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Resumo

MAUBRIGADES, Lucas Reichert. Utilizacdo de esporos de Bacillus toyonensis
como adjuvante de vacina recombinante de subunidade contra Herpesvirus
Bovino tipo 5. 2021. 96f. Dissertacdo (Mestrado) - Programa de Pds-Graduagcéo em
Biotecnologia. Universidade Federal de Pelotas, Pelotas.

Adjuvantes vacinais sdo compostos que potencializam a resposta imune. Esporos de
bactérias do género Bacillus sdo capazes de potencializar a resposta imune de
vacinas. O objetivo deste trabalho foi avaliar o efeito adjuvante de esporos de Bacillus
toyonensis em uma vacina experimental, bem como realizar uma uma revisao
sistematica de estudos que utilizaram esporos de bactérias do género Bacillus como
adjuvantes de diferentes vacinas testadas em modelo animal. Esporos de Bacillus
toyonensis, vivos e inativados, foram utilizados em uma vacina contendo a
glicoproteina D recombinante (rgD) de Herpesvirus Bovino tipo 5 (BoHV-5). Seis
grupos experimentais de camundongos foram vacinados por via subcutanea no dia O
e receberam um reforco no dia 21 do experimento, com as seguintes formulacdes
vacinais: rgD (40 ug) + esporos vivos (2 x 10° UFC); rgD + esporos mortos (2 x 10°
UFC); rgD + esporos vivos + alumen (2 mg); rgD + esporos mortos + alumen; rgD +
alumen e rgD + PBS. Foram observados niveis significativos (p<0,05) de anticorpos
IgG totais de até 7.5 vezes superiores no grupo que recebeu esporos vivos associados
a rgD e adsorvidos ao alumen e 12 vezes superiores no grupo que recebeu esporos
inativados associados a rgD e adsorvidos ao alumen, quando comparados ao grupo
rgD + alumen (controle). Foram detectados niveis significantes de IgG1 de ~8 vezes,
IgG2a de ~~16 vezes e IgG2b de ~8 vezes superiores (p<0,05), nos camundongos
gue receberam esporos vivos ou inativados adsorvidos ao alumen na formulacao da
vacina, quando comparados ao grupo rgD + alumen. Os grupos de animais que
receberam esporos vivos ou inativados adsorvidos ao alumen também apresentaram
niveis de anticorpos neutralizantes contra o BoHV-5 e niveis significativos de
transcricdo de mMRNA de IFN-y de até 66 vezes, IL17 de 14 vezes e IL12 de 2.8 vezes
superiores (p<0,05), quando comparados ao grupo rgD + alumen. Estudos
encontrados na revisdo sistematica também mostraram que a vacinacdo com as
formulacdes contendo esporos de B. subtilis, B. toyonensis e B. atrophaeus induziu o
desenvolvimento de uma resposta imune humoral e celular nos animais, com
significante producdo de anticorpos e expressao de citocinas, além da estimulagédo e
proliferacdo de células imunes. Em conclusédo, nossos dados demonstraram que 0S
esporos de bactérias do género Bacillus possuem propriedades imunomoduladoras e
sao capazes de melhorar a resposta de vacinas, se destacando como componentes
promissores a serem utilizados como adjuvantes em formula¢des vacinais.

Palavras-chave: Bacillus, Imunomodulagéo, Alumen, Anticorpos, Citocinas.



Abstract

MAUBRIGADES, Lucas Reichert. Utilization of Bacillus toyonensis spores as
adjuvant of a recombinant subunit vaccine against Bovine Herpesvirus type 5.
2021. 96f. Dissertacdo (Mestrado) - Programa de Pds-Graduacédo em Biotecnologia.
Universidade Federal de Pelotas, Pelotas.

Vaccinal adjuvants are compounds that potentiate the immune response. Bacterial
spores of the Bacillus genus are able to enhance the immune response when used in
vaccines. The aim of this work was to evaluate the use of Bacillus toyonensis spores
as an adjuvant to an experimental vaccine as well as conducting a systematic review
of studies that used Bacillus spores as adjuvants to different vaccines tested in animal
model. Live and heat-killed Bacillus toyonensis spores were used in a vaccine
containing the recombinant glycoprotein D (rgD) of Bovine Herpesvirus type 5 (BoHV-
5). Six experimental groups of mice were vaccinated subcutaneously on day 0 and
boosted on day 21 of the experiment, with the following vaccine formulations: rgD (40
ug) + live spores (2x10° CFU); rgD + inactivated spores (2 x 10° UFC); rgD + live
spores + alum (2 mg); rgD + inactivated spores + alum; rgD + alum and rgD + PBS.
Significant levels (p <0.05) of total IgG antibodies were observed up to 7.5 times higher
in the group that received live spores associated with rgD and adsorbed to alum and
12 times higher in the group that received inactivated spores associated with rgD and
adsorbed to alum, when compared to the rgD + alum (control) group. Significant levels
of IgG1 of ~8-fold, IgG2a of ~~16-fold and IgG2b of ~8-fold (p<0.05) were detected in
mice that received live or inactivated spores adsorbed to alum in the vaccine
formulation, when compared to the rgD + alum group. Groups of animals that received
live or inactivated spores adsorbed to alum also presented levels of neutralizing
antibodies against BoHV-5 and significant levels of IFN-y mRNA transcription up to 66-
fold, IL17 of 14-fold and IL12 of 2.8-fold (p<0.05), when compared to the rgD + alum
group. Studies found in the systematic review also showed that vaccination with
formulations containing spores of B. subtilis, B. toyonensis, and B. atrophaeus induced
the development of a humoral and cellular immune response in the animals, with
significant production of antibodies and expression of cytokines, in addition to
stimulation and proliferation of immune cells. In conclusion, our data demonstrated that
the Bacillus spores have immunomodulatory properties and are capable of improving
the response of vaccines, standing out as promising components to be used as
adjuvants in vaccine formulations.

Keywords: Bacillus, Immunomodulation, Alum, Antibodies, Cytokines.
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1 INTRODUCAO GERAL

O uso de vacinas é a alternativa mais eficaz na profilaxia e no controle de
doencas infecciosas (Greenwood, 2014). As vacinas convencionais, baseadas na
utilizacao de patégenos atenuados ou inativados, apresentam limitagdes relacionadas
a seguranca e estabilidade (D’Amico et al., 2021). Vacinas baseadas em antigenos
recombinantes surgem como alternativa em comparacao as convencionais, ao passo
gue sao consideradas relativamente mais seguras devido aos seus reduzidos efeitos
adversos, incluindo irritacdes locais e o risco de reversao a viruléncia (Shah et al.,
2017). No entanto, as vacinas de subunidades recombinantes sdo geralmente pouco
imunogénicas e requerem componentes adicionais para estimular uma resposta
imune eficaz (Schmidt et al., 2016).

Os adjuvantes sdo importantes componentes das vacinas, capazes de
amplificar uma resposta imune induzida contra antigenos, estimulando uma resposta
protetora eficiente no hospedeiro (Lee & Nguyen, 2015). O hidroxido de aluminio
(alumen) foi um dos primeiros adjuvantes a ser licenciado e € amplamente utilizado
em vacinas para humanos e animais em todo o mundo (Colaprico et al., 2020). Os
mecanismos de acgdo do alumen sao multifatoriais e ainda precisam ser melhor
elucidados, mas sabe-se que ele permanece no local da injecédo e libera lentamente o
antigeno ao longo do tempo para ser reconhecido pelas células apresentadoras de
antigeno (APCs), além de ativar a via de inflamassoma NLRP3 e induzir a liberacao
de moléculas sinalizadoras denominadas de padrées moleculares associados ao dano
celular (DAMPs), amplificando assim a resposta imune vacinal (Ghimire et al., 2012;
Oleszycka & Lavelle, 2014).

Devido a necessidade constante de novos adjuvantes, algumas moléculas de
origem bacteriana tém sido avaliadas devido a suas propriedades imunomoduladoras
para utilizacdo como adjuvantes em vacinas. Entre estas moléculas se destacam os
esporos de bactérias do género Bacillus (Barnes et al., 2007; Giesker & Hensel, 2014).
Os esporos sdo capazes de ativar os receptores Toll-like (TLR) expressos em células
dendriticas (DCs) e modular a resposta imune humoral e celular no hospedeiro (De
Souza et al., 2014).

Bacillus toyonensis € uma bactéria Gram positiva, formadora de esporos, ndo

patogénica, que ndo produz enterotoxinas (Jiménez, Blanch, et al., 2013). Esse
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microrganismo é utilizado ha varias décadas como probioético na alimentacéo animal,
melhorando a eficiéncia alimentar e provendo beneficios a saude dos animais (Gil-
Turnes et al., 2007). Esporos de Bacillus toyonensis e de outras espécies do género
Bacillus, por apresentarem propriedades imunomoduladoras, vém sendo estudados
como adjuvantes em diversas vacinas experimentais veterinarias e humanas (Aps et
al., 2015; Oliveira-Nascimento et al., 2012; Roos et al., 2012; De Souza et al., 2014;
Maubrigades et al., 2020; Santos et al., 2021).

O herpesvirus bovino tipo 5 (BoHV-5) é o agente causador da
meningoencefalite que acomete bovinos jovens, com mortalidade de 100% na maioria
das ocorréncias (Rissi et al.,, 2007). Esta doenca € responsavel por perdas
econdmicas, principalmente em paises da Ameérica do Sul, como Brasil e Argentina
(Carrillo et al., 1983; Salvador et al., 1998; Gabriela Riet-Correa et al., 2006). Vacinas
recombinantes contra os herpesvirus sdo baseadas nas principais glicoproteinas do
envelope viral (Babiuk et al., 1996). A glicoproteina D de herpesvirus bovino tipo 5 é
essencial para a ligacdo e penetragdo do virus nas células permissivas e € um dos
principais alvos da resposta imune do hospedeiro, induzindo uma forte resposta imune
humoral e celular durante a infeccao (Alves Dummer et al., 2014). Estudos anteriores
demonstraram que a glicoproteina D recombinante de BoHV-5 (rgD), quando utilizada
como antigeno vacinal e associada a citocina IL17 recombinante ou a adjuvantes
oleosos, foi capaz de induzir altos niveis de anticorpos neutralizantes em
camundongos e bovinos (Dummer et al., 2014; Araujo et al., 2018; Goncalves et al.,
2021).

A busca por novos adjuvantes vem se tornando cada vez maior € € um
processo chave para a producdo de vacinas que tenham alta eficacia contra os
patégenos causadores de doencas (Lee & Nguyen, 2015). Nesse sentido, o estudo de
algumas espécies de bactérias do género Bacillus se faz importante, visto que esporos
desses microrganismos foram capazes de modular a resposta imune e aumentar a
imunogenicidade de vacinas (Roos et al., 2012; De Souza et al., 2014; Santos et al.,
2018) . Portanto, o presente estudo teve como objetivo investigar o efeito adjuvante
de esporos, vivos e inativados, de Bacillus toyonensis associados ao alumen em uma

vacina contendo a glicoproteina D recombinante de BoHV-5 em modelo murino.
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2 REVISAO BIBLIOGRAFICA

2.1 Respostaimune

A resposta imune pode ser organizada com base em duas classificagdes
principais, a resposta imune inata e resposta imune adaptativa. A imunidade inata é
considerada a primeira linha de defesa do organismo contra infeccées. E representada
por barreiras fisicas, quimicas, biologicas e células especializadas, presentes em
todos os individuos, independentemente de contato prévio com algum patégeno ou
imunégeno (Turvey & Broide, 2010). A resposta imune inata tem primordial
importancia no reconhecimento e eliminacdo de microrganismos invasores, ja que
NOSSO organismo esté constantemente exposto a patégenos presentes no ambiente.
As principais vias de entrada desses agentes sdo o tecido epitelial e as superficies
mucosas, gque possuem mecanismos especializados para protecdo contra a invasao
desses patdgenos aos tecidos (Turvey & Broide, 2010). Os mecanismos de defesa
inata incluem a secrecdo de enzimas e peptideos antimicrobianos, que tém papel
fundamental na prevencdo da adesdo do patdégeno ao epitélio e mucosas do
organismo (Pasupuleti et al., 2012).

As principais células envolvidas na resposta imune inata sdo neutrofilos,
eosinofilos, basofilos, mondcitos, macréfagos, células linfoides inatas (ILCs) e células
dendriticas (DCs). As DCs estdo numa fase intermediéria e representam um elo crucial
entre o sistema imune inato e adaptativo, por meio do reconhecimento de patdogenos
pelos receptores de reconhecimento de padrdes (PRRSs), internalizacdo e
processamento do antigeno, seguido de apresentacdo de seus peptideos para 0s
linfécitos T auxiliares (Black et al., 2010). Algumas classes de PRRs ja foram descritos,
como o receptor Toll (TLRs), receptor gene-indutivel por &cido retinoico (RLRS),
receptor de dominio de oligomerizacéao ligante de nucleotideo (NLRS) e 0s receptores
de lectina do tipo C (CLRs) (Myiaji et al., 2011) Com principal destaque no
reconhecimento de moléculas microbianas e na sinalizacdo e direcionamento das
respostas inatas, encontram-se os TLRs que reconhecem os padrdes moleculares
associados a patégenos (PAMPS) presentes nos microrganismos invasores,
desencadeando o inicio da resposta imune inata (Kawai & Akira, 2011). Os TLRs séo
altamente conservados entre os mamiferos e sdo expressos em DCs e macrofagos,
podendo atuar como receptores na superficie celular ou intracelularmente ( Myiaji et

al., 2011). Receptores como 0 TLR4 e TLR2 estao localizados na superficie celular de
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células apresentadoras de antigenos (APCs) e sdo capazes de reconhecer
componentes lipidicos da membrana de patdégenos, como lipoproteinas e
lipopolissacarideos bacterianos (LPS) (lwasaki & Medzhitov, 2010). Os receptores
intracelulares, que incluem os TLR3, TLR7, TLRS8, TLR9, TLR11, TLR12 e TLR13, sdo
capazes de reconhecer acidos nucleicos derivados de virus e bactérias (Kawasaki &
Kawai, 2014). Os TLRs, ap0s o reconhecimento de PAMPs, ativam uma cascata de
sinalizagdo principalmente através de moléculas adaptadoras como o fator de
diferenciacdo mieloide 88 (MyD88), levando a ativagdo de quinases e fatores de
transcricdo e culminando na maturacao das células dendriticas (Rueckert & Guzman,
2012). Esse evento vai possibilitar a posterior interacdo dessas células com os
linfécitos T via complexo principal de histocompatibilidade tipo | (MHC ) e complexo
principal de histocompatibilidade tipo Il (MHC Il) para dar inicio a resposta imune
adaptativa (lwasaki & Medzhitov, 2004).

Outro importante grupo de células do sistema imune inato sdo as células
linfoides inatas (ILCs). As ILCs sdo uma familia de linfocitos que tém funcdes
importantes na inducdo de inflamacgéo, defesa do hospedeiro e reparo de tecidos
(Crome & Ohashi, 2018). Essas células ndo apresentem receptores especificos para
o antigeno como os linfocitos T e B, e detectam mudanc¢as no microambiente por meio
de uma ampla gama de receptores para citocinas e receptores para componentes de
alguns nutrientes e produtos microbianos (Panda & Colonna, 2019). Encontradas em
tecidos linfoides e nao linfoides, as ILCs séo células que residem principalmente nos
tecidos e sdo particularmente abundantes nas superficies da mucosa do intestino e
pulmdo (Mjosberg & Spits, 2016). Elas sédo classificadas com base nas principais
citocinas que produzem, sendo divididas em trés grupos principais: ILC1s, ILC2s e
ILC3s. Dois tipos adicionais de células imunes, as células Natural Killer (NK) e células
indutoras de tecido linféide (LTi) se encaixam nos grupos de ILCsl e ILCs3,
respectivamente, embora tenham vias distintas de desenvolvimento (Vivier et al.,
2018). As ILCsl tém funcao principal na protecdo contra patdgenos intracelulares
como virus e bactérias, células cancerigenas e produzem principalmente interferon y
(IFN-y) (Panda & Colonna, 2019). As ILCs2 sdo importantes em respostas alérgicas e
anti-helminticas, produzindo citocinas como interleucina (IL) 4, IL5, IL9 e IL13, além
de auxiliar no reparo de tecidos por meio da secrecao de anfiregulina (Monticelli et al.,
2015). As ILCs3 secretam principalmente IL22 e IL17, sendo importantes no reparo
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de tecidos e homeostase de células epiteliais do intestino, bem como na protecdo
contra bactérias extracelulares e fungos (Penny, Hodge & Hepworth, 2018).

Quando as defesas inatas do hospedeiro sdo evadidas, é necessaria a
ativacao da resposta imune adaptativa. A resposta imune adaptativa é mediada pelos
linfécitos T e B e é desencadeada a partir da ativacdo e maturacao das DCs, as quais
se tornam capacitadas a apresentar peptideos antigénicos para os linfécitos T virgem
e assim fornecem os sinais estimuladores necessarios para o desenvolvimento de
suas fun¢des efetoras (Lambrecht et al., 2009). Os linfécitos T ativam os linfécitos B e
induzem sua proliferacdo e diferenciacdo em células de memoria e células
plasmaticas secretoras de anticorpos, além de auxiliarem no processo de maturacao
de afinidade e na troca de isotipo de imunoglobulinas (den Haan et al., 2014). A
ativagéo dos linfécitos T pelas DCs requer trés sinais: o reconhecimento do antigeno
pelo seu receptor de superficie, a estimulacdo da expressdo de moléculas
coestimuladoras e a producao de citocinas (Curtsinger & Mescher, 2010).

As citocinas sdo pequenas proteinas produzidas e secretadas pelas células
do sistema imune que tem efeitos locais e sistémicos determinantes para o
desenvolvimento e a regulacdo da resposta imune inata e adaptativa (Gulati et al.,
2016). As citocinas influenciam na diferenciacdo das subpopula¢es de linfécitos T
auxiliares em Thl, Th2, Thl7 ou Treg (Murphy & Reiner, 2002). Os linfocitos Thl
atuam, em geral, na resposta imune contra microrganismos intracelulares. A resposta
€ iniciada com macrofagos e DCs que sdo ativados e secretam IL12, estimulando a
producdo de grandes quantidades de IFN-y e promovendo a diferenciacdo de
linfécitos T virgens em linfocitos Thl (Shaw et al., 2018). O IFN-y também interage
com linfécitos B e promove a producdo de anticorpos e a mudanca de isotipos com
propriedades opsonizantes (Wan & Flavell, 2009). Ja a resposta do tipo Th2 é mediada
principalmente pela IL4, que atua nos linfocitos B estimulando a producéo de IgE e
também pela IL5, que ativa eosinofilos e mastacitos (Paul et al., 2010). Os linfécitos
Th17 secretam a IL17 e recrutam neutrofilos para os locais de infeccao. Além disso,
estimulam a proliferacéo de linfocitos B, bem como a mudancga de isotipos para IgG2a
e 1gG3 (Mitsdoerffer et al., 2010). Em geral, a resposta do tipo Th17 induz inflamacéao
neutrofilica que controla infec¢des por fungos e bactérias extracelulares e também
intracelulares (Ouyang et al., 2008; Li et al., 2018). Os linfécitos Treg produzem
citocinas imunossupressoras como IL10 e o fator transformador de crescimento 3

(TGF-B) e tem como funcdo manter a homeostase e tolerdncia imunoldgica,
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bloqueando a ativacdo de algumas células como linfécitos e macrofagos, inibindo a
producao de IL12 (Wan & Flavell, 2009; Romano et al., 2019).

2.2 Adjuvantes

A palavra adjuvante deriva do latim “adjuvare”, que significa “ajudar”, sendo
assim, os adjuvantes sdo compostos capazes de estimular o sistema imune,
potencializando o efeito imunogénico de um determinado antigeno coadministrado ou
modulando a resposta imunoldgica naturalmente induzida contra esse antigeno
(Krieg, 2007). Tais compostos representam um componente importante de diversas
vacinas convencionais e de nova geracao pois aumentam a imunogenicidade de
antigenos, tornando a escolha de um determinado adjuvante essencial para aumentar
a eficacia de vacinas e aumentar a protecao efetiva contra variados patdégenos
(Lambrecht et al., 2009).

Os adjuvantes como componentes de vacinas sao capazes de reduzir a
quantidade de antigeno utilizado, a quantidade de doses necessérias para induzir uma
resposta eficiente contra o antigeno no hospedeiro, aumentar a duracéo da protecao
e a imunogenicidade de antigenos recombinantes altamente purificados (Reed et al.,
2013; Shah et al., 2017). Atualmente, uma extensa familia de moléculas como sais
minerais, produtos microbianos, emulsdes, saponinas, citocinas, polimeros, micro e
nanoparticulas e lipossomas, tém sido analisadas através de estudos in vitro e in vivo
guanto a sua capacidade adjuvante. Para a aprovacao do seu uso, os adjuvantes
devem ser compostos inertes, estaveis, que ndo causem reacdes adversas, com uma
vida 0til longa e baixo custo de producdo (Heegaard et al., 2011).

Os sais de aluminio, emulsfes oleosas em agua e virossomos séao licenciados
para 0 uso em humanos e animais e aprovadas para utilizacdo em algumas
formulag@es vacinais (Montomoli et al., 2011). Além desses, agonistas de receptores
TLR estédo sendo testados em vacinas, com destaque para o monofosforil lipideo A
(MPL), derivado de lipopolissacarideo (LPS) da bactéria Salmonella Enterica serovar
minnesota e agonista de receptores TLR4, que ja foi licenciado para o uso nos Estados
Unidos e na Europa em vacinas contra o Papilomavirus Humano (HPV) e o virus da
Hepatite B (HBV) (Awate et al., 2013; De Gregorio et al., 2013).

A principal classificacao dos adjuvantes € baseada no modo com o qual esses

compostos ou moléculas interagem com o sistema imune. Eles podem ser
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classificados como sistema de entrega de antigenos, considerados de primeira
geracdo, tendo como exemplos lipossomos, sais de aluminio, emulsdes e
microparticulas. A segunda geracdo de adjuvantes € classificada como
imunopotenciadores ou imunoestimulantes e sdo incluidos neste grupo as citocinas e
agonistas de TLR (Apostolico et al., 2016).

Os sistemas de entrega de antigenos compreendem moléculas como os
lipossomos, virossomos e emulsdes oleosas e recebem essa nomenclatura por
apresentarem os antigenos diretamente para as células do sistema imune inato, como
DCs e macrofagos. Eles otimizam a apresentacdo e exposicdo de antigenos ao
sistema imune por meio da liberacdo controlada e gradativa do antigeno, evitando sua
rapida degradacdo (Leroux-Roels, 2010). Emuls6es em agua, como MF59 e ASO03,
sdo baseadas no composto quimico esqualeno e séo licenciados para uso na Europa
em vacinas contra Influenza desde 2009 (Clark et al., 2009). Sao capazes de estimular
a producdao de citocinas pré-inflamatérias e melhorar a apresentacdo do antigeno para
APCs (Burakova et al., 2018).

Os virossomos sdo estruturas viricas desprovidas de material genético que
sao utilizados em vacinas contra Hepatite A e Influenza tipo A e B (Rambe et al., 2015)
e interagem diretamente com linfocitos B e DCs, que ativam linfocitos T via complexo
principal de histocompatibilidade tipo Il (MHC Il) e aumentam a producéo de citocinas
como IL2, IFN-y e fator de necrose tumoral alfa (TNF-a) (Cusi, 2006). Lipossomas sao
particulas esféricas formadas por uma bicamada lipidica capazes de encapsular o
antigeno e otimizar seu reconhecimento pelas células do sistema imune inato, porém
sdo mais eficientes se associadas a moléculas coestimuladoras ou a outros
adjuvantes, como a saponina (Montomoli et al., 2011; Shah et al., 2017).

Um dos principais exemplos de adjuvantes que agem como sistema de
entrega sao os sais de aluminio, que sédo encontrados na forma de fosfato de aluminio,
hidréxido de aluminio, ou hidréxido-fosfato de aluminio. O hidréxido de aluminio
(alumen) foi descoberto em 1926 e tem sido utilizado como adjuvante com sucesso
em vacinas licenciadas humanas e veterinarias ha mais de 80 anos (Glenny et al.,
1926; Shah et al., 2017). Primeiramente, seu efeito adjuvante principal foi proposto
por Glenny em 1931 como um depdsito no sitio de inoculacdo, que libera lentamente
0 antigeno para reconhecimento pelo sistema imune (Glenny et al.,, 1931; Brito &
O’Hagan, 2014), porém, foi demonstrado que esse efeito ndo é fundamental para a

adjuvanticidade do alumen (Hutchinson et al., 2012). Ha evidéncias que mostram que
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o efeito adjuvante do alumen esta relacionado com sua interagéo principalmente com
lipidios da superficie de DCs, induzindo algumas vias de sinalizacdo como a
fosfoinositideo 3-quinase (PI3-quinase) e tirosina-proteina quinase (Syk), reduzindo a
degradacédo do antigeno e prolongando a resposta imune (Flach et al., 2011; Ghimire
et al., 2012). Sabe-se que esses adjuvantes também estimulam células do sistema
imune inato através da via de ativacdo do inflamassoma NLRP3, promovendo a
diferenciacéo de linfécitos T virgem em linfocitos Th2 e estimulando a secrecdo de
citocinas e quimiocinas pro-inflamatoérias, como as IL4 e IL5 (Apostdlico et al., 2016).
Além disso, o alumen induz o dano tecidual e/ou morte celular ap6s a injecéao,
promovendo a liberacdo de DAMPs, moléculas sinalizadoras que podem,
subsequentemente, induzir inflamacao a partir do seu reconhecimento (Oleszycka &
Lavelle, 2014). Dessa forma, esse adjuvante melhora a apresentacdo do antigeno
para macrofagos e DCs e auxilia no recrutamento de células de defesa para os sitios
de infeccdo, por meio de mecanismos de acdo que parecem ser multifatoriais e que
ainda néo séo totalmente esclarecidos (Awate et al., 2013; Pashine et al., 2005).

Os adjuvantes imunopotenciadores estimulam o sistema imune por meio de
PRRs, interagindo com receptores do tipo TLR, RLR ou NLR (Apostdlico et al., 2016).
Esses receptores estdo presentes em células como macréfagos, monécitos, DCs e
neutréfilos e tem papel fundamental no reconhecimento de moléculas microbianas
(lwasaki & Medzhitov, 2010), possibilitando a ativacdo e maturacdo de macréfagos e
DCs e seu recrutamento para o sitio de infeccédo, aumentando a producédo de citocinas,
como as IL1 e 12 e TNF- a, e os niveis de moléculas coestimuladoras (CD40, CD80
e CD88) e de moléculas de MHC classe | e/ou Il, necesséarias para ativacdo dos
linfécitos T (Mbow et al., 2010; Montomoli et al., 2011). O grupo dos adjuvantes
imunopotenciadores compreende moléculas como as saponinas, citocinas e 0s
agonistas de TLR. As saponinas sdo glicosideos esteroides ou triterpenoides
encontrados em algumas plantas, capazes de melhorar a apresentacdo e
processamento de antigenos para células do sistema imune, como DCs e macrofagos,
aumentando a produgéo de citocinas como IFN-y e IL12 e induzindo uma forte
resposta imune celular (Rajput et al., 2007). O uso de citocinas como adjuvantes tem
sido adotado frequentemente em vacinas veterinarias (Fan et al., 2016; Kotla et al.,
2016). O uso de IFN-y como adjuvante em vacina contra peste suina estimulou a
producédo de anticorpos e a expressao de moléculas de MHC | e Il (Fan et al., 2016).

Em aves, a incorporacao de IL18 na vacina contra a doenga de Newcasttle estimulou
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ambas respostas imune celular e humoral, com proliferacdo de linfécitos T e B (Hung
et al., 2010).

Os agonistas de TLR compreendem uma ampla gama de moléculas, como
dinucleotideos de citosina fosfoguanosina (CpG-ODN) e o MPL, que possuem
propriedades baseadas na interacdo com a via de sinalizacdo TLR e sdao
frequentemente utilizadas em associacdo com outros adjuvantes. O MPL é capaz de
estimular DCs e macréfagos a produzirem citocinas pro-inflamatdrias, principalmente
IL12 (Montomoli et al., 2011). Além disso, agonistas de TLR-9, como o CpG-ODN e
de TLR-7 e TLR-8, como os compostos imiguimode e resiquimode, vém sendo
avaliados por meio de testes in vivo e ensaios clinicos (Bhardwaj et al., 2010).
Agonistas de TLR-7/8 quando utilizados em uma vacina antitumoral promoveram um
aumento na ativagcdo e expansao de DCs e na resposta de linfocitos T citotoxicos, o
gue resultou em uma maior eficacia do tratamento antitumoral em modelos tumorais
de melanoma, cancer renal e cancer de bexiga, com reducdo significativa de
metastase (Kim et al., 2018).

Atualmente, a busca por novos adjuvantes vem se mostrando extremamente
necessaria devido a baixa imunogenicidade de certos antigenos, principalmente os
recombinantes, e a pouca quantidade de adjuvantes licenciados para 0 uso em
vacinas (Lee & Nguyen, 2015). A identificagdo desses novos compostos e seu uso na
formulagéo de novas vacinas tem o intuito de estimular no hospedeiro tanto uma
resposta inicial por meio dos PRRs como uma resposta imune adaptativa induzida por
linfécitos T, produzindo anticorpos e estimulando o desenvolvimento de mecanismos
efetores que sejam capazes de proteger e/ou combater as infec¢cdes por patdégenos,

como virus, bactérias e fungos (O’Hagan & De Gregorio, 2009).

2.3 Género Bacillus

O género Bacillus é formado por bactérias Gram-positivas, em forma de
bastonetes, formadoras de esporos, aerdbias obrigatérias ou anaerobias facultativas
e gue estao presentes na natureza, podendo ser comumente isolados de fontes como
o solo, agua e ar (Alou et al., 2015). Microrganismos do género Bacillus compreendem
espécies ndo patogénicas como também espécies que sdo patdgenos oportunistas
ou produtores de toxinas, oferecendo risco de infeccdo e intoxicacdo para seres

humanos e animais, como Bacillus anthracis e Bacillus cereus (Elshaghabee et al.,
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2017). Diversas espécies de Bacillus séao utilizados na industria ha mais de 50 anos
como probidticos na alimentacdo humana e animal, em formulagcbes de
suplementacdo alimentar e produtos fermentados, como B. subtilis, B. clausii, B.
coagulans, B. toyonensis e B. licheniformis, além de terem importancia na &rea médica
e no controle de pragas e insetos, como o B. thuringiensis (Cutting, 2011).

Esporos sdo estruturas metabolicamente quiescentes e extremamente
resistentes, produzidas por algumas bactérias em resposta a condicbes ambientais
adversas (Huang et al., 2008). Devido a sua alta estabilidade, os esporos podem
sobreviver neste estado de dorméncia por longos periodos, resistindo a altas
temperaturas, radiacao ultravioleta, desidratacdo e escassez de nutrientes (Nicholson
et al., 2000). Além disso, os esporos resistem as condi¢cdes do trato gastrointestinal e
ao processamento e estocagem e de alimentos, caracteristicas fundamentais que
permitem a sua vasta utilizacdo como probidticos (Elshaghabee et al., 2017).

O processo de esporulacdo é um processo de diferenciacéo celular que ocorre
quando existe escassez de nutrientes para a célula. Inicia com a duplicacdo do
cromossomo celular formando uma estrutura denominada de filamento axial, que da
inicio ao processo de formacdo do esporo. Em seguida, a célula é dividida de forma
assimétrica, por meio de uma cascata ativada por fatores sigma, formando dois
compartimentos diferentes dentro da célula, a célula mae e o pré-esporo. A camada
de peptideoglicano é degradada e entdo o pré-esporo é engulfado pela célula mae,
formando uma estrutura de membrana dupla. Depois disso, ocorre a formacao do
cortex e sintese e deposicao de proteinas que formardo a capa do esporo. Apos 8 a
10 horas, o esporo maduro pode ser liberado para o ambiente por meio da lise da
célula mée e, quando na presenca de nutrientes e condicdes apropriadas, sera capaz
de germinar novamente e originar uma célula vegetativa (McKenney et al., 2013; Tan
& Ramamurthi, 2014).

O esporo é formado por estruturas como a capa, as membranas interna e
externa, cortex, parede celular germinativa e nucleoide (Tan & Ramamurthi, 2014).
Algumas espécies do género Bacillus sdo capazes de produzir uma estrutura
chamada exdsporo, que circunda a capa do esporo, como B. cereus, sendo que em
outras espécies ela é ausente, como é o caso de B. subtilis (Traag et al., 2010). A
capa do esporo é formada por mais de 70 proteinas que sdo arranjadas ao seu redor
dando origem a uma complexa estrutura, capaz de conferir protecdo quimica e

enzimatica (McKenney et al., 2010). O cortex € composto de peptideoglicano e é
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sintetizado entre as duas membranas interna e externa que circulam o nucleoide do
esporo (Setlow, 1995; Meador-Parton & Popham, 2000). Essa estrutura é fundamental
para manter o controle de entrada e saida de agua, mantendo o estado de dorméncia
do esporo e sua resisténcia a altas temperaturas (Vasudevan et al., 2007). Logo
abaixo do cértex esta localizada a parede celular germinativa, que formara a parede
celular do esporo apds sua germinacdo. O nucleoide do esporo contém o material
genético, ribossomos e enzimas e grande quantidade de &cido dipicolinico, que atua
na estabilizacdo do DNA (Setlow et al., 2006).

2.3.1 Bacillus toyonensis

Bacillus toyonensis é uma bactéria Gram-positiva, ndo patogénica, formadora
de esporos e que faz parte do grupo B. cereus, o qual compreende algumas espécies
patogénicas e que habitam o solo (Jiménez, Blanch, et al., 2013). Este microrganismo
foi isolado no ano de 1966 no Japéao, primeiramente identificado como B. cereus var.
toyoi, e posteriormente, foi proposto como uma nova espécie com o nome de B.
toyonensis, através de um estudo taxondmico que comparou sequéncias do genoma
e caracteristicas fenotipicas do microrganismo com espécies do grupo B. cereus
(Jiménez, Urdiain, et al., 2013). Os esporos de B. toyonensis sdo utilizados na
alimentacdo animal ha varias décadas na preparacdo do TOYOCERIN®, uma
apresentacao comercial usada como probiético na alimentacdo de suinos, bovinos,
aves e coelhos em varios paises. Na Europa, 0 uso deste probiético foi autorizado
pela primeira vez no ano de 1994, se tornando o primeiro microrganismo utilizado
como suplemento na alimentagéo animal na Unido Europeia (Williams et al., 2009).

A cepa BCT-7112" de B. toyonensis, utilizada na formulacdo do
TOYOCERIN®, foi avaliada anteriormente quanto a sua seguranca em relacédo a
transferéncia de genes de resisténcia a antibidticos e producdo de enterotoxinas.
Glenwright et al. (2017) identificaram que 0s genes de resisténcia aos antibioticos
tetraciclina (tetQ) e cloranfenicol (catQ) presentes nessa cepa foram advindos de um
ancestral comum e séo intrinsecos a outros microrganismos do grupo B. cereus, além
de ndo configurarem elementos genéticos méveis passiveis de transferéncia génica
horizontal, o que nao representa um risco de transferéncia para humanos ou animais.
Além disso, a capacidade da cepa de produzir enterotoxinas também foi avaliada

recentemente (Abdulmawjood et al., 2019). Foi observado que os niveis proteicos e
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de expressao de enterotoxinas foram ausentes ou muito baixos quando comparados
a outras cepas pertencentes ao grupo B. cereus, indicando que sua habilidade para
produzir enterotoxinas funcionais € consideravelmente baixa (Abdulmawjood et al.,
2019).

2.4 Esporos de Bacillus spp. e seu potencial adjuvante

Sabe-se que esporos de bactérias pertencentes ao género Bacillus, devido
suas caracteristicas de resisténcia e estabilidade, sdo utilizadas como probidticos ja
ha varias décadas (Cutting, 2011). Além disso, por apresentarem propriedades
imunomoduladoras, diversos trabalhos indicam a possibilidade de serem utilizados
como adjuvantes em vacinas (Roos et al., 2012; De Souza et al., 2014; Santos et al.,
2018). Esporos de B. subtilis sdo bastante explorados na literatura e ja foram testados
em diversas vacinas. Esporos desse microrganismo estimularam a producao de altos
niveis de anticorpos em camundongos vacinados com o Toxoide tetanico. Além disso,
induziram a producao de 1gG1 e IgG2a, caracterizando uma resposta do tipo Th1/Th2
balanceada e quando administrados via intranasal, promoveram aumento ha
producao de IgA nos tecidos de mucosa (Barnes et al., 2007).

A coadministracéo de esporos de B. subtilis com a proteina recombinante p24
gag do virus da imunodeficiéncia humana (HIV) promoveu um aumento nos niveis de
anticorpos apés a administracdo em camundongos pela via subcutanea, melhorando
a imunogenicidade do antigeno (De Souza et al.,, 2014). No mesmo trabalho, os
esporos também promoveram a ativacdo de APCs e aumento de expressao de
moléculas MHC e CD40, seguidos de um aumento da secrecao de citocinas pro-
inflamatérias pelas DCs dos camundongos. Além disso, foi constatado um papel direto
da imunidade inata nas propriedades imunomoduladoras dos esporos, pois linhagens
de camundongos knockout para os genes MyD88 e TLR2 apresentaram auséncia de
efeitos adjuvantes mediados pelos esporos (De Souza et al., 2014).

A utilizacdo de esporos de B. subtilis como adjuvante de vacina de DNA
também foi abordada por Aps et al. (2015). Um estudo in vivo foi realizado em
camundongos vacinados pela via parenteral com um plasmideo codificante para a
proteina E7 do papilomavirus humano tipo 16, através da estimulacdo de DCs com
diferentes concentracdes do esporo. Os resultados demonstraram que 0s esporos de

B. subtilis promoveram a ativagdo de DCs e induziram a migracdo de células pro-
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inflamatorias, como neutréfilos e eosinofilos. Além disso, camundongos imunizados
com a vacina que codifica a proteina E7 coadministrada aos esporos, tiveram maior
ativacao de linfécitos T CD8* antigenos especificos (Aps et al., 2015).

Esporos de B. subtilis também foram testados como adjuvante em frangos
vacinados com uma vacina contra o virus da Influenza aviaria HIN2 (Lee et al., 2020).
Quando adicionados a formulacdo contendo o virus inativado, os esporos foram
capazes de induzir uma resposta imune humoral com aumento da producao de IgG,
juntamente com o desenvolvimento de uma resposta imune celular com uma maior
proliferacéo de linfécitos T citotoxicos e linfocitos T auxiliares, quando comparados ao
grupo administrado somente com o virus. Além disso, as células T de frangos
imunizados com 0s esporos apresentaram niveis de expressdo de mRNA das
citocinas pré-inflamatérias IL17 e IFN-y significativamente superiores aos de animais
gue foram vacinados com uma vacina comercial contra o HON2 (Lee et al., 2020),
indicando o desenvolvimento de uma resposta imune do tipo Thl e Th17.

Uma outra abordagem que tem se mostrado eficiente consiste no uso de
esporos de Bacillus como sistema de apresentacdo e entrega de antigenos vacinais
(Tavassoli et al., 2013). Estudos mostram que antigenos podem ser expressos na
superficie do esporo através da fusdo de genes da proteina alvo com genes
codificantes para proteinas abundantes presentes na capa do esporo, como a CotB,
CotC ou CotG, que sao sintetizados durante a esporulacao e ficam ancorados na capa
do esporo, permitindo a apresentacéo do antigeno as células do sistema imune (Ricca
& Cutting, 2003; Paccez et al., 2007; Guoyan et al., 2019). Esporos de B. subtilis
apresentando a TTFC em sua superficie obtiveram resultados promissores. Quando
administrados via oral e nasal em camundongos, demonstraram niveis elevados de
anticorpos antigeno-especificos e protecao efetiva contra doses letais da toxina. Altos
niveis de IgG1 e IgG2b foram observados, indicando uma resposta do tipo Th2 (Duc
et al., 2003; Ciabattini et al., 2004).

Os antigenos também podem ser adsorvidos na parede dos esporos em
condicbes de baixo pH, por interacdes hidrofobicas e eletrostaticas entre o esporo e o
imunégeno (Ricca et al., 2014). Camundongos imunizados pela via oral e nasal com
antigenos adsorvidos a esporos de B. subtilis tornaram-se protegidos contra o desafio
com a toxina do tétano e com a toxina alfa de Clostridium perfringens (Huang et al.,
2010). Esporos inativados de B. subitilis obtiveram bons resultados como adjuvante de

mucosa em camundongos vacinados contra o virus Influenza. Quando administrados
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via intranasal, estimularam a producdo de altos niveis de IgG2a e aumento de
citocinas como IFN-y, IL2 e IL6, indicando o desenvolvimento de uma resposta
Th1/Th2 balanceada (Song et al., 2012).

Bacillus atrophaeus também foi avaliado quanto ao seu potencial adjuvante
(Oliveira-Nascimento et al., 2012). Essa espécie foi previamente caracterizada como
B. subtilis, mas foi observada a producdo de um pigmento sob certas condi¢cdes de
cultivo levaram a reclassificagdo deste microrganismo como uma nova espécie
denominada B. atrophaeus (Fritze & Diger Pukall, 2001). Esporos inativados de B.
atrophaeus foram utilizados para adsorver o virus da raiva e testados como adjuvante
juntamente com a saponina em camundongos. A associacao dos esporos com o virus
adsorvido mais a adicdo de saponina estimularam altos niveis de anticorpos
neutralizantes, quadriplicando o valor quando comparados a administracdo dos
adjuvantes separadamente (Oliveira-Nascimento et al., 2012).

Bacillus toyonensis apresentou potencial adjuvante quando administrado
como probidtico em camundongos vacinados com uma vacina experimental inativada
contra o herpesvirus bovino tipo 5 (BoHV-5), os quais apresentaram um aumento dos
niveis de IgG total e de transcritos das citocinas IFN-y, IL12 e IL10, sugerindo o
desenvolvimento de uma resposta do tipo Thl (Roos et al., 2012). Em outro estudo,
camundongos vacinados contra o BoHV-5 que receberam inoculagdo por via
subcutédnea de esporos de B. toyonensis apresentaram aumento significativo nos
niveis de IgG total, dos isotipos IgG1l e IgG2a e nos titulos de anticorpos
neutralizantes, sugerindo o desenvolvimento de uma resposta imune balanceada
Th1/Th2 (Santos et al., 2016). Camundongos vacinados com a glicoproteina D
recombinante de BoHV-5 e suplementados com B. toyonensis em dois periodos
diferentes apresentaram um aumento dos niveis de IgG total, IgG1 e 1gG2a, além de
titulos significantes de anticorpos neutralizantes contra o virus, bem como altos niveis
de transcritos de genes de citocinas pré-inflamatérias como IL4 e IL12 (Santos et al.,
2018). Camundongos suplementados com esporos de B. toyonensis e vacinados pela
via intranasal com o fragmento C da toxina tetanica (TTFC) adsorvido a esporos de B.
subtilis apresentaram um aumento da resposta imune humoral, com producdo de
imunoglobulina A secretodria (slgA) e alta producgéo de 1gG, além de maiores niveis de
transcritos das citocinas IL6, IL10 e IFN-y, quando comparados aos de animais néao
suplementados, indicando a possibilidade de utilizacdo de esporos de B. toyonensis

como adjuvante de mucosa (Santos et al.,, 2020a). Esporos de B. toyonensis foram
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testados como adjuvante em camundongos vacinados por via subcutanea com a rgD
de BoHV 5 e o adjuvante alumen (Santos et al., 2021). Os animais que receberam
esporos apresentaram um aumento dos niveis de IgG total, IgG2a e anticorpos
neutralizantes contra o virus. Maiores niveis de transcricdo de mRNA das citocinas
IL4, IL12 e IFN-y foram observados nos esplendcitos dos animais que receberam
esporos, enquanto que macrofagos RAW?264.7 apds serem estimulados com esporos
aumentaram sua proliferacdo e demonstraram elevados niveis de transcritos de IL4 e
IL12, indicando uma modulacdo da resposta imune humoral e celular dos animais
mediada pelos esporos.

Bacillus toyonensis também apresentou propriedades imunomoduladoras
quando avaliado em ovinos (Roos et al., 2018; Santos et al., 2020b). Ovelhas
vacinadas contra o BoHV-5 e suplementadas com o probiético B. toyonensis
apresentaram maior taxa de producdo de anticorpos IgG totais e anticorpos
neutralizantes contra o virus, quando comparadas com animais que nao receberam
suplementacao (Roos et al., 2018). Ovinos suplementados com B. toyonensis por 5
dias antes da primeira e segunda dose de uma vacina contendo a toxina épsilon
recombinante (rETX) de C. perfringens apresentaram um aumento nos niveis de IgG
total e dos isotipos 1gG1 e 1gG2 quando comparados ao grupo ndo suplementado.
Além disso, as células mononucleares do sangue periférico (PBMCs) dos ovinos
suplementados com B. toyonensis apresentaram maiores niveis de expressdo de
MRNA das citocinas IL2, IFN-y e do fator de transcricdo Bcl6, quando comparados ao

grupo controle (Santos et al., 2020b).

2.5 Herpesvirus bovino

2.5.1 Herpesvirus bovino tipo 5

O herpesvirus bovino tipo 5 foi descrito pela primeira vez na Australia em 1962
e foi previamente classificado como uma variante neuropatogénica do BoHV-1 —
BoHV1.3 (French, 1962). No entanto, em 1992, foi possivel distinguir os dois virus
devido a particularidades de seus genomas e propriedades antigénicas (Del Médico
Zajac et al., 2010). O BoHV-5 apresenta um genoma linear de DNA fita dupla contido
no interior de um capsideo icosaédrico, composto de 161 capsémeros que envolvem
e protegem o material genético, formando um nucleocapsideo. Esta organizacao esta

embebida em um material amorfo denominado tegumento que contém varias
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proteinas virais, que é envolvido por um envelope formado por uma bicamada lipidica
onde estdo inseridas na superficie as glicoproteinas virais, as quais sdo necessarias
para a adsorcado e penetracdo do virus na célula (Shahin et al., 2017; Yue et al., 2020).

O BoHV-5 é o agente causador da meningoencefalite herpética em bovinos,
doenca que tem ocorréncia mais frequente em animais jovens submetidos a situacées
de estresse. O virus tem a capacidade de se replicar no sistema nervoso central e tem
uma taxa de letalidade quase sempre de 100%, causando necrose do cortex cerebral
e acarretando anualmente em grande prejuizo econémico para a bovinocultura (Vogel
et al., 2003; Campos et al., 2009).

A transmissédo do virus ocorre por contato direto ou indireto com animais ou
secrecdes contaminadas. O virus penetra pelo trato respiratorio superior e
inicialmente comeca sua replicacdo na mucosa nasal, migrando em seguida para 0s
neurdnios sensoriais, preferencialmente no ganglio trigémeo. Consequentemente, o
virus pode estabelecer infec¢éo latente no animal, com auséncia de sintomas clinicos
evidentes; ou ser transportado para o encéfalo, atingindo o cértex cerebral e
disseminando-se por todo o sistema nervoso central, acarretando em sinais como
convulsdes, andar cambaleante, depresséo, cegueira, entre outros, que geralmente
levam a morte (Rissi et al., 2007).

O BoHV-1 é um importante patégeno de bovinos e causador da rinotraqueite
infecciosa bovina (IBR), sendo responsavel por grandes perdas econémicas (HAGE
et al., 1996). A porta de entrada natural do virus é a mucosa do trato respiratério e
genital, podendo causar uma série de manifestagces como rinotraqueite, vulvovaginite
pustulosa infecciosa, balanopostite, conjuntivite, aborto, enterite e mais raramente
encefalite (Wyler et al., 1989; Silva et al., 2007). Sua transmisséo é semelhante a do
BoHV-5, podendo ocorrer de forma direta através de aerossois e pelo contato com
secrecdes respiratdrias, oculares ou genitais contaminadas. Os sinais clinicos incluem
febre, mucosas avermelhadas, diminuicdo na producéo de leite, secrecdo purulenta,
infertilidade e abortamento (Fino et al., 2012).

A principal medida profilatica contra a enfermidade causada por BoHV-1 e
BoHV-5 é a vacinacao, sendo que existem no mercado vacinas contra infec¢des pelo
BoHV-1, as quais também séo utilizadas para prevenir infec¢des por BoHV-5 (Campos
et al., 2009). Entretanto, o nivel de protecdo cruzada fornecido por vacinas contra
BoHV-1 parece ndo ser suficiente para conferir uma protecdo satisfatoria para o
BoHV-5 (Cascio et al., 1999; Spilki et al., 2004, Silva et al., 2006).
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2.5.2 Resposta imune a infeccdo contra o herpesvirus bovinotipole5

A primeira resposta do sistema imune a infeccdo contra os herpesvirus
bovinos tipo 1 e 5 consiste em resposta inflamatoria e rea¢des causadas pelas células
do sistema imune inato, como macrofagos, células dendriticas, neutréfilos e células
Natural Killer (NK) (Alves Dummer et al., 2014). Com a infeccao inicial, as células
epiteliais da mucosa liberam sinais moleculares para as células infectadas vizinhas,
incluindo peptideos antimicrobianos e a secrecéo de interferons (Klotman & Chang,
2006; Ackermann et al., 2010). Além disso, o reconhecimento de PAMPs presentes
na superficie viral pelos PRRs das células imunes inatas irdo desencadear a liberacéo
de citocinas como IL12, TNF-a e IFN-y, e quimiocinas determinantes para a migracao
de macrofagos, neutréfilos e DCs para os sitios de infeccdo, auxiliando no
desenvolvimento da resposta imune (Levings & Roth, 2013).

A resposta imune adaptativa inicia com a apresentacao de antigenos virais
pelas DCs para linfocitos T virgens, que irdo se diferenciar em linfécitos T CD8*
citotoxicos ou linfocitos T CD4* auxiliares, de acordo com as citocinas e quimiocinas
produzidas pelas células imunes durante a resposta antiviral (Lambrecht et al., 2009).
A partir desse momento, linfécitos T auxiliares ativam linfécitos B virgens que se
diferenciam em células de memoria e células plasméaticas secretoras de anticorpos,
que irdo desempenhar um papel fundamental na neutralizacdo viral. Os linfécitos
citotdxicos sao responsaveis pela destruicdo de células infectadas pelo virus, por meio
do reconhecimento de antigenos virais apresentados via MHC | na superficie dessas
células e a liberacdo de enzimas, como perforinas e granzimas (Barry & Bleackley,
2002).

2.5.3 Vacinacéao contra herpesvirus bovino tipo 5

Alguns trabalhos tém relatado o desenvolvimento e avaliagdo de vacinas
experimentais contra o BoHV-5. Em um estudo prévio, foi analisada a
imunogenicidade e a eficacia de vacinas inativadas contra BoHV-1 e BoHV-5 em
bezerros, que foram desafiados pela via intranasal com BoHV-5 (Del Médico Zajac et
al., 2006). Ambas as vacinas induziram uma resposta imune humoral e celular

similares, entretanto os animais apresentaram uma protecao parcial e um terco deles
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apresentaram sinais clinicos de encefalite, demonstrando que a protecédo foi
insatisfatoria (Del Médico Zajac et al., 2006).

Brum et al. (2010) relataram anteriormente a constru¢cdo do virus BoHV-5
geneticamente modificado, com auséncia dos genes codificantes para a glicoproteina
E e para a enzima timidina quinase. O virus recombinante demonstrou ser
imunogénico em bezerros e capaz de conferir protecao frente ao desafio por via
intranasal com o BoHV-5 e também com o BoHV-1 (Anziliero et al., 2011). Além disso,
induziu resposta sorolégica diferencavel da resposta induzida pela infeccdo natural,
pelo uso de um ELISA anti-gE (Brum et al., 2010; Anziliero et al., 2011), apresentando
potencial para ser usada na formulacdo de vacina atenuadas contra o BoHV-1 e
BoHV-5.

Outro estudo prévio realizado em bovinos avaliou a eficdcia de uma vacina
experimental contra BoHV-5 administrada por via intravaginal, contendo o virus
inativado associado a subunidade B recombinante da enterotoxina termolabil de E.
coli (rLTB) e/ou a goma xantana (Siedler, 2012). A vacina demonstrou-se capaz de
estimular uma resposta imune local e sistémica, incrementando os niveis de IgA e IgG
no soro e nas mucosas nasal e vaginal dos bovinos imunizados e apresentando
aumento nos niveis de transcricdo de mRNA das citocinas IL2 e IL13 (Siedler, 2012).

Anziliero et al. (2015) testaram vacinas comercializadas no Brasil contra o
BoHV-1, BoHV-5 e BVDV em bovinos. Ao todo foram utilizadas seis vacinas inativadas
com diferentes adjuvantes oleosos e hidroxido de aluminio, uma viva atenuada
termossensivel e uma vacina viva quimicamente alterada. Os animais foram divididos
em 8 grupos, cada grupo foi imunizado com uma vacina e submetidos ao teste de
soroneutralizacao frente a cada virus. A maior parte das vacinas foi capaz de induzir
anticorpos com atividade neutralizante contra o BoHV-5, porém trés delas
apresentaram soroconversao parcial (somente em 50%, 60% e 70% dos animais).
Além disso, os titulos de anticorpos neutralizantes obtidos contra o BoHV-5 foram, no
geral, inferiores quando comparados aos titulos de anticorpos neutralizantes obtidos
contra o BoHV-1.

No Brasil, a vacinac¢do contra o BoHV-5 é voluntaria e h& varias empresas que
comercializam vacinas contra o BoHV-1, também utilizadas contra o BoHV-5.
Normalmente, elas sdo formuladas em associacdo com outros antigenos (virus da
diarreia viral bovina (BVDV tipo | e Il, Parainfluenza-3 (PI3), virus respiratério sincicial

bovino (BRSV) e Leptospira spp.) e na forma inativada. As vacinas atenuadas
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termossensiveis também tém sido comercializadas no Brasil, as quais contém o virus
vivo quimicamente modificado que se replica apenas em temperaturas mais baixas,
como por exemplo nas mucosas (30-33 °C), do que no corpo (37 °C), o que impede 0
desenvolvimento de infecgBes sistémicas apos a vacinacao (Patterson et al., 2012).
Visando o uso em programas de erradicacdo, existem também vacinas geneticamente
modificadas, que oferecem a possibilidade de diferenciacdo sorologica de animais
vacinados de naturalmente infectados, sendo bastante utilizadas na Europa (Muylkens
et al., 2007). As vacinas vivas geneticamente atenuadas induzem uma rapida resposta
e imunidade duradoura. Entretanto, este tipo de vacina possui potencial abortivo e
deve-se atentar para o seu uso em vacas prenhas (Nandi et al., 2009). As vacinas
inativadas comparadas as atenuadas apresentam a vantagem de ndo possibilitar a
replicacdo viral nas células do hospedeiro, evitando o aborto, risco de reversdo da
viruléncia e de infeccdo latente pela cepa viral, embora na maioria das vezes
necessitem do uso de adjuvantes em sua formulacdo (Jones et al., 2011).

Como exemplos de vacinas inativadas comercializadas no Brasil contra o
BoHV-1 e BoHV-5, esta a Supravac 10® (fabricada pela Vencofarma), indicada contra
a rinotraqueite infecciosa bovina (IBR), BVDV, virus respiratorio sincicial,
parainfluenza, leptospiroses e pasteurelose bovinas ; a vacina IBR/BVD® (fabricada
pela Hertape Calier) que compde-se do virus da IBR/VIP (IBR colorado) e virus da
diarreia viral bovina (BVDV-NADL e BVDV-Nova lorque) e a vacina Bayovac®
Reproducdo 15 para prevencdo da IBR, BVDV, leptospiroses e campilobacterioses
em bovinos (Viu et al.,, 2014). Também esta disponivel no mercado a vacina
termossensivel CattleMaster GOLD FP 5/L5®, sendo a primeira a conseguir
aprovacao do Departamento de Agricultura dos Estados Unidos (USDA) para protecao
fetal contra a BVDV (tipos 1 e 2) e o aborto por IBR, além de proteger os bovinos
contra outras doencas que provocam falhas reprodutivas e problemas respiratérios
(Viu et al., 2014).

2.5.4 Glicoproteina D de herpesvirus bovino tipo 5

A gD de BoHV-5 é composta de 417 aminoacidos, distribuidos em um

peptideo sinal de 18 aa, um dominio extracelular e uma regido transmembrana, e

M-

possui massa molecular de aproximadamente 71 kDa (Tikoo et al., 1990). Ela

(N

essencial para a ligacdo e penetracdo do virus nas células permissivas e
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abundantemente encontrada no envelope viral, sendo um dos principais alvos da
resposta imune do hospedeiro (Alves Dummer et al., 2014). A ligacdo da gD na célula
do hospedeiro é efetivada principalmente por meio de receptores da familia do fator
de necrose tumoral (TNF) e de receptores de nectinas (Sedy et al., 2008). Os
receptores de nectina representam moléculas de adeséo celular independentes de
calcio, sendo que a gD de BoHV-5 é capaz de interagir com uma gama maior desses
receptores se comparada a gD de BoHV-1 (Gabev et al., 2010).

A gD é importante para a neutralizagdo viral e na geragdo da resposta imune
inicial contra o virus, pois € alvo principal das células NK e uma das primeiras
proteinas a serem expostas na membrana plasmatica da célula infectada (Babiuk et
al., 1996). Anticorpos anti-gD sé@o reconhecidos por células NK e podem estimular a
citotoxicidade celular mediada por anticorpo (ADCC) (Babiuk et al., 1987). A proteina
gD também é importante no desenvolvimento da resposta imune adaptativa, pois
torna-se alvo de linfécitos T citotoxicos em bovinos, além de ser capaz de estimular
linfécitos T CD4* (Splitter et al., 1988).

A expresséao da gD recombinante (rgD) de BoHV-5 na levedura Pichia pastoris
foi anteriormente relatada e avaliada quanto a sua antigenicidade e imunogenicidade,
demonstrando que a rgD apresenta as mesmas caracteristicas antigénicas nativas
que sdo encontradas no BoHV-5 (Dummer et al, 2009). A glicoproteina D
recombinante de BoHV-5 conservou epitopos neutralizantes contra o virus e quando
associada com adjuvantes oleosos induziu anticorpos neutralizantes em
camundongos, além de estimular altos niveis de citocinas como IFN-y e IL17 (Dummer
et al.,, 2014). A rgD também foi capaz de gerar anticorpos neutralizantes quando
associada a citocina IL17A recombinante e a adjuvantes oleosos em bovinos (Araujo
et al., 2018; Gongalves et al., 2021).

Anticorpos neutralizantes contra o virus constituem umas das mais
importantes correlacdes da protecdo clinica contra BoHV-1 e BoHV-5, ja que os dois
virus tém alto grau de semelhanca entre si. Assim, a constru¢cdo de uma vacina
recombinante formulada com um adjuvante que estimule o desenvolvimento de uma
resposta imune balanceada pode induzir uma forte resposta imune humoral e celular
(Alves Dummer et al., 2014).
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3 HIPOTESE E OBJETIVOS

3.1 Hipotese

Esporos de Bacillus toyonensis associados a glicoproteina D recombinante de
Herpesvirus Bovino tipo 5 sdo capazes de amplificar a resposta imune em

camundongos.

3.2 Objetivo Geral

Avaliar o efeito adjuvante de esporos de Bacillus toyonensis associados a

glicoproteina D recombinante de Herpesvirus Bovino tipo 5 em camundongos.

3.3 Objetivos Especificos

e Avaliar a dindmica dos niveis de IgG total em camundongos vacinados com a
rgD de BoHV-5 associada a esporos de B. toyonensis vivos e inativados
adsorvidos ou ndo ao hidroxido de aluminio;

e Avaliar a dindmica dos niveis de isotipos IgGl, IgG2a e IgG2b em
camundongos vacinados com a rgD de BoHV-5 associada a esporos de B.
toyonensis vivos e inativados adsorvidos ou ndo ao hidroxido de aluminio;

e Determinar os titulos de anticorpos neutralizantes contra o BoHV-5 através do
ensaio de soroneutralizacao;

e Avaliar os niveis de transcricdo de mRNA das citocinas 1L4, IL10, IL12, IL17 e
IFN-y nos esplendcitos murinos;

e Realizar uma revisdo sistematica, buscando diferentes estudos utilizando
esporos de bactérias do género Bacillus como adjuvantes de vacinas

experimentais em modelo animal.
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Abstract

Bacillus spores have immunomodulatory properties and are being tested as vaccinal adjuvants.
We systematically reviewed studies that have assessed the effect of spores of Bacillus genus
bacteria as adjuvants for experimental vaccines with different antigens tested in animal model.
The literature search of PubMed, Web of Science and Scopus was implemented with studies
ranging between 1990 and 2020. The data extracted included author, year of publication, title,
number of animals, spore’s concentration, administration route of vaccine doses,
microorganism, type of vaccine, spores’ approach and parameters from the results, such as
humoral and cellular immune response of the animals. The quality of studies was analyzed

through an adapted CAMARADES checklist. From the total of 922 studies, we selected 27 to
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include in the systematic review, which tested three different spore-forming Bacillus species in
several viral, bacterial and parasitic vaccines, in three different spore approaches: recombinant,
non-recombinant and supplementation as probiotics. The animals orally supplemented or
vaccinated with the spores showed significantly higher antibody titers, significant increased
transcription and expression of pro-inflammatory cytokines and proliferation of immune cells,
such as CD4" and CD8" T lymphocytes, when compared to animals that did not receive spores
in vaccine formulation. The data evidenced by the studies included in our review suggest the
use of Bacillus spores as promising adjuvants for vaccines. However, it is important that future
studies are carried out focusing on the elucidation of mechanisms of action by which spores
modulate the immune response, mainly regarding the activation and maturation of different

populations of immune system cells.

1. Introduction

The use of vaccines is the most efficient alternative for prophylaxis and the control of
infectious diseases [1]. Despite the significant success of vaccines, development of safe and
strong vaccines is still required due to the emergence of new pathogens, re-emergence of old
pathogens and suboptimal protection conferred by existing vaccines [2]. Recombinant vaccines
represent an attractive strategy by which the limitations of conventional vaccines (based live or
non-live microorganisms) can be overcome, mainly regarding safety and stability [3]. The
vaccines based on recombinant antigens are considered relatively safer owing to their low
adverse effects, including local irritations and the risk of reversion to virulence [4]. However,
recombinant subunit vaccines are often poorly immunogenic and require additional components
to stimulate protective immunity [5].

Adjuvants are compounds that enhance the immunogenicity of an antigen and are an

important component of vaccines [2]. They are capable of reducing the amount of antigen used,
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the amount of doses needed to induce an efficient response against the antigen in the host,
increasing the duration of protection, the immunogenicity of highly purified recombinant
antigens and consequently inducing an efficient protective response in the host [6, 7]. In the last
decades, the search for new possible adjuvant molecules has increased and some bacterial
compounds have been assessed due to its immunomodulatory properties, including bacterial
spores of Bacillus genus.

Spores of the Bacillus genus, such as Bacillus subtilis, Bacillus toyonensis, and Bacillus
atrophaeus, have been used in experimental studies which demonstrated that they can confer
strong adjuvanticity to animal and human vaccines [9-13]. The spores can be used to improve
vaccine efficacy in two different approaches: the recombinant one, by which the spores are
genetically engineered in order to express a target antigen in its surface coat; and the non-
recombinant one, by which spores adsorb the antigen to its surface coat or are co-administered
to them in the vaccine formulation [14]. Both cases have been successfully reported in the
literature with promising results, showing that spores may be an alternative form to improve
the immune response to vaccines [10, 15, 16]. Here in this study, we systematically review
publications evaluating the use of spores from Bacillus bacteria as adjuvants for experimental

vaccines.

2. Material and Methods

2.1  Search strategy for identification of studies

The search was conducted using MEDLINE (via PubMed), Web of Science and Scopus
(Elsevier) including articles with English language limitation between 1990 and 2020. The
following text word terms used were: (Bacillus OR “Bacillus genus”) AND (spores OR spore
OR “bacterial spores” OR “bacterial spore” OR “spore surface display”’) AND (vaccines OR
vaccine) AND (adjuvants OR adjuvant OR immunomodulator OR immunomodulators OR

“immunomodulatory effect” OR “immunomodulatory properties” OR “adjuvant effect” OR
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“adjuvant properties”) AND (“immune response” OR “immune responses” OR “immune
reaction” OR “immune reactions” OR “immunological response” OR “immunological
responses” OR “immunologic response” OR “immunologic responses” OR “immune system
responses” OR “immune system response”) AND (antibody OR antibodies OR
immunoglobulin OR immunoglobulins OR ““antibody production” OR ““antibodies production”
OR “Ig production”).
2.2 Inclusion and exclusion criteria

The articles included in the review fulfilled the following inclusion criteria: comparing
a group treated with spores with a control group (without treatment with spores), articles testing
the spores in any animal model, articles with a significant group of animals, articles evaluating
the humoral and/or cellular immune response after vaccination of the animals. Only articles
analyzing spores as adjuvants as the primary focus of the work were included. Studies
investigating spores other than Bacillus genus were excluded. Observational studies,

narrative/systematic reviews, case reports, letters, editorials, and commentaries were also

excluded, but read to identify potential additional studies.

2.3 Articles selection

Firstly, all publications resulting from the search were independently exported by two
reviewers (L.R.M and F.D.S.S) to a reference manager software. The title and abstract were
assessed, all potentially relevant articles were retained, and the full text of these studies was
examined to determine which studies satisfied the inclusion criteria. In the case of any
differences of opinion or disagreements between the two reviewers, an adjudicator was
consulted.

2.4  Data extraction and quality analysis
The data from the screened articles were extracted, including author, year of publication,

title, country, number of animals, spore’s concentration, administration route of vaccine doses,
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microorganism, type of vaccine, spores approach (recombinant or non-recombinant) and
parameters from the results, including humoral and cellular immune response. Quality of
studies was analyzed through an adapted CAMARADES checklist [17] and also assigned by a
consensus of two study team members, with discrepancies adjudicated by a third party. The
items in the checklist adapted from CAMARADES are: (1) Peer-reviewed publication. (2)
Reporting species/strain of animals in the title or abstract and in the full text. (3) Statement of
compliance with animal welfare regulations. (4) Reporting homogeneity of sample by age or
weight of animals. (5) Reporting blinded assessment of outcome. (6) Statement of possible
conflicts of interest. (7) Reporting randomisation of treatment allocation. (8) Reporting sample
size calculation. (9) Reporting criteria for inclusion and/or exclusion of data. (10) Reporting

concealment of treatment allocation.

3. Results

As demonstrated in the flow chart (Fig. 1), we identified 922 studies, with 870 remaining
after removing duplicates and triplicates. After the titles and abstracts were screened, 68 articles
remained for full-text assessment, with 4 additional records identified through references
section of the studies. Of these full-text articles, 27 studies matched our selection criteria and
were included in our systematic review. The included articles evaluated the use of spores by
the recombinant method (7) or non-recombinant method (20). Overall, three different species
of Bacillus were found to be evaluated in all the articles that were included in the systematic
review: B. atrophaeus (1); B. subtilis (19) and B. toyonensis (7). The spore’s concentration used
in the studies ranged from 10° to 102 CFU/ml. All of the systematic review studies are

represented in the Table 1.
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Fig.1. PRISMA diagram of study selection process.
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Table 1

Studies reporting the adjuvant effect of Bacillus spp. spores in vaccines.
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Authors

Bacillus strain

Vaccinal antigen

Spore's concentration (CFU)

Recombinant approach studies
Cao, Hao, Wang, 2019

Das et al., 2017
Ducetal., 2003
Jiang et al., 2019
Mou et al., 2016
Wu et al., 2017
Yanget al., 2020

Non-recombinant approach studies
Huang et al., 2010
Isticato et al., 2013
Nascimento et al., 2012
Reljic et al., 2013
Songet al., 2012

Coadministration of spores
Apsetal., 2015
Barnes et al., 2007
Copland et al., 2018
De Souza et al., 2014
Esparza-Gonzalez, Troy, lzzo 2014
Huang et al., 2019
Lee et al., 2020
Liang et al., 2013
Maubrigades et al., 2020

Supplementation of spores

Coppola, Conceicdo, Gil-Turnes, 2005

Roos et al., 2012
Roos et al., 2018
Santos et al., 2018
Santos et al., 2020a
Santos et al., 2020b

. subtilis
. subtilis
subtilis
subtilis
subtilis

subtilis

mmmE R B W

subtilis

B. subtilis
B. subtilis
B. atrophaeus
B. subtilis
B. subtilis

B. subtilis
B. subtilis
B. subtilis
B. subtilis
B. subtilis
B. subtilis
B. subtilis
B. subtilis

B. toyonensis

B. toyonensis
B. toyonensis
B. toyonensis
B. toyonensis
B. toyonensis

B. toyonensis

VP1 protein of Coxsackievirus A16
Ag85B and CFP10 of M. tuberculosis
TTFC of C. tetani
VP4 protein of Reovirus grass carp
Hemagglutinin of HSN1avian Influenza
Cysteine protease of C. sinensis
GAPDH enzyme of H. contortus

TTFC, PA, GST-Cpa and GST
LTB of E.colf
Rabies virus
MPT64 and Acr-Ag85B of M. tuberculosis
H5N1 Influenza

Plasmid encoding E7 protein
Ovoalbumin and TTFC of C. tetani
Ag85B, ACR, and HBHA of M. tuberculosis
p24 of HIV
ESAT-6 of M. tuberculosis
Inactivated porcine epidemicdiarrheavirus
Inactivated HIN2 avian Influenza
Inactivated H5N1 avian Influenza
Glycoprotein D of BoHV-5

E. coli bacterin and Canine-Parvovirus (CP-2)
Inactivated BoHV-5
Inactivated BoHV-5
Glycoprotein D of BoHV-5
TTFC of C. tetani
Epsilon toxin (ETX) of C. perfringens

Not mentioned
2x 10°
10° and 10
2x 10"
1x 10"
1x10°
10°to0 10"

2x 10°and 5x 10'°
2x10°
1x 10°
2x10°
1x 10°

2x 10’
10° to 10°
1x10°
2x10°
1x 10°
1x 10°
2x10°
5x 10°
2x 10°

1x 10°
1x 10°
1x 10°
1x 10°
1x 10°
3x10°

3.1 Effects of spores administered by the recombinant approach

Seven studies testing B. subtilis spores as the recombinant approach were found in the

search. Three studies tested the use of spores in vaccine formulations against bacterial

pathogens [18-20]. Of these, the first one tested the spores displaying the tetanus toxin fragment

C (TTFC) administered by oral and intranasal route of immunization in mice [18]. Recombinant

spores were able to induce a mucosal immune response with IgA production and a systemic
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immune response with IgG and its isotypes 1gG1, 1gG2a and IgG2b production, higher than the
controls, in addition to protection against a lethal dose of tetanus toxin. The second one reported
the use of recombinant spores presenting two antigens of Mycobacterium tuberculosis
intranasally administered in mice [19]. The animals vaccinated with the recombinant spores
presented an improvement in humoral immune response, with serum 1gG production and high
levels of cytokines, mainly IFN-y, in the spleen. The third study evaluated the use of spores
presenting the cysteine protease of Clonorchis sinensis in mice intraperitoneally immunized
[20]. Animals that received the recombinant spores presented significant higher levels of total
1gG, 19gG1 and IgG2 isotypes, higher cytokine secretion levels in splenocytes and achieved a
better effect of fighting against C. sinensi infection, by slowing down the process of fibrosis.
Another three studies evaluated the use of spores in viral experimental vaccines [21-23].
One study demonstrated that recombinant spores presenting the hemagglutinin (HI) of H5N1
avian Infuenza induced a significant improvement of antigen uptake by bone marrow dendritic
cells (DCs) and also higher T cells proliferation rate after immunization in chickens, when
compared to immunization with inactivated H5N1 only [21]. In addition, secretion of pro-
inflammatory cytokines and the expression of Toll-like receptors (TLRS) were observed in the
trachea and small intestine of chickens immunized with the recombinant spores, as well as
significant higher levels of 1IgG and HI in serum and IgA in trachea, when compared to control.
Another study showed that spores presenting VP1 gene from Coxsachie virus A16 (CA16) in
the spore coat and intranasally administered in mice were able to induce superior levels of IgG,
IgA and neutralizing antibodies, compared with control group [22]. The last study tested
recombinant spores presenting the VP1 protein of grass carp reovirus (GCRV) orally
administered in carps [23]. They induced higher levels of IgM and 1gZ until the fourth week
analyzed when compared with a commercial attenuated GCRV vaccine (PuLin 225 Biological

Products Co., Ltd., Guangzhou, China), in addition to higher cytokines mRNA transcription
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levels in spleen and kidney. When challenged by the virus, the groups immunized with
recombinant spores also presented significant lower viral load in all the tissues evaluated when
compared to the naive group and similar levels in muscle and liver tissues when compared to
the commercial vaccine group.

One study also tested the use of spores in an experimental parasitic vaccine formulation
against Haemonchus contortus in mice and sheep [15]. Both species of animals were orally
immunized with recombinant spores and induced the development of humoral immune
response with significant higher levels of IgA, 1gG and its isotypes 1gG1 and 1gG2a, and a cell-
mediated immune response with high levels of cytokines mRNA transcription. The sheep that
received the recombinant spores had body weights close to the uninfected controls and

significant lower parasite loads when compared to the infected animals.

3.2 Effect of spores presenting the antigen by adsorption on the spore surface

Five studies testing the use of spores adsorbing antigens on its spore coat in the vaccine
formulation were found, and two of these studies evaluated the spores in viral experimental
vaccines [9, 10]. Among these, the first one reported the use of B. atrophaeus inactivated spores
adsorbing the rabies virus as an adjuvant in association with saponin in mice [9]. The
association of spores with the adsorbed virus plus the addition of saponin stimulated high levels
of neutralizing antibodies, quadrupling the value when compared to the administration of
adjuvants separately [9]. The other study evaluated the use of B. subtilis spores as a mucosal
adjuvant for an H5N1 vaccine [10]. Mice that received spores adsorbing the inactivated virus
presented an increase in humoral and cell-mediated immune responses, with IgG, 19G2a and
IgA production. All the animals that received the spores adsorbed with the virus were fully
protected when challenged with 20 median lethal doses (20LD50) of H5N2 virus and also

presented high levels of mMRNA cytokine secretion of IL6, IL2 and IFN-y in splenocytes [10].
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The other three last studies used the spores adsorbing bacterial antigens on the spore
surface coat [24-26]. The first one reported that mice vaccinated by oral and intranasal routes
with B. subtilis spores adsorbing some antigens can be protected against challenge with tetanus
toxin, C. perfringens alpha toxin and could survive challenge with anthrax toxin [24]. A second
study described the efficient adsorption of the binding subunit of the heat-labile toxin (LTB) of
E. coli on the surface of B. subtilis spores, that when intranasally administered to groups of
mice, the spore-adsorbed LTB was able to induce a specific immune response with the
production of serum IgG and fecal sIgA and of IFN-y in spleen and mesenteric lymph nodes
(MLN) of the immunized animals [25]. The last study showed that mice immunized intranasally
with inactivated coated spores of B. subtilis presenting two M. tuberculosis antigens developed
humoral and cellular immune responses with higher production of IgG and multifunctional T
cells, specially IFN-y-producing [26]. In addition, mice vaccinated with the spore-adsorbed
vaccine formulations, presented significantly reduced bacterial loads in their lungs and spleens

following pathogenic challenge.

3.3 Effect of spores co-administered with antigens in vaccine formulation

Nine studies that used spores co-administered to the antigens in vaccine formulations
were found. Three of these tested the spores co-administered with whole inactivated virus as
vaccinal antigens [27-29]. The first of these studies reported the intranasally coadministration
of inactivated avian influenza H5N1 virus (IAIV) and different TLRs ligands as adjuvants in
chickens [27]. Bacillus subtilis spores associated with IAIV promoted higher levels of IgG in
serum and slgA in trachea and nasal cavity when compared to IAIV alone. In addition, B.
subtilis spores as the adjuvant for nasal IAIV had the highest effect on the mRNA transcription
of IL6 and IL12 cytokines by the chicken splenocytes and chickens vaccinated with the 1AIV
plus B. subtilis spores could survive challenge by live HSN1 virus [27]. The second study used

B. subtilis spores combined with whole inactivated porcine epidemic diarrhea virus (PEDV)
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that when orally administered in piglets promoted the production of neutralizing antibodies and
proliferation of memory CD4" and CD8" T cells in intestinal mucosa of the animals [28]. The
third one evaluated the effect of B. subtilis spores as adjuvants in chickens administered with
inactivated avian influenza virus HON2 [29]. The animals vaccinated with HON2 plus spores
presented higher levels of IgG in serum and enhanced CD4" and CD8" T cell proliferation,
when compared to the group administered only with the virus. In addition, the vaccine
formulation of HON2 plus spores induced higher levels of mRNA transcription of the pro-
inflammatory cytokines IFN-y and IL17 in T cells of the spleen in comparison to a group
vaccinated with a commercial oil adjuvant HON2 vaccine (KBNP, Anyang, Republic of Korea).

Other two studies utilized spores co-administered to viral antigens [30, 16]. In the first
one, the co-administration of B. subtilis spores with the recombinant HIV p24 gag protein
promoted an increase in antibody levels after subcutaneous administration to mice [30]. The
spores also promoted the activation of antigen presenting cells and increased expression of
major histocompatibility complex (MHC) and CD40 molecules, followed by an increase in the
secretion of pro-inflammatory cytokines by the DCs of mice. In addition, a direct role of innate
immunity was found in the immunomodulatory properties of spores, as strains of knockout mice
for the MyD88 and TLR2 genes showed no spore-mediated adjuvant effects [30]. The other
study showed that B. toyonensis live and killed spores tested in association with alum adjuvant
in mice vaccinated subcutaneously with the Herpesvirus bovine type 5 (BoHV-5) recombinant
glycoprotein D (rgD) induced higher levels of total IgG, 1gG1 and IgG2a, when compared to
the animals that did not received spores [16]. In addition, splenocytes from mice that received
the spores plus alum had significant higher mRNA transcription levels of pro-inflammatory
cytokines 1L12, 1L17 and IFN-y when compared to the control group.

Two studies tested the spores co-administered to M. tuberculosis antigens [31, 32]. The

first one tested the use of B. subtilis spores and the monophosphoryl lipid A (MPL) as adjuvants
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of a M. tuberculosis vaccine [31]. When inoculated into mice, B. subtilis spores induced serum
antibodies production and Th1 pro-inflammatory cytokines production in splenocytes, similarly
to MPL, but failed to induce significant levels of IL17A and were unable to significantly reduce
the mycobacterial burden after pulmonary infection with M. tuberculosis. The other one
reported that mice vaccinated subcutaneously with Bacillus Calmette-Guérin (BCG), followed
by mucosal booster immunizations with B. subtilis spores coated with a fusion protein 1 (“FP1”)
consisting of three M. tuberculosis antigens, presented an elevated antigen-specific IgG and
IgA titers in the serum and lung mucosal surface, respectively [32]. In addition, spore-FP1
immunization generated superior antigen-specific memory T-cell proliferation in both CD4*
and CD8" compartments and enhanced pulmonary control of M. tuberculosis with reduced
bacterial burdens in the lungs, compared to BCG immunization alone.

One study tested the spores co-administered to TTFC from C. tetani [33]. The study
showed that the use of B. subtilis spores co-administered with TTFC in mice by intranasal route
stimulated the production of higher levels of 1gG, IgG1 and 1gG2a when compared to tetanus
toxoid alone, characterizing a balanced Th1/Th2, in addition to an increase in the production of
IgA in mucosal tissues.

Another study tested the spores co-administered to a DNA vaccine encoding the E7
protein type 16 of the human papillomavirus (HPV) in mice [34]. The animals vaccinated
parenterally with the DNA vaccine and co-administered with live or killed B. subtilis spores
had and improvement in activation of specific CD8" T lymphocytes. In addition, stimulation of
DCs with different spore concentrations promoted its activation and induced the migration of

pro-inflammatory cells, such as neutrophils and eosinophils.

3.4 Effect of spores administered as probiotic

Six studies, all testing B. toyonensis spores orally supplemented to enhance the efficacy

of vaccines, were found in the search. Three studies tested the spores in order to improve
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vaccines based on recombinant bacterial antigens [12, 13, 35]. The first one showed that mice
vaccinated with a recombinant D glycoprotein from BoHV-5 and supplemented with the spores
in two different periods presented a significant increase in total 1gG, IgGl, 1gG2a and
neutralizing antibodies when compared with the non-supplemented group. Mice that received
the spores also had high levels of transcripts from pro-inflammatory cytokine genes such as 1L4
and IL12 [12]. The second study showed that mice supplemented with B. toyonensis spores and
vaccinated intranasally with TTFC adsorbed to B. subtilis spores presented an increased
humoral immune response, with production of secretory immunoglobulin (slgA) and IgG, in
addition to significant higher levels of the cytokines IL6, IL10 and IFN-y, when compared to
non-supplemented animals [13]. Moreover, mice immunized with spore-adsorbed TTFC also
had significant higher IgG and IgA levels when compared to TTFC alone [13]. The other study
showed that ewes supplemented with B. toyonensis spores for 5 days prior to the first and
second dose of a vaccine containing the recombinant epsilon toxin of C. perfringens (rETX)
presented an increase in the levels of total IgG, 1gG1 and 1gG2 isotypes when compared to the
non-supplemented group [35]. In addition, peripheral blood mononuclear cells (PBMCs) from
sheep supplemented with B. toyonensis spores showed significant higher levels of mRNA
transcription of the cytokines IL2, IFN-y and the transcription factor Bcl6, when compared to
the control group.

Other three studies evaluated spores to improve whole virus vaccines [36-38]. Among
these, two tested spores’ supplementation in sheep and mice vaccinated with the inactivated
BoHV-5 virus [37, 38]. In both studies the supplementation of animals with B. toyonensis
spores induced superior levels of 1gG and neutralizing antibodies against the virus, in addition
to higher cytokine mRNA transcripts of IL10, IL17 and IFN-y in the spleen of sheep [38] and
IFN-y, IL12 and IL10 in spleen of mice [37], when compared to non-supplemented groups. The

other study showed that mice supplemented with B. toyonensis spores and vaccinated with a



46

viable vaccine against canine parvovirus (CPV-2, ATCC VR-2017) and with an E. coli bacterin

had significant higher seroconversion in relation to non-supplemented animals [36].

3.5 Quality assessment

The quality analysis of the studies is summarized in the Table 2. None of the studies
reported a blinded assessment of outcome, sample size calculation, criteria inclusion and/or
exclusion of data or concealment of treatment allocation. All of the twenty three studies were
peer reviewed. Just one of the twenty three studies did not report species/strain of animals in
the title or abstract and in the full text. Twenty four studies were in statement of compliance
with animal welfare regulations and twenty five reported homogeneity of sample by age or
weight of animals. Seventeen studies reported no statement regarding conflicts of interest and

nine studies reported randomization of treatment allocation.
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Table 2
Quality assessment of the studies through CAMARADES adapted checklist

Study 1 3 3 2 5 Items 6 7 3 3 10 Quality score
Aps et al., 2015 X X X X X 5
Barnes et al., 2007 X X X X 4
Cao, Hao, Wang, 2019 X X X X 4
Copland et al., 2018 X X X X X 5
Coppola, Conceigdo, Gil-Turnes, 2005 X X X X 4
Das et al., 2016 X X X X X 5
De Souza et al., 2014 X X X X X 5
Duc et al., 2003 X X X 3
Esparza-Gonzalez, Troy, lzzo, 2014 X X X X 4
Huang et al., 2010 X X X X 4
Huang et al., 2019 X X X X X 5
Isticato et al., 2013 X X X X X 5
Jiang et al., 2019 X X X X X X 6
Lee et al., 2020 X X X X X X 6
Liang et al., 2013 X X X X X 5
Maubrigades et al., 2020 X X X X X X 6
Mou et al., 2016 X X X X X X 6
Nascimento et al., 2012 X X X 3
Reljic et al., 2013 X X X X X 5
Roos et al., 2012 X X X X X 5
Roos et al., 2018 X X X X X X 6
Santos et al., 2018 X X X X 4
Santos et al., 2020a X X X X X 5
Santos et al., 2020b X X X X X 5
Song et al., 2012 X X X 3
Wu et al., 2017 X X X X X 5
Yang et al., 2020 X X X X X 5

4. Discussion

A systematic review was carried out on studies using spores of Bacillus species as
vaccine adjuvants. To our knowledge, this is the first systematic review that analyses the effect
of Bacillus spores administered by different routes as adjuvants in several viral, bacterial and
parasitic experimental vaccines in animal model. We found that the spores enhanced the
immunogenicity of the vaccines and improved both humoral and cellular immune response by
different means when administered in the host, including antibody production, proliferation of
immune cells and expression of stimulatory molecules such as cytokines.

One study was found testing Bacillus atrophaeus spores and all the last studies tested or
B. toyonensis or, mainly, B. subtilis spores. B. atrophaeus is closely related to B. subtilis and

has applications in the pharmaceutical, food and biodefense industries, but studies concerning
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its efficacy as vaccine adjuvants are still not frequently conducted and require further analysis,
although are considered promising [39]. Bacillus subtilis is one of the best characterized
Bacillus species and has an indisputable safety history based on its wide commercial use as
probiotics for humans and animals, receiving GRAS status (Generally Recognized as Safe) by
the American Food and Drug Administration [40, 41], whereas B. toyonensis has also been used
in animal feed for several decades and its safety has been proven recently in relation to the
transfer of antibiotic resistance genes and enterotoxin production [42, 43].

The review was conducted evaluating the two main approaches for the use of spores as
a delivery system for vaccine antigens. Most of the studies were found using the non-
recombinant approach than the recombinant approach. This fact can be expected and may be
related to the efficacy of the two approaches, since the non-recombinant method is significantly
more efficient compared to the recombinant method, because it allows to use up to 70 times
less spores to deliver an equivalent amount of antigen, besides avoiding the construction of
recombinant strains and the release of genetically modified bacteria in the environment [25].
Also, it enables the presentation of proteins in their native form, providing a more adequate
activation of the immune system [25, 44].

It was observed that most of the found studies administered the spores through the
mucosa. The mucosal tissues are the main entry for pathogenic microorganisms such as viruses,
fungi and bacteria, and therefore are an ideal target for vaccination [45]. Mucosal vaccines are
capable of providing protection at different mucosal tissues and also in systemic levels in the
host, with production of slgA and total IgG antibodies, in addition to the production of
cytokines and recruitment of immune system cells [46, 47]. As observed in the studies, the
spores administered by mucosal route induced an increase in the levels of IgA, 1gG, in addition
to an increase in cytokine secretion levels. In this regard, spores appear as a promising

alternative to improve the effectiveness of mucosal vaccines, since besides its adjuvant
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properties, they are capable of resisting low pH conditions and passage through the
gastrointestinal tract [48].

We found some studies that submitted the vaccinated animals to pathogenic challenge.
The animals vaccinated with formulations containing spores presented an increase of survival
rate when challenged with different clostridial toxins [18, 24] and viruses, such as Influenza
and GRCV [10, 27, 23], and also presented reduced M. tuberculosis loads [26, 32], when
compared to the animals that did not receive spores as adjuvants in vaccine formulation. Only
one study did not present significant reduction in M. tuberculosis loads in the animals
vaccinated with spores as adjuvants [31]. This data is an important finding of this work and
suggests that the spores when used as vaccinal adjuvants are capable of improving protection
rate against several pathogens [18, 24, 10, 26, 27, 32, 23], besides inducing antibody production
and cytokine secretion. It is worth mention that the pathogenic challenge is not always possible
to be performed with all antigens and animal species, so we did not include this parameter in
our inclusion criteria.

Six studies reported a role of the spores in maturation, activation and migration of
immune cells and also in proliferation of CD4" and CD8" T cells, indicating a possible
mechanism of action by which spores modulate the immune response. The studies showed that
APCs, such as macrophages and DCs, can be directly stimulated by spores to produce cytokines
and to upregulate stimulatory molecules such as MHC I and 1l, CD40, CD80 and CD86 [34,
11, 21, 32]. This process may also stimulate the migration of immune cells such as eosinophils,
neutrophils and macrophages, regarding the findings of one study [34]. In addition, the
interaction of spores with DCs enables the activation of naive T lymphocytes and their
proliferation and differentiation into T CD4" and CD8", amplifying the immune response, as

observed in some studies [11, 28].
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Some studies tested the spores supplemented orally as probiotics to improve the
vaccine's effectiveness. Several reports have shown that probiotic microorganisms have
immunomodulatory properties and its spores interact directly with intestinal epithelial cells, M
cells and also lamina propria dendritic cells, possibly being recognized by TLR2 or TLR4,
stimulating intestinal function and the innate and adaptive immune response [33, 49, 50, 11].
In according to this information, all the studies evaluated showed increased levels of IgG, 1gG1,
1gG2, IgA and high levels of cytokine transcription/secretion in animals that received the
spores, which reinforces the ability of these microorganisms to modulate the immune response
of vaccines when administered as probiotics.

In conclusion, this systematic review shows that Bacillus spores are capable of
improving vaccine efficacy. When spores were administered, they were able to improve the
effectiveness of the vaccines, inducing the development of humoral and cellular immune
response with antibodies and cytokine production, in addition to stimulation and proliferation
rate of immune cells. Therefore, spores can be used as adjuvants and there is sufficient evidence
from the studies in our review to suggest this strategy is worth pursuing. However, more studies
are necessary to elucidate and explore the mechanisms of action by which spores modulate the

immune response.
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Abstract

Spores of the genus Bacillus are molecules capable of increasing the vaccine adjuvanticity.
Bovine herpesvirus type 5 (BoHV-5) is responsible for meningoencephalitis that causes
important economic losses in cattle. BoHV-5 glycoprotein D (gD) is a target of vaccine antigen
and plays an important role in host cell penetration. The present study aimed to evaluate the

adjuvanticity of Bacillus toyonensis (B.t) spores, live and heat-killed, associated with a vaccine
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formulated with aluminum hydroxide (alum) and the recombinant BoHV-5 glycoprotein D
(rgD) in an experimental murine model. Six experimental groups of mice were subcutaneously
vaccinated on day O and received a booster on day 21 of the experiment, with the following
vaccine formulations: rgD (40 ug) + live spores (2 x 10° CFU); rgD + killed spores; rgD + live
spores + alum (2.0 mg); rgD + killed spores + alum; rgD + alum, and rgD + PBS. Mice from
rgD + live spores group showed an increase in rgD IgG titers from the 21st day until the end of
the experiment. The groups of live and killed spores, associated to alum, had similar levels of
IgG titers with no significant difference between each other; however, by the 14th and 28th day
until the end of the experiment, presented higher IgG titers in comparison to the rgD + alum
group. Moreover, increased serum levels of 1IgG1, 19G2a, and 1gG2b were detected in mice that
received spores in the vaccine formulation. The spores associated with alum groups showed
neutralizing BoHV-5 antibodies and high mRNA transcription of the cytokines IFN-y (66-fold),
IL-17 (14-fold), and IL-12 (2.8-fold). In conclusion, our data demonstrated that the B.
toyonensis spores, live or killed, associated with alum increased the adjuvanticity for BoHV-5
rgD in mice, suggesting the use of B. toyonensis spores as a promising component for vaccine

formulations.

1. Introduction

The use of vaccines is one of the most efficient alternatives for prophylaxis and the
control of infectious diseases [1]. The vaccines based on recombinant antigens are considered
relatively safer owing to their low adverse effects, including local irritations and the risk of
reversion to virulence [2]. However, recombinant subunit vaccines are often poorly
immunogenic and require additional components to stimulate protective immunity [3].
Adjuvants are an important component of vaccines that are capable of stimulating the immune

response against antigens and induce an efficient protective response in the host [2, 4].
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Aluminum hydroxide (alum), the first licensed adjuvant, is widely used in animal and human
vaccines [5]. It is known to remain at the site of injection and slowly release the antigen over
time to be recognized by antigen-presenting cells (APCs), thereby amplifying the immune
response of vaccines [6].

Bacillus genus comprises spore-forming bacteria that are widely used as probiotics for
animals and humans [7]. Spores of the Bacillus genus have been evaluated for their
immunomodulatory properties, and several studies have also demonstrated that the spores can
confer strong adjuvanticity to vaccines, which are administered via mucosal and parenteral
routes [8-13]. Bacillus toyonensis is a spore-forming, Gram-positive, non-pathogenic
bacterium that has been used as a probiotic in animal feed for the past several decades [14, 15].
Also, several reports have demonstrated the capability of B. toyonensis spores in enhancing the
effectiveness of conventional and recombinant vaccines in sheep, pigs, and mice, along with its
immunomodulatory effects [16-21].

Bovine herpesvirus 5 (BoHV-5) is the causative agent of meningoencephalitis that
affects manly young cattle, with a 100% mortality rate most of the time [22]. This disease is
responsible for economic losses, mostly in South American countries, like Brazil and Argentina
[23-26]. The glycoprotein D of BoHV-5 (gD) is essential for the binding and penetration of the
virus into the host cells and is also one of the main targets of the host immune response, leading
to strong humoral and cell-mediated immune responses during infections [27]. In previous
studies, our group have showed that the BoHV-5 recombinant glycoprotein D (rgD) used as a
vaccinal antigen, and associated with oil-base adjuvants, was able to induce high neutralizing
antibodies titers in mice and cattle [27,28]. Thus, the present study aimed to investigate the
adjuvanticity of live and killed spores of Bacillus toyonensis adsorbed to alum for a recombinant

BoHV-5 glycoprotein D vaccine in the murine model.
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2. Materials and methods
2.1 Bacterial culture and spore preparation

The Bacillus toyonensis BCT-7112" strain used in this study was obtained from the
collection of microorganisms of the Microbiology Laboratory, Biotechnology Center, Federal
University of Pelotas (UFPel). The bacterial culture was initially inoculated in Luria-Bertani
(LB) broth and incubated at 37 °C for 18 h in an orbital shaker incubator. Sporulation was
performed in F medium as previously described [29] for 96 h at 37 °C in an orbital shaker
incubator. Following the achievement of 90% sporulation of the bacterial cells (verified by
Wirtz-Conklin stain), the sporulated culture was then centrifuged in a Sorvall centrifuge® RC-
6 plus (Langenselbold, Germany) at 5,000xg for 20 min at 4 °C and suspended later in
phosphate-buffered saline (PBS). The final suspension was heat-treated at 68 °C for 3 h to
eliminate the vegetative cells. Following this, the B. toyonensis spores were purified as the
method described previously [30]. After purification, the spore suspension was serially diluted
and plated on Brain Heart Infusion (BHI) agar (Neogen, Lasing, MI, USA) and incubated at 37
°C for 24 h. The colonies were then counted and calculated as the titers of colony-forming units

(CFU/mL).
2.2 Expression of recombinant glycoprotein D

The BoHV-5 gD was cloned into the Pichia pastoris strain KM71H Mut®, and the
resultant BoHV-5 rgD was then expressed, concentrated, and purified as described previously
[31]. Briefly, the recombinant clone was inoculated in culture flasks containing buffered
glycerol-complex (BMGY') medium (1% yeast extract, 2% peptone, 1.34% yeast nitrogen base,
0.00004% biotin, 1% glycerol, 100 mM potassium phosphate, pH 6.0) and incubated in an
orbital shaker for 24 h at 28 °C with an agitation speed of 150 rpm. The cells were then

harvested and resuspended in 1/10 (10%) of the original culture volume of buffered methanol
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complex (BMMY) medium (BMGY medium with 0.5% methanol in replacement of 1%
glycerol). To induce the expression, 1% of 100% methanol was added for every 24 h; cells were
then kept in the same growth conditions described above for 72 h. Cells were harvested later,
and the collected supernatant was concentrated with Centriprep 50YM (Millipore). The rgD
was then purified by affinity chromatography using both His Trap HP 1 mL columns pre-packed
with pre-charged Ni Sepharose and the AKTA prime Automated Liquid Chromatography
system (GE Healthcare). To monitor the purification process and confirming the rgD
expression, SDS-PAGE 12% polyacrylamide gel and Western blot were also performed. The
protein concentration was determined by bicinchoninic acid (BCA) protein assay (Pierce)

method, according to the manufacturer’s instructions.
2.3 Ethics statement

The mice used in the present study were provided by the animal unit at UFPel. All
protocols and procedures were reviewed and approved by the Ethics Committee on Animal
Experimentation (CEEA No. 1981) of the UFPel. The CEEA of UFPel is accredited by the

Brazilian National Council for the Control of Animal Experimentation (CONCEA).
2.4 Vaccine preparations and mice immunizations

Female outbred Swiss mice, age 6 weeks were divided into six groups of 10 animals
each. The mice were subcutaneously vaccinated on day 0 and received a booster on day 21 of
the experiment, by injecting 0.2 mL of the vaccine formulated with 40 pg of rgD as follows:
the rgD + PBS group with rgD plus PBS; the rgD + killed spores group with rgD plus 2 x 10°
of heat-killed spores (at 121 °C for 30 min); and the rgD + live spores group with rgD plus 2 x
10° of live spores. The rgD + alum group with rgD adjuvanted with 10% alum (Al (OH)s3),
Sigma, St. Louis, Missouri, US), pH 7.0. The rgD + live spores + alum group was given rgD

plus 2 x 10° of live spores adjuvanted with 10% alum, whereas the rgD + killed spores + alum
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group was given rgD plus 2 x 10° of heat-killed spores adjuvanted with 10% alum. Blood
samples were then collected by the submandibular puncture on days 0, 14, 21, 28, 35, and 42.
Following the collection, the serum samples were separated, labeled, and stored at —20 °C until

further analysis.

2.5 Enzyme-linked immunosorbent assays (ELISA)

2.5.1 Total serum IgG antibodies against rgD

Indirect ELISA was performed according Dummer et al. [27], with few modifications.
Briefly, 96-well microtiter plates were coated with 50 ng of rgD per well and incubated for
overnight at 4 °C. The plates were then washed with PBS-T (phosphate-buffered saline with
0.05% of Tween® 20). The serial 2-fold dilutions of the individual serum samples were then
plated and incubated for 1 h at 37 °C. After three washes, horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG antibody (Sigma-Aldrich, St. Louis, USA) with 1:4000
dilution was added, followed by incubation at 37 °C for 1 h. Reactions were then visualized
with o-Plenylenediamine dyhydrochloride (OPD) (Sigma), stopped eventually using 2N H2SOa,
and analyzed at an optical density (OD) of 492 nm using an EZ Read 400 microplate reader
(Biochrom, UK). Results were expressed as the reciprocal of the highest dilution resulting in a

reading of three standard deviations above the value of the negative control serum.

2.5.2 1gG isotyping against rgD

The 1gG isotypes (IgG1, 1gG2a, and 1gG2b) were evaluated by ELISA using pooled
serum samples of the experimental groups. Briefly, the plates were coated with 50 ng of rgD
per well as described previously in Section 2.5.1. The pooled serum samples serially 2-fold
dilutions were added in triplicate, and ELISA was performed according to the instructions of

the Mouse Monoclonal Isotyping Reagents kit (Sigma-Aldrich). The results were expressed as
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the reciprocal of the highest dilution resulting in a reading of three standard deviations above

the value of the negative control serum.

2.6 Virus neutralization test (VNT)

Serum samples collected on day 42 of the experiment were tested for the presence of
neutralizing antibodies against BoHV-5 using the virus neutralization test, as described
previously by Fischer et al. [32]. Briefly, each serum was serially diluted (2-fold) in
quadruplicate, beginning at 1:2 until 1:256 in minimum essential medium (MEM). A
suspension of BoHV-5 virus containing 100 cell culture infectious dose 50% (CCID50%) was
then added and incubated for 1 h at 37 °C in a 5% CO; environment. Approximately 3 x 10* of
Madin Darby bovine kidney cells (MDBK, originally ATCC CCL22) per well were then added
and incubated until 100 CCID50% was observed in the control cells. The absence of cytopathic
effect (CPE) resulted from the presence of neutralizing antibodies. Antibodies titers were then
calculated by the Behrens and Kérber statistical method and expressed as the reciprocal of the

highest dilution capable of neutralizing 100 CCID 50% of the virus.

2.7 Spleen cells cultures

Mice from all the experimental groups were euthanized on day 42 of the experiment by
an overdose of isoflurane, which was consistent with the recommendations of the American
Veterinary Medical Association (AVMA) Guidelines for Euthanasia [33], followed by spleen
collection and maceration. The spleen cells (2 x 10°) were cultured in 1 mL of RPMI 1640
medium (Gibco) containing 10% fetal bovine serum (FBS) along with antibiotic and antifungal
agents (10,000 1U/mL penicillin, 10 mg/mL streptomycin, and amphotericin B 25 mg/mL)
(Gibco) in 24-well plates (Kasvi, Taiwan, China), and incubated for 24 h at 37 °C in a 5%
carbon dioxide (CO>) greenhouse. After 24 h, the medium was renewed, and the cells were

stimulated using 10 pg rgD, 10 pg concanavalin A (ConA, Sigma-Aldrich), and RPMI 1640
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medium, followed by 18 h incubation under the same conditions as mentioned previously,
wherein the ConA and the medium were used as positive and negative controls, respectively.
Following incubation, the supernatant was discarded, the cells were collected with TRIzol®

reagent (Sigma-Aldrich), and stored at —70 °C until further RNA extraction.

2.8. RNA isolation, cDNA synthesis, and gPCR

The RNA was extracted using the TRIzol method, according to the manufacturer’s
instructions. Firstly, about 400 ng concentration of RNA was used for the synthesis of cDNA
using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA) according to the manufacturer’s instructions. A quantitative polymerase chain
reaction (QPCR) was then performed on a CFX96TM Real-Time System platform (Bio-Rad,
Hercules, CA, USA) using specific primers for -actin, GAPDH, IL-4, IL-10, IL-17, IL-12, and
IFN-y. The primer sequences of all the used genes in this PCR experiment have been described
previously [27, 34]. The reaction efficiency for each of the primer pair was calculated using a
two-fold dilution series on a cDNA sample. The standard curves were then represented as the
semi-log regression line plot of the C; value vs. log of the relative input cDNA concentration,
according to that described previously [35]. An efficiency of 97.9%-106.9% was considered
acceptable and therefore, the primers with efficiencies within these limits were included in the
experiment. B-Actin was used as an endogenous reference gene and animals in pre-immune
conditions were used as calibrators. The gPCR reactions were performed using 1 pL of cDNA
(synthesized from 400 ng of RNA), 6.25 pL of GoTag® gPCR Master Mix (Promega, Madison,
WI, USA), 0.25 uM of each primer, and 4.25 puL of RNase-free water (Sigma-Aldrich), in a
total reaction volume of 12.5 pL. The temperature conditions were maintained as denaturation
at 95 °C for 5 min, followed by 40 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C

for 60 s, extension at 72 °C for 60 s, and a final extension at 72 °C for 5 min. All the samples
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were analyzed in triplicate. The 242%r method was used to determine the relative amount of

mRNA for each gene with B-actin as the reference gene, according to described previously [36].

2.9 Statistical Analysis

The data obtained were analyzed using the GraphPad Prism 7 software (GraphPad
Software, CA, USA). The values of total serum ELISA antibody titers and isotype of each
experimental group were then transformed to logio and submitted to analysis of variance (two-
way ANOVA), followed by Tukey’s multiple comparisons test. The differences found in serum
neutralizing antibody titers and relative cytokine mRNA transcription were evaluated using
one-way ANOVA, followed by Dunnett’s test. Data were compared with each other, and a

statistical difference was considered significant when p < 0.05.
3. Results

3.1 Total 19G dynamics

All the experimental groups responded to vaccination with increased specific antibody
production against rgD (Fig. 1). During all the experimental days, except on day 14 after the
first vaccination, the group that received rgD associated with live spores showed a significant
higher 1gG level (p < 0.05) from the day 21 until the end of the experimental period, in
comparison to the group vaccinated with the rgD associated with killed spores and the rgD +
PBS group (Fig. 1A). There was no difference among the groups that were vaccinated with the
rgD associated with killed spores and the rgD associated with PBS only. The rgD + live spores
+ alum group showed significant higher IgG levels (p < 0.05) when compared to the rgD + alum
group, during all evaluated days, of 9.9-fold increase on 14" day after the first vaccination, 4.6-
fold increase on day 21, 7.5-fold increase on day 28, 6.2-fold increase on day 35 and 2.6-fold
increase on day 42 (Fig. 1B). The rgD + killed spores + alum group also showed significant

higher 1gG levels (p < 0.05) on days 14, 21 and 28, and, fourteen days after the vaccine boost,
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a maximal response of 12.1-fold increase was observed on day 35, when compared to the rgD
+alum group (Fig. 1B). The same trend was observed for total 1gG dynamic between live spores
and killed spores associated with alum, with significant difference (p < 0.05) on day 14, when
rgD + live spores + alum group presented higher 1gG levels compared to rgD + killed spores +
alum group; and on day 42, when rgD + killed spores + alum group overtakes with higher levels

compared to rgD + live spores + alum group (Fig. 1B).
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Fig. 1. Analysis of serum IgG dynamics. (A) (B) Total 1gG levels determined by indirect ELISA
of mice vaccinated with rgD of BoHV-5 and B. toyonensis BCT-7112T spores plus/or alum by
subcutaneous administration route. The data represent the mean + standard error (S.E.M) of
Logio transformed data and are expressed as the reciprocal of the highest dilutions. The
statistical analysis was performed by two-way ANOVA followed by Tukey’s multiple
comparisons test. The arrows indicate vaccination. Similar letters indicate no statistical
difference (p > 0.05), while different letters indicate a statistical difference (p < 0.05) between
the experimental groups. (C) Titers of neutralizing antibodies against BoHV-5 in mice
vaccinated with rgD and different formulations of B. toyonensis BCT-7112" spores plus/or
alum. The data represent the mean titers of neutralizing antibodies (xstandard error) expressing
the reciprocal of the highest dilution that completely inhibited virus-induced CPE. The

statistical analysis was performed by one-way ANOVA followed by Dunnett’s test. Asterisks



66

(*) indicate a statistically significant difference (p<0.05) between the experimental groups and

the control group (rgD + alum).
3.2 Neutralizing antibodies by VNT

The titers of neutralizing antibodies against BoHV-5 were investigated on day 42 of the
experiment (Fig. 1C). The vaccines with a combination of rgD with live and killed spores
associated to alum (rgD + live spores + alum and rgD + killed spores + alum groups) stimulated
neutralizing antibodies titers (p < 0.05). The other groups (rgD + live spores, rgD + killed

spores, and rgD + alum) did not produce detectable neutralizing antibodies.

3.3 1gG isotype dynamics

When evaluating 1gG isotypes, we observed that the rgD + live spores group showed
significantly higher levels of IgG1 (p < 0.05) in all timed-points when compared to the rgD +
PBS group, with a 32-fold increase on the 14" and 21% day after the first vaccination and
maintaining a 16-fold increase in the remaining experimental days (28, 35 and 42) (Fig. 2A).
Also, an expressive increase in 1gG2a levels was observed after the vaccine boost, on day 28
(128-fold increase) (Fig. 2C), and in 1gG2b levels on day 28 (64-fold increase) and 35 (128-
fold increase), when compared with the rgD + PBS group (Fig. 2E).

The rgD + live spores + alum group showed significant higher IgG1 levels (p < 0.05) of
4, 8 and 4-fold increase on days 21, 28 and 35, respectively, when compared to rgD + alum
group (Fig. 2B). This group also had significantly increased (p < 0.05) IgG2a levels on days 28
(16-fold increase), 35 (8-fold increase) and 42 (4-fold increase) (Fig. 2D), and increased 1gG2b
levels of 8-fold increase on 28" day and 4-fold increase on 35" and 42" day, when compared
to the rgD + alum group (Fig. 2F). The rgD + killed spores + alum group also showed an
increase in 1gG1 levels after the vaccine boost, on days 28 and 35, of 4-fold increase when

compared to rgD + alum group (Fig. 2B). In the same way, after the boost on days 28, 35 and
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42, this group presented a 4, 8 and 4-fold increase, respectively, in 1gG2a levels, in addition to

an increase in IgG2b levels on these same days (28, 35 and 42), maintaining a 4- fold increase

(Fig. 2D and 2F).
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Fig. 2. 1gG isotype profile. IgG1 levels (A, B), 19G2a levels (C, D), and 1gG2b levels (E, F)
determined by indirect ELISA of serum from mice vaccinated with rgD of BoHV-5 and B.
toyonensis BCT-71127 spores plus/or alum by subcutaneous administration route. The data
represent the mean xstandard error (S.E.M) of Log1o transformed data and are expressed as the
reciprocal of the highest dilutions. The statistical analysis was performed by two-way ANOVA
followed by Tukey’s multiple comparisons test. Similar letters indicate no statistical difference
(p > 0.05), while different letters indicate a statistical difference (p < 0.05) between the
experimental groups on the same day.

3.4 Cytokine mRNA transcription

The cytokine mRNA transcription levels in the spleen cells of all the mice from
experimental groups were assessed by gPCR on the 42" day of the experiment. These spleen
cells were stimulated with rgD and showed a distinct mMRNA transcription profile of studied
cytokines. The groups that had spores (live or killed) on its vaccine formulation had high mRNA
transcription of Thl-type cytokines (IFN-y, IL-12 and IL-17). The group that received rgD
associated with live spores, in comparison with the rgD + PBS group, showed relatively low
IL-4 transcription values, even though these differed with a 2.6-fold increase statistically (p <
0.05) (Fig. 3A), and also showed a significant (p < 0.05) higher mRNA transcription levels of
IFN-y (19.2-fold increase) when compared with rgD + PBS group (Fig. 3E). We observed that
the rgD + alum group also presented relative low mRNA transcription levels of I1L-4 and IL-
10, but statistically different (p < 0.05) when compared to the groups that received rgD
associated with live and killed spores adjuvanted with alum (Fig. 3A and 3B). Moreover, the
group that received rgD associated with the live spores adjuvanted with alum showed a
significant (p < 0.05) mRNA transcription of IL-12 (2.8-fold increase), IL-17 (14.3-fold
increase), and IFN-y (66.4-fold increase) when compared with the group that received only rgD

plus alum (Fig. 3C, D, and E). We also observed higher levels (p < 0.05) of mMRNA transcription
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in the group that received rgD associated with killed spores adjuvanted with alum, for IL-12

(2.9-fold increase), IL-17 (4-fold increase), and IFN-y (57.5-fold increase) when compared with
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Fig. 3. gPCR transcription for 1L-4, IL-10, IL-12, IL-17 and IFN-y mRNA. The data represent

the mean +S.E.M of IL-4 (A), IL-10 (B), IL-12 (C), IL-17 (D) and IFN-y (E) mRNA

transcription in splenocytes from mice vaccinated with rgD of BoHV-5 and B. toyonensis BCT-

71127 spores plus/or alum by subcutaneous administration route. The splenocytes were

stimulated in vitro with BoHV-5 rgD. The relative cytokine mRNA transcription was

determined by the 224t method. The statistical analysis was performed using one-way

ANOVA followed by Dunnett’s test. Asterisks (*) indicate a statistical difference (p < 0.05)

between the experimental groups.

4. Discussion
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Spores of the Bacillus genus bacteria, such as B. subtilis and B. toyonensis, have a long
history of their use as probiotics in humans and animals through oral supplementation and have
earlier been evaluated for their immunomodulatory properties in conventional, recombinant and
mucosal vaccines [14, 18, 20, 21, 37]. It is known that the spores act by directly activating
APCs, particularly DCs, such as Langerhans cells residing in epithelial tissue [12]. In fact, DCs
that were stimulated with B. subtilis spores showed a positive regulation of major class
histocompatibility 1 and Il (MHC class I and I1) and co-stimulatory molecules, such as CD40,
CD25 and CD86 [8, 12, 13]. In our study, the groups that received the B. toyonensis spores in
the vaccine formulation had higher levels of total 1gG in serum, suggesting that the spores
amplified the specific immune response against rgD.

The higher levels of IgG1, 1gG2a and 1gG2b isotypes were observed in the group that
received only the live spores associated with rgD in comparison to the groups that received only
inactivated spores associated with rgD and rgD plus PBS. When added to the alum adjuvant,
the groups with live or inactivated spores showed the same dynamics tendency of 1gG1, IgG2a
and 1gG2b titers, with statistical difference only in some timed points. It is worth noting that
the vaccination with live spores only induced similar results when compared to the group that
received live spores plus alum in the vaccine formulation. This information suggested that the
live spores were able to modulate the levels of these isotypes, accelerating the vaccine immune
response and inducing a predominant polarizing Th1l response, which corroborated with the
previous experiments [9, 21, 37]. In mice, the 1gG2a and 1gG2b subclasses are the most
proinflammatory 1gG molecules, considered the most potent isotypes in activating effector
mechanisms in the immune response against viruses [38, 39].

Interestingly, this effect was even higher when the live and inactivated spores were
associated to alum. Vaccine formulations containing live and inactivated spores adsorbed to

alum were found to be the most efficient one to amplify the humoral and cellular immune
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responses of animals, in addition to the fact that these groups have shown detectable
neutralizing antibodies against the virus. In a previous study, we tested the BoHV-5 rgD as a
vaccine formulation in association with alum in cattle, however, these association do not induce
significant serum neutralizing antibodies [28]. So, in the present work, we decided to evaluate
the addition of spores into the vaccine formulation in order to improve the vaccine immune
response. Alum is traditionally used as an adjuvant in several human and animal vaccines [4].
It is capable of promoting a slow release of the antigen to be recognized by APCs, especially
DCs [5], in addition to stimulate the cells of the innate immune system by activating the NLRP3
inflammasome pathway and inducing the differentiation of naive T lymphocytes into Th2
lymphocytes [40, 41]. Therefore, the association of alum with spores may have increased their
adjuvanticity, prolonging the vaccine response, promoting a better interaction between
follicular helper T cells (Tfh) and B cells, thereby, consequently inducing neutralizing 1gG
antibodies production. After vaccination against a viral agent, neutralizing antibodies may be
sufficient to protect or control future infections [42].

The cytokine mRNA transcription in splenocytes was evaluated on the 42" day of the
experiment. As predicted, the group that received only the rgD adsorbed to alum showed higher
levels of MRNA of the cytokines IL-4 and IL-10 when compared to the animals that received
the vaccine containing spores adsorbed to alum, although the levels were observed to be
relatively low. The production of IL-4 may reflect the central role of alum in directing a
polarizing Th2-type response [43], and in suppressing the Thl-type response, by stimulating
the secretion of 1L-10 by macrophages and DCs [44].

IL-12 is a cytokine responsible for inducing IFN-y expression, stimulation of NK cells,
and differentiation of naive T lymphocytes into Thl lymphocytes [45, 46]. A significant
increase in the IL-12 mRNA transcription was observed in the splenocytes of mice that received

rgD associated with live and inactivated spores adsorbed to alum. Since alum is an inefficient
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polarizer of responses mediated by Th1l lymphocytes and IL-12 [47], the spores can play an
additional role in this pathway, through the activation of dendritic cells via TLR receptors (e.g.,
TLR2, TLR4, and TLR8) and stimulating the expression of co-stimulatory molecules and
cytokine secretion [12, 48, 49].

The presence of IFN-y characterizes a Th1-type cell response and it is fundamental on
the immune responses against viruses, as it increases the expression of MHC | and II,
lymphocyte recruitment, and macrophage activation [50-52]. A significant increase in the IFN-
vy mRNA transcription was observed in the splenocytes of mice vaccinated with rgD associated
with live spores and in the groups that were vaccinated with formulations with live and
inactivated spores adsorbed to alum. In addition, the modulation of IFN-y by B. toyonensis
spores corroborated with the previous observations of experiments using spores as adjuvants to
parenteral and mucosal vaccines [8, 9, 12, 21, 37]. IL-17 is a potent proinflammatory cytokine
produced mainly by Th17 cells [53], which plays an important role in the development of
humoral immune response, stimulating the formation of germinal centers and isotypes
production of IgG1, 1gG2a and 1gG2b [54]. A significant increase in the IL-17 mRNA
transcription levels was observed in splenocytes of mice that received live spores adsorbed to
alum (14.3-fold increase) and inactivated spores adsorbed to alum (4-fold increase), in addition
to significant levels of IgG1, IgG2a and 1gG2b.

Several studies using inactivated spores of bacteria in the experimental vaccine
formulations have been already related in literature. The B. subtilis inactivated spores were
evaluated as an adjuvant in an experimental recombinant HIV vaccine containing the p24
protein, while B. atrophaeus inactivated spores were tested in a rabies virus vaccine, and in
both cases, they stimulated high neutralizing antibodies titers against the viruses [10, 12].
Curiously, the vaccine containing only B. toyonensis inactivated spores was not able to

stimulate the production of significant 1gG levels. One possible explanation is that the spore
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inactivation process might have caused the denaturation of surface epitopes and consequently
changing its structure, regarding that spores contain more than 70 proteins composing the
protein layer [55]. However, it was out of the scope of this present study.

In contrast, when inactivated spores were adsorbed to alum, the vaccine was capable of
modulating the humoral and cellular immune response, presenting rising 1gG levels after the
boost that even differed statistically on day 42 of those from the group that received live spores
adsorbed to alum in the vaccine formulation This fact suggested that alum is necessary for
inactivated spores to exercise its adjuvant effect and that spores need to be viable to exercise
their adjuvanticity. However, additional tests need to be performed to better understand the
possible mechanisms involved. This information is relevant since spores are inactivated and
associated to the safe and most used adjuvant in animal and human vaccines. In summary, our
results showed that mice that received the vaccine containing live spores or live and killed
spores adsorbed to alum showed significantly higher serum IgG levels, suggesting that the
spores were able to amplify the specific immune response against rgD. Thus, the B. toyonensis
spores presented adjuvant properties, indicating that they have utility for a potential alternative

to increase the immunogenicity of vaccines.
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5 DISCUSSAO GERAL E PERSPECTIVAS

Esporos de Bacillus toyonensis e de outras espécies do género Bacillus, além
de serem utilizados como probioticos, apresentam propriedades imunomoduladoras e
vém sendo estudados como adjuvantes em diversas vacinas experimentais
veterinérias e humanas (Aps et al., 2015; Oliveira-Nascimento et al., 2012; Roos et al.,
2012; De Souza et al., 2014; Santos et al., 2018). Estudos utilizando esporos de
Bacillus como adjuvante foram avaliados e a modulacdo da resposta imune foi
demonstrada pelo aumento de anticorpos especificos contra os antigenos vacinais,
pela caracterizacdo das classes de anticorpos, pela transcricio de mRNA ou
expressao relativa de citocinas e pela estimulacéo e proliferacéo de células imunes.

Esporos de microrganismos como B. toyonensis, B. subtilis e B. atrophaeus
sao capazes de melhorar a eficacia de diferentes vacinas experimentais testadas em
modelo animal (Oliveira-Nascimento et al., 2012; De Souza et al., 2014; Maubrigades
et al., 2020). Os animais vacinados ou suplementados com esporos obtiveram um
incremento na resposta imune sistémica com producdo de IgG e seus isotipos.
Quando testados como adjuvantes de vacinas de mucosa, esporos também foram
capazes de modular a resposta imune a nivel de mucosa e sistémico, com producao
de IgA e IgG total, respectivamente. Sabe-se que 0s esporos atuam interagindo
diretamente com APCs, particularmente DCs, sendo possivelmente reconhecidos por
TLR2 e TLR4, dando inicio ao desenvolvimento de uma resposta imune inata e
posteriormente adaptativa com a producao de anticorpos, como descrito na literatura
(Bermudez-Brito et al., 2012; De Souza et al., 2014; Yan & Polk, 2011). Além disso,
por possuirem caracteristicas de alta resisténcia e estabilidade, os esporos
bacterianos tém sido testados em diferentes vacinas de mucosa e surgem como
adjuvantes de mucosa promissores, pois podem resistir a baixas condi¢cdes de pH e a
passagem pelo trato gastrointestinal (Sirec et al., 2012).

Animais que foram suplementados com esporos ou que receberam
formulag@es vacinais que continham esporos de Bacillus também apresentaram niveis
de transcricAo e expressdo de citocinas proé-inflamatérias, juntamente com
significantes maiores taxas de proliferacéo de células imunes, como linfocitos T CD4*
e CD8*. Esses achados sugerem que 0s esporos séo capazes de modular a resposta

imune celular induzida por vacinas, possivelmente por meio de um mecanismo de
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acdo envolvendo a ativacdo e maturacdo de células imunes. Essas células sdo
principalmente APCs, como macréfagos e DCs, que podem ser estimuladas
diretamente pelos esporos a produzirem citocinas e moléculas coestimuladoras como
CD40, CD25, e CD86, que vao auxiliar no processo de recrutamento de células
imunes e ativacdo de linfocitos T virgem e sua diferenciacdo em T CD4* e T CD8",
direcionando o tipo de resposta imune (Aps et al., 2015; De Souza et al., 2014; Dong
et al., 2017). Portanto, acredita-se que os esporos possam amplificar a interagéo do
antigeno com as APCs, aumentando sua ativagéo e proliferacdo e promovendo um
aumento da resposta imune vacinal.

Esporos podem ser utilizados em vacinas em diferentes abordagens
existentes, como a recombinante, na qual os esporos sao geneticamente modificados
para expressar um antigeno alvo na sua superficie; a ndo recombinante, na qual
antigenos sdo adsorvidos na superficie dos esporos; ou ainda suplementados por via
oral como probioticos (Isticato & Ricca, 2014). Ambas as abordagens demonstraram
um incremento na resposta imune humoral e celular dos animais que receberam
esporos. Diversos trabalhos tem testado o uso de esporos como adjuvantes na forma
nao recombinante (Aps et al., 2015; De Souza et al., 2014; Maubrigades et al., 2020;
Song et al., 2012), o que pode estar relacionado a eficacia desse método, visto que
ele é significativamente mais eficiente em relagdo ao método recombinante,
permitindo utilizar cerca de 70 vezes menos esporos para entregar uma quantidade
equivalente de antigeno, além de evitar a construcdo de cepas recombinantes e a
liberacdo de bactérias geneticamente modificadas no ambiente (Isticato et al., 2013).

No presente trabalho, esporos vivos e inativados de B. toyonensis foram
testados como adjuvante em uma vacina contendo a rgD de BoHV-5 e o adjuvante
alumen em camundongos. Os grupos de animais que receberam a rgD associada a
esporos de B. toyonensis na formulacéo vacinal apresentaram niveis superiores de
IgG total no soro, bem como dos isotipos IgG1, IgG2a e IgG2b, sugerindo que 0s
esporos amplificaram a resposta imune humoral especifica contra a rgD, induzindo
uma resposta predominante do tipo Thl, em concordéncia com experimentos
anteriores realizados com esporos (Huang et al., 2010; Isticato et al., 2013; Santos et
al., 2020a). Em camundongos, os isotipos IgG2a e IgG2b sdo moléculas de IgG com
caracteristicas proé-inflamatorias, considerados os mais potentes na ativacdo de
mecanismos efetores em uma resposta imune antiviral (Coutelier et al., 1987; Markine-
Goriaynoff & Coutelier, 2002).
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Microrganismos probidticos do género Bacillus também sdo capazes de
modular o perfil de citocinas produzidas pelas células imunes do hospedeiro,
direcionando assim a polarizacéo da resposta imune (Barberi et al., 2015; Azad et al.,
2018). Os esplendcitos de camundongos que receberam a vacina contendo a rgD em
associacdo com esporos, Vivos ou inativados, de B. toyonensis adsorvidos ao alumen
apresentaram niveis significativamente maiores de transcricdo de mRNA de IL12, IL17
e IFN-y quando comparados aos animais que receberam somente a rgD adsorvida ao
alumen. Citocinas como IL12 e IFN-y sdo caracteristicas de uma resposta Thl e sédo
importantes em uma resposta imune antiviral, o que € desejado para uma vacina
contra o BoHV-5. A maior producdo de IL17 se d& pelos linfécitos Thl7, que sdo
células altamente pré-inflamatdérias e auxiliam na estimulagéo de linfocitos B (Korn et
al., 2009). Além disso, promovem a formacao de centros germinativos, juntamente
com a troca de isotipos para IgG1, IgG2a e IgG2b (Mitsdoerffer et al., 2010), os quais
foram detectados em niveis significantes elevados no soro dos animais que
receberam a vacina de rgD associada aos esporos.

O adjuvante alumen foi utilizado nas prepara¢des das vacinas contendo a rgD
em camundongos e é extensivamente utilizado em vacinas veterinarias. O alumen
funciona principalmente como um depdsito no sitio de inoculacdo, que libera
lentamente o antigeno para reconhecimento pelo sistema imune (Ghimire et al., 2012;
Marrack et al., 2009). Atualmente, sabe-se que a adjuvanticidade do alumen também
consiste na polarizacéo de respostas do tipo Th2 pela ativacédo da via de inflamassoma
NLRP3, assim como é conhecido que ele também inibe a polarizacdo de respostas
Th1 pelo blogueio da secrecao de IL12 pelas DCs (Li et al., 2007; Coffman et al., 2010;
Mori et al., 2012). Os resultados observados em camundongos vacinados com a rgD
associada aos esporos, sugerem que 0s esporos de B. toyonensis podem induzir uma
resposta predominante tipo Thl, reduzindo o efeito polarizador de respostas Th2
mediado pelo alumen.

Os dados obtidos neste trabalho sugerem que os esporos de B. toyonensis
apresentam efeito adjuvante na resposta imune de camundongos vacinados com a
gD de BoHV-5. Entretanto, estudos mais aprofundados se fazem necessérios para um
melhor entendimento dos mecanismos envolvidos nessa modulagdo. A partir dos
resultados obtidos no presente estudo, é importante a realizacdo de pesquisas
complementares, principalmente na ativacdo e maturacédo de populacdes de células

do sistema imune como: DCs, macréfagos e linfécitos, para se melhor compreender
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o papel modulador dos esporos. Experimentos, como a avaliacdo na ativacao,
formacdo e manutencdo de centros germinativos e avaliacdo de outras moléculas
envolvidas na resposta imune, como receptores TLR, também s&do de grande
importancia. Outro ponto consideravel a ser explorado é testar o uso de esporos em
associacdo com outros adjuvantes ou antigenos ja conhecidos, bem como por meio
de outras vias de administracdo, podendo-se ampliar sua utilizacéo na adjuvanticidade

de diferentes antigenos vacinais.
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6 CONCLUSAO GERAL

Os esporos de bactérias do género Bacillus possuem propriedades
imunomoduladoras, sendo capazes de melhorar a eficicia de vacinas. Esporos de B.
subtilis, B. atrophaeus e B. toyonensis sdo capazes de aprimorar a resposta imune
humoral e celular induzida por diferentes antigenos vacinais em modelo animal.
Animais suplementados por via oral ou vacinados apresentaram titulos
significativamente superior de anticorpos, aumento na transcricdo e expressao de
citocinas pro-inflamatorias e proliferacao de células imunes, como linfécitos T CD4* e
CD8".

Os camundongos que receberam a vacina contendo somente esporos Vvivos
ou esporos vivos e inativados de B. toyonensis adsorvidos ao alumen apresentaram
um incremento na resposta imune humoral e celular, com aumento nos niveis de IgG,
isotipos IgG1, IgG2a e IgG2b, presenca de anticorpos neutralizantes e maiores niveis
de transcricdo de mRNA de citocinas como IL4, IL12, IL17, e IFN-y. Portanto, esporos
de bactérias do género Bacillus apresentam propriedades imunomoduladoras,
surgindo como promissores adjuvantes e como uma possivel alternativa para

melhorar a resposta de vacinas.
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