD88 e alteracdes epigenéticas

ligados a ativagdo da cromatina (H3K4mle H3K4m3) (Ciarlo et al., 2020).

A capacidade de transmitir protecdo heterologa a seus descentes também foi

observado em camundongos treinados com zymosan. Camundongos treinados
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submetidos a um desafio de 10* UFC (unidade formadora de colonia) de L.
monocytogenes pela via intravenosa, apresentam maior sobrevivéncia, menor perda de
peso, bem como menor recuperagdo bacteriana em animais descendentes (primeira

geragao) (Katzmarski et al., 2021).

O entendimento a respeito dos efeitos ocasionados pela acdo dos indutores da
imunidade inata treinada, sdo de grande importancia. O conhecimento de quais
substancias podem conduzir a este perfil imunoldgico, assim como a compreensao dos
meios pelas quais estas substancias sao reconhecidas, capitadas por células imunes inatas
e qual o seu efeito sobre elas, permitira tragar novar estratégias para diversas aplicagdes

no qual este efeito ¢ desejado, sobretudo no controle de doencas infecciosas.

2.5. Zymosan e o p-glucana na modulacio do sistema imune

O zymosan ¢ um componente da parede celular de leveduras, como
Saccharomyces cerevisiae, formado por uma grande quantidade de polissacarideos,
dentre estes, B-glucana e manano, sendo o f-glucan o mais representativo,
correspondendo a mais de 50% da composic¢ao total (Di Carlo e Fiore, 1958). A B-glucana
¢ um composto polissacarideo que pode ser encontrado em diversos microrganismos
como leveduras, bactérias, assim como em algas marinhas e diversos vegetais (Du et al.,

2013).

Dentre as numerosas aplicacdes destes polissacarideos tem-se sua capacidade de
ajustar os niveis plasmaticos de glicose e insulina. Este efeito segundo alguns autores, se
deve por diferentes mecanismos, como a viscosidade gerada por estes polissacarideos,
em especial os soluveis, que aumentam o tempo de passagem dos alimentos a través do
trato gastrointestinal, exibindo assim a capacidade de regulacdo do apetite, retardo no
esvaziamento gastrico e diminui¢do o transito intestinal, melhorando assim a absor¢do
dos nutrientes (Kristensen e Jensen, 2011; Rebello et al., 2014). Segundo alguns autores,
1sso ocorre devido a capacidade destas substancias formarem uma estrutura capaz de
encapsular moléculas proteicas e amidos, retardando sua degradagao (Zhang et al., 2017).
Estas caracteristicas contribuiram tanto para a uma maior secrecdo quanto apara a

diminui¢do da resisténcia a insulina (Liu et al., 2016).

Outra aplica¢do importante observada ¢ a capacidade de redugdo dos niveis de

colesterol LDL (low-density lipoprotein) na corrente sanguinea. O mecanismo pelo qual
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o este efeito ocorre ainda € pouco compreendido, no entanto, acredita-se que isto se da
devido a absor¢dao mais lenta e aumento da excrecdo dos sais biliares devido a
caracteristica de viscosidade gerada pelo uso destes polissacarideos (Gunness et al.,
2012). Um estudo realizado por Wolever et al. (2021) demonstrou a capacidade de
redugdo dos niveis LDL em pacientes que receberam trés vezes ao dia, durante quatro
semanas, uma bebida contendo 1g de B-glucana de alto peso molecular (trés gramas ao
dia), de maneira a contribuir para diminui¢ao dos riscos de desenvolvimento de doengas

cardiovasculares em homens e mulheres.

O controle da obesidade ¢ outro fator observado pelo uso destas substancias. De
acordo com estudo realizado por Xin-Zhong et al. (2015), ao fornecer alimento contendo
altos niveis de lipideos e 5% de B-glucanas por um periodo de oito semanas, observou
diminui¢do do peso corporal e dos niveis de tecido adiposo, no acumulo de lipideos
intracitoplasmatico em hepatocitos e melhoria nos indices de taxas glicémicas e
triglicerideos. A B-glucana atua como fibra alimentar, contribuindo para digestao mais

lenta dos alimentos, para o controle do consumo de energias (Bai et al., 2019).

A agdo do B-glucana vem sendo investigada também no controle de processos
neoplasicos. Camundongos portadores do tumor S180, uma linhagem celular que
desencadeia o surgimento de sarcomas solidos em camundongos, tratados por via oral
com diferentes doses de PB-glucana, apresentaram a uma dose de 200 mg/kg uma
diminuicdo significativa do tamanho e do peso da neoplasia (Mo et al., (2017). Esta
reducdo estd relacionada a maior inducdo de apoptose, por meio de ativacdo de genes
diretamente envolvidos na regulacao da apoptose (Xu et al., 2016, Mo et al., 2017).), além
do aumento na propor¢do de células T CD8, expressao de citocinas como IL-2, IL-6 e
TNF-a (Mo et al., 2017). No estudo realizado por Taghavi et al. (2018) a inoculagio de
zymosan por via intraperitoneal na dose de 10 pg/animal permitiram um melhor controle
do melanoma em camundongos. Os autores associam este efeito a maior expressao TNF-
a, ¢ de TLR 2 e 4 em macrofagos peritoneais de camundongos. Além deste efeito,
verificou-se ainda que os animais tratados com zymosan exibem maior proliferacdo de

esplendcitos, associados ao aumento de sua viabilidade.

Ha alguns anos, os efeitos de polissacarideos sobre a manutengdo da saude através
da modulagao da resposta imune tém sido demonstrados (Tzianabos, 2000; Castro et al.,
2021). De maneira geral, estes polissacarideos sao capazes de induzir uma reposta pro-

inflamatoria, culminando com a secrecdo de citocinas, permitindo maior ativagdo de
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macrofagos, embora ja se tenha sido observado este efeito em outros tipos celulares como
neutrofilos (LeBlanc et al., 2006) e células NK (Richter et al., 2016). Adicionalmente,
estes polissacarideos possuem a capacidade de estimular a proliferacdo de células
precursoras na medula 6ssea, levando a um aumento em especial no nimero de monoécito
e macrofagos (Hofer e Pospisil, 2011) e melhor eficiéncia destas células em bago e
linfonodos (Zheng et al., 2017). Esse efeito favorece melhor controle de agentes
infecciosos como bactérias (Moorlag et al., 2020), fungos (Silva et al., 2021), protozoario

(Santos et al., 2019) e virus (Wang et al., 2023).

O reconhecimento destas substancias por células do sistema imune inata,
sobretudo por macrofagos ocorre por meio de receptores de reconhecimento padrao como
TLRs, dectina-1 e receptor do complemento 3 (CR3) (Sato et al., 2003; McCann et al.,
2005; Silva et al., 2021). As células do sistema imune inato, em especial macrofagos,
reconhecem as particulas de zymosan através de TLR2, levando a ativagdo do fator
nuclear—kB (NF-kB), um importante mediador da resposta inflamatéria, induzindo a
expressdo de genes pro-inflamatorios (Liu et al., 2017). Apds o reconhecimento das
particulas de zymosan por TLR2, ha a ativacdo de genes que levam a uma maior
expressdo e secrecdo de TNF-a por estas células (Sato et al., 2003; Underhill, 2003). A
ativacdo de NF-kB e produ¢do de TNF-a ocorre de forma dose dependente a partir de
5 ng/mL até 100 pg/mL (Underhill, 2003; Sato et al., 2003). A ativacdo pelo zymosan
leva também a ativag¢do de macrdofagos, em especial relacionadas ao aumento da secre¢ao
de citocinas pro-inflamatorias, como IL-1 e IL-6, assim como o aumento da capacidade

fagocitica destas células (Taghavi et al., 2018).

Silva et al. (2021) observaram maior capacidade fagocitica de macrofagos
tradados com zymosan, quando infectados por Paracoccidioides brasiliensis, assim como
sua capacidade de eliminacdo deste agente, principalmente por meio de aumento da
producao de 6xido nitrico e maior acidez acidifica¢ao do fagolisossomo, além da secrecao
de citocinas pro-inflamatorias como TNF-a, IL-1p, IL-6 e IL-23, direcionando assim para
uma resposta tanto para o tipo Thl quanto para Th17. Neste mesmo estudo observou-se
que o reconhecimento celular por meio de RRP associados ao zymosan ocorre por meio
de sinergismo entre TLR2 e dectina-1. A interag¢do entre esses RRP é importante pois
tanto a via MyD88, da via da tirosina quinase, sao necessarias para inducao de altos niveis
de citocinas, contribuindo para melhor resposta imunologica (Slack et al., 2007; Dennehy

et al., 2008).
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Pelo fato de zymosan possuir em sua composi¢cdo diversas substancias, mas
principalmente e B-glucana e manano identificar a fungdo destas substancias na regulacdo
do sistema imune permite entender os efeitos ocasionados pelo uso de zymosan. No
estudo realizado por Lee et al. (2021), verificou-se que in vitro o componente B 1-3
glucana, ¢ o principal modulador pro-inflamatoério presente em zymosan, mostrando que
quando o componente -glucana, ¢ removido, a propriedade promotora de resposta imune
Thl ¢ fortemente suprimida. Além disso foi demonstrado que o componente manano

ocasiona o aumento da diferenciagdo de células T regulatorias.

O reconhecimento de B-glucana pelas células do sistema imune inato ocorre
principalmente através do RRP dectina-1, embora outros receptores possam interagir de
maneira sinérgica permitindo o tanto o reconhecimento e fagocitose destas substancias
quanto a ativagdo das vias que levam a uma resposta pro-inflamatéria (Zhang et al., 2022;
Brown et al., 2002; Brown e Gordon, 2001). Mesmo macrofagos murinos com CR3
deficiente ainda é capaz de reconhecer e se ligar a f-glucana, contudo macréfagos com
bloqueio do receptor de dectina-1 ndo sdo capazes de tal interagdo (Brown et al., 2002;
Adachi et al.,, 2004). Por outro lado, a proliferacdo ¢ a mobilizagdo de células
hematopoiéticas em camundongos tratados com B-glucana esté ligada ao CR3, observa-
se maior quantidade de células no sangue periférico de animais que receberam uma dose
subletal de irradiagdo gama, um fato que ndo foi observado quando os animais eram

depletados do gene CR3 (Cramer et al., 2006).

O reconhecimento deste polissacarideo ocorre em outros tipos celulares como
neutrofilos (Baert et al., 2015), células dendriticas (Ding et al., 2018) e células natural
killer (Vetvicka e Vetvickova, 2015). Em um estudo realizado utilizando células do
sistema imune inato de suinos, diferentes B-glucanas foram testadas. Estas células eram
monocitos do sangue periférico que exibiam bloqueio do receptor de dectina-1. Este
bloqueio ndo afetou a proliferacdo destas células, contudo diminuiu significativamente a
proliferacdo de linfocitos com tratamento por determinados tipos de B-glucan
(escleroglucano, zymosan e curdlan) (Baert et al., 2015). Essa carateristica de estimular
a proliferacdo celular, bem como conduzir a uma migra¢do destas células progenitoras
hematopoiéticas, esta ligado a maior secre¢do de metaloprotese-9 de matriz (MMP-9)
(Cramer et al., 2008), uma enzima que desempenha fun¢des importantes durante processo

inflamatoérios, envolvidos no recrutamento de células inflamatorias e remodelacao
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tecidual, e secretada por células diversos tipos celulares dentre eles, macréfagos e

neutrofilos (Steen et al., 2002).

Um fato interessante observado durante a indugdo da memoria em células imunes
inatas, ¢ que tal fato ocorre a nivel de células progenitoras, permitindo com que haja
alteragdes de células precursoras hematopoiéticas que dardo origens a células inatas, em
especial macréfagos, com a capacidade de responder a microrganismos nunca vistos por

estas células com maior eficiéncia (Quintin et al., 2012; Cheng et al., 2014).

Em um estudo realizado por Moorlag et al. (2021) monocitos oriundos do sangue
periférico humano, foram estimulados com B-glucana e posteriormente submetidos a
infeccdo por Mycobacterium tuberculosis, demonstrado uma maior capacidade de
eliminagdo deste agente, associados a uma maior producdo de citocinas pré-inflamatorias
como IL-1pB, IL-6 e TNF-a. Um fato importante observado neste estudo ¢ a capacidade
de proliferagdo de células precursoras mieloides na medula Ossea, associadas a
sinalizacdo pela IL-1, culminando com uma maior prote¢do as lesdes pulmonares em

animais infectados por Mycobacterium tuberculosis (Moorlag et al., 2020)

Um estudo recente avaliou a capacidade de B-glucana em conduzir a imunidade
treinada em macrofagos oriundos de mondcitos do sangue periférico de caes (Paris et al.,
2020). De acordo com este estudo apos o treinamento estas células eram capazes de levar
a maiores indices de producao de TNF-a, IL-1P e IL-6, assim como menores indices de
IL-10, além de induzir a um aumento na producao de espécies reativas de oxigénio (ROS)
por estes macrofagos, o que juntos levaram a maior eliminacao da infec¢do in vitro por

Escherichia coli (Paris et al., 2020).

A protecdo desencadeada por B-glucana também tem sido descrita contra
protozodrios, como Leishmania braziliensis (Santos et al., 2019). Este efeito de maior
controle da infecgdo por este agente foi avaliado tanto em mondcitos do sangue periférico
de humanos quanto de camundongos. O treinamento induzido por B-glucana foi capaz de
estimular a sinteses de citocinas pro-inflamatoérias, em especial TNF-a e IL-6 (Santos et

al., 2019).

Mondcitos do sangue periférico de bovinos foram avaliados quanto o estimulo de
treinamento induzido por B-glucana (Pedro et al., 2021). O treinamento imunoldgico, esta
relacionado ao reconhecimento do polissacarideo via dectina-1, indu¢do a uma maior

expressao e sintese de citocinas pro-inflamatdrias comumente observadas em estudos
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sobre imunidade inata treinada, ou seja, maiores indices de TNF-a, IL1-B, IL-6 (Pedro et

al., 2021).

Os mecanismos pelo qual as particulas de B-glucana, conduzem a formagao do
padrao de resposta exibido por células treinadas, tanto em monocitos circulantes quanto
em células precursoras da medula déssea ja foram demonstrados (Quintin et al., 2012;
Cheng et al., 2014; Mitroulis et al., 2018; Moorlag et al., 2020). Estes mecanismos
envolvem alteracdes metabolicas e epigenéticas (Cheng et al., 2014; Saeed et al., 2014;
Mitroulis et al., 2018; Moorlag et al., 2020). Estas alteragdes metabodlicas estdao
principalmente relacionadas a alteracdo do metabolismo da glicose, onde observa-se
aumento da glicolise anaerdbica por meio da maior expressdo de genes regulados
positivamente para esta via, assim como maior expressao do gene ligado ao mTOR
(mammalian target of rapamycin) e da maior ativacdo do fator de transcrigdo HIFla
(hypoxia-inducible factor I-alpha), levando a um maior consumo de glicose e maior
produgdo de lactato (Cheng et al., 2014) (Figura 1). As alteragdes epigenéticas
responsaveis por refletir alteracdo na expressao destes genes estao principalmente ligados
a modificagdes em histonas como H3K4me3 (trimetilagdo da lisina 4 da histona 3),
H3K4mel (monometilagdo da lisina 4 da histona 3) e H3K27Ac (acetilacao da lisina 27
da histona 3) (Cheng et al., 2014; Saeed et al., 2014) (Figura 2).
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Modelo de ativagcao metabdlica de mondcito treinado
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Figura 1: Modelo de inducdo da ativacdo metabolica de mondcitos treinados por B-
glucana, caracterizado por mudanca para aumento da glicdlise aerdbica e diminuicao da
fosforilacdo oxidativa. Adaptado de Cheng et al., 2014.
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Embora a capacidade de B-glucana de modular as respostas imunes ja tenham sido
demonstradas, ha grande variagdo entre os tipos de B-glucana disponiveis. Este efeito
variavel esté relacionado as diferengas observadas em relacdo a pureza, solubilidade, peso
molecular. Segundo Vetvicka e Vetvickova (2007), as formas de extra¢do da B-glucana

podem interferir, levando a baixa atividade de estimulagdo imunoldgica.

A B-glucana pode ser obtida por diferentes métodos de extragdo como por
exemplo: extra¢do por substancias alcalinizantes (Kao et al., 2012), extragdo enzimatica
(Aktas-Akyildiz et al., 2018), métodos acidos ou por meio de 4gua quente sob pressao
(Benito-Roman et al., 2013), No entanto, estes processos de extragao podem interferir
sobremaneira tanto na qualidade quanto no rendimento obtido (Sujithra et al., 2024).
Diante disso, buscar métodos de extragdao assim como analisar a capacidade de diferentes
tipos de B-glucana em modular a resposta imune, tornam-se importantes para permitir
melhor a compreensao sobre seus efeitos, de maneira a direcionar métodos mais eficientes

que possam conduzir a melhorias na resposta imunologica.
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Figura 2: Reprogramacao epigenética com inducdo da imunidade treinada. A estimulac¢do
de células imunes inatas é acompanhada pela deposicdo de marcas de cromatina e
alteragdes na metilagdo do DNA, levando ao desdobramento da cromatina e promovendo
a transcrigdo e a expressao de fatores pro-inflamatérios. Todas essas alteragdes sdo apenas
parcialmente removidas apds a cessacao do estimulo. Isso permite um recrutamento mais
rapido e aprimorado de fatores de transcricdo e expressdo gé€nica apos o desafio
secundario com outro estimulo. A figura ilustra os estados de cromatina e as assinaturas
epigenéticas associadas a células ndo estimuladas, a células apds estimulacdao aguda, a
células "treinadas" em repouso e a células treinadas apos novo estimulo. Adaptado de
Netea et al., 2020.

Substancias estimuladoras, como B-glucana, tem se tornado alvo para novas
estratégias vacinais sobretudo quando estes sdo utilizados como adjuvantes (Paris et al.,
2020; Whelan et al., 2024). De acordo com alguns estudos o uso de particulas de -
glucana como plataformas de entrega de vacinas tem demonstrado bons resultados,
relacionados tanto a protecdo contra desafio por agentes infecciosos, ligados a maior
producdo de citocinas pro-inflamatérias, o que segundo os autores torna este
polissacarideo uma substancia importante para o desenvolvimento de novas tecnologias

vacinais (Whelan et al., 2018; Wolf et al., 2021; Whelan et al., 2024).

Diversas aplicagdes de B-glucana tem sido desenvolvida em medicina veterinaria,
sendo principalmente utilizada como um imuno modulador. Suas aplicagdes vao desde
contribuir para melhor desempenho de animais de producdo como aves (Schwartz e

Vetvicka., 2021), suinos (Vetvicka, et al., 2014), ovinos (Zabek et al., 2013), bovinos
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(Gimenes, et al., 2020) e peixes (Vetvicka et al., 2013), melhorar a capacidade de resposta
do sistema imune de cdes (Marchi et al., 2024) e gatos (Byrne et al., 2020), sobretudo
sobre a acdo no ambiente intestinal e no auxilio ao tratamento de neoplasias. Embora
grande parte dos estudos experimentais se dé em modelo murino, preparagdes prontas e
de uso comercial de B-glucanas sdo encontradas, sendo inclusive muitas delas de uso por
via oral (Marchi et al., 2024; Marchi et al., 2025). Diante dessa ampla aplicabilidade das
B-glucanas, com objetivo de melhorar o sistema imunologico, seu uso na melhoria de
protocolos vacinais, auxiliando o controle de agentes infecciosos e potencializando a acao
de vacinas pode se tornar uma ferramenta importante na profilaxia de doengas, no entanto

estudos sobre a aplicagdo B-glucana com esta finalidade ainda sdo escassos.
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3. Hipotese

O uso de substancias estimuladoras da imunidade inata treina macréfagos por meio de
alteracdes epigenéticas em células precursoras da medula 6ssea, auxiliando na resposta
vacinal, permitindo assim, um controle mais eficiente da infecgdo por L. monocytogenes

ou B. ovis em modelo murino.

4. Objetivos
4.1. Objetivo geral

Avaliar o papel da imunidade inata treinada no favorecimento de uma melhor resposta
vacinal das candidatas a vacina B. ovis AabcBA, B. ovis e L. monocytogenes inativadas
por irradiagdo gama encapsuladas em alginato e quitosana, em camundongos desafiados

com suas respectivas estirpes selvagens.

4.2. Objetivos especificos

i.Analisar in vitro a capacidade de macréfagos oriundo da medula 6ssea de camundongos

estimulados com substancias indutoras de imunidade inata treinada em eliminar B. ovis e
L. monocytogenes.

i1.Selecionar as substancias que melhor induzam a resposta imune inata treinada protetora
com treinamento in vivo de camundongos e controle da infec¢ao in vitro em macrofagos.

iii.Verificar, por meio de imunofluorescéncia, a ocorréncia de treinamento das células da
medula 6ssea e esplendcitos de camundongos.

iv.Avaliar a capacidade dos estimuladores da imunidade inata treinada em melhorar a
eficacia vacinal de B. ovis AabcBA, B. ovis gama-irradiada e L. monocytogenes gama-
irradiada, encapsuladas por alginato e quitosana.

v.Verificar a influéncia de maior nimero de doses sobre o treinamento.

vi.Avaliar as lesoes histoldgicas em baco e figado de camundongos estimulados ou ndo com
indutores da resposta imune treinada e posteriormente vacinados ou ndo com B. ovis
AabcBA, B. ovis gama-irradiada e L. monocytogenes gama-irradiada encapsuladas por

alginato e quitosana e submetidos a posterior desafio infeccioso.
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5. Capitulo II: Manuscrito - artigo cientifico

INNATE IMMUNITY TRAINED IN THE PROTECTIVE RESPONSE OF VACCINE
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5.1 Abstract

Trained innate immunity is the ability of innate immune cells, especially macrophages,
to become more effective at fighting infectious agents they have never encountered before
when these cells came in contact with training substances, such as polysaccharides, -
glucan, or zymosan. Researchers have widely explored this characteristic to better
understand immune responses to pathogens and develop better infection control methods.
Therefore, this study aimed to investigate the ability of some of those training substances

to improve the efficiency of vaccine models against B. ovis and L. monocytogenes
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infection. B-glucan was able to significantly reduce bacterial burden in vitro in bone
marrow macrophages and in vivo in target organs from stimulated mice compared to
zymosan. Stimulation with -glucan was not able to improve the vaccine efficiency of the
attenuated B. ovis AabcBA vaccines, but a significant reduction in bacterial colonization
was observed in animals vaccinated with gamma-irradiated B. ovis. Stimulation with (-
glucan was also improved vaccine efficacy of the a gamma-irradiated inactivated L.
monocytogenes experimental vaccine, while half of the stimulated and vaccinated mice
did not have detectable bacterial recovery. The increase in number of doses was a factor
that can negatively contribute to the control of infectious agents, impairing the induction
of trained immunity. Our results suggest that trained innate immunity can be an important
mechanism to favors the control and prevention of infectious diseases caused by
intracellular bacteria, and that its use can favor certain vaccine protocols, especially for

inactivated vaccines.

Keywords: trained immunity, brucellosis, listeriosis, vaccine, protection, immunization,

B-glucan, zymosan.

5.2. Introduction

Infectious diseases pose a significant threat to human and animal life. To combat
this threat, host organisms have developed effective defense mechanisms to counteract
the increased disease-causing capacity of these microorganisms (Schleimer et al., 2007).
Various cell types involved in the immune response carry out this task (Gordon, 2016).
For a long time, it was believed that cells of the innate immune system were unable to
develop memory. However, recent researches have shown that these cells, especially
macrophages, can become more effective at fighting infectious agents after being
sensitized by substances unrelated to the agents themselves. Interestingly, this response
occurs not only against microorganisms that these cells have encountered, but also against
those they have not. Macrophages demonstrate an increased ability to control
heterologous infections (Quintin et al., 2012; Cheng et al., 2014). This phenomenon is

called trained innate immunity (Netea et al., 2011).

Trained innate immunity has been demonstrated through vaccination against

tuberculosis. Bacillus Calmette-Guérin (BCG) vaccine induces trained innate immunity,
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which protects against numerous infectious agents, even those the host organism has
never encountered before (Quintin et al., 2012; Cheng et al., 2014). Other
microorganisms, such as Candida albicans (Rosati et al., 2024), and substances, such as
polysaccharides, zymosan (Ciarlo et al., 2020), and B-glucan (Moorlag et al., 2020), can
induce immune training in these cells. These components are recognized by receptors that
induce epigenetic and metabolic modifications in cells. This results in greater capacity to
eliminate infectious agents and greater induction of pro-inflammatory cytokine synthesis.
Activation of innate immune cells can greatly contribute to protection against numerous
infectious agents, especially intracellular pathogens (Netea et al., 2011; Ciarlo et al.,

2020).

Infectious agents include bacteria of the genera Brucella and Listeria, which are
intracellular pathogens that cause significant diseases in humans and animals. Brucella
sp. affects various species of domestic animals, causing a chronic disease primarily
affecting the reproductive system, resulting in abortion, stillbirth, placentitis,
epididymitis, and orchitis (Corbel, 2006; Pappas et al., 2006). Infection with L.
monocytogenes has various clinical manifestations in various, including inflammation of
the central nervous system, abortion, and septicemia in neonates (Engelen-Lee et al.,

2018; Ogunleye et al., 2021).

One of the most effective ways to control and eradicate infectious diseases is
through vaccination (Piot et al., 2019) and research into vaccine protocols capable of
adequately controlling these agents is ongoing. Vaccinology in brucellosis has been
explored for more than 30 years (Carvalho et al., 2016.) and there are several studies

seeking to develop a vaccine against listeriosis (Rocha et al., 2021; Meng et al., 2025).

It is importance to investigate the mechanisms by which these microorganisms
evade the immune system, as well as how immune cells can be trained to combat
challenging pathogens (Knight-Jones and Rushton, 2013; O'Brien and Nolan, 2019). One
of the alternatives for increasing the ability to control infectious agents would be to
associate the effect of trained innate immunity with vaccines. This association of cells
with a greater capacity to eliminate infectious agents, linked to the adaptive immune
response, can maximize the vaccine effect, contributing to a more effective control of

infections caused by intracellular agents.
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Although some studies have evaluated the ability of trained innate immunity to
control Brucella or Listeria infection in vitro or in vivo (Ciarlo et al., 2020; Araujo et al.,
2023), the role of trained immunity in favoring an effective vaccine response against these
infections remains unexplored. In this study, we examined the impact of trained immunity
on two distinct vaccine models (attenuated or inactivated) against Brucella ovis (Silva et

al., 2015) and Listeria monocytogenes (Rocha et al., 2021) infections in a murine model.

5.3. Material and methods
5.3.1. Ethical statements

The experimental procedures with mice followed the laws and regulations, and
the experimental procedures were approved by the Ethics Committee on the Use of
Animals of the Federal University of Minas Gerais, under protocols CEUA/UFMG n°
63/2021 and CEUA/UFMG n° 90/2021.

5.3.2. Animals

BALB/c and C57BL/6 female mice, aged six to eight weeks, were obtained from
the UFMG Central Animal Facility. The mice were housed in a suitable animal
experimentation facility with a controlled environment throughout the experiment. The
facility had alternating 12-hour light/dark cycles, 70% humidity, and a temperature of 25

°C. The mice were fed sterilized commercial feed and given water ad libitum.

All procedures involving cell cultures and bacterial recovery were carried out in a
laminar flow hood in the Biosafety Level 2 Molecular Pathology Laboratory at the UFMG
Veterinary School.

5.3.3. In vitro evaluation of the training on the microbicidal activity of bone

marrow-derived macrophages

An in vitro experiment was conducted to assess the effects of stimulators on the
training of innate immune cells. The experiment used bone marrow macrophages from
mice that had been treated with zymosan or B-glucan, intraperitoneally (i.p.). Twelve

animals were used and divided into three groups (n=4): the zymosan group, the B-glucan
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group, and the PBS (untreated) group. Cultured macrophages were inoculated, and

intracellular survival curves of B. ovis and L. monocytogenes were determined.

5.3.4. In vitro infection of bone marrow macrophages

Macrophages were inoculated with B. ovis (multiplicity of infection [MOI] of 100)
and L. monocytogenes (MOI of 10). Intracellular bacterial recovery from B. ovis-
inoculated macrophages was carried out at 0, 24 and 48 hours post-infection (hpi). For L.
monocytogenes, intracellular bacterial recovery was performed at 0, 4 and 8 hpi. Bacteria
were added to the wells containing macrophages, and centrifuged at 500 x g for 5 minutes
at 15°C. Plates were then incubated at 37°C and 5% CO: for 30 minutes. After this time,
the wells were washed with sterile 1 x PBS and RPMI medium supplemented with 10%
fetal bovine serum and containing 50 pg/mL of gentamicin was added for one hour at
37°C to kill any extracelllar bacteria. Culture media in the subsequent time points were
changed to RPMI medium supplemented with 10% fetal bovine serum and containing
25ug/mL gentamicin. At each time point, plates were washed three times thoroughly with
1x PBS, and cells were lysed with sterile distilled H-O. The lysates were then serially
diluted and intracellular bacteria was couted by plating on TSA plates containing 1%
hemoglobin for B. ovis and BHI agar plates for L. monocytogenes. It should be noted that
experiments using this methodology involved four or six mice, all in triplicate. The
supernatant from uninfected or infected macrophages at each time point was collected

and stored at -20°C.

5.3.5. In vivo evaluation of the training on vaccine protection

Several experiments were carried out to evaluate the effect of training on vaccine
response. All experiments used six female mice between six and eight weeks of age per
group (n = 6). In one experiment Balb/c mice was used to assess protection against L.
monocytogenes infection, whereas in the other experiments C57BL/6 mice were used.
Mice were divided into four groups: those stimulated only with training substances
(zymosan or B-glucan); those that received only the vaccine strain (KLM-y-AC, BO-vy-
AC or AabcBA-AC, according to the infectious agent with which they would be
challenged); those that were previously trained and then immunized with the vaccine

strain; and those that did not receive any treatment (mock infected). All groups were
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subsequently challenged with their respective virulent strains, i.e. L. monocytogenes or B.

oVis.

Mice from the stimulated groups received zymosan or B-glucan i.p. at a dose of 1
mg/100 pL, and non-stimulated mice received sterile PBS on day -7 (seven days before
vaccination). After seven days (day zero), the mice from the non-immunized group were
inoculated with sterile PBS, while those from the vaccinated groups were immunized
subcutaneously. Animals immunized with KLM-y-AC or BO-y-AC received two vaccine
doses, one on day zero and the other 15 days after the first dose, at a concentration of
1 x 107 colony forming units (CFU)/animal subcutaneously (s.c.). Mice immunized with

B. ovis AabcBA-AC received a single 1 x 108 CFU/animal dose, s.c.

5.3.6. Ex vivo evaluation of training on vaccine protection

To evaluate the immune response induced by training and vaccination in mice, the
animals were trained with B-glucan seven days prior to being vaccinated with KLM-y-
AC. Female C57BL/6 mice aged six to eight weeks were divided into four groups of six
animals (n = 6): The groups were as follows: group stimulated with B-glucan and
immunized with KLM-y-AC; group stimulated with B-glucan; group immunized with
KLM-y-AC; and group stimulated with PBS (mock). Fifteen days after the final
vaccination, the mice were euthanized, and cells were collected from their spleens for in
vitro analysis of cell proliferation and from their bone marrow for differentiation into

macrophages and in vitro assessment of intracellular survival.

5.3.7. Bacterial strains and culture conditions

This study used the wild-type bacterial strains B. ovis ATCC 25840, L.
monocytogenes serotype 4b ATCC 19115 and B. ovis AabcBA, a mutant strain generated
from the deletion of the open reading frame (orf) abcA and orf abcB of the abcEDCBA
locus located on chromosome II of B. ovis which encode an ABC-type transporter system

(Silva et al., 2011).

These B. ovis strains were grown on tryptone soy agar (TSA, Invitrogen, USA)

containing 1% hemoglobin (Becton-Dickinson, USA) for three days at a constant
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temperature of 37°C in a humidified incubator with a 5% CO; atmosphere, and

100 pg/mL kanamycin (Gibco, Brazil) was added to the plates of the mutant strains.

The bacterial colonies were resuspended in a sterile solution of phosphate-
buffered saline (PBS/ pH 7.4, Gibco, Thermo Fisher Scientific, USA) and the bacterial
concentration in the suspension was measured the optical density at 600 nm (ODggo) in a
spectrophotometer (Bio-Rad, Hercules, CA). It was assumed that at ODgoo of 0.250 the
estimated concentration of bacteria is approximately 3 x 10%and 1 x 10° CFU/mL for the
wild-type and mutant strains respectively. Based on this data, the inoculums were
prepared at the desired working concentration. To confirm the concentration of the
inoculum, serial dilution and plating were carried out in culture media containing TSA

with 1% hemoglobin plus 100 pg/mL kanamycin for the mutant strain.

For L. monocytogenes culture, a pre-inoculum was prepared and grown in BHI
broth (Brain Heart Infusion, Kasv, USA) maintained under agitation at 200 RPM and at
37°C. for 15 hours. After this period, the concentration of this pre-inoculum was adjusted
using a spectrophotometer (Bio-Rad, Hercules, CA) considering that at ODgoo of 1 - and
1 x 10° CFU/mL, and aliquots of 500 uL containing 1 x 108 CFU/mL were prepared and
stored in a freezer at -80°C in a solution containing 60% glycerol. To prepare the
inoculum, 500 pL aliquots containing 1 x 10®8 CFU/mL were added to Falcon tubes
containing 10 mL BHI broth, shaken at 200 RPM and at a temperature of 37°C for
approximately 4 hours until this bacterial suspension reached a concentration of 1 x 10°
CFU/mL. The concentration of the inoculum was confirmed after serial dilution in sterile

PBS and plating on BHI agar (Brain Heart Infusion, Kasv, USA).

5.3.8. Preparation of L. monocytogenes and B. ovis by gamma irradiation

A volume of 100 mL of sterile PBS containing L. monocytogenes or B. ovis at a
concentration of 1x 10°CFU/mL was subjected to gamma radiation at a dose of
5 kiLogray (KGy) at the Nuclear Technology Development Center (CDTN - UFMG,
Belo Horizonte). After this process, an aliquot of this suspension was plated on BHI agar
(L. monocytogenes) or TSA with 1% hemoglobin (B. ovis), where no colony growth was

observed, thus confirming bacterial inactivation.
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5.3.9. Preparation of vaccines encapsulated in alginate and chitosan

The vaccine strains were encapsulated with alginate (Sigma-Aldrich, USA) and
chitosan (Sigma-Aldrich, USA), based on a bacterial suspension containing a
concentration of 1 x 10° CFU/mL of B. ovis AabcBA (Silvaet al., 2015), 1 x 10° CFU/mL
of gamma-irradiated B. ovis (BO-y-AC) (Silva et al., 2024) and 1 x 10® CFU/mL of
gamma-irradiated L. monocytogenes (KLM-y-AC) (Rocha et al.,, 2021). For this
procedure, the bacterial suspension was prepared in sterile PBS, centrifuged at 200 x g
for 10 minutes at 4°C, then the supernatant was discarded, and the bacterial pellet was
resuspended in 1% alginate solution. Using an insulin syringe (1 mL) attached to a 33G
needle, this solution was dripped into a polymerizing solution (CaCl 0.5 mM) and left to
slowly homogenize for 15 minutes. After the capsules were formed, they were washed
twice, under slow homogenization for 5 minutes, with a solution of MOPS (10 mM,
Sigma-Aldrich, USA) with 0.85% NaCl at pH 7.4. After washing, the alginate capsules
were immersed in a solution composed of chitosan containing 1% acetic acid and sodium

acetate at pH 5.0, for 30 minutes under homogenization.

5.3.10. Preparation of the substances used to train innate immunity

The B-glucan used in this study was obtained from Saccharomyces cerevisiae and
characterized as a B-1,3/1,6 glucan with a purity level of over 75%. The methodology
used to prepare this B-glucan suspension was similar to that described by Cheng et al.
(2014). A volume of 50 mL of sterile PBS containing a concentration of 1 mg of B-glucan

per 100 puL (for in vivo use) was autoclaved and checked for sterility.

The zymosan suspension was prepared similarly to the method described by
Ciarlo et al. (2020). Zymosan (Z4250, Sigma-Aldrich, Merck KGaA, Germany) was
diluted in sterile PBS to a final concentration of 0.1 mg/mL (for in vivo use). After
dilution, the suspension was left for 30 minutes in a laminar flow hood under ultraviolet

light (Monroe et al., 2016) and then checked for sterility.

5.3.11. Obtaining macrophages from mouse bone marrow

To obtain macrophage precursor cells from the bone marrow, the methodology

used was similar to that described by Zhang et al. (2008). During the necropsy, the pelvic
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limbs were aseptically disarticulated, followed by dissection of as much of the muscle in
this region as possible. After this procedure, the limbs were submerged in 70% alcohol,
where they remained for a maximum of 15 minutes, and then the bone marrow from the

femur and tibia was removed.

The epiphyses of both bones were removed and with a 26 G needle coupled to a
syringe containing sterile PBS solution with 100 pL/mL streptomycin/penicillin (10,000
U penicillin, 10 mg estreptomycin/mL) (Thermo Fisher Scientific, USA), the marrow
cavity was washed and the contents dispensed into a 50 mL Falcon tube. After the bone
marrow had been completely removed, the contents were centrifuged at 500 x g for 10
minutes at 4°C. After this stage, the supernatant was discarded and the cell sediment was
resuspended in 10 mL of RPMI medium containing 10% fetal bovine serum, 20%
supernatant from the 1929 cell culture and 100 pL/mL streptomycin/penicillin (10,000 U
penicillin, 10 mg estreptomycin/mL). Then 1 mL of this cell suspension was added to
Petri dishes and a volume of 9 mL of complete RPMI medium with 20% supernatant from
L.929 was added to each one. These plates were then left in an incubator at 37°C for a
period of 7 days, and on the third day 10 mL of complete RPMI medium with 20% 1929

supernatant was added.

After 7 days, the macrophages were removed from the culture plates so that the
cell concentration could be checked and the in vifro infection stage could begin. To
remove the macrophages, the supernatant was discarded and a volume of 3 mL of Trypsin
1X (Gibco, Thermo Fisher Scientific, USA) was added to each plate, which was left for
10 minutes in an incubator at 37°C. After all the cells were detached, the cell suspension
was removed and added to a 50 mL Falcon tube. After this stage, the plate was washed a
second time with 10 mL of sterile 1X PBS to recover as many cells as possible. After this
procedure, the contents were centrifuged at 300 x g for 10 minutes at a temperature of
4°C. The supernatant content was then discarded and the cells resuspended in 1 mL of
RPMI medium containing 10% fetal bovine serum. A 10 pL aliquot was taken from this
cell suspension to count the number of cells in a Neubauer chamber using the trypan blue
exclusion method at a concentration of 0.3%, and at a ratio of 1:1, i.e. for each volume of
cell suspension an equal volume of 0.3% trypan blue. After determining the cell
concentration, the cells were transferred to 96-well culture plates at 1 x 10° cells per well,

where they remained for a period of 24 hours before being subjected to infection.
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5.3.12. In vivo protection assay

Four weeks after the first immunization, the mice were challenged. Animals
immunized with KLM-y-AC were inoculated i.p. with 1 x 10° CFU/animal of the wild
type of strain of L. monocytogenes in a volume of 100 uL and euthanized four days post-
infection. The animals immunized with B. ovis AabcBA or BO-y-AC were inoculated 1.p.
with a dose of 1 x 10° CFU/animal of the wild type of strain of B. ovis in a volume of
100 pL and then euthanized two weeks post-infection. All mice were challenged, except

the animals from the uninfected mock group.

For euthanasia, an anesthetic overdose of xylazine hydrochloride (2%, 30 mg/Kg,
Syntec, Brazil) and ketamine hydrochloride (1%, 210 mg/Kg, Syntec, Brazil), were
injected intraperitoneally in a volume of 100 uL. During necropsy, liver and spleen were
collected to assess bacterial recovery and determine the protection index of each vaccine
in the spleen. The protection index is determined by the difference in CFU in the spleen

of non-immunized and immunized animals.

5.3.13. Tissue bacteriology

To determine the bacterial recovery of both L. monocytogenes and B. ovis in the
target organs (spleen and liver) of infected mice, fragments of these organs were collected
aseptically in 15 mL Falcon tubes containing 2 mL of sterile PBS, weighed and macerated
using a tissue homogenizer (Ultra Stirrer, Biotech, USA). The tissue macerates were
serially diluted and plated on TSA with 1% hemoglobin for bacterial recovery of B. ovis
and on BHI agar for bacterial recovery of L. monocytogenes. The seeded plates were kept
in a humidity-controlled incubator at a temperature of 37°C and at a constant atmosphere
5% CO2 and the colonies were counted after a period of 18 hours for L. monocytogenes

and 3 to 5 days for B. ovis.

5.3.14. In vitro stimulation of murine splenocytes

After the training and vaccination protocol described above, the mice were
euthanized four weeks after the first dose of the vaccine. At necropsy, the spleen was
removed aseptically to isolate the splenocytes. The spleens were macerated using a

syringe plunger in a sterile Petri dish with 3 mL of RPMI medium enriched with 10%
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SFB at a temperature of approximately 4°C. The cell suspensions were centrifuged at 500
x g for 10 minutes at 4°C. After this procedure, the supernatant was discarded, and the
cell pellet resuspended in 5 mL of red blood cell lysis buffer (Tris-ammonium chloride,
Sigma-Aldrich) for 5 min. The cell suspension was centrifuged again at 500 x g, for a
period of 10 minutes at 4°C, and after discarding the supernatant, the sediment was
washed three times with 10 mL of PBS 1X at 4°C. The cells were then resuspended in 1
mL of RPMI medium with 10% SFB and cell concentration was measured by excluding

0.3% Trypan blue in a hemocytometer chamber.

The cells were then added to 96-well plates (Corning, USA) at 5 x 10° cells/well
in 100 pL, all in triplicate. The cells were then stimulated with 100 uLL of RPMI (negative
control), LPS from E. coli 2 ng/mL, concanavalin A 5 pg/mL or 1 x 10° CFU/mL L.
monocytogenes gamma irradiated. The plates were then incubated at 37°C with a 5% CO»
atmosphere for 72 hours. After this stage, the plates were centrifuged at 500 x g for 10
minutes at room temperature, the culture supernatant was collected and stored in
microtubes at -20°C for verification of cytokine levels and the cells were treated for cell

proliferation assay.

After removing the supernatant, 20 pL of 5 mg/mL MTT (3-(4,5-dimethyl-2-
thiazolyl) -2,5-diphenyl-2H-tetrazolium bromide) (Invitrogen, USA) was added to each
well with the cell suspensions. The plates were protected from light and incubated at 5%
COy at 37°C for 2 hours, with 95% humidity. Next, 30 pL of SDS (sodium dodecyl
sulfate) was added to the wells, followed by overnight incubation in a 5% CO; at 37°C.
So, the plates were read at a wavelength of 595 nm on an ELISA MR-96A apparatus
(Thermo Fisher Scientific, USA).

5.3.15. Measurement of cytokines from the culture of splenocytes and macrophages

The supernatant acquired during the cultivation of macrophages was evaluated for
cytokine levels. IL-6 concentrations were measured in supernatants from macrophage
cultures infected with B. ovis and L. monocytogenes in 96-well plates using ELISA Kkits
(DuoSet, R&D Systems, USA) according to the manufacturer's instructions. Reading was
carried out at a wavelength of 490 nm using the ELISA MR-96A apparatus (Thermo
Fisher Scientific, USA). Cytokine concentrations (pg/mL) were determined by

comparison with an assay standard curve.
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5.3.16. Histopathology

Fragments of the liver and spleen were collected during necropsy of the mice and
fixed in 10% buffered formalin solution for 24 hours. Tissue fragments were then
dehydrated with alcohol in increasing concentrations (70%, 80%, 90%, and 100%) and
then diaphanized in xylene. Subsequently, the fragments were immersed in paraffin to
make microtome-sectioned blocks (3 um thick) adhered to glass slides and stained with
hematoxylin and eosin (HE). Histopathological evaluation was carried out for the
inflammation and necrosis lesions observed in the spleen and liver and a score was
assigned, classified according to the intensity of the inflammatory lesions: 0 (zero)
absence, 1 (one) mild, 2 (two) moderate and 3 (three) intense lesion and for the absence
0 (zero) or the presence of necrosis 1 (one), making a maximum total value of 4 (four)

(Oliveira et al., 2024). All slides were assessed blindly by two veterinary pathologists.

5.3.17. Immunofluorescence for acetylated histones

The training of innate immunity was checked in spleen and bone marrow cells
using immunofluorescence of acetylated histones in order to identify the marking for
acetylation of lysine 9 on histone 3 (H3K9ac) and for acetylation of lysine 27 on histone
3 (H3K27ac). The increased acetylation of these histones is related to the training of

innate immunity.

For this purpose, female C57BL/ mice were distributed into three groups
containing three animals (n = 3), as follows: B-glucan 1 dose (1 mg/100 pL i.p); B-glucan,
2 doses (1 mg/100 pL i.p) one dose every 7 days and mock (100 uL of PBS 1.p). Seven
days after the last stimulus in each group, the mice were euthanized to obtain spleen and
bone marrow cells. After euthanasia and cell collection, the cells were added to 50 mL
Falcon tubes, washed with 5 mL of 1X PBS and centrifuged at 500 x g for 5 minutes. The
supernatant was then discarded and 5 mL of lysis solution was added for 5 minutes, with
the samples placed on ice. The samples were centrifuged again at 500 x g for 5 minutes,
then the supernatant was discarded and fixation was carried out, adding 2 mL of 4%
paraformaldehyde solution for 20 minutes. After this time, the cells were centrifuged
again and the supernatant was discarded, followed by the addition of 70% alcohol and

kept at -20°C until immunofluorescence was performed.
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Briefly, the cells were rehydrated and approximately 200 uL of the cell suspension
was added to the glass coverslip in culture plates and permeabilized with a 0.2% solution
of TritonX -100 for 1 hour in a humid chamber. Then, the coverslips were washed in 1X
PBS with 1% polyvinylpyrrolidone (PVP), followed by the addition of 1 mL of blocking
solution (0.05% TritonX-100 and 2% BSA diluted in PBS with 1% PVP) in a humid
chamber under agitation for 2 hours. This was followed by the addition of the primary
antibody for H3K9ac (rabbit anti-H3K9ac, GeneTex, California - USA) and H3K27ac
(rabbit anti-H3K27ac GeneTex, California - USA), both are polyclonal antibodies,
produced in rabbits, and have cross reactivity to several species including mice, humans,
and cattle, both at a concentration of 1:1000, in a volume of 1 mL per coverslip, left to
incubate overnight under agitation in a humid chamber. After this period, the primary
antibody was removed and the secondary antibody, at a concentration of 1:500 (Donkey
anti-rabbit 488, Thermo Scientific, Massachusetts, USA), a polyclonal antibody,
produced in a donkey showing reactivity to rabbit (anti-rabbit), was added for a period of
2 hours in a humid chamber under agitation. Then, the coverslips were washed in PBST
(1 mL per plate) and mounted together with ordinary glass slides. The images were taken
on a Leica DMI6000 fluorescence microscope located at the UFABC Multiuser
Experimental Center. Least 20 images were taken at different magnifications: 5 images
under a 10X objective, 5 images under a 20X objective and 10 images under a 40X

objective from each sample.

The images generated with 40X objective were used for analysis. Fluorescence
intensity was assessed using Imagel 1.54g. A total of 100 cells were assessed per animal,
with the fluorescence intensity value obtained from each area clearly identified as a
nucleus (excluding overlapping areas or that did not appear completely in the image),
followed by subtraction of the fluorescence intensity of the background of the same image

(Ispada et al., 2020; Ispada and Milazzotto, 2021).

5.3.18. Statistical analysis

Statistical analysis of the CFU count data was normalized by logarithmic
transformation and submitted to analysis of variance (ANOVA). The means were then
compared using the Tukey test. The non-parametric Kruskal-Wallis test was used to
assess the histopathologic score. The immunofluorescence results were assessed for

outliers using the Grubbs test (alpha = 0.05) and then the D'Agostino and Pearson
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normality tests. The means of the groups were evaluated using the non-parametric
Kruskal-Wallis test. All these analyses were carried out using GraphPad Prism software
version 8.0.1 (GraphPad Prism software 8.0.1, Inc, USA). Values were considered
statistically different when p < 0.05.

5.4. Results

5.4.1. In vivo stimulation of trained immunity with zymosan and B-glucan conferred
greater in vitro control of B. ovis and L. monocytogenes in murine bone marrow-

derived macrophages

Mice stimulated with zymosan or B-glucan, known to act as “trainers” of the innate
immune cells, had an enhanced ability to control intracellular growth of L. monocytogenes
(Figure 1A) and B. ovis (Figure 1B) in cultured macrophages. Macrophages from these
mice had lower bacterial recovery of L. monocytogenes at 4 and 8 hours hpi than
macrophages from unstimulated mice (mock-inoculated with PBS). Reductions of 0.84

log (zymosan) and 1.15 log (B-glucan) were observed at 8 hpi.

In the case of B. ovis infection, only the macrophages of mice that had been trained
with B-glucan showed a significant 2 log reduction in bacterial count compared to the
mock group at 48 hpi. Although both training agents enhanced the innate immune
response, animals that had been trained with B-glucan were evidently more effective at
controlling the infection, especially when challenged with B. ovis.

B. ovis
L. monocytogenes

Logyo CFU/mL
—
Log4o CFU/mL

0 T T T 0 T T T
4 8 0 24 48

hours hours

- mock zymosan & R-glucan - mock zymosan & R-glucan

Figure 1: Kinetics of infection and intracellular growth of L. monocytogenes and B. ovis
in bone marrow-derived macrophages (1x10° cells per well) from C57BL/6 mice that had
been trained seven days previously with zymosan or B-glucan, or that were left untrained
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(mock). Macrophages were challenged with either (A) L. monocytogenes MOI 1:10 and
assessed at 0, 4 and 8 hours post-infection, or (B) B. ovis MOI 1:100 and assessed at 0,
24 and 48 hours post-infection. The results were log-transformed and ANOV A analysis
was performed, with the mean values compared using the Tukey test. Statistical
differences refer to comparisons between groups at the same time point (*p < 0.05, **p
<0.01, ***p <0.001).

These results demonstrated the ability of zymosan and B-glucan to improve the
ability of macrophages derived from myeloid cells to eliminate infectious agents, even
without prior contact with the agent, suggesting the induction of trained immunity in these

stimulated macrophages.

5.4.2. Mice stimulated with B-glucan show induction of trained immunity evidenced

by high acetylation in histone 3 in splenic cells and myeloid cells

To identify whether the cells of the innate immune system present in the spleen
and bone marrow of mice had been trained with the use of B-glucan, the histone 3
acetylation profile was evaluated using immunofluorescence. Epigenetic alterations are
important characteristics in recognizing the transition from the naive to the trained state.
The acetylation of lysines in histone 3 is a phenomenon observed in cells of the innate
immune system that were trained with different training substances, such as B-glucan

(Moorlag et al., 2020).

Higher fluorescence intensity was identified in splenocytes from mice trained with
B-glucan, and this was visible for both H3K9ac (Figure 2A - D) and H3K27ac (Figure 2E
and H). Fluorescence intensity was 6.67 and 2.49 times higher in spleen cells for H3K9ac
(Figure 2B) and H3K27ac (Figure 2F) from mice trained with B-glucan compared to
untrained mice, respectively. A similar profile was observed in bone marrow cells from
the trained mice, where both histones, H3K9ac (Figure 3 A-D) and H3K27ac (Figure 3
E-H) exhibited higher levels of fluorescence intensity, with a 7.00-fold increase for
H3K9ac (Figure 3B) and a 1.66-fold increase for H3K27ac (Figure 3F). Based on these
findings, we were able to confirm that training of the cells of the innate immune system

was indeed taking place in mice stimulated with a dose of B-glucan.
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Figure 2: Splenic cells from C57BL/6 mice were subjected to immunofluorescence analysis to identify acetylation at lysine of histone 3, (A-D)
H3K9ac or (F-H) H3K27ac. (A and E) The data represent a total of 100 cells from three animals per group. The results were evaluated to detect
outliers using the Grubbs test (a = 0.05), followed by the D'Agostino and Pearson normality tests. The medians of the groups were assessed using
the Kruskal-Wallis test. Statistical differences are represented by asterisks (***p < (0.001). (B and F) ratio of the average fluorescence intensity
obtained from the cells. This data is presented by dividing the fluorescence intensity values of the trained group by those of the untrained (mock)
group. Immunofluorescence images show labeling with anti-H3K9ac or anti-H3K27ac antibodies (green) in the trained group (C and G) and the

mock group (D and H).
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Figure 3: Bone marrow cells from C57BL/6 mice were subjected to immunofluorescence analysis to identify acetylation at lysine of histone 3, (A—
D) H3K9ac or (F-H) H3K27ac. (A and E) The data represent a total of 100 cells from three animals per group. The results were evaluated to detect
outliers using the Grubbs test (a = 0.05), followed by the D'Agostino and Pearson normality tests. The medians of the groups were assessed using
the Kruskal-Wallis test. Statistical differences are represented by asterisks (***p < 0.001). (B and F) ratio of the average fluorescence intensity
obtained from the cells. This data is presented by dividing the fluorescence intensity values of the trained group by those of the untrained (mock)

group. Immunofluorescence images show labeling with anti-H3K9ac or anti-H3K27ac antibodies (green) in the trained group (C and G) and the
mock group (D and H).
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5.4.3. Trained innate immunity contributed to a partial control of L. monocytogenes
infection in mice vaccinated with the inactivated, gamma-irradiated L.

monocytogenes vaccine (KLM-y-AC)

Considering the results of the in vitro experiments with L. monocytogenes, we
investigated whether the stimulus provided by these substances could facilitate infection
control in the in vivo model and enhance the vaccine response. We carried out
experiments using a vaccine model established by our research group in BALB/c mice.
Previously, our group demonstrated that L. monocytogenes inactivated by gamma-
irradiated when encapsulated by alginate and chitosan (KLM-y-AC), induced significant

protection in mice following challenge with L. monocytogenes (Rocha et al., 2021).

The innate immunity training of did not influence the ability to control infection
by L. monocytogenes in BALB/c mice, since previously trained mice exhibited similar
levels of bacterial recovery post-challenge to those in the infected mock group (non-
stimulated and non-vaccinated) (Figures 4A and B). Although training did not statistically
improve vaccine efficacy in the trained and vaccinated groups compared to the
vaccinated-only group, half of mice in the trained groups exhibited bacterial recovery

levels below the detection limit in spleen and liver (Figures 4A and B).
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Figure 4: Bacterial recovery in the spleen (A) and liver (B) of female Balb/c mice (n=6),
subjected to intraperitoneal innate immunity training with 1mg/animal of zymosan or f3-
glucan, immunized subcutaneously with KLM-y-AC, trained with zymosan and
subsequently vaccinated with KLM-y-AC (Z+KLM-y-AC), trained with B-glucan and
vaccinated with KLM-y-AC (BG+KLM-y-AC), or an unimmunized and untrained group
(infected mock). All animals were subjected to intraperitoneal challenge with L.
monocytogenes at a dose of 1 x 10° CFU/animal. Data are expressed as individual animals
(points) and mean with standard deviation. The results were log-transformed before being
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submitted to ANOVA, with the mean values compared using the Tukey test. Statistical
differences are represented by asterisks (****p < 0.0001).

Interestingly, even though there was no statistical difference in bacterial recovery
between the trained and immunized and only immunized groups, the mice that received
training before the vaccine showed a better rate of protection index, with a reduction of

more than 3.5 log of CFU, while in vaccinated mice, the reduction was only 2 log (Table

1.

Table 1: Protection induced in the spleen of trained Balb/c mice, immunized s.c. with 1 x
1070f L. monocytogenes. gamma irradiated and experimentally challenged i.p. with 1 x
10°0f L. monocytogenes.

Groups Log 10CFU/g Protection index
KLM-y 3,70 1,99

Z+KLM-y 1,98 3,72

BG+KLM-y 2,05 3,65

B-glucan 5,11 0,59

zymosan 5,26 0,44

infected mock 5,70

In view of this result, we wondered whether the strain of mouse could influence
this effect, so we decided to evaluate the same experimental protocol in C57BL/6 mice.
This strain of mouse is considered to be more resistant to L. monocytogenes infection
(Czuprynski et al., 2003). Interestingly, when C57BL/6 mice were only trained, they
exhibited a greater ability to control the infection, which was not observed in the Balb/c
strain. (Figure 5). This demonstrates that training alone is capable of conferring protection
in C57BL/6 mice. Furthermore, this control occurred even after an extended time interval
of more than 30 days, in contrast to in vitro training where the interval between training
and infection was one week. These results reaffirm that training with these substances

improves the innate immune response's ability to control pathogens non-specifically.

Although training did not improve the efficacy of the vaccine in the trained and
vaccinated groups compared to the vaccinated-only group, at least half of the mice in the

trained groups exhibited bacterial recovery levels below the detection limit in the spleen
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and liver (Figure SA and 5B). These results confirm the dichotomous effect of training in
conjunction with vaccination, providing effective protection for half of the animals in
these groups. Furthermore, mice that received training, primarily with B-glucan, prior to
vaccination exhibited a higher vaccine protection rate, with a reduction of over 4.5 log

CFU. In contrast, mice that were solely vaccinated demonstrated a reduction of 3 log CFU

(Table 2).
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Figure 5: Bacterial recovery in the spleen (A) and liver (B) of female C57BL/6 mice
(n=6), subjected to intraperitoneal innate immunity training with 1mg/animal of zymosan
or B-glucan, immunized subcutaneously with KLM-y-AC, trained with zymosan and
subsequently vaccinated with KLM-y-AC (Z+KLM-y-AC), trained with B-glucan and
vaccinated with KLM-y-AC (BG+KLM-y-AC), or an unimmunized and untrained group
(infected mock). All animals were subjected to intraperitoneal challenge with L.
monocytogenes at a dose of 1 x 10° CFU/animal. Data are expressed as individual animals
(points) and mean with standard deviation. The results were log-transformed before being
submitted to ANOVA, with the mean values compared using the Tukey test. Statistical
differences are represented by asterisks (****p < (0.0001).

Evaluation of the histopathological lesions in the spleen (Figure 6G) and liver
(Figure 6H) showed a greater reduction in the intensity of the lesions in the mice in the
KLM-y-AC and BG + KLM-y-AC groups compared to the infected mock, but no
difference was observed in the lesion score between these two groups. The other groups

did not differ from the infected mock group.
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Table 2: Protection induced in the spleen of trained C57BL/6 mice, immunized s.c. with
1 x 107of irradiated L. monocytogenes gamma and experimentally challenged i.p. with 1
x 10°of L. monocytogenes.

Groups Log 10CFU/g Protection index
KLM-y-AC 2,97 2,98
Z+KLM-y-AC 2,12 3,84
BG + KLM-y-AC 1,41 4,55
B-glucan 2,10 3,85
zymosan 3,22 2,74

infected mock 5,96
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Figure 6: Images of the distribution of histopathological lesions and cell aggregates
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(arrow) observed in the liver of female C57BL/6 mice (n = 6) subjected to i.p. innate
immunity training with 1mg/animal of B-glucan or zymosan, immunized subcutaneously
(s.c.) with KLM-y-AC (A), trained with B-glucan (B), trained with B-glucan and
vaccinated with KLM-y-AC (BG+KLM-y-AC) (C), trained with zymosan (D), trained
with zymosan and immunized (Z+KLM-y-AC) (E) or non-immunized and non-trained
group (mock infection) (F). All groups were challenged i.p. with L. monocytogenes at a
dose of 1 x 10° CFU/animal. The results of histopathological scores of spleen (G) and
liver (H) were analyzed using the nonparametric Kruskal-Wallis test. Statistical
differences are represented by asterisks (*p < 0.05). H.E obj. 5x.

5.4.4. Stimulation with two doses of B-glucan did not trained innate immune cells
and negatively interfered with the vaccine response induced by inactivated, gamma-

irradiated L. monocytogenes vaccine (KLM-y-AC)

It was demonstrated that using trainers of innate immune substances, especially
B-glucan, alongside the vaccine can contribute to a better protective response, particularly
by showing a higher index of protection. However, bacterial recovery in the liver and
spleen exhibited a dichotomous pattern, with half of the mice showing no bacterial
recovery and the remainder exhibiting high CFU counts, comparable to those observed in
animals infected solely with L. monocytogenes. This suggests that the training protocol
only worked in some of the mice. Based on this finding, we hypothesized that the innate
immunity training protocol could be improved by multiple doses. To test this, we assessed
whether stimulating mice with two doses of B-glucan, seven days apart, would lead to an
enhanced immune response and superior protection to that provided by the vaccine. Mice
that were trained with two doses of B-glucan and then challenged with L. monocytogenes
had lower bacterial recovery in the liver than the infected mock group. However, bacterial

recovery in the spleen was similar in the two groups (Figure 7).

On the contrary, stimulation with two doses of B-glucan impaired the protective
performance associated with the vaccine, as bacterial recovery was similar between the
animals vaccinated and trained with two doses of B-glucan, and the group of animals that
were only infected (Figure 7). Histopathological lesions were observed in the spleen
(Figure 8A) and liver (Figure 8B) of these animals. It was found that animals that had
undergone two training doses had lesions of a similar intensity to those in the challenged-

only group.
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Figure 7: Bacterial recovery from spleen (A) and liver (B) of female C57BL/6 mice (n =
6), immunized L. monocytogenes inactivated by gamma irradiation and encapsulated by
alginate with chitosan (KLM-y-AC), trained with two doses of B-glucan (2p3-glucan),
trained with two doses of B-glucan and immunized L. monocytogenes inactivated by
gamma irradiation and encapsulated by alginate with chitosan (2B-G+KLM-y-AC),
untrained and unvaccinated (mock infected). All mice were challenged with L.
monocytogenes at a dose of 1 x 10° CFU/animal. Data are expressed as individual animals
(points) and mean with standard deviation. The results were log-transformed before being
submitted to ANOVA, with the mean values compared using the Tukey test. Statistical
differences are represented by asterisks (*p < 0.05; **p <0.01; ***p <0.001).
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Figure 8: Histopathological evaluation of the spleen (A) and liver (B) of female C57BL/6
mice (n=6) immunized L. monocytogenes inactivated by gamma irradiation and
encapsulated by alginate with chitosan (KLM-y-AC), trained with two doses of B-glucan
(2B-glucan), trained with two doses of P-glucan and immunized L. monocytogenes
inactivated by gamma irradiation and encapsulated by alginate with chitosan (2p-
G+KLM-y-AC), untrained and unvaccinated (mock infected). All mice were challenged
with L. monocytogenes at a dose of 1 x 10° CFU/animal. The score results were analyzed
using the non-parametric Kruskal-Wallis test. Statistical differences are represented by
asterisks (*p < 0.05;**p <0.01).

It was then decided to examine the impact of two B-glucan training doses on

histone acetylation profiles related to trained immunity using immunofluorescence. It was
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observed that two doses of B-glucan training induced lower histone H3KO9ac and
H3K27ac acetylation in spleen cells than in non-trained animals (Figure 9). When
analysing H3K9ac, the fluorescence intensity in the two-dose training group was 0.86
times lower than in the untreated group (Figure 9B). For H3K27ac, we observed a 0.64-

fold decrease in fluorescence intensity compared to the untreated group (Figure 9F).

When we evaluated the bone marrow cells, the fluorescence intensity after training
with two doses of B-glucan was slightly higher than the untrained group, both for H3K9ac
and for H3K27ac (Figure 10), leading to a 2.00 and 1.31 times increase respectively, when

compared to the untrained mice.

Based on these findings, we can infer that training innate immunity with two doses
of B-glucan is less effective than training with just one dose. Two doses of B-glucan are
insufficient to adequately train innate immunity, which explains the loss of control over

L. monocytogenes infection and the failure to promote the vaccine response (Figure 7).

These results help us to understand the difficulty of mounting a protective immune
response against these infectious agents and suggest that there are better conditions for
inducing efficient trained immunity that may control intracellular pathogens and also

promote the protective response of vaccines.
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Figure 9: Splenic cells from C57BL/6 mice, trained with two doses of B-glucan, submitted to immunofluorescence analysis to identify acetylation
at lysine of histone 3, (A—D) H3K9ac or (F-H) H3K27ac. (A and E). The data represent a total of 100 cells from three animals per group. These
results were evaluated for outliers using the Grubbs test (alpha = 0.05) and then the D'Agostino and Pearson normality tests. The medians of the
groups were evaluated using the Kruskal-Wallis test. (B and F) ratio between the average fluorescence intensity obtained from cells. This data is
represented by dividing the fluorescence intensity values of the trained group by those of the untrained group (mock). Statistical differences are
represented by asterisks (*p < 0.05, ***p < 0.001). (C-D and G-H). The immunofluorescence images show staining with anti-H3K9ac or anti-
H3K27ac antibody (green) in the trained group (C and G) and the mock group (D and H).
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Figure 10: Bone marrow cells from C57BL/6 mice, trained with two doses of 3 -glucan, submitted to immunofluorescence analysis to identify
acetylation at lysine of histone 3, (A—D) H3K9ac or (F-H) H3K27ac. (A and E). The data represent a total of 100 cells from three animals per
group. These results were evaluated for outliers using the Grubbs test (alpha = 0.05) and then the D'Agostino and Pearson normality tests. The
medians of the groups were evaluated using the Kruskal-Wallis test. (B and F) ratio between the average fluorescence intensity obtained from cells.
This data is represented by dividing the fluorescence intensity values of the trained group by those of the untrained group (mock). Statistical
differences are represented by asterisks ***p < 0.001. (C-D and G-H). The immunofluorescence images show labeling with anti-H3K9ac or anti-
H3K27ac antibody (green) in the trained group (C and G) and the mock group (D and H).
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5.4.5. Stimulation of trained immunity with one dose of B-glucan confer similar in
vitro control of L. monocytogenes in bone marrow-derived macrophages from mice

vaccinated with KLM-y-AC

Initially, we demonstrated that B-glucan-trained immunity improves the ability of
bone marrow-derived macrophages to control L. monocytogenes infection in vitro (Figure
1A). We therefore decided to assess whether the microbicidal ability of these cells was

improved by vaccination or vaccine-associated training.

C57BL/6 mice were assigned to the KLM-y-AC, BG+ KLM-y-AC, B-glucan, or
mock groups. At the end of the immunization period (two weeks after the second dose),
the mice were euthanized. At necropsy, bone marrow was collected for macrophage
differentiation. The ability to control L. monocytogenes infection in vitro was assessed in
these macrophages (Figure 11A), and the level of the cytokine IL-6 in the culture
supernatant was measured (Figure 11B). This cytokine is considered to be a marker of

trained immunity in mice stimulated with B-glucan (Taghavi et al., 2018; Silva et al.,

2021).

We observed that infection with L. monocytogenes in macrophages from mice that
had undergone training or vaccination, or both, were able to significantly reduce the
intracellular survival of the bacteria at 4 and 8 hpi compared to naive (mock)
macrophages. However, training did not result in a greater reduction in bacterial load in
trained-vaccinated mice compared to those that were only vaccinated (Figure 11A). These
results suggest that combining training with vaccination does not improve the

microbicidal capacity of bone marrow-derived macrophages in vitro.

We demonstrated that these macrophages had been trained by measuring the level
of IL-6 in the in vitro culture supernatant. Compared to the control group, macrophages
from mice trained with B-glucan produced 200 times more IL-6, those from vaccinated
mice produced 100 times more, and those from trained and vaccinated mice produced 500
times more (Figure 11B). These results confirm the induction of trained immunity by both
B-glucan and vaccination. Furthermore, induction of trained immunity in these cultured
macrophages was greater when training and vaccination were combined. However, when
evaluating IL-6 production by L. monocytogenes 8 hpi, the three groups exhibited
comparable cytokine levels, exhibiting a 2.5-fold increase compared to the IL-6 present
in the supernatant of uninfected macrophages (Figure 16B). In other words, although the

cultured macrophages were trained, as demonstrated by their high IL-6 production, the
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level of this cytokine increased similarly in all three groups after infection, reaching
approximately 700 pg/mL. Interesting, these three groups exhibited similar control of

infection (Figure 11A).
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Figure 11: (A) In vitro control of L. monocytogenes infection by bone marrow-derived
macrophages from C57BL/6 mice that were trained with B-glucan, vaccinated with KLM-
v-AC, stimulated and vaccinated (G- KLM-y-AC), or not stimulated and not vaccinated
(mock). Macrophages (5 x 10° cells per well) were inoculated with L. monocytogenes
MOI of 10, and bacterial recovery was determined at 0, 4, and 8 hours post-infection. (B)
Measuring of IL-6 cytokine levels by ELISA. The data are representative of a pool of
samples from six animals per group and the values are expressed in pg/uL. The results
were log-transformed before ANOVA was performed, and the mean values were
compared using the Tukey test. Statistical differences are represented by asterisks (***p
<0.001; ****p <0.0001).

5.4.6. Training innate immunity with B-glucan did not alter the profile of the

immune response induced by the KLM-y-AC vaccine

Recent studies have demonstrated the protective effect and immune response
profile of the KLM-y-AC vaccine candidate, as evidenced by splenocyte proliferation
after in vitro stimulation (Rocha et al., 2021). We therefore evaluated the immune
response profile of splenocytes from mice that were first given a dose of B-glucan and
then immunized with KLM-y-AC. C57BL/6 mice were assigned to KLM-y-AC, BG+
KLM-y-AC, B-glucan, or mock groups. At the end of the immunization period (two weeks
after the second dose), the mice were euthanized. At necropsy, cells were collected from

the spleen (splenocytes) for the cell proliferation assay.
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Stimulation with KLM-y revealed that only splenocytes from the vaccinated
groups (KLM-y-AC or G+ KLM-y-AC) exhibited greater proliferation compared to their
non-stimulated counterparts. Additionally, splenocytes proliferation was significantly
higher in the vaccinated groups than in the mock group, confirming that vaccination
induces splenocytes proliferation. However, there was no difference in proliferation rates
between the KLM-y-AC and BG+KLM-y-AC groups, suggesting that f-glucan training

did not improve vaccine response (Figure 12).

proliferation assay
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Figure 12: Splenocyte proliferation from C57BL/6 mice trained with B-glucan and
vaccinated with KLM-y-AC. Two weeks after the last vaccination splenocytes were
collected from mice in the KLM-y-AC, BG+KLM-y-AC, B-glucan and mock (PBS)
groups and cultured 5 x 10° cells/well. Splenocytes were stimulated with RPMI (non-
stimulated) or KLM-y (1 x 10° CFU/mL) for 72 hours in duplicates. Splenocyte
proliferation was assessed using the MTT assay. Data are represented as means and
standard deviations. Data were subjected to one-way ANOV A, and means were compared
using Tukey's test (*p < 0.05; **p <0.01; ****p <(0.0001).
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5.4.7. Training innate immunity did not improve control of B. ovis infection in mice

vaccinated with the attenuated B. ovis AabcBA-AC

It was demonstrated that bone marrow-derived macrophages from mice that had
been trained with zymosan and B-glucan were capable of controlling B. ovis infection
(Figure 1B). Considering that trained immunity could partially enhance the protective
effects of the inactivated L. monocytogenes vaccine (Figures 4 and 5), its impact was
investigated on an attenuated vaccine model (B. ovis AabcBA-AC) (Silva et al., 2015;
Carvalho et al., 2020; Braz et al., 2022; Oliveira et al., 2024).

In this experiment, a significant reduction in bacterial recovery was observed in
the spleen (Figure 13A) and liver (Figure 13B) of the group vaccinated without training
compared to the infected mock group. This indicates the efficacy of the vaccine, which
has been demonstrated in previous studies (Silva et al., 2015; Carvalho et al., 2020; Braz

et al., 2022; Oliveira et al., 2024).

In groups that underwent training with B-glucan or zymosan, no difference was
observed in bacterial loads in the spleen or liver compared to the infected mock group.
This suggests that in vivo training with these substances does not favors control of B. ovis
infection. In groups that were vaccinated after training, a reduction in bacterial load was
observed in the spleen and liver only in the group stimulated with B-glucan, with bacterial
recovery like that observed in the only vaccinated group. Furthermore, the reduction in
bacterial load was not observed in the group that was vaccinated and trained with
zymosan. These results suggest that stimulation with B-glucan does not affect the efficacy
of the vaccine, whereas stimulation with zymosan impairs the performance of the
attenuated B. ovis vaccine. When checking the protection index obtained in this
experiment, it was clear that only the groups that received the vaccine, whether trained or

not, had a protection index greater than 0.5 log (Table 3).
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Figure 13: Bacterial recovery in the spleen (A) and liver (B) of female C57BL/6 mice
(n=6), subjected to intraperitoneal innate immunity training with 1mg/animal of zymosan
or B-glucan, immunized subcutaneously with AabcBA-AC, trained with zymosan and
subsequently vaccinated with AabcBA-AC (Z+AabcBA-AC), trained with B-glucan and
vaccinated with AabcBA-AC (BG+AabcBA-AC), or non-immunized and non-trained
mock group (infected mock). All animals were subjected to intraperitoneal challenge with
B. ovis at a dose of 1 x 10° CFU/animal. Data are expressed as individual animals (points)
and mean with standard deviation. The results were log-transformed before being
submitted to ANOVA, with the mean values compared using the Tukey test. Statistical
differences are represented by asterisks (**p < 0.01; ****p <0.001).

Table 3: Protection induced in the spleen of C57BL/6 mice trained with B-glucan or
zymosan, immunized with B. ovis AabcBA-AC and experimentally challenged with the
wild strain of B. ovis.

Groups Log 10CFU/g  Protection index
B. ovis AabcBA-AC 4,36 0,83
B-glucan 4,93 0,26
BG+AabcBA-AC 4,50 0,69
Zymosan 5,02 0,17
Z+AabcBA-AC 4,75 0,44

mock infected (B. ovis) 4,08
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5.4.8 Training with B-glucan induced protection against B. ovis infection when
associated with immunization with B. ovis inactivated by gamma irradiation (BO-y-

AC)

Since induction of trained immunity impairs the protective effects of vaccination
with the attenuated B. ovis AabcBA strain, we hypothesized that a trained innate immune
system could more efficiently eliminate the vaccine strain more quickly, thereby
preventing a vaccine-induced response. We therefore investigated whether vaccination
with inactivated B. ovis, which is not protective in the absence of trained innate immunity

(Silva et al., 2024) could favor a B. ovis inactivated vaccine response.

Vaccination with inactivated B. ovis (BO-y-AC) did not reduce bacterial loads in
the spleen and liver, confirming that it does not protect against B. ovis infection in a
murine model, as previously demonstrated by Silva et al. (2024). Interestingly, mice
trained with B-glucan and vaccinated with BO-y-AC had significantly lower bacterial
loads in their spleens than infected mock animals and mice that were only vaccinated

(Figure 14).
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Figure 14: Bacterial counts in the spleen (A) and liver (B) of C57BL/6 mice (n = 6),
submitted to innate immunity training via i.p with 1 mg/mice of B-glucan, immunized
subcutaneously (s.c) with BO-y-AC, trained with B-glucan and vaccinated with BO-y-AC
(BG+BO-y-AC), or non-immunized and non-trained group (infected mock). All groups
were challenged with 1 x 10° CFU/animal of B. ovis. Data are expressed as individual
animals (points) and mean with standard deviation. The results were log-transformed
before being submitted to ANOVA, with the mean values compared using the Tukey test.
Statistical differences are represented by asterisks (*p < 0.05; **p <0.01).
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Importantly, the dichotomous profile of bacterial recovery in the spleen of mice
that were trained with B-glucan and vaccinated was similar to the experiment with the
inactivated KLM-y-AC vaccine (Figure 5), which half of the mice showing bacterial
recovery below the detection limit. This result also represented better protection in mice

trained and vaccinated with BO-y-AC, with an index of almost 3 log CFU (Table 4).

Table 4: Protection induced in the spleen of C57BL/6 mice trained with B-glucan,
immunized with gamma-inactivated B. ovis and experimentally challenged with the wild
strain of B. ovis.

Groups Log 10CFU/g Protection index
BO-y-AC 4.99 0.22
BG+BO-y-AC 2.30 291

B-glucan 4.78 0.43

B. ovis 5.21

Grossly, mice from all the groups had splenomegaly and hepatomegaly, ranging
from mild to moderate. Microscopically, spleen from mock infected mice had multifocal
areas of intense neutrophilic inflammatory infiltrate associated with multifocal areas of
necrosis (Figure 15A). Liver from the mock infected mice had multifocal areas of intense
inflammatory infiltrate composed of lymphocytes, macrophages and neutrophils
(microgranulomas), associated with random multifocal distribution necrosis (Figure 15A-
D). Mice from B-glucan, BO-y-AC groups had similar spleen and liver lesions to infected
mock group. Only mice in the BG+BO-y-AC group, there was a significant reduction in
the intensity of the lesions present in the spleen (Figure 15 E) and liver (Figure 15 F) (p
<0.05).
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Figure 15: Images of the distribution of histopathological lesions and inflammatory cell
aggregates (arrow) observed in the liver of female C57BL/6 mice (n=6) subjected to i.p.
innate immunity training with 1 mg/animal of B-glucan and immunized subcutaneously
(s.c.) with BO-y-AC. Animals immunized with BO-y-AC only (A), trained with -glucan
(B), trained with B-glucan and vaccinated with BO-y-AC (B+BO-y-AC) (C) and non-
immunized and non-trained group (mock infection) (D). All groups were challenged i.p.
with B. ovis at a dose of 1 x 10° CFU/animal. The results of the histopathological scores
of spleen (E) and liver (F) were analyzed using the nonparametric Kruskal-Wallis test.
Statistical differences are represented by asterisks (*p < 0.05). H.E obj. 5x.
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5.5. Discussion

This work has shown for the first time that the use of innate immunity trainers,
especially B-glucan, when associated with inactivated vaccines, but not an attenuated
experimental vaccine, has a positive effect on post-infection protection against L.
monocytogenes or B. ovis in a murine model. It was clear that some factors may contribute
to the induction of trained immunity and its role in vaccine efficacy in the control of
intracellular pathogens in a murine model. The immune response of the host, i.e. the strain
of mice used; the training protocol, i.e. the type of substance and the number of doses
used to induce training; the vaccine model to be associated, i.e. whether it is a live
attenuated or inactivated vaccine, all these factors interfere with the effect of trained

immunity on the vaccine response.

Several studies have demonstrated the induction of trained innate immunity in
different host species (Moerings et al., 2021; Verwoolde et al., 2021), and its role in
controlling the infection of different pathogens, such as L. monocytogenes, Escherichia
coli, Pseudomonas aeruginosa, M. tuberculosis, and Leishmania braziliensis (Ciarlo et
al. 2019; Santos et al., 2019; Katzmarski et al., 2021; Vierboom et al., 2021). This
protective effect has been verified both in vitro and in vivo and has been linked to
epigenetic changes (Quintin et al., 2012; Cheng et al., 2014; Ciarlo et al., 2020; Johnston
et al, 2024) and in cell metabolism alterations, such as increased anaerobic glycolysis, as
well as, the production of reactive oxygen species and the synthesis of pro-inflammatory
cytokines such as IL-6, IL-1 B, and TNF-a that favor infection control (Paris et al., 2020;
Pedro et al., 2021).

We demonstrated in this study that treatment with one dose of B-glucan induced
trained innate immunity confirmed by epigenetic changes represented by the acetylation
of lysines on histone 3 (3K9ac and 3K27ac) and the production of I1-6 by bone marrow-
derived macrophages. The assessment of epigenetic changes in bone marrow cells are
considered important markers of trained immunity (Cheng et al., 2014; Saeed et al.,
2014). These changes have mainly been demonstrated from the acetylation of lysines in
histone 3, being a recurring phenomenon and demonstrated from different training
substances, such as B-glucan (Moorlag et al., 2020) zymosan (Ciarlo et al., 2020), C.
albicans (Rosati et al., 2024) and the BCG vaccine (Aragjo et al., 2023). Although in the
literature these epigenetic marks have traditionally been investigated in bone marrow

cells (Kaufmann et al., 2018; Ciarlo et al., 2020; Jeljeli et al., 2019), we observed that this
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alteration is also marked in splenic cells, an important site of infection for the agents

investigated here (Gorvel and Moreno, 2002; Radoshevich and Cossart, 2017).

Although we used zymosan and B-glucan as training agents, a better performance
of B-glucan was expected, considering that it is part of the composition of zymosan (Di
Carlo and Fiore, 1958), and is recognized as the component of zymosan inducer of trained
immunity. The effects related to the activation of innate immune cells are mostly related
to B-glucan, due to its binding to dectin-1 receptors, leading to signaling and activation
of cellular pathways (Cheng et al., 2014; Johnston et al., 2024). In addition, it is known
that the immunological effect of these polysaccharides can be variable depending on their

origin and extraction method (Noss et al., 2013).

According to the results obtained, higher numbers of doses for training can result
in a loss of protective capacity. This aspect depended on the type and dose of B-glucan.
Byrne et al. (2021) described that the training B-glucan was not able to generate trained
immunity in pig peripheral blood monocytes, inducing a picture of immunological
tolerance. However, studies carried out using different concentrations of zymosan
training in vitro have not reported this effect (Sonck et al., 2010; Ciarlo et al., 2020). So,
more studies are needed to understand and to select better types of trainers of trained

immunity.

These results also demonstrated the ability of these substances to efficiently
improve bone marrow macrophages in eliminating infectious agents, even without prior
contact, thus not mediating adaptive immunity, and this characteristic was transmitted to
new generations of cells. In addition, this training may be transmitted through generations
of animals, as demonstrated in some studies (Katzmarski et al., 2021). Interestingly, male
and female mice trained with zymosan exhibited in their offspring a greater ability to
control infection by both L. monocytogenes and E. coli, which according to the authors is
a transgenerational transmission of the effect of trained innate immunity (Katzmarski et

al., 2021).

In this study, mice of the C57BL/6 strain, when trained with both zymosan and -
glucan, had a greater ability to control the infection. This corroborates what has been
shown in the literature, in which the protective capacity developed through epigenetic
reprogramming enabled infection control (Ciarlo et al., 2020). Similar data was
demonstrated by Théroude et al. (2021), when they investigated the effect of training

innate immunity by zymosan on protection against L. monocytogenes infection in
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C57BL/6 mice, associated with the effect of greater stimulation of hematopoietic cell

proliferation and increased levels of cytokines, especially IL-1p.

We found that training induced by B-glucan did not favor greater cell proliferation
and was therefore a response directly linked to the vaccine, which is a characteristic of
the adaptive immune system (Adams et al., 2020). In a study carried out with zymosan,
it is found that it can have an effect on the proliferation and viability of splenocytes,
however, this effect was limited to 1 ug/mL, where after this effect was detrimental

(Taghavi et al., 2018).

Protection induced by inactivated strains of Brucella spp. is questionable (Lee et
al. 2001; Silva et al., 2024), because even though there is induction of a humoral response
that can direct the immune response towards the Thl type, the effectiveness in protecting
against infection was not achieved (Lee et al., 2001). However, when innate immune
training associated with inactivated vaccine preparations was used to control B. ovis
infection, significant protection was established in mice model. The training of innate
immunity by B-glucan associated with the inactive B. ovis vaccine showed significant
post-infection protection, which opens possibilities for the use of similar protocols
associated with other inactivated vaccines. This set of data opens new opportunities for
the use of this substance, with the intention of increasing the efficacy of vaccines,

especially in the natural host of these microorganisms.

Based on the data obtained, it is possible to propose that the positive
immunomodulatory effect exerted by substances that train innate immunity may
contribute to improving the adaptive immune response of inactivated vaccines, but not in
live vaccines, which may be due to the fact that, at the time of vaccination, macrophages

are better able to fight microorganisms and eliminate the vaccine strain more quickly.

In conclusion, the effect of trained innate immunity may be influenced by various
factors. However, its use alongside inactivated vaccines to control infections caused by
B. ovis and L. monocytogenes can be beneficial, as it enhances our ability to control these

pathogens.
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