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AVALIACAO IMUNOISTOQUIMICA DA RESPOSTA IMUNE CELULAR DE AVES
COMERCIAIS (Gallus gallus domesticus) DESAFIADAS POR Salmonella Enteritidis e
Salmonella Typhimurium CONTENDO DELECAO DOS GENES ttrA E pduA

RESUMO - Salmonela spp. € um dos principais patdégenos de origem alimentar
responsavel por causar grandes prejuizos econdémicos, principalmente para a avicultura, e trazer
consequéncias também para a satde publica. Tanto a capacidade de sobrevivéncia do patégeno
no ambiente durante a inflamagdo quanto sua relagdo com o sistema imunoldgico do
hospedeiro, desempenham um papel fundamental durante as infeccGes em aves. O objetivo
deste estudo foi quantificar a presenca de macréfagos e populag@es de linfécitos T, por meio da
utilizacdo da técnica de imuno-histoquimica, em linhagens comerciais de frangos infectados
experimentalmente por cepas selvagens e mutantes de Salmonella Enteritidis e Salmonella
Typhimurium contendo delecdo dos genes ttrA e pduA. Salmonella Enteritidis AttrAApduA
desencadeou uma porcentagem maior da area corada do que o tipo selvagem, com excecao de
poedeiras leves. As infeccdes por Salmonella Typhimurium e Salmonella Typhimurium
AttrAApduA levam a um padréo, 1 e 14 dpi apresentam uma porcentagem da area marcada
mais expressiva do que em 3 e 7 dpi. Em ambas as linhagens estudadas, foi observada infiltracéo
proeminente de macrofagos em comparagdo com os linfocitos. No geral, os animais infectados
pela cepa mutante apresentam uma area marcada positivamente maior do que o tipo selvagem.
DelecBes nos genes ttrA e pduA resultaram em uma infiltracdo mais intensa de macrofagos e
linfécitos nas aves hospedeiras, sugerindo ndo atenuacdo do patdégeno, mesmo em diferentes
cepas de Salmonella.

Palavras-chave: linfocitos, macrofagos, Salmonella Enteritidis, Salmonella Typhimurium,
salmonelose



IMMUNOHISTOCHEMICAL EVALUATION OF THE IMMUNE CELL RESPONSE
OF COMMERCIAL BIRDS (Gallus gallus domesticus) CHALLENGED BY Salmonella
Enteritidis and Salmonella Typhimurium CONTAINING DELETION OF ttrA AND
pduA GENES

ABSTRACT - Salmonella spp. is one of the major foodborne pathogens responsible
for causing great economic damage, especially to the poultry industry, and bringing
consequences for public health as well. Both the pathogen survival ability in the environment
during inflammation as well as their relationship with the host immune system, play a key role
during infections in poultry. The objective of this study was to quantify the presence of the
macrophages and T lymphocytes populations using the immunohistochemistry technique, in
commercial lineages of chickens experimentally infected by wild-type and mutant strains of
Salmonella Enteritidis and Salmonella Typhimurium lacking ttrA and pduA genes. Salmonella
Enteritidis AttrAApduA triggered a higher percentage of the stained area than the wild-type,
with exception of light-laying hens. Salmonella Typhimurium and Salmonella Typhimurium
AttrAApduA infections lead to a pattern, 1 and 14 dpi present a percent of the stained area more
expressive than at 3 and 7 dpi. In both lineages studied, were observed prominent infiltration
of macrophages in comparison with lymphocytes. Overall, animals infected by the mutant strain
display a positively stained area higher than the wild-type. Deletions in both ttrA and pduA
genes resulted in a more intense infiltration of macrophages and lymphocytes in the host birds,
suggesting no pathogen attenuation, even in different strains of Salmonella.

Keywords: lymphocytes, macrophages, Salmonella Enteritidis, Salmonella Typhimurium,
salmonellosis.
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CAPITULO 1 - Consideracdes gerais

Introducéo

A avicultura comercial é considerada um dos setores de maior crescimento da indudstria
agropecuéria no Brasil. De acordo com dados projetados pela Associacao Brasileira de Proteina
Animal (ABPA), no ano de 2020, a producédo brasileira de carne de frango apresentara um
crescimento entre 3 e 4%, alcancando o total de 13,7 bilhdes de quilos. Este crescimento tem
sido observado em ambos 0s aspectos, exportacdo e consumo interno, demonstrando que,
apesar dos impactos da pandemia, o setor continua altamente produtivo. Outro ponto importante
para a eficiéncia deste desempenho é a evolugdo da genética das aves, da nutri¢do e do sistema
de manejo. Porém, a intensificacdo do sistema produtivo adotado na maioria das criacGes, com
alta densidade populacional, favorece a presenca de agentes patogénicos nos lotes (ABPA,

2017), em especial estirpes de Salmonella enterica.

Surtos alimentares em seres humanos, provenientes de ingestdo de produtos de origem
avicola, sdo frequentemente associados a Salmonella spp. (O’Regan et al., 2008), visto que
estes sdo animais suscetiveis e podem atuar como fonte de infec¢do para disseminagdo do
patégeno (Omiccioli et al., 2009). O género Salmonella integra a familia Enterobacteriaceae, e
abriga mais de 2600 sorovares (Issenhuth-Jeanjean et al., 2014), muitos deles altamente
virulentos, sendo a maioria considerada patogénica para 0s seres humanos e animais. No caso
das aves, ocorrem trés tipos de infeccdes: o tifo aviario, causado por Salmonella enterica subsp.
enterica sorovar Gallinarum biovar Gallinarum (S. Gallinarum); a pulorose, causada por
Salmonella enterica subsp. enterica sorovar Gallinarum biovar Pullorum (S. Pullorum); o
paratifo aviario, sem agente etiologico especifico, e pode ser causado por qualquer um dos
demais sorovares (ex.: Salmonella enterica subsp. enterica sorovares Enteritidis (S. Enteritidis),
Heidelberg (S. Heidelberg) e Typhimurium (S. Typhimurium)).

Infecgdes ou surtos provocados por salmoneloses devem ser, obrigatoriamente,
notificadas a Organizacdo Mundial de Saude Animal (OIE), em decorréncia aos prejuizos
causados pela mortalidade de animais e além de apresentarem risco de disseminagéo da doenca
para outras localidades (OIE, 2012), uma vez que a salmonelose é considerada uma doenca

transmitida por alimentos (DTA) de ocorréncia global. Em paises industrializados, a incidéncia



de DTAs causadas por sorovares paratificos do género Salmonella, é frequentemente alta em
levantamentos epidemioldgicos (Ma et al. 2014). No Brasil, segundo a Secretaria de Vigilancia
em Saude (SVS) (2020), em seu ultimo relatério publicado referente ao periodo 2007-2015,
embora a incidéncia de DTASs no pais tenha apresentado queda durante os anos, o principal
patégeno isolado dentre as amostras analisadas foram estirpes do género Salmonella, (25,17%),
no qual, Salmonella Enteritidis foi responséavel por 67,5% destes.

Os sorovares Salmonella Enteritidis e Salmonella Typhimurium, ha décadas, sdo
associados principalmente a infecgdes alimentares. Entre 1995 e 2010, S. Enteritidis foi
identificada em 34,2% do total de amostras positivas para Salmonella spp. (Freitas Neto et al.,
2010). Conforme o sistema de alerta rapido da Unido Europeia (RASFF), no ano de 2017, em
330 lotes de carne de frango provenientes do Brasil detectou-se Salmonella spp. em 299 deles,
resultando em rejeite e devolucdo da remessa ao pais de origem. Esta notificagdo e estorno de
produtos avicolas demonstrou um ponto critico para 0 mercado exportador brasileiro, pois
podem resultar em embargos comerciais, causando maior prejuizo econémico ao pais (EU,
2017).

A escolha por Salmonella Enteritidis e Salmonella Typhimurium se deve, ndo apenas
ao histdrico como causadores de infec¢fes alimentares oriundas de produtos de origem avicola,
mas também aos embargos comerciais e grande prejuizo a economia do pais causado por estas
estirpes. Essas salmonelas nem sempre provocam grandes danos a saude das aves, mas quando
presentes se constituem em problema de salde publica e deve-se mencionar a facilidade para
se tornarem multirresistente a antimicrobianos, bem como se perpetuarem no ambiente. No
meio cientifico, estudos que avaliam o metabolismo bacteriano tém se destacado, assim como
os fatores associados ao processo de colonizacdo em mamiferos. Porém, ainda ha escassez de
estudos que avaliem especificamente as vias do metabolismo de Salmonela spp. em aves.
Compreender a atuacdo dos genes responsaveis por essas vias, que proporcionam vantagem a
colonizagdo e multiplicacdo bacteriana em aves comerciais, evidencia a importancia deste
estudo. E a disponibilidade de ferramentas como a imuno-histoquimica contribuem para a
compreensdo de como o hospedeiro responde a infec¢do. Os conhecimentos adquiridos poderédo
ajudar a compreender melhor a relagdo da bactéria com o hospedeiro, assim auxiliando na busca

de alternativas para inibir sua sobrevivéncia em aves e permanéncia no ambiente avicola.



Reviséo de literatura
Mecanismos de patogenicidade

Diversos fatores estdo envolvidos no desenvolvimento da patogenia de Salmonella spp.,
tais como: o epitélio intestinal, a interacdo com o organismo do hospedeiro, a alta capacidade
de invasdo, a sobrevivéncia intracelular em macrofagos infectados e a evasdo da resposta imune
(Soria et al., 2013).

O epitelio da mucosa intestinal contém varias barreiras que impedem ou bloqueiam a
infeccdo por bactérias para manter sua integridade e limitar os danos associados a inflamacéo
residente (Patel; Mccormick, 2014). Em infec¢Bes ocasionadas por salmonelas paratificas, com
a finalidade de garantir a colonizacdo e multiplicacdo, o epitélio tém suas barreiras invadidas
ocasionando uma resposta inflamatéria e imune (Van Immerseel et al., 2002). Esta resposta
inflamatdria é resultado da interacdo bacteriana com células hospedeiras, incluindo células

epiteliais e células apresentadoras de antigenos (APCs), como macréfagos e células dendriticas.

A inflamacdo intestinal, em aves domésticas, € caracterizada pela secrecdo de varias
citocinas, incluindo interleucina IL -23, que por sua vez estimula células T auxiliares, que
mantém a producdo de IL-17 na mucosa (Chirullo et al., 2016). De acordo com Pérez (2016), a
citocina IL-17 é capaz de preservar a integridade da barreira intestinal, controlando a
colonizacdo e translocacdo bacteriana. Portanto, a capacidade de multiplicacdo no ambiente
mucoso acometido por inflamacdo depende da aquisicdo de nutrientes e respiracdo anaerobica
(Winter, 2010). Entretanto, a disponibilidade de nutrientes ndo garante a sobrevivéncia da
bactéria em um ambiente competitivo e densamente povoado por outros microrganismos. Desta
forma, o invasor deve realizar atividades metabdlicas essenciais por meio de ativacdo de genes

gue tornem possivel a sua sobrevivéncia (Ernst et al., 1990).

Genes ttrA e pduA

Em microrganismos pertencentes ao filo Protobacteria e familia Enterobacteriaceae,
como, Salmonella spp., o tetrationato (SO%) ¢ utilizado como aceptor alternativo de elétrons
(Winter; Baumler, 2011). Supunha-se que este mecanismo estaria relacionado a sobrevivéncia
da bactéria em estado de vida livre, quando presente em ambientes, como solo ou carcagas em

decomposicéo, contendo o tetrationato (Hensel et al., 1999). Contudo, estudos posteriores



sugerem que houve evolugdo genética das salmonelas paratificas, que propiciou a utilizacdo da
mucosa intestinal inflamada como ambiente adequado para sua sobrevivéncia e multiplicacdo
da bactéria (Stecher et al., 2007; Thiennimitr et al., 2011).

A utilizacdo do tetrationato, através da tetrationato redutase, ocorre em condicGes de
escassez de oxigénio. A enzima é constituida por trés subunidades (Figura 1): TtrC, que possuli
9 hélices transmembranares e pertence a familia NrfD, e é envolvido na transferéncia de dois
elétrons do “pool” de quinona (Q) para outros componentes do complexo redutase, enquanto
libera dois prétons (H + ) para o periplasma; TtrB, que contém um dominio de ligacao ferro-
enxofre (FeS), pode ligar o transporte de elétrons entre subunidades e reduz o tetrationato; e
TtrA, que também possui um dominio de ligacdo FeS e pertence a superfamilia molibdopterina
(MPT), com seu centro ativo diretamente envolvido na reducdo de tetrationato em tiossulfato
(S205%) (Hinsley; Berks, 2002; Winter; Baumler, 2011).

2H*

Periplasm

Cytoplasm
NAD*

NADH/H*

Y

2e”
S0 —> 28,0,
Tetrathionate Thiosulfate

Figura 1. Estrutura das subunidades da enzima tetrationato redutase. (Winter; Baumler, 2011).

A utilizacdo da enzima tetrationato redutase pelo género Salmonella spp., durante a
inflamacdo da mucosa intestinal, proporciona vantagens metabdlicas para competir com a
microbiota residente no hospedeiro. Isto ocorre porque o género abriga um tipo particular de
ilha gendmica denominadas ilhas de patogenicidade (SPIs); neste caso especifico, ilha dos tipos

1 e 2 (SPI-1 e SPI-2) que permitem a sua invasao e sobrevivéncia no local. As proteinas efetoras



deste sistema de secrecdo (tipo I11), que sdo obtidas dentro das células do hospedeiro, irdo
provocar a producao de citocinas pro-inflamatdrias (Khan, 2014). Col6nias de bactérias naturais
do intestino podem produzir grandes quantidades de sulfeto de hidrogénio (H.S), composto
altamente tdxico, que é convertido em tiossulfato na mucosa intestinal. E, para que o tiossulfato
seja utilizado por sorovares de Salmonella spp., precisa ser oxidado por iodo a tetrationato
(Figura 2).

Esta reacdo € acompanhada pela migracdo de neutrofilos para o limen do intestino e a
producdo de radicais de 6xido nitrico (NO) e espécies reativas de oxigénio (ROS) — que séo
prejudiciais @ microbiota intestinal e inofensivas as bactérias patogénicas, como as do género
Salmonella. O tetrationato permite que a bactéria respire em um ambiente onde predomina a

fermentacdo, garantindo vantagem competitiva (Winter et al., 2010).
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Figura 2. Esquema metabolismo de enxofre (S) intestinal. (Winter et al., 2010).

De acordo com Saxena et al. (2010), algumas bactérias produzem 1,2-propanodiol que,
inacessivel a microbiota fermentadora do intestino, é utilizado como fonte de energia por
Salmonella Typhimurium, por intermédio do tetrationato, como aceptor de elétrons em meio a
respiracdo anaerdbica (Thiennimitr et al., 2011). No trato intestinal existem duas fontes de
carbono em grandes quantidades, a ramnose e a fucose (Staib; Fuchs, 2015), as quais sdo
fermentadas em ambiente anaerdbio durante o processo de multiplicacéo bacteriana, resultando

em 1,2-propanodiol (Badia et al., 1985). Salmonella enterica, é capaz de utilizar este composto



como fonte de carbono por uma via dependente de vitamina B12 sintetizada de forma enddgena.
O 1,2-propanodiol é utilizado por microcompartimento (MCP) bacteriano, constituido de sete
diferentes proteinas, dentre as quais o PduA atua como principal componente estrutural (Staib;
Fuchs, 2015). A geracdo de energia inicia- se com a conversdo do 1,2-propanodiol a
propionaldeido, que posteriormente serd reduzido a propanol e propionato pela propanodiol-
desidratase. Este processo gera um ATP por fosforilacdo, um gradiente de elétrons (1-propanol)
para regeneracdo de NAD e um intermediario (propionil-CoA), que pode servir como fonte de

carbono e energia pela via do metilcitrato (Horswill; Escalante-Semerena, 1997).

Outra alternativa para fontes de carbono € a etanolamina, composto organico produzido
em decorréncia da inflamacdo e descamacdo intestinal. Portanto, substrato de constante
producdo durante algumas tentativas de colonizacdo e multiplicacdo bacteriana nas aves (Gart
et al., 2016). A etanolamina é convertida em acetaldeido e aménia pela enzima etanolamina
amonia-liase (Garsin et al., 2010). A amoénia é utilizada como fonte de nitrogénio e o
acetaldeido é transformado em acetil- CoA, sendo utilizado em varios processos metabolicos
(Jones; Turner, 1984). Portanto, o tetrationato possui importante funcdo na utilizacdo de
etanolamina e 1,2-propanodiol por Salmonella spp., em condic¢des de anaerobiose (Figura 3)
(Price-Carter et al., 2001).
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Figura 3. Processos metabolicos relacionados ao processo de exclusdo competitiva entre

bactéria do género Salmonella spp. e a microbiota residente no intestino. (Gart et al., 2016).



Sistema imune de aves comerciais

Um conjunto de respostas sdo desencadeadas pelo sistema imune da ave apds a infec¢éo
do organismo por patégenos, como Salmonella spp., com a funcéo de reconhecer e eliminar
macromoléculas individuais ou agregados moleculares estruturais, mantendo a composi¢éo
normal do organismo hospedeiro (Van Immerseel et al., 2002). Para que essa estabilidade
ocorra, € necessario a acdo de elementos celulares (células fagociticas, dendriticas e
imunocompetentes) e moleculares (Patters-Recognition Receptors - PRRS) que séo
responsaveis pela identificacdo e diferenciacdo entre macromoléculas proprias e ndo proprias,
por meio de padrGes moleculares associados a patdgenos (Pathogen-Associated Molecular
Pattern - PAMPSs) ou antigenos em pequenas por¢des da estrutura do patdégeno, chamados de
epitopos. O sistema imune pode ser dividido em duas partes: imunidade inata, que desenvolve
e é ativada antes do nascimento; e imunidade adquirida ou adaptativa, que se inicia quando o
hospedeiro entra em contato com invasores estranhos (Montassier, 2009).

O sistema imune inato é a primeira linha de defesa contra agentes infecciosos e pode ser
caracterizado pela sua duracdo mais prolongada, porém h& menor eficiéncia na destruicéo e
eliminacdo dos patdgenos e ndo apresenta antigeno-especificidade, nem memaria (Montassier,
2009). E representado por barreiras: fisicas e mecanicas, como mucosas ou fluidos corporais,
qgue impedem ou retardam a entrada de moléculas e agentes infeciosos; fisiolégicas, como
temperatura corporal, acidez do trato gastrointestinal, lisozimas, interferon e sistema
complemento, que eliminam ou inibem o crescimento de microrganismos por meio de
rompimento de paredes celulares ou mediadores quimicos; celulares, como linfocitos natural
killer (NK) e leucdcitos fagociticos (neutréfilos, mondcitos e macréfagos), que endocitam ou
fagocitam as particulas e microrganismos estranhos; e inflamatdrias, que reduzem as infec¢des

especificas no tecido danificado, mediante a inducéo de células fagocitarias (Montassier, 2009).

O sistema imune adaptativo tem como atribuicdo reconhecimento, especificidade e
memoria, permitindo uma resposta mais rapida e maior em intensidade e efetividade quando
um animal € apresentado uma segunda vez a0 mesmo patogeno. Pode ser dividida em dois tipos:
imunidade humoral e imunidade celular ou cito-mediada. A resposta imune humoral (RIH) é
mediada por anticorpos (Acs), ou seja, por moléculas presentes no sangue e nas secre¢des da
mucosa, que sdo produzidas pelos linfécitos burso-associados ou linfocitos B. A resposta imune

cito-mediada (RIC), ocorre por intermédio direto dos linfocitos T efetores (T citotoxicos ou Tc



e T helper ou Th) ou timo-associados (Montassier, 2009). Os linfécitos T se apresentam em
duas classes principais: a primeira, quando ativada para eliminar as células infectadas, se
diferencia em células T CD8" ou citotdxicas; a segunda, chamadas de T CD4" ou auxiliares,
sdo responsaveis pela ativacdo de outras células, como macrdéfagos, bem como na coordenacgédo

da resposta imune (Montassier, 2009).
Imunoistoquimica

Ultrapassadas as defesas iniciais, constituidas por barreiras fisicas e quimicas, que se
contrapdem a invasdo e desenvolvimento de patdgenos no organismo hospedeiro, tem-se a
liberacdo de um conjunto de respostas pelo sistema imune da ave, composto por 6rgaos, tecidos,
células e moléculas (Van Immerseel et al., 2002). E a disponibilidade de ferramentas como a
imunoistoquimica contribuem para a compreensdo de como o hospedeiro responde a infec¢do
utilizando este conjunto de respostas, que objetiva o reconhecimento e eliminacdo de

macromoléculas individuais ou agregados moleculares estruturais.

A imunoistoquimica é uma técnica que permite a utilizacéo de propriedades bioquimicas
dos antigenos e das células do sistema imune, por meio de marcadores especificos que podem
ser primarios ou secundarios. Por apresentar essa caracteristica, permite a visualizacdo da
expressdo de células do sistema imune e sua distribuicdo pelo tecido escolhido, independente
de seu estado de conservacgéo (Potts, et al., 2020). Para que ocorra uma aplicagéo eficiente da
técnica é necessaria atencdo durante a realizacdo de diversas etapas, como o pré-tratamento do
tecido, visando uma melhor conservacao deste e, como consequéncia, garantindo a visualizagdo
de anticorpos e antigenos preservados. Outra etapa envolve o bloqueio de coloracdo nédo
especifica do tecido, no momento da diferenciacdo das células alvos, as quais recebem
coloracdo especifica para destaque e posterior identificacdo (Magaki, et al. 2019).

Objetivos
Objetivo geral

Quantificar a populacéo de celulas do sistema imune durante a infeccdo sistémica de
aves de linhagem comercial, desafiadas por estirpes mutantes de S. Enteritidis (SE) e S.
Typhimurium (STM), contendo delegbes em genes relacionados a metabolizagdo do
tetrationato (ttrA) e do 1,2-propanodiol (pduA).



Obijetivos especificos

a) Padronizar a técnica de imunoistoquimica com intuito de analisar a populacdo de macrofagos
e linfécitos T CD4" e CD8* em tonsila cecal, figado, ceco e ileo de aves de linhagem comercial

experimentalmente infectadas por estirpes selvagens e mutantes de SE e STM.

b) Quantificar a populacdo de macrofagos em tonsila cecal, figado, ceco e ileo de aves de

linhagem comercial experimentalmente infectadas por estirpes mutantes de SE e STM.

c) Quantificar a populacéo de linfécitos T CD4" e CD8" em tonsila cecal, figado, ceco e ileo de

aves de linhagem comercial experimentalmente infectadas por estirpes mutantes de SE e STM.
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CAPITULO 2 - Salmonella enterica serovars in absence of ttrA and pduA genes enhance

the cell immune response during chick infections

Abstract

Salmonella spp. is one of the major foodborne pathogens responsible for causing great
economic damage, especially to the poultry industry, and bringing consequences for public
health as well. Both the pathogen survival ability in the environment during inflammation as
well as their relationship with the host immune system, play a key role during infections in
poultry. The objective of this study was to quantify the presence of the macrophages and T
lymphocytes populations using the immunohistochemistry technique, in commercial lineages
of chickens experimentally infected by wild-type and mutant strains of Salmonella Enteritidis
and Salmonella Typhimurium lacking ttrA and pduA genes. Salmonella Enteritidis
AttrAApduA triggered a higher percentage of the stained area than the wild-type, with exception
of light-laying hens. Salmonella Typhimurium and Salmonella Typhimurium AttrAApduA
infections lead to a pattern, 1 and 14 dpi present a percent of the stained area more expressive
than at 3 and 7 dpi. In both lineages studied, were observed prominent infiltration of
macrophages in comparison with lymphocytes. Overall, animals infected by the mutant strain
display a positively stained area higher than the wild-type. Deletions in both ttrA and pduA
genes resulted in a more intense infiltration of macrophages and lymphocytes in the host birds,
suggesting no pathogen attenuation, even in different strains of Salmonella.
Keywords: lymphocytes, macrophages, Salmonella Enteritidis, Salmonella Typhimurium,

salmonellosis.

Introduction
Salmonella enterica is a foodborne pathogen that provokes losses to livestock as well

as impacts directly on public health. Salmonella enterica subsp. enterica serovar Enteritidis

! Este capitulo corresponde ao artigo cientifico submetido a revista Scientific Reports e
encontra-se em avaliacdo para publicacéo.
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(Salmonella Enteritidis) and Typhimurium (Salmonella Typhimurium) have been mainly
associated with food infections for decades. Between 1995 and 2010, Salmonella Enteritidis
was identified in 34,2% of all samples positive for Salmonella spp. (1). Besides that, Winter et
al. (2) published a substantial study investigating tetrathionate-encoding gene role, choosing
the serotype Salmonella Typhimurium but using mice as an experimental model. Taking this
into account, deepen our knowledge of host-pathogen interaction could help to improve control
and eradication measurements.

Several factors are involved in salmonellosis pathogenesis, such as the ability of the
pathogen to replicate in an inflamed mucous environment, depending on nutrient acquisition
and anaerobic respiration (2). However, nutrient availability does not guarantee bacterial
survival in a competitive environment and densely populated by other microorganisms. Thus,
the ability Salmonella enterica metabolizes tetrathionate by means of tetrathionate reductase to
produce 1,2-propanediol as an energy source, confers a fitness advantage. This enzyme is
constituted by TtrA, TtrB, and TtrC. The first subunit cited belongs to the molybdopterin (MPT)
superfamily and has a FeS bounding domain that is involved in the reduction of tetrathionate
into thiosulfate (S.0:%) (2; 3; 4).

The 1,2-propanediol is used by bacterial microcompartments (MCP). This structure is
constituted by seven different proteins, among which PduA is the major component of MCP
structure (5). Firstly, 1,2-propanediol is converted in propionaldehyde, which in turns is
reduced to propanol and propionate by propanediol dehydratase activity. This process generates
ATP by phosphorylation, an electron (1-propanol) gradient to NAD regeneration, and an
intermediary (propionil-CoA) that can be used as carbon and energy source throughout methyl
citrate via, being dependent of B12 vitamin synthetized in an endogenous manner (6).

During the chicken infections model, the ability of Salmonella enterica serovars to

! Este capitulo corresponde ao artigo cientifico submetido a revista Scientific Reports e
encontra-se em avaliacdo para publicacéo.
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invade and survive within the intestinal epithelial cells and macrophages followed by the
immune response evasion (7). In that context, the infection is a critical phase that depends on
the interaction between bacterial and host cells and the bacterial ability to overcome the
intestinal epithelium barriers to guarantee its colonization and replication. Nevertheless, it
activates the inflammatory and immune responses (8) that leads to endocytosis and
phagocytosis by epithelial and antigen-presenting cells (APCs), respectively. The antimicrobial
activity of these cells triggers an innate response via macrophages and the adaptive immune
response assembly relies on T CD4" and T CD8" activation (9).

In order to shed light on the host-pathogen interactions behind the intestinal infection
by Salmonella in chickens, we evaluate the population of immune system cells during gut
colonization and systemic infection in birds of commercial lineages challenged by wild-type
mutant strains of Salmonella Enteritidis and Salmonella Typhimurium, carrying deletions in

genes related to the metabolization of tetrathionate (ttrA) and 1,2-propanediol (pduA).

Results
Experiment 1 — Salmonella Enteritidis challenged

The results of quantifying the presence of the immune response cells in caecal tonsils,
caecum, ileum, and liver from broiler, light laying hens, and semi-heavy laying hens are shown
in Tables 1, 2, and 3. We found more T CD4" lymphocytes and macrophages cells infiltration
from broilers challenged with Salmonella Enteritidis AttrAApduA (SEAttrAApduA) than from
broilers challenged with Salmonella Enteritidis wild-type strain (wt-SE) or non-infected birds,
in all evaluated tissues. An exception was found for T CD4" lymphocytes infiltration at 3 dpi
in the caecal tonsils, ileum, and liver, and for macrophages infiltration at 3 and 14 dpi in the

liver from SEAttrAApduA challenged broilers. The number of T CD8" lymphocytes cells

! Este capitulo corresponde ao artigo cientifico submetido a revista Scientific Reports e
encontra-se em avaliacdo para publicacéo.
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infiltrated in a greater quantity from birds challenged with SEAttrAApduA at 1 and 7 dpi in
caecum and liver, at 3 dpi in caecal tonsils, and at 14 dpi in the ileum. In contrast, wt-SE-
challenged birds had high infiltration of T CD8" lymphocyte cells in the ileum and caecal tonsils
at 1 and 7 dpi, respectively (Tab. 1; Supplementary Fig. S1).

Table 2, and Supplementary Figure S2, shows the T CD4" and T CD8*, and macrophage
infiltration found in tissues of semi-heavy laying hens. In general, there was great variation
between the areas of cell infiltrates in relation to both the challenge strain and the tissues
studied. Birds challenged with SEAttrAApduA showed higher areas covered by T CD4"
lymphocytes cells (in ileum at 1 and 14 dpi, and in liver at 7 dpi), and macrophages (in ileum
at 7 dpi, and in liver at 3, 7 and 14 dpi), than in the same tissue of wt-SE-challenged birds. On
the other hand, T CD8" cells were found in larger amounts in caecal tonsils (at 1 and 7 dpi) and
caecum (at 3 dpi) of birds challenged with wt-SE strain.

Differently observed in broiler and semi-heavy laying chicks, Salmonella Enteritidis
AttrAApduA triggered an immune response cells area lower than the wild-type, in the challenge
from light laying hens. wt-SE-challenged birds showed larger T CD4" infiltration areas in
caecal tonsils (at 1 and 3 dpi), caecum (at 3, 7, and 14 dpi), ileum (at 1 and 7 dpi), and liver (at
14 dpi). Similarly, challenges with SEAttrAApduA have resulted in reduced infiltration areas
of both T CD8" in caecal tonsils (at 1 dpi) and ileum (at 7 and 14 dpi), and macrophages in
caecal tonsils and caecum (at 3 dpi), in comparison with wt-SE-challenged birds. No significant
alterations of immune system cells area of T CD8" in and macrophage cells were observed in
the liver from both SEAttrAApduA- and wt-SE-challenged birds. The detailed results of the
challenge with light-laying hens are shown in Table 3 (see Supplementary Fig. S3).

Experiment 2 — Salmonella Typhimurium challenged

! Este capitulo corresponde ao artigo cientifico submetido a revista Scientific Reports e
encontra-se em avaliacdo para publicacéo.
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The results of quantifying the presence of the immune response cells in cecal tonsils,
caecum, ileum, and liver from broiler, light laying hens, and semi-heavy laying hens are shown
in Tables 4, 5, and 6, respectively. Overall, broilers infected by the mutant strain display a
positive marked area higher than those challenged with Salmonella Typhimurium wild-type
strain (wt-STM) strain, on all four sampling days. Moreover, no alterations of immune response
cells were observed in the uninfected control groups.

The lymphocytes T CD4™ areas in all tissues of broilers did reach a statistical difference
at 1 dpi, with larger infiltrations for the challenge with Salmonella Typhimurium Attr AApduA
(STMAttrAApduA). A significant difference between the area of the quantified immune
response from STMAttrAApduA- and wt-STM-challenged birds had been observed on the first
and last sampling day: lymphocytes T CD8" in the caecum and ileum (at 1 dpi), and liver (at 14
dpi); macrophages in the caecum, ileum, and liver (at 1 and 14 dpi) (Tab. 4; Supplementary Fig.
S4).

The results from semi-heavy laying birds showed no statistical difference between
mutant and wild-type strain challenges for lymphocytes T CD4* in the caecum, and
lymphocytes T CD8" in cecal tonsils and ileum (Tab. 5; Supplementary Fig. S5). In general,
the major concentration area of immune system cells in all tissues studied was more
significative to macrophages infiltration area at 1 and 14 dpi, and lymphocytes T CD4*
infiltration area in the caecal tonsils and liver at 1, 7 and 14 dpi of semi-heavy laying hens
challenged with STMAttrAApduA (Tab. 5; Supplementary Fig. S5).

Table 6, and Supplementary Figure S6 shows the T CD4", T CD8", and macrophage
infiltration found in the tissues of light-laying hens. Birds challenged with STMAttrAApduA
showed major immune system cells area of lymphocytes T CD4" and macrophages in caecal

tonsils and caecum (at 14 dpi), and ileum (at 1 and 14 dpi) in comparison to immune response

! Este capitulo corresponde ao artigo cientifico submetido a revista Scientific Reports e
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cells area of the same tissues from wt-STM-challenged birds. No statistical difference for
lymphocytes T CD8" infiltration area had been found in the caecal tonsils, caecum, and ileum
from challenged birds. In contrast to results obtained in other tissues, the liver from
STMAttrAApduA-challenged birds had a more expressive stained area of immune response

cells for lymphocytes T CD4" and T CD8" at all four dpi, and macrophages at 1 and 14 dpi.

Discussion

Bacteria, when exposed to anaerobic conditions, may use tetrathionate and 1,2-
propanediol metabolic substrates for energy and respiration sources (10). Thus, Salmonella spp.
has long been subject to investigations into how the deletion of genes known to be responsible
for these pathways would affect their survival in the host. To the best of our knowledge, only
one study investigating simultaneously tetrathionate- and propanediol-encodings genes roles
was published. Our research group reported the effects of these deletions by evaluating systemic
infection and fecal excretion of Salmonella Enteritidis and Salmonella Typhimurium in
commercial lineages of chicks (11). To increase the discussion on this subject, the present
results highlighted the immune cell infiltrated in different tissues of chick lineages challenged
with both wild-type and mutant strains carrying deletions in ttrA and pduA genes.

Over the 2-week experiment the positively stained areas of lymphocytes and
macrophages follow mostly a similar pattern, wherein at 1 and 14 dpi present a higher number
of immune response cells. This can be explained by the primary contact of the hosts defense
system when the pathogen invades. The previous report has shown that in chickens infected,
even when Salmonella is not excreted at 12 dpi, the infection can become positive by cloacal
swab from 13 dpi (12), explaining why immune system cells areas at 3 and 7 dpi were lower

but back to an increase.

! Este capitulo corresponde ao artigo cientifico submetido a revista Scientific Reports e
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At first glance, it would be expected that the elicited response of the host would be
reduced when both pduA and ttrA were deleted since these genes play an important role in the
survival during infection by Salmonella (2; 4; 13; 14; 15). However, our results comparing a
double mutant lacking both genes showed the opposite, the mutant strains of Salmonella
Enteritidis and Salmonella Typhimurium triggered higher immune response cells than the wild
types of strains. A shortest stained area could lead to a high number of colonies on the intestinal
tract, corroborating a previous study, wherein Salmonella Enteritidis AttrAApduA and
Salmonella Typhimurium AttrAApduA strains were recovered in higher number from cloacal
swabs than their wild type correlated (11).

Salmonella can behave as an extracellular or an intracellular bacterium, depending on
the nutrient repertoire available, and occurs as a switch between intestinal colonization and
internalization into host cells (16). When the bacteria are ingested and killed by macrophages,
some peptide fragments are transferred to the surface of the antigen-presenting cell, being
encoded by a protein complex called major histocompatibility complex (MHC), in this case,
MHC class Il. This peptide-MHC |1 binding stimulates the lymphocytes T CD4*. However, if
the bacteria decide to invade the host cell, entering the cytoplasm of the macrophage, the
peptide connection with another type of MHC, class I, stimulates lymphocytes T CD8*
production (17).

Interestingly, lymphocytes T CD4* and CD8* present the same pattern of the
macrophages over the course of the experiment, even representing different immune responses.
Since the lymphocytes are part of the adaptive immune response and, the macrophages, are part
of the innate immune response (9). In addition to this, we observed that broilers present a more

expressive positive marked area than laying hens, confirmed by a previous study where broilers
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encontra-se em avaliacdo para publicacéo.



17

challenged with mutant strains showed, for example, a more invasive intestinal colonization
and systemic infection (11).

Our findings suggest that the immunohistochemistry approach provides interesting
information about the behavior of immune response cells on multiple visceral organs of
different commercial lineages during infection by Salmonella enterica serovars. Although the
absence of co-staining tissues with CD3" in this study may illustrate a limitation, since the
mutant strain did not show attenuation, and ceased to represent a candidate for vaccine strain,
the results obtained still substantially aiding in vivo analysis. Besides, it has not escaped our
attention that these results should be analyzed by using a combined approach with gPCR to
validate multiple variables among host-pathogen interaction.

Findings of the present study evidence that deleting both genes, even in different strains
of Salmonella, resulted in bacteria that elicited a higher immune response cells in the host,
showing that the pathogen has not been attenuated. We can consider that perhaps Salmonella
was able to find another survival mechanism becoming even more pathogenic. The utilization
of ttr and pdu operons in consonance with cob and prp operons has been shown, in the previous
study, necessary for anaerobic respiration (16), leading us to believe that is not only required to
delete more genes from each operon, but we also have to ponder deleting this whole set, in

order to reach less pathogenic strains of Salmonella enterica.

Material and methods
The experiments, performed in accordance with relevant guidelines and regulations,
were approved by the Ethical Committee on the Use of Animals (Process CEUA-006621/18;

on May 10™, 2018), were carried out in the Avian Pathology Laboratory of the Department of
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Pathology, Theriogenology, and One Health from the School of Agricultural and Veterinary
Sciences, Sao Paulo State University (FCAV/UNESP), Jaboticabal, Brazil.
Bacterial strains and mutant construction

The bacterial strains used here were stored within a cryoprotectant medium compounded
by Lysogeny broth (LB; BD DifcoTM, USA) supplemented with 30% of glycerol (Merck, BR
— H30402394 228) and storage in ultra-freezer (— 80°C) at the Avian Pathology Laboratory
from FCAV/UNESP. Salmonella Enteritidis P125109 (accession number: AM933172) and
Salmonella Typhimurium str. 98 (18) were induced to nalidixic acid- and spectinomycin-
resistance (Nal'Spc") and they provided the genetic background for constructing mutant strains
by Lambda-red technique (19) with minor modifications, described in Saraiva et al. (11).
Mutant bacterias constructed here are identified on the text as SEAttrAApduA (Salmonella

Enteritidis AttrAApduA) and STMAttrAApduA (Salmonella Typhimurium Attr AApduA).

In vivo experiment
Experiment 1 — Salmonella Enteritidis

Thirty-six one-day-old chicks from each of three different lineages (broiler, semi-heavy
laying hens, and light laying hens), totaling one hundred and eight animals, were obtained from
commercial hatcheries. At arrival, the bottom of transport card boxes was examined to confirm
the Salmonella-free status of the birds (20), and the animals were housed within metallic cages
inside the acclimatized room and received antibiotic-free feed and water ad libitum. A 24-hour
light program was chosen on the first day to ensure optimal water and food ingestion, then a
12-hour light program was adopted in the first week, decreasing to 8 hours on the remaining

days.
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The inoculum was prepared according to Berchieri Junior et al. (21). For this, the frozen
cultures were inoculated in LB and incubated overnight at 37°C under 150 rpm. On the
following day, the bacterial cultures were transferred into fresh media and incubated for 18
hours under the same conditions as previously. Then, 0.2 mL from the cultures containing 108
colony-forming units per mL (CFU/mL) were orally inoculated by metallic gavage directly into
the birds’ crop.

Nine groups were formed (A to I), being randomly divided according to the different
lineages and strains (Table 7). At one-, three-, seven-, and 14-days post-infection (dpi), three
birds per group each day, by morning, were euthanized by cervical dislocation to harvest the
medial section of caecal tonsils, caecum, and ileum, and the distal section of the liver left lobe
for further immunohistochemistry (IHC) analysis. For this, samples were submerged within n-
Hexane p.a. (n-Hexano p.a., Synth, Brazil) previously refrigerated in liquid nitrogen.
Immediately after the tissue freezing, it was transferred into a 2 mL cryotube (Corning, USA)
and conditioned in liquid nitrogen. After sampling, the tissues were stored at -80°C until the
process for IHC.

Experiment 2 — Salmonella Typhimurium

This experiment was carried out following the same characteristics mentioned above in
experiment 1. Thirty-six chicks (one day old) were randomly divided into nine groups (A to I)
based on their lineages and strains (Table 7).

Immunohistochemistry

Tissue section

The collected samples were transferred from -80°C to cryostat (Leica CM1860, Leica
Biosystems Nussloch GmbH, Germany) at -22°C where were individually blocked in O.C.T.

compound (Tissue-Tek®, Sakura Finetek Europe B.V., Netherlands) per 30 minutes prior to 6
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pm section using low profile disposable blades (Leica 819, Leica Biosystems Nussloch GmbH,
Germany). It is noteworthy that sections were done at -22°C, except liver sections, which were
done at -15°C. Slides containing three repetitions of the sectioning of each organ per immune
cell response marked were prepared, with thinning between each repetition. Using a paintbrush,
the tissue section cuts were placed on histological slides pre-treated with poly-L-lysine (Sigma-
Aldrich, United Kingdom, Cat no. P4832) e silane (Sigma-Aldrich, USA. Cat no. 440574). The

slides were stored at -20°C thereafter until IHC staining.
Immune cells staining

Firstly, the slides were submerged in 200 mL refrigerated acetone (Acetone P.A. —
A.C.S., Synth, Brazil) and incubated at -20°C for 10 minutes. After that, the slides were
transferred into a humidity chamber (EasyPath®, Brazil) at room temperature for 5 minutes in
order to dry the samples. The slides were washed thereafter with PBS and a puddle was left for
5 minutes to avoid tissue dehydration. Then, tissues were submerged in 200 mL of 4% H0>
per 10 minutes in a dark place and washed again with PBS. The area around the tissue sections
was dried with absorbent paper and the sample was bypassed by a hydrophobic pen (Dako Pen,
Dako Denmark A/S, Denmark). The washing step leaving a puddle was repeated as previously.

The biotin-free kit Mouse and Rabbit Specific HRP/DAB IHC Detection —
Micropolymer (Abcam®, USA) was used to stain the immune cells, choosing the Avidin-Biotin
Streptavidin Peroxidase Complex (ABC) method. For this, the puddle was removed, and non-
specific background color blocker reagent droplets were added to the tissues. The slides were
maintained inside the humidity chamber in a dark place for 30 minutes, the washing step was
repeated, and 200 pL of primary antibody (Mouse Anti-Chicken CD4-UNLB; Mouse Anti-

Chicken CD80-UNLB; Mouse Anti-Chicken Monocyte/Macrophage-UNLB, Southern
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Biotech, USA) diluted in a proportion of 1:200 (v/v) in the antibody diluent reagent (Antibody
diluent, Abcam®, USA) was added thereafter. The slides were incubated at 4°C for 18 hours.
On the following day, the slides were washed as previously. Then, droplets of the
secondary antibody (Reveal Complement, Abcam®, USA) was added after removing the excess
PBS and the humidity chamber was placed in a dark ambient for 30 minutes. Subsequently, a
drop of 3,3'-diaminobenzidine (DAB Chromogen 50x, Abcam®, USA) was diluted in 1 mL of
substrate (DAB Substrate, Abcam®, USA), which volume is enough for three slides, and added
to the tissue sections. One minute later, the slides were submerged in 200 mL dH.O for 5
minutes. After that, they were transferred to a plastic cube containing Harris hematoxylin
(Exodo Cientifica, Brazil) and were left for 1 minute. Posteriorly, the slides were washed for
10 minutes under running water at low pressure. The slides were submitted to the alcohol-
xylene series (70% Alcohol, 90% Alcohol, 100% Alcohol, Xylene I, and Xylene I1). In the end,
the coverslips were placed on the slides after adding a drop of water-free mounting medium
(Entellan®, Merck, Brazil). Images from the tissue sections were taken randomly, choosing five
random view fields, using an optical microscope (lens 400X) (Coleman®, model N-120) with
a digital camera adapter, for further statistical analysis.
Data analysis
The percentage of lymphocytes and macrophages were calculated by means of the
software Image-Pro Plus v.4.5.0.29 (MediaCybernetics, USA). They were quantified as
percentage values in accordance with the immune cell marker positive area/total area.
Statistical analysis and graphics were done using the software GraphPad Prism v.8.0.1 for
macOS (GraphPad Software, La Jolla California, USA) and data were submitted to Variance
Analysis (ANOVA) followed by Bonferroni multiple comparisons, considering a

significance level lower than 5% (P < 0,05).
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Tables

Table 1. Representation of the significant difference related to the quantitative distribution of
different immune response cells in visceral organs of broilers infected with Salmonella

Enteritidis wild and mutant strains at different days post-infection.

Broilers 1 DPI 3 DPI 7 DPI 14 DPI

T CD4+ A-SE™" wt-SE” ns A-SE™"
Macrophages A-SE A-SE A-SE A-SE

T CD4+ A-SE™ ns A-SE™ A-SE™
Liver T CD8+ A-SE” ns A-SE™ ns
Macrophages | A-SE™ ns A-SE™ ns

T CD4+ A-SE™ A-SE™ A-SE™ A-SE™

Caecum | T CD8+ A-SETT  ASETT ASETT A-SE™

Macrophages A-SE™ A-SE™ A-SE™ A-SE™

T CD4+ A-SE™ ns A-SE™ A-SE™

lleum T CD8+ ns ns Wt-SE™ A-SE™

Macrophages A-SE™ A-SE™™ A-SE™ A-SE™™

DPI, days post-infection; A-SE, Salmonella Enteritidis AttrAApduA; wt-SE, Salmonella Enteritidis wild-type; ns,
no significant difference. Two-way ANOVA followed by Bonferroni's comparisons between wild and mutant

strains values (* P < 0,05; ** p<0,01; *** p<0,001; **** p<0,0001).

Table 2. Representation of the significant difference related to the quantitative distribution of
different immune response cells in visceral organs of semi-heavy laying hens infected with

Salmonella Enteritidis wild and mutant strains at different days post-infection.

Semi-heavy laying hens 1 DPI 3 DPI 7 DPI 14 DPI
T CD4+ A-SE™ wt-SE™ wt-SE” wt-SE™
Caecal | 1 cpgy WE-SE™" ns ns A-SE”
tonsils ok N
Macrophages wt-SE ns A-SE ns
T CD4+ wt-SE™ ns A-SE” wt-SE™
Liver T CD8+ ns ns A-SE™ A-SE™
Macrophages ns A-SE™ ns A-SE™
T CD4+ ns wt-SE™ ns ns
Caecum T CD8+ ns A-SE” ns ns
Macrophages ns ns ns wt-SE™
T CD4+ A-SE™ ns ns A-SE™
lleum T CD8+ wt-SE” ns ns ns
Macrophages | wt-SE™" A-SE” ns ns

DPI, days post-infection; A-SE, Salmonella Enteritidis AttrAApduA; wt-SE, Salmonella Enteritidis wild-type; ns,
no significant difference. Two-way ANOVA followed by Bonferroni’s comparisons between wild and mutant

strains values (* P < 0,05; ** p < 0,01; *** p<0,001; **** p<(0,0001).
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Table 3. Representation of the significant difference related to the quantitative distribution of
different immune response cells in visceral organs of light laying hens infected with Salmonella

Enteritidis wild and mutant strains at different days post-infection.

Light laying hens 1 DPI 3 DPI 7 DPI 14 DPI
T CD4+ wt-SE™ wt-SE™ ns ns
Caecal T CD8+ wt-SE™ ns ns ns
tonsils .
Macrophages ns wt-SE ns ns
T CD4+ ns ns ns Wt-SE”
Liver T CD8+ ns ns ns ns
Macrophages ns ns ns ns
T CD4+ ns wt-SE™ wt-SE” ns
Caecum | T CD8+ ns ns A-SE™ ns
Macrophages ns wt-SE™ ns ns
T CD4+ wt-SE™ ns wt-SE™ ns
lleum T CD8+ ns ns wt-SE™ wt-SE™
Macrophages ns wWt-SE™ A-SE” Wt-SE™

DPI, days post-infection; A-SE, Salmonella Enteritidis AttrAApduA; wt-SE, Salmonella Enteritidis wild-type; ns,
no significant difference. Two-way ANOVA followed by Bonferroni's comparisons between wild and mutant

strains values (* P < 0,05; ** p<0,01; *** p<0,001; **** p<0,0001).

Table 4. Representation of the significant difference related to the quantitative distribution of
different immune response cells in visceral organs of broilers infected with Salmonella

Typhimurium wild and mutant strains at different days post-infection.

Broilers 1 DPI 3 DPI 7 DPI 14 DPI
T CD4+ A-STM™ ns A-STM" A-STM™
Caecal — * -
. T CD8+ A-STM ns A-STM A-STM
tonsils o sk
Macrophages ns A-STM A-STM ns
T CD4+ A-STM™ A-STM™ ns ns
Liver T CD8+ ns ns A-STM” A-STM"
Macrophages | A-STM™" ns ns A-STM™
T CD4+ A-STM™ ns ns ns
Caecum T CD8+ A-STM" ns ns ns
Macrophages | A-STM™ ns ns A-STM"
T CD4+ A-STM™ ns A-STM™™ A-STM™
lleum T CD8+ A-STM™ ns A-STM™™ ns
Macrophages A-STM" ns ns A-STM™™

DPI, days post-infection; A-STM, Salmonella Typhimurium AttrAApduA; wt-STM, Salmonella Typhimurium
wild-type; ns, no significant difference. Two-way ANOVA followed by Bonferroni's comparisons between wild

and mutant strains values (* P < 0,05; ** p < 0,01; *** p <0,001; **** p <0,0001).
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Table 5. Representation of the significant difference related to the quantitative distribution of

different immune response cells in visceral organs of semi-heavy laying hens infected with

Salmonella Typhimurium wild and mutant strains at different days post-infection.

Semi-heavy laying hens 1 DPI 3 DPI 7 DPI 14 DPI
T CD4+ A-STM™ ns A-STM™™ A-STM™
Caec_al T CD8+ ns ns ns ns
tonsils e -
Macrophages A-STM ns ns A-STM
T CD4+ A-STM™™ ns A-STM" A-STM™
Liver T CD8+ ns ns ns A-STM™
Macrophages | A-STM™ ns ns ns
T CD4+ ns ns ns ns
Caecum | T CD8+ A-STM™™ ns ns A-STM"
Macrophages ns ns ns A-STM"
T CD4+ A-STM™ ns ns ns
lleum T CD8+ ns ns ns ns
Macrophages ns ns ns A-STM™

DPI, days post-infection; A-STM, Salmonella Typhimurium AttrAApduA; wt-STM, Salmonella Typhimurium
wild-type; ns, no significant difference. Two-way ANOVA followed by Bonferroni's comparisons between wild

and mutant strains values (* P < 0,05; ** p < 0,01; *** p <0,001; **** p < 0,0001).

Table 6. Representation of the significant difference related to the quantitative distribution of

different immune response cells in visceral organs of light laying hens infected with Salmonella

Typhimurium wild and mutant strains at different days post-infection.

Light laying hens 1 DPI 3 DPI 7 DPI 14 DPI
T CD4+ ns ns ns A-STM™
Caegal T CD8+ ns ns ns ns
tonsils e
Macrophages ns ns ns A-STM
T CD4+ A-STM™™ A-STM" A-STM" A-STM™
Liver T CD8+ A-STM™™ A-STM™ A-STM™ A-STM™
Macrophages A-STM” ns ns A-STM™™
T CD4+ ns ns ns A-STM™™
Caecum T CD8+ ns ns ns ns
Macrophages ns ns ns A-STM™
T CD4+ A-STM™ ns ns A-STM"
lleum T CD8+ ns ns ns ns
Macrophages | A-STM™ ns ns A-STM™
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DPI, days post-infection; A-STM, Salmonella Typhimurium AttrAApduA; wt-STM, Salmonella Typhimurium
wild-type; ns, no significant difference. Two-way ANOVA followed by Bonferroni's comparisons between wild

and mutant strains values (* P < 0,05; ** p < 0,01; *** p <0,001; **** p <(0,0001).

Table 7. Established groups according to the different lineages and strains.

Group Lineage Strain

A Broiler SEAttrAApduA or STMAttrAApduA
B Broiler wt-SE or wt-STM

C Semi-heavy laying hens SEAttrAApduA or STMAttrAApduA
D Semi-heavy laying hens wt-SE or wt-STM

E Light laying hens SEAttrAApduA or STMAttrAApduA
F Light laying hens wt-SE or wt-STM

G Broiler NC

H Semi-heavy laying hens NC

I Light laying hens NC

SEAttrAApduA, Salmonella Enteritidis AttrAApduA; STMAttrAApduA, Salmonella Typhimurium AttrAApduA;
wt-SE, Salmonella Enteritidis wild-type; wt-STM, Salmonella Typhimurium wild-type; NC, negative control.

! Este capitulo corresponde ao artigo cientifico submetido a revista Scientific Reports e
encontra-se em avaliacdo para publicacéo.



30

Figure

Figure 1. Section of the caecum of broiler infected by Salmonella Typhimurium AttrAApduA
showing immunoreactions in macrophages, 7 days post infection (x400; Avidin-Biotin

Streptavidin Peroxidase, counter stained with Hematoxylin).
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Supplementary information

Supplementary Figure S1. Percentage of the stained area by populations of lymphocytes T
CD4" and CD8", and macrophages in the caecal tonsils, liver, caecum, and ileum of broiler
infected with Salmonella Enteritidis or Salmonella Enteritidis AttrAApduA strains at different
days post-infection. Different letters mean a significant statistical difference between
challenged (mutant- and wild-type) and no challenged birds, in each of the days post-
inoculation (dpi), by two-way ANOVA followed by Bonferroni multiple comparison test at 5%

probability.
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Supplementary Figure S2. Percentage of the stained area by populations of lymphocytes T
CD4* and CD8", and macrophages in the caecal tonsils, liver, caecum, and ileum of semi-heavy
laying hens infected with Salmonella Enteritidis or Salmonella Enteritidis Attr AApduA strains
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at different days post-infection. Different letters mean a significant statistical difference
between challenged (mutant- and wild-type) and no challenged birds, in each of the days post-
inoculation (dpi), by two-way ANOVA followed by Bonferroni multiple comparison test at 5%

probability.
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Supplementary Figure S3. Percentage of the stained area by populations of lymphocytes T
CD4" and CD8", and macrophages in the caecal tonsils, liver, caecum, and ileum of light laying
hens infected with Salmonella Enteritidis or Salmonella Enteritidis AttrAApduA strains at
different days post-infection. Different letters mean a significant statistical difference between
challenged (mutant- and wild-type) and no challenged birds, in each of the days post-

inoculation (dpi), by two-way ANOVA followed by Bonferroni multiple comparison test at 5%
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Supplementary Figure S4. Percentage of the stained area by populations of lymphocytes T
CD4* and CD8", and macrophages in the caecal tonsils, liver, caecum, and ileum of broiler
infected with Salmonella Typhimurium or Salmonella Typhimurium AttrAApduA strains at
different days post-infection. Different letters mean a significant statistical difference between
challenged (mutant- and wild-type) and no challenged birds, in each of the days post-
inoculation (dpi), by two-way ANOVA followed by Bonferroni multiple comparison test at 5%

probability.
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Supplementary Figure S5. Percentage of the stained area by populations of lymphocytes T
CD4* and CD8", and macrophages in the caecal tonsils, liver, caecum, and ileum of semi-heavy
laying hens infected with Salmonella Typhimurium or Salmonella Typhimurium AttrAApduA
strains at different days post-infection. Different letters mean a significant statistical difference
between challenged (mutant- and wild-type) and no challenged birds, in each of the days post-
inoculation (dpi), by two-way ANOVA followed by Bonferroni multiple comparison test at 5%

probability.
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Supplementary Figure S6. Percentage of the stained area by populations of lymphocytes T
CD4" and CD8", and macrophages in the caecal tonsils, liver, caecum, and ileum of light laying
hens infected with Salmonella Typhimurium or Salmonella Typhimurium AttrAApduA strains
at different days post-infection. Different letters mean a significant statistical difference
between challenged (mutant- and wild-type) and no challenged birds, in each of the days post-
inoculation (dpi), by two-way ANOVA followed by Bonferroni multiple comparison test at 5%

probability.
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