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RESUMO

A salmonelose, uma das principais doencas de origem alimentar, é causada pela infeccédo por
Salmonella enterica, bactéria Gram negativa pertencente a familia Enterobacteriaceae. A
infeccdo por S. enterica em seres humanos pode causar a enterite ndo-tifoide, que se
caracteriza pelo quadro de enterite neutrofilica e é causada predominantemente por S. enterica
sorotipos Typhimurium e Enteritidis, ou a febre tifoide, que se caracteriza por disseminacao
sisttmica de S. enterica sorotipos Typhi ou Paratyphi A, Paratyphi B ou Paratyphi C. Os
objetivos deste trabalho foram avaliar mecanismos de patogenicidade de S. Typhimurium e de
S. Typhi no intestino de animais usados como modelos experimentais de infec¢do. Buscou-se
avaliar os mecanismos de absorcdo de ferro ferroso e férrico relacionados a sobrevivéncia
intestinal de S. Typhimurium em condic¢fes de inflamagdo. Foram utilizados os modelos
murino pré-tratado com estreptomicina, murino tratado com DSS a 3% e de ligadura cirdrgica
de alcas iliacas de bezerro. Nos modelos murinos pre-tratado com estreptomicina e tratado
com DSS a 3%, as coinfeccbes com a cepa de referéncia de S. Typhimurium e uma das
mutantes tonB feoB, feoB, tonB ou iroN demonstraram que a absorcdo de ferro férrico
mediada por IroN e TonB confere vantagem competitiva a S. Typhimurium em ambiente
inflamado. Paralelamente, durante este trabalho foram estudados mecanismos que S. Typhi
utiliza para suprimir a resposta inflamatoria no ambiente intestinal. Foi demonstrado que a
insercdo do gene tviA, regulador da sintese da proteina Vi capsular de S. Typhi, no genoma de
S. Typhimurium ndo altera a capacidade de invasdo de S. Typhimurium mas causa diminuicéo
do acimulo de fluido e da inflamagdo no modelo de ligadura de alga iliaca de bezerro. Os
modelos de infeccdo animal demonstraram ser ferramentas importantes para avaliacdo dos
mecanismos de patogenicidade tanto de S. Typhimurium quanto de S. Typhi no ambiente

intestinal.



ABSTRACT

Salmonellosis is one of the most important foodbourne diseases, and it is caused by
Salmonella enterica, a Gram negative bacterium belonging to the Enterobacteriaceae family.
S. enterica infection in humans may cause non-typhoidal salmonellosis, characterized by
enteritis with severe neutrophilic infiltration, and it is caused mostly by S. enterica serotypes
Typhimurium and Enteritidis, or typhoid fever, which is characterized by systemic
dissemination of serotypes Typhi, Paratyphi and A, B, or C. The goals of this study were to
assess distinct pathogenic mechanisms of S. Typhimurium and S. Typhi in the intestine of
animal models of infection. Mechanisms by which S. Typhimurium uptakes ferrous and ferric
iron in the inflamed intestinal environment were evaluated. There were utilized streptomycin
pre-treated mice, mice treated with 3% DSS, and bovine ligated ileal loops models In mice
pretreated with streptomycin and treated with 3% DSS, co-infections with reference strain and
one of the mutants tonB feoB, feoB, tonB or iroN indicated that absorption of ferric iron
mediated by IroN and TonB provides competitive advantage to S. Typhimurium in the
inflamed intestinal environment. In addition, mechanisms by which S. typhi represses
inflammation in the intestine were investigated. Insertion of tviA, regulatory Vi capsular gene
of S. Typhi, into the genome of S. typhimurium did not alter the invasion rate of S.
typhimurium but resulted in decreased fluid accumulation and inflammation in the bovine
ligated ileal loop model. In these studies, animal models have proven to be important tools for
assessment of pathogenic mechanisms of both S. Typhimurium and S. Typhi in the intestinal

environment.



SUMARIO

CAPITULO oo ssssssssessssssssssessssssssssses oo 13
1. REVISAO DE LITERATURA ..ottt eeee et 13
1.1 SALMONELOSE .....oot ittt sae e sna e 13
1.2 SALMONELOSE HUMANA ..ot 14
1.3 MODELOS ANIMAIS DE INFECQAO EXPERIMENTAIS ..., 18
1.3.1  Modelo murino de infecgdo por Salmonella............ccceoveiiniiniiinceces 18
1.3.2  Modelo bovino de infeccdo por Salmonella Typhimurium........cc.ccoceveeveiienennens 21
1.3.3  Outros modelos animais de infeccdo por Salmonella Typhimurium.................. 23

1.4 FATORES DE VIRULENCIA E DE PATOGENICIDADE DE SALMONELLA
TYPHIMURIUDM ...ttt st b e nna e nae e s nnes 24
CAPTTULOD e eeeeeeeeeeeseessseessseeeseessseessssseesseeessssesssssesseesesssessssees s 27

ESTUDO DE MECANISMOS UTILIZADOS POR SALMONELLA ENTERICA
SOROTIPO TYPHIMURIUM PARA SOBREVIVER A PRIVA(;AO DE

FERRO EM MODELOS ANIMALS ..ot eeer e 27
L. INTRODUGAO. ...ttt eeee e ee sttt es st se s 27
2. OBIETINVOS oottt et et et e e e e ettt rerer e 30
3. MATERIAL E METODOS ..ot ee e e et et erer s s v s s enereran e 31
3.1 APROVACAO PELA COMISSAO DE ETICA NO USO DE ANIMAIS................ 31
3.2 CEPAS DE BACTERIAS E CONDICOES DE CULTIVO MICROBIOLOGICO.31
3.3 MODELO MURINO PRE-TRATADO COM ESTREPTOMICINA......cccocooevernn. 32
34 MODELO MURINO TRATADO COM DEXTRAN SULFATO DE SODIO
(D 1S5) 1T 34
35 MODELO DE ALCAS ILIACAS DE BEZERROS CIRURGICAMENTE
LIGADAS ..o e e et e et et et et e e e e e et et e et et et et et et e s et et e et et et et er et et et eree e e e e eeann 34
3.6 EXTRACAO DE RNA TOTAL E RT-PCR QUANTITATIVO ....ccooeeviveeesreis 35
3.7 HISTOPATOLOGIA ..o oo ee e s e e e et e e s ereseseses s e s s e e e e e esenenenenaes 36
3.8  ANALISE ESTATISTICA oo oo e et e e e e e e et et es e e e eeeeeneresese e 37

4

RESULTADOS E DISCUSSAQ .....oorveeeeeeeeseeeesesies e sesses s ssssssss s 37



4.1 CONFIRMACAO DO GENOTIPO DAS MUTANTES INVA TONB FEOB, INVA
FEOB E INVA IRON PROVENIENTES DA CEPA DE REFERENCIA DE SALMONELLA

TYPHIMURIUM Lo 37
4.2 MULTIPLICACAO DE MUTANTES TONB FEOB, FEOB, TONB E IRON IN
VITRO s 38

43 COLONIZACAO INTESTINAL DE SALMONELLA TYPHIMURIUM E
MUTANTES TONB FEOB, FEOB, TONB, OU IRON, OU CEPA MUTANTE DE
SALMONELLA TYPHIMURIUM INVA E MUTANTES INVA TONB FEOB, INVA FEOB,
INVA TONB OU INVA IRON EM CAMUNDONGOS PRE-TRATADOS COM
ESTREPTOMICINA ..o s 40

4.4  COLONIZACAO INTESTINAL DE SALMONELLA TYPHIMURIUM E
MUTANTES TONB FEOB, FEOB, TONB E IRON EM CAMUNDONGOS TRATADOS
COM DSS . 47

45 COLONIZACAO INTESTINAL DE SALMONELLA TYPHIMURIUM E
MUTANTES TONB FEOB, FEOB, TONB, IRON, OU CEPA MUTANTE DE
SALMONELLA TYPHIMURIUM INVA E MUTANTES INVA TONB FEOB, INVA FEOB,
INVA TONB OU INVA IRON EM BEZERROS COM ALCAS ILIACAS

CIRURGICAMENTE LIGADAS . ..c.co oot e e e e e erevevesesee e s asesesesasasesesesesssessenn, 49
B, CONCLUSODES . ...ooo oo et e et e e es et et et e e e e er e s et et e e e e e esereseseeeeeaes 51
(07X =2 1 1] 10 T 1 1 51

PAPEL DOS GENES viAB E TvIA DE SALMONELLA ENTERICA SOROTIPO TYPHI
NA EVASAO DA RESPOSTA IMUNOLOGICA NO INTESTINO DE

BEZERROS COM ALCAS ILIACAS CIRURGICAMENTE LIGADAS .......... 51
1. INTRODUGAO. ..ot eeeee sttt sse sttt an s 51
2. OBJIETIVOS. ..oooooeeeeeeeeeeeeveeseeesveeesess e es s essas e s essasasess s eesessasssessasansssssssenenes 53
3. MATERIAL E METODOS ....oovvvvoiereriseeessiessessssssessssssssesssssssssssssssesssssssssssssssessssanees 53

3.1 APROVACAO PELA COMISSAO DE ETICA NO USO DE ANIMAIS................ 53

3.2 CEPASDE BACTERIAS E CONDICOES DE CULTIVO MICROBIOLOGICO .54
3.3 MODELO DE ALCAS ILIACAS DE BEZERROS CIRURGICAMENTE

LIGADAS ..ot e e e e e e e et et et et ettt er et ettt et et et et eer et et et et e e e 54
3.4 HISTOPATOLOGIA ..o oo et e e s e e et e e s erer e s et e eeneres e 55
4, RESULTADOS E DISCUSSAQD ...ooovieeeeeeeeeeeeeeeee e ee e e e e e ereseneses s s s s s e 55
5. CONCLUSAO ..o oo e e e e ettt e et e s et e et ees e s et et et e e e s eser et eseeeeenes 58

REFERENCIAS ..o 59



ANEXO A
ANEXO B
ANEXO C
ANEXO D



LISTADE TABELAS

Tabela 1. Sorotipos de Salmonella enterica subespécie enterica mais comuns em
AIferentes NOSPEABITOS ......c.vciiieicicecce bbb sre e 14

Tabela 2. Cepas de Salmonella Typhimurium utilizadas..........cc.ccoovivviiviiiiiiiiicecece, 33

Tabela 3. Sequéncia de iniciadores utilizados em PCR convencional para confirmacao de
mutagénese em cepas invA tonB feoB, invA feoB e invA tonB de Salmonella
TYPNIMUITUIM ottt s et e e et et et et e s et et e s e s e sesennens 34

Tabela 4. Iniciadores usados para PCR em Tempo Real quantitativa (QRT-PCR).......... 36

Tabela 5. Cepas de Salmonella Typhimurium utilizadas..........cc.ccocviviiniininiiniinnece 54

LISTADE FIGURAS

Figura 1. Mecanismos de transporte e absorcdo de ferro férrico e ferro ferroso pela
Salmonella Typhimurium. Os receptores de membrana externa IroN e FepA ligam-se aos
complexos salmoquelina-Fe** e enterobactina-Fe®*, respectivamente, e transportam o
complexo sideréforo-Fe** através da membrana externa utilizando energia proveniente do
complexo TonB/ExbB/ExbD. Durante processo inflamatorio o hospedeiro secreta lipocalina-
2, que se liga especificamente a enterobactina, impedindo a absor¢cdo do complexo
enterobactina-Fe**. O ferro Fe?* é transportado pelo complexo FeoAB, presente na membrana
11Tt 0 = o= U =] o - VS 29

Figura 2. Confirmacdo dos mutantes de Salmonella Typhimuium por PCR. (A)
Representacdo esquematica dos genes alvo e abordagem de mutagénese. A sequéncia de
codificacdo de tonB e feoB foi interrompida com a insercdo de um cassete de resisténcia a
canamicina (Kan®) ou tetraciclina (Tet®). O gene invA foi interrompido pela insercdo de um
derivado de pGP704. A localizacdo aproximada dos sitios de ligacdo de iniciadores é indicada
pela meia-seta. (B) As cepas mutantes de S. Typhimuium indicadas serviram como amostras
para a amplificacdo dos varios genes alvos. Os produtos de PCR foram separados por
eletroforese em gel de agarose. Marcadores de tamanho aproximado séo indicados no lado
ESAUENAO A0 PAINEL ...ttt ettt nae e 38

Figura 3. Multiplicacédo das cepas de Salmonella Typhimurium em meio rico em ferro e
em meio com limitagdo de ferro disponivel. As cepas de referéncia de S. Typhimurium
(S.Tm) e mutantes tonB feoB, feoB, tonB e iroN de S. Typhimurium foram inoculadas com
valor de absorbéncia inicial de 0,01 em meio nutriente puro (NB), meio NB suplementado
com de FeSO,4 40 uM (+FeSO,), FeCl; 40 uM (+FeCls) ou dipyridyl 0,2 mM (-Fe [dipyridyl])
e realizada mensuracdo de OD600 nm ap0s 24 horas. As barras representam média e desvio
padrdo de trés experimentos independentes. * indica diferenca estatistica comparada a mesma
cepa em meio NB, teste de Tukey, * P<0,001. * indica diferenca estatistica entre cepas
mutantes comparadas & cepa de referéncia nos mesmos tratamentos, teste de Tukey, *
PO,001. . ettt R et bR et et e R et e Re et Re et rene et re e e nens 40

Figura 4. Inflamacédo intestinal em camundongos pré-tratados com estreptomicina e
coinfectados com cepa referéncia e mutante de Salmonella Typhimurium. Camundongos
C57BI/6 foram coinfectados intragastricamente na proporcdo 1:1 com mistura de 1 x 10’ UFC



com a cepa de referéncia de S. Typhimurium e uma das mutantes de S. Typhimurium: tonB
feoB, feoB, tonB, ou iroN, ou foram coinfectados com a cepa mutante de S. Typhimurium
invA e uma das mutantes invA tonB feoB, invA feoB, invA tonB ou invA iroN. (A) Escore
histopatoldgico do ceco 48 hpi. As barras representam a media do escore histopatolégico para
inflamacdo de submucosa (1S), inflamacdo de mucosa (IM) e edema de submucosa (ES) de
cinco camundongos por grupo. (B-C) Histopatologia de fragmentos de ceco coletados 48 hpi
de camundongos coinfectados com a cepa de referéncia e a mutante iroN de S. Typhimurium
(B) ou com a invA e a mutante invA iroN de S. Typhimurium (C) corados por hematoxilina-
€0SINA, 400X, * P<O,05. ...ttt bbb 42

Figura 5. Quantificacdo de RNA mensageiro de ceco de camundongos pré-tratados com
estreptomicina e coinfectados com a cepa de referéncia e mutante de Salmonella
Typhimurium. Camundongos C57BI/6 foram coinfectados intragastricamente na proporc¢éo
1:1 com mistura de 1 x 10" UFC com a cepa de referéncia de S. Typhimurium e uma das
mutantes de S. Typhimurium: tonB feoB, feoB, tonB, ou iroN (S. Tm), ou foram coinfectados
com a cepa mutante de S. Typhimurium invA e uma das mutantes invA tonB feoB, invA feoB,
invA tonB ou invA iroN (invA). (A-C) Transcrigdo de cxcl-2 (A) cxcl-1 (B) e lipocalina-2 (C)
em amostras de ceco 48 apds infeccdo, medida por RT-PCR quantitativo. Os dados
representam a média geométrica e erro padrdo da variacdo de expressao (fold change)
normalizada pela quantidade de transcrito de gapdh de cinco camundongos por grupo. *
P<0,05; ** P<0,01; *** P<0,001. ....coiiiieiiieiirisieesesiee sttt 43

Figura 6. Colonizacdo intestinal de camundongos preé-tratados com estreptomicina e
coinfectados com a cepa de referéncia e mutante de Salmonella Typhimurium.
Camundongos C57BI/6 foram coinfectados intragastricamente na proporc¢ao 1:1 com mistura
de 1 x 10" UFC da cepa de referéncia de S. Typhimurium e uma das mutantes de S.
Typhimurium: tonB feoB, feoB, tonB, ou iroN, ou foram coinfectados com a cepa mutante de
S. Typhimurium invA e uma das mutantes invA tonB feoB, invA feoB, invA tonB ou invA iroN.
Amostras de fezes coletadas 48 horas apés a infecgdo (A) e amostras de ceco coletadas 96
horas apés a infeccdo (B) para contagem bacteriana. Os dados estdo expressos em média e
erro padrdo do indice de competitividade (IC) das cepas de referéncia de S. Typhimurium
sobre mutantes tonB feoB, feoB, tonB, ou iroN (S. Tm) e do indice de competitividade (IC)
das cepas mutante invA de S. Typhimurium sobre mutantes invA tonB feoB, invA feoB, invA
tonB ou invA iroN (invA) normalizados pela razdo dos respectivos inoculos. * P<0,05; **
PRO,0L. i b b e bR e bR e b e bbb b 46

Figura 7. Inflamag&o intestinal em camundongos tratados com DSS e coinfectados com
cepa referéncia e mutante de Salmonella Typhimurium. Camundongos C57BI/6 foram
coinfectados intragastricamente na proporcéo 1:1 com mistura de 1 x 10" UFC com a cepa de
referéncia de S. Typhimurium e uma das mutantes de S. Typhimurium: tonB feoB, feoB, tonB,
ou iroN. (A-B) Escore histopatoldgico do ceco (A) e cdlon (B) 48 hpi. As barras representam
a media do escore histopatoldgico para inflamacdo de submucosa (IS), inflamacdo de mucosa
(IM) e edema de submucosa (ES) de cinco animais por grupo coinfectado. ..........ccccceceveriennnn 47

Figura 8. Colonizagéo intestinal de camundongos tratados com DSS e coinfectados com
cepa referéncia e mutante de Salmonella Typhimurium. Camundongos C57BI/6 foram
coinfectados intragastricamente na proporcdo 1:1 com mistura de 1 x 10’ UFC com a cepa de
referéncia de S. Typhimurium e uma das mutantes de S. Typhimurium: tonB feoB, feoB, tonB,
ou iroN. Amostras de ceco (A) e célon (B) coletadas apds 48 horas de infecgdo para contagem
bacteriana. Os dados estdo expressos em média e erro padrdo do indice de competitividade
das cepas de referéncia de S. Typhimurium sobre mutantes tonB feoB, feoB, tonB, ou iroN (S.



Tm/mutante) normalizados pela razdo dos respectivos indculos em cinco animais por grupo
COINTRCTAAO. ...tttk b et b bt b bbbt b e b b 48

Figura 9. Colonizacdo intestinal em modelo de ligadura de alca iliaca de bezerros e
coinfectado com cepa referéncia e mutante de Salmonella Typhimurium. As alcas iliacas
de bezerros foram ligadas cirurgicamente e coinfectadas na propor¢do 1:1 com mistura de 1 X
10° UFC com a cepa de referéncia de S. Typhimurium e uma das mutantes de S.
Typhimurium: tonB feoB, feoB, tonB, ou iroN, ou foram coinfectados com a cepa mutante de
S. Typhimurium invA e uma das mutantes invA tonB feoB, invA feoB, invA tonB ou invA iroN.
Amostras de fluido intraluminal (A) e de bidpsia de ileo (B) foram coletadas 8 horas apos
infeccdo para contagem bacteriana. Os dados estdo expressos em média e erro padrdo do
indice de competitividade das cepas de referéncia de S. Typhimurium sobre mutantes tonB
feoB, feoB, tonB, ou iroN (S. Tm) e do indice de competitividade das cepas mutante invA de
S. Typhimurium sobre mutantes invA tonB feoB, invA feoB, invA tonB ou invA iroN (invA)
normalizados pela razdo dos respectivos indculos de 4 animais coinfectados.............cccccvvvne. 50

Figura 10. Colonizagdo intestinal do modelo de ligadura de al¢a iliaca de bezerros
infectados com cepa de referéncia ou mutante viaB, tviA ou invA de Salmonella
Typhimurium. As alcas iliacas de bezerros foram ligadas cirurgicamente e infectadas com 1
x 108 UFC com a cepa de referéncia de S. Typhimurium (S. Tm) ou uma das mutantes de S.
Typhimurium: viaB, tviA, invA. Amostras teciduais foram coletadas por bidpsia apds 5 horas
de infeccdo para contagem bacteriana. Os dados estdo expressos em média e erro padrdo do
Log de UFC/punch de quatro animais coinfectados. * P<0,05........c.ccccviviniiniiinienienieninsennens 56

Figura 11. Acimulo de fluido luminal em modelo de ligadura de alca iliaca de bezerros
infectados com cepa referéncia ou mutante viaB, tviA ou invA de Salmonella
Typhimurium. As alcas iliacas de bezerros foram ligadas cirurgicamente e infectadas com 1
x 10® UFC com a cepa de referéncia de S. Typhimurium (S. Tm) ou uma das mutantes de S.
Typhimurium: viaB, tviA, invA. A quantidade de fluido acumulado por alga ligada foi
coletado 5 horas apos infeccdo. Os dados estdo expressos como percentual de resposta
observado em relacdo a alga infectada com a cepa de referéncia (AJB715) de S.
Typhimurium. As barras representam as média e erro padrdo do Log de UFC/punch de quatro
animais coinfectados. * P<0,05; ** P<O,01. ....ccooviiieiiiereeseree e 57

Figura 12. Inflamag¢&o no modelo de ligadura de alca iliaca de bezerros e infectados com
cepa de referéncia ou mutante viaB, tviA ou invA de Salmonella Typhimurium. As alcas
iliacas de bezerros ligadas cirurgicamente foram infectadas com 1 x 10° UFC com a cepa de
referéncia de S. Typhimurium (S. Tm) ou uma das mutantes de S. Typhimurium: viaB, tviA,
invA.(A) Fragmentos de ileo das alcas ligadas foi coletado ap6s 5 horas de infeccdo para
avaliacdo do escore histopatoldgico. Barras representam a media do escore histopatoldgico
para infiltrado neutrofilico (NE), hemorragia (HE), necrose/apoptose (NP) e edema (ED) de
fragmentos obtidos de quatro animais infectados. (B-C)Histopatologia de fragmentos de ileo
coletados 5 hpi inoculado com LB (B) ou infectados com a cepa de referéncia de S.
Typhimurium (C), com a cepa mutante viaB (D), tviA (E) ou invA de S. Typhimurium (F)
corados por hematoxilina-e0Sina, BO0X. .......ccceieriererierieriere e 58
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CAPITULO |

1. REVISAO DE LITERATURA

1.1 SALMONELOSE

A salmonelose, uma das principais doencas de origem alimentar em humanos e animais, é
causada pela infeccdo por Salmonella spp., bactéria Gram negativa pertencente a familia
Enterobacteriaceae. A classificacdo atual da Salmonella, baseada em estudos de hibridizacéo
de DNA, considera que o género Salmonella inclui duas espécies: Salmonella enterica (com
mais de 2500 sorotipos) e Salmonella bongori (com 22 sorotipos). Salmonella enterica
incluem seis subespécies, subdivididas segundo caracteristicas gendmicas e reagoes
bioguimicas: Salmonella enterica subespécie enterica (I), Salmonella enterica subespécie
salamae (Il), Salmonella enterica subespécie arizonae (I11A), Salmonella enterica subespécie
diarizonae (I1IB), Salmonella enterica subespécie houtenae (IV) e Salmonella enterica
subespécie indica (VI) (GRIMONT e WEILL, 2007). Salmonella enterica subespécie
enterica (referida neste trabalho como S. enterica) possui mais de 1500 sorotipos
identificados (ISSENHUTH-JEANJEAN et al., 2014) e representa a subespécie de

Salmonella com maior nimero de sorotipos isolados de humanos e animais.

Os sorotipos de S. enterica diferem quanto a variedade de hospedeiros susceptiveis e ao grau
de adaptacdo ao hospedeiro (Tabela 1) (BAUMLER et al., 1998a; GRIMONT e WEILL,
2007). Alguns sorotipos de S. enterica tém predilecdo por uma determinada espécie de
hospedeiro, mas podem eventualmente causar a doenca em outras espécies. Este grupo de
sorotipos restritos a determinados hospedeiros inclui: S. enterica sorotipo Choleraesuis (S.
Choleraesuis) (CHIU et al., 2004) e S. enterica sorotipo Dublin (S. Dublin) (HUGHES et al.,
1971), que preferencialmente infectam suinos e bovinos, respectivamente, mas que podem
infectar humanos (FANG e FIERER, 1991). H& um segundo grupo de S. enterica que causa
doenca sistémica em uma espécie, como 0s sorotipos Typhi (S. Typhi) e Paratyphi (S.
Paratyphi), que infectam apenas humanos, e o sorotipo Gallinarum (S. Gallinarum), que
infecta aves (BAUMLER et al., 1998a). A maioria dos sorotipos de S. enterica, no entanto,

infectam varias espécies animais e 0 homem, e tendem a causar enterite no hospedeiro. A este
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altimo grupo pertencem S. enterica sorotipo Typhimurium (S. Typhimurium) e S. enterica

sorotipo Enteritidis.

Tabela 1. Sorotipos de Salmonella enterica subespécie enterica mais comuns em
diferentes hospedeiros

Hospedeiro Sorotipos

Homem Typhimurium, Enteritidis (ndo tifoides)
Typhi, Sendali, Paratyphi A, B e C (tifoides)

Bovinos Typhimurium, Dublin
Aves Pullorum, Gallinarum
Ovinos Abortusovis
Suinos Choleraesuis, Typhimurium, Typhisuis
Equinos Abortusequi
Roedores selvagens Typhimurium, Enteritidis

Fonte: Adaptada de BAUMLER et al., 1998a.
1.2 SALMONELOSE HUMANA
Salmonella spp. € um dos principais agentes causadores de infeccdo alimentar em seres

humanos em todo o mundo. A infeccdo por S. enterica pode causar duas desordens distintas

em seres humanos: a enterite ndo-tifoide e a febre tifoide. A enterite ndo-tifoide pode ser
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causada por diversos sorotipos de S. enterica, sendo mais comuns 0s sorotipos Typhimurium
(S. Typhimurium) e Enteritidis (S. Enteritidis) (FERNANDES et al., 2006; RIBEIRO et al.,
2010). A febre tifoide é ocasionada pela infeccdo pelos sorotipos Typhi (S. Typhi) ou
Paratyphi A, B ou C (S. Paratyphi). Os seres humanos sdo também susceptiveis a outros
sorotipos, inclusive Choleraesuis (S. Choleraesuis) e Dublin (S. Dublin), sorotipos adaptados
a suinos e bovinos, respectivamente, e que eventualmente podem causar um quadro de
bacteremia em humanos (CHIU et al., 2004; FANG e FIERER, 1991).

Estima-se que a infeccdo por Salmonella ndo-tifoide seja responsavel por 93,8 milhGes de
casos de doenga em humanos, sendo 80,3 milhdes destes casos de origem alimentar, e 55 mil
mortes por ano em todo o mundo (MAJOWICZ et al.,, 2010). SCALLAN et al. (20011)
demonstraram que a infeccdo por Salmonella néo-tifoide € a responsavel por 11% das
doencas, 35% das hospitalizacdes e 28% das mortes atribuiveis a doengas de origem alimentar
a cada ano nos Estados Unidos. Segundo HOFFMANN et al. (2012), o custo anual

relacionado a enterite nao-tifoide nos Estados Unidosé de $3,3 bilhdes.

A infeccdo por S. Typhimurium, causadora da enterite ndo tifoide, foi associada ao consumo
de diversos produtos alimentares (JACKSON et al., 2013). A transmissdo ocorre por via
fecal-oral, apds ingestédo de alimento de origem animal como leite, ovos e carne contaminados
(OLIVER et al., 2005; FEARNLEY et al., 2011; MURASE et al., 2000), pela ingestdo de
produtos de origem vegetal contaminados (CAVALLARO et al., 2011; BENNETT et al.,
2014), ou pelo contato com agua contaminada (AILES et al., 2013). JACKSON et al. (2013)
se referem a S. Enteritidis e S. Typhimurium como os dois principais sorotipos de Salmonella
encontrados ap6s levantamento de surtos ocasionados durante o periodo de 1998 a 2008 pelo
Sistema de Vigilancia de Surtos de Doengas Transmitidas por Alimentos dos Estados Unidos
(Foodborne Disease Outbreak Surveillance System — FDOSS). LEONARD et al. (2007)
relacionaram adicionalmente tratamentos com antiacidos, antagonistas de receptor H, e
inibidores de bombas de prétons em pacientes como fatores de risco para infeccdo por

Salmonella ndo-tifoide.

Os animais de producao tém papel epidemioldgico importante na transmissdao de Salmonella
ndo-tifoide em humanos (HOELZER et al., 2011). KAGAMBEGA et al. (2013) isolaram S.
enterica em 53% de amostras de fezes de bovinos, aves domésticas e suinos sadios e

demonstraram que alguns isolados de Salmonella possuiam similaridades génicas e
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multirresisténcia aos mesmos agentes antimicrobianos que amostras de S. Typhimurium
isoladas de humanos. Em estudo desenvolvido por KUO et al. (2014), de 110amostras de S.
enterica isoladas de suinos, sendo em maior nimero o sorotipo S. Typhimurium, 96% foram
multirresistentes a antibidticos e 48% possuiam padrées moleculares idénticos as amostras de
S. Typhimurium isoladas de humanos. Além dos animais de producdo, os animais de
companhia e animais silvestres vém desempenhando evidente importancia na transmissdo de
Salmonella ndo-tifoide a outros animais e ao ser humano. WRIGHT et al. (2005) relataram
quatro surtos de enterite ndo-tifoide em empregados, proprietarios, e animais que estiveram
em trés clinicas veterinarias e em um abrigo de animais onde foram atendidos cdes e gatos
infectados por S. Typhimurium. CAVALLO et al. (2015) identificaram 43 individuos doentes
infectados por S. Typhimurium, dentre os quais 88% referiram contato prévio com um
alimento feito com frango e fabricado para animais de estimacdo (CAVALLO et al., 2015).
FINLEY et al. (2006) ressaltaram o risco de infeccdo por Salmonella em individuos cujos
animais de estimacdo sdo alimentados com ingredientes naturais ou crus. MARIN et al.
(2013) isolaram S. Typhimurium de tartarugas livres (Trachemys scripta elegans) e
identificaram as tartarugas como importantes reservatorios de Salmonella ndo-tifoide para

humanos.

A febre tifoide € uma enfermidade de alta morbidade ocasionada pela infec¢ao pelos sorotipos
Typhi (S. Typhi) ou Paratyphi A, B ou C (S. Paratyphi), sorotipos de S. enterica para 0s quais
seres humanos sdo hospedeiros naturais estritos e reservatorios da infeccdo. Estudos
retrospectivos desenvolvidos por CRUMP et al. (2004) reportaram que no ano de 2000
ocorreram mais de 20 milhdes de doencas e 200 mil mortes, enquanto a infeccdo por S.
Paratyphi acometeu clinicamente cinco milhdes de pessoas em todo 0 mundo. A transmissio
ocorre por via fecal-oral, pela ingestdo de alimentos pobremente higienizados manipulados
por individuos infectados ou pela ingestdo de agua ndo tratada contaminada pela bactéria
eliminada nas fezes de individuos doentes ou portadores cronicos da infeccdo (CONNOR e
SCHWARTZ, 2005). A incidéncia maior da febre tifoide é descrita em paises em
desenvolvimento, e ocorre em maior nimero nas regides Centro-Sul da Asia, Sudoeste, Oeste,
Central e Leste da Africa e América Latina (CRUMP et al., 2004; BUCKLE et al., 2012).
Nos Estados Unidos, a febre tifoide é menos frequente, com maior incidéncia em individuos
que tenham viajado para outros paises, e provoca preocupac¢do em relacdoao aparecimento de

cepas de S. Typhi multirresistentes ao tratamento antimicrobiano (LYNCH et at., 2009).
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As manifestacdes clinicas da enterite ndo-tifoide e da febre tifoide sdo distintas. A enterite
ndo-tifoide tem periodo de incubacdo de 6 a 72 horas ap0s a infecgdo (hpi) e caracteriza-se
clinicamente pela apresentacdo de gastroenterite autolimitante e ndo sistémica, com diarreia
profusa, dor abdominal, vomito menos frequentemente, e infeccdo local da porcao distal do
ileo, colon e linfonodos mesentéricos dos humanos infectados (IMANISHI e CHAI, 2013).
Bidpsias retais de pacientes infectados por S. Typhimurium demonstraram edema de mucosa e
infiltrado de células neutrofilicas (DAY et al., 1978; MCGOVERN e SLAVUTIN, 1979). A
histopatologia de tecidos obtidos de nove pacientes infectados por S. Typhimurium que foram
a Obito evidenciou alteracdes sutis no estbmago e intestino delgado, conquanto fragmentos de
intestino grosso apresentaram colite difusa aguda com abundantes abscessos de criptas
(BOYD 1985). O infiltrado neutrofilico pode ser visualizado em amostras de fezes dos
pacientes infectados (HARRIS et al., 1972).

Em pacientes imunossuprimidos, a infeccdo por Salmonella ndo-tifoide ocasiona uma
sindrome denominada salmonelose ndo-tifoide invasiva, que resulta em bacteremia e pode
gerar complicagbes como septicemia e meningite (MILLEDGE et al., 2005; MOLYNEUX et
al., 2009). A bacteremia por Salmonella ndo-tifoide ocorre com maior prevaléncia em
pacientes HIV positivos, criancas coinfectadas com malaria e criancas malnutridas, tendo
maior incidéncia em regides da Africa Sub-Saarica (GORDON, 2008; OKORO et al., 2012;
OKORO et al., 2015). GENDREL et al. (1994) também relataram a associa¢do entre a
bacteremia induzida por Salmonella ndo-tifoide e infeccdo por Schistosoma intercalatum em
criancas africanas. O sinal clinico mais frequente relacionado a infeccdo por Salmonella ndo-
tifoide invasiva € febre; a diarreia nos casos de infeccdo por Salmonella ndo-tifoide invasiva é

menos frequente e geralmente pouco proeminente quando ocorre (FEASEY et al., 2012).

Na febre tifoide, o individuo infectado desenvolve enfermidade sistémica caracterizada mais
frequentemente por febre persistente, dores abdominais, perda de apetite, hepato e
esplenomegalia (DAS et al., 2014; KHANAM et al., 2015). S. Typhi instala-se inicialmente
no ileo, onde se adere e invade as células epiteliais intestinais, através das quais S. Typhi
transloca-se para foliculos linfoides intestinais e linfonodos mesentéricos (DE JONG et al.,
2012). Durante exame microscopico de conteudo fecal de pacientes com febre tifoide
observam-se acimulo de células inflamatérias, predominantemente histiécitos, e de hemacias
(DAS et al., 2014). A enterite é caracterizada histologicamente por edema e infiltracdo de

linfécitos, mondcitos, plasmacitos e histidcitos (EDSALL et al., 1960), o que resulta em
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marcante hipertrofia da mucosa ileal (KRAUS et al., 1999). A bactéria atinge a corrente
sanguinea e dissemina-se para 0rgdos sistémicos como bago, figado, medula dssea, vesicula
biliar e placas de Peyer (DE JONG et al., 2012). Aproximadamente 2 a 5% dos individuos
infectados por S. Typhi desenvolvem o estado de portadores cronicos, com infec¢do do trato
biliar e eliminacdo intermitente de S. Typhi no conteido fecal durante anos (GUNN et al.,
2014). Na vesicula biliar, S. Typhi adere e invade as células epiteliais, onde forma biofilmes
de S. Typhi associados a infiltrado de histidcitos, auséncia relativa de neutréfilos e dano do
epitélio vesicular, com extrusdo das células epiteliais (GONZALEZ-ESCOBEDO e GUNN,
2013). A secrecdo de bile com S. Typhi possibilita a infeccdo secundaria das placas de Peyer,
via ciclo entero-hepatico (GORDON, 2008), o que favorece o aparecimento de lesdes em
placas de Peyer devido a isquemia e necrose teciduais, e que podem levar a ulceracdo das
placas de Peyer, com consequente hemorragia ou perfuracéo intestinais (PARRY et al., 2002).
Além da hemorragia e perfuracdo intestinais, a febre tifoide severa pode ocasionar
complicacbes como hepatite, encefalopatia, miocardite, efusdo pleural ou pneumonia e
choque hemodindmico (PARRY et al., 2002; PARRY et al., 2014).

1.3 MODELOS ANIMAIS DE INFECCAO EXPERIMENTAIS

1.3.1 Modelo murino de infeccdo por Salmonella

O modelo de infeccdo em murino oferece vantagens nos estudos de patogenia de diversos
patdgenos, uma vez que o manejo dos animais € simples e a variabilidade genética
desenvolvida nos camundongos permite o uso de animais imunologicamente resistentes ou
mesmo que possuam supressdo de algum gene relacionado (camundongo knockout) (Barthel
et al., 2003). Entretanto, particularmente para o estudo da salmonelose, 0 modelo possui

limitacOes de utilizagdo (Tsolis et al, 2011).

Considerando as infec¢des naturais, a S. Typhi infecta exclusivamente o ser humano. O Unico
modelo animal de infeccdo experimental que, uma vez infectado via oral por S. Typhi,
desenvolve uma sindrome similar & febre tifoide humana é o chimpanzé (EDSALL et al.,
1960). Em camundongos, CARTER e COLLINS (1974) demonstraram que S. Typhi e S.
Paratyphi A, S. Paratyphi B ou S. Paratyphi C ndo multiplicam em figado e baco 24 hpi.
O'BRIEN (1982) buscou diminuir a falha de multiplicacdo de S. Typhi em modelo murino

por meio da inoculacdo intraperitoneal ou intravenosa de S. Typhi somada ao tratamento com



19

quelante de ferro anterior e posterior a infeccdo. POWELL et al. (1980) induziram infecgdo
letal em camundongos pela inoculagdo intraperitoneal de S. Typhi ressuspendida em mucina.
Entretanto, a morte destes camundongos inoculados ocorreu por choque endotoxico devido a
rapida expansdo de colonizacdo da S. Typhi. Estudos mais recentes tém utilizado o modelo de
camundongos humanizados para serem infectados por S. Typhi (MIAN et al., 2011).
Camundongos Balb/c alinféides mutantes transplantados com célula sanguinea de cordéo
umbilical humano e infectados por S. Typhi por via intravenosa desenvolvem infeccao
bacteriana, onde S. Typhi coloniza baco, figado, sangue e medula dssea e 0s animais

apresentam maior perda de peso (MIAN et al., 2011).

A infeccdo experimental de S. Typhimurium no modelo murino resulta em uma enfermidade
que se assemelha a febre tifoide humana. Em camundongos, a infec¢do por S. Typhimurium
induz disseminacdo sistémica da bactéria, com colonizacdo do bago e figado associada a
hepato e esplenomegalia e infiltrado inflamatério predominantemente mononuclear no
intestino dos animais inoculados (SANTOS et al., 2001a). A infeccdo por S. Typhimurium em
camundongos €, portanto, aceita como modelo para estudo da febre tifoide em humanos, e
tem sido utilizada para estudar os mecanismos de interacdo hospedeiro-patégeno em
camundongos, os fatores de viruléncia relacionados a bacteremia causada por Salmonella, a
patogenia de infeccdo por Salmonella em portadores cronicos, e a aplicabilidade de modelos

terapéuticos e vacinais para S. Typhi (TSOLIS et al., 2011).

H& diferenga de susceptibilidade a forma letal de infec¢do por S. Typhimurium segundo a
linhagem animal utilizada. Camundongos das linhagens Balb/c e C57BI/6 sdo altamente
susceptiveis a salmonelose sistémica grave depois de infectados por S. Typhimurium, por
possuirem mutacdo no alelo do gene slcllal, também denominado Nramp 1. Por outro lado,
camundongos Nramp*’*, como os das linhagens CBA ou 129sv, sobrevivem & infeccdo
sistémica de S. Typhimurium (TSOLIS et al., 2011).

O modelo murino de infec¢do por S. Typhimurium foi adaptado por JONES et al. (1994) com
a ligadura de porc¢oes do ileo de camundongos Balb/c anestesiados e posterior infec¢do por S.
Typhimurium para estudo ultraestrutural das placas de Peyer. Neste modelo, observou-se que
S. Typhimurium adere as células M das placas de Peyer e causa destruicdo destas células,

seguida por invasdo das células epiteliais e células linfoides adjacentes.
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Os camundongos da linhagem Balb/c sdo usualmente utilizados como modelo animal para
infeccdo aguda de S. Typhimurium, mas esses animais ndo possibilitam o estudo sobre a
infeccdo persistente por Salmonella. O modelo murino para febre tifoide é util para
compreensao da fase tardia da infeccdo por S. Typhi em humanos, posto que a S. Typhi possui
periodo de incubacdo mais longo que S. Typhimurium e pode persistir por longos periodos em
um ser humano infectado. Pelo uso de camundongos Nramp** infectados com S.
Typhimurium é possivel estudar a apresentacdo crbnica da Salmonella tifoide. Em
camundongos 129sv, S. Typhimurium persiste em linfonodos mesentéricos por até um ano
apos infeccdo (MONACK et al., 2004).

Adicionalmente, o uso de animais “knockout” ¢é ferramenta de estudo sobre a resposta
imunologica induzida por patdégenos que pode ser utilizado pela inoculagdo em camundongos,
predominantemente da linhagem C57Bl/6. Em camundongos “knockout” tlr1l” infectados
experimentalmente, a S. Typhi coloniza baco, figado, rim e linfonodos mesentéricos e causa
mortalidade em 100% dos animais inoculados antes de 20 dias apds a infecgdo (MATHUR et
al., 2012).

O tratamento prévio com estreptomicina em dose Unica (20 mg) em camundongos C57BI/6 e
Balb/c altera a microbiota intestinal e interfere na resisténcia a colonizacdo por S.
Typhimurium (STECHER et al., 2007). A colonizacdo do ceco de camundongos infectados
por S. Typhimurium neste modelo ocorre entre 2 a 8 hpi, atingindo nivel estavel até 20 hpi
oral. As 20 hpi, a inflamacéo intestinal localiza-se no ceco e regido proximal do célon do
camundongo e € caracterizada macroscopicamente pelo ceco palido e diminuido de tamanho,
e microscopicamente por edema de submucosa, diminuicdo do numero de células
caliciformes, infiltrado inflamatério neutrofilico e eroséo epitelial ou ulceracdo da mucosa
intestinal (BARTHEL et al., 2003). As 48 hpi sdo observados sinais de inflamagio cecal
acentuada, com intenso edema de lamina propria, alteracdes nas estruturas das criptas, intenso
infiltrado inflamatdrio neutrofilico na submucosa, Iamina propria e mucosa (BARTHEL et al.,
2003).

Os sinais de inflamacdo intestinal neutrofilica aguda em camundongos pré-tratados com
estreptomicina e infectados com S. Typhimurium mimetizam 0s que ocorrem nos casos de
enterite ndo-tifoide em humanos e justificam a utilidade do modelo murino pre-tratado com

estreptomicina e infectado com S. Typhimurium. Uma limitacdo do modelo murino pré-
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tratado com estreptomicina € a propria modificacdo que o antibidtico causa na microbiota
préexistente a infeccdo por S. Typhimurium (TSOLIS et al., 2011) e o fato de que mesmo
com o pré-tratamento com estreptomicina, S. Typhimurium apresenta disseminacédo sistémica,
podendo ser possivel observar colonizacdo bacteriana em linfonodos mesentéricos, baco e
figado dos camundongos infectados (BARTHEL et al., 2003).

No modelo murino utilizando animais “germ free”, que ndo possuem microbiota intestinal,
ocorre susceptibilidade a infeccdo por diversos agentes, incluindo S. Typhimurium. S.
Typhimurium coloniza o ceco de camundongos “germ free” eficientemente nos tempos 8 ¢ 20
hpi intragastrica e causa inflamacdo cecal caracterizada por edema de submucosa, infiltrado
inflamatdrio neutrofilico e destruigdo do epitelio cecal, com perda de células caliciformes e
erosao ou ulceragdo do epitélio. Os danos epiteliais em camundongos “germ free” infectados
por S. Typhimurium sdo maiores que os danos epiteliais em camundongos também infectados
pré-tratados com estreptomicina (STECHER et al., 2005). Recentemente tem se tornado cada
vez mais evidente a complexa interacdo entre Salmonella e a microbiota intestinal e os
mecanismos utilizados pela Salmonella para ganhar vantagem competitiva sobre a microbiota

no ambiente intestinal inflamado (revisado por SANTOS, 2014).

1.3.2 Modelo bovino de infec¢éo por Salmonella Typhimurium

Em bovinos, a infeccdo por S. Typhimurium resulta em alta morbidade e mortalidade. Os
bovinos estdo entre os principais reservatorios de Salmonella para demais bovinos
contactantes e outras espécies animais (RINGS, 1985). A manifestacdo clinica mais frequente
da infeccdo por S. Typhimurium nestes animais € a diarreia aguda, que se inicia em até 48 hpi,
e que e semelhante a que ocorre em seres humanos infectados por S. Typhimurium. Pela razéo
de bovinos serem hospedeiros naturais da S. Typhimurium, e pelo fato de apresentarem
enterite profusa com infiltrado inflamatério neutrofilico, o modelo bovino de infeccdo por S.
Typhimurium vem sendo utilizado e é adequado para estudos concernentes a diarreia induzida
por Salmonella (COSTA et al., 2012%).

Bezerros infectados por via oral com S. Typhimurium desenvolvem anorexia, febre,

1 O artigo cientifico escrito por Costa et al. (2012) consiste de Revisio de Literatura intitulada
“Salmonellosis in cattle: advantages of being an experimental model.” gerada durante 0
desenvolvimento desta tese de doutorado (Anexo A).


http://www.ncbi.nlm.nih.gov/pubmed/22483382
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desidratacdo, prostracdo e diarreia devido a enterite fibrino-necrotica com infiltrado
inflamatdrio difuso intenso composto predominantemente de neutrofilos (TSOLIS et al.,
1999). Esses sinais clinicos e lesbes estdo associados a diminuicdo de proteinas (apesar da
desidratacdo), neutropenia e desequilibrio &cido-basico no sangue periférico (SANTOS et al.,
2002a). Além da via oral de infecgdo, o procedimento cirurgico de ligadura de alca iliaca de
bezerros e inoculacdo intraluminal de S. Typhimurium tem sido utilizado em modelos
experimentais que estudam as respostas do hospedeiro e os fatores de viruléncia presentes

durante a infeccdo por Salmonella (TSOLIS et al., 2011).

A infiltracdo de células neutrofilicas no intestino de bezerros infectados por S. Typhimurium
via oral induz perda de integridade epitelial e efusdo de exsudato rico em proteinas para o
limen intestinal e contribuem para a ocorréncia de diarreia (SANTOS et al., 2001a). No
modelo de ligadura cirurgica de alga iliaca de bezerro, o fendmeno da diarreia € mimetizado,
posto que ocorre distensdo da alca iliaca inoculada devido ao acimulo de fluido intraluminal.
Com isto, o modelo de ligadura de alca iliaca de bezerro é til para verificar a patogenia da
enterite ndo-tifoide e as interagbes moleculares entre fatores de viruléncia da S. Typhimurium
e a célula intestinal infectada que resultam em inflamacdo e secrecdo de fluido intestinal
(COSTA et al., 2012). O acumulo de fluido intraluminal no modelo de ligadura de al¢a iliaca
inicia-se 3 hpi por S. Typhimurium e 2 horas ap6s o inicio da resposta inflamatdria
neutrofilica aguda (SANTOS et al., 2001b).

O modelo de ligadura cirargica de alca iliaca de bezerro possibilita o estudo in situ de lesGes
patoldgicas causadas no inicio da infeccdo por S. Typhimurium e 0s genes que apresentam
expressdo aumentada ou diminuida em decorréncia da resposta inflamatdria intestinal
induzida pela S. Typhimurium. Durante a infecgdo pela cepa selvagem de S. Typhimurium em
porcdes do ileo de bezerro ligadas cirurgicamente, LAWHON et al. (2011) reportaram mais
de 700 genes com expressao de RNA alterada para valores superiores ou inferiores aos
valores de expressdo dos mesmos genes em fragmento ileal ndo infectado. O inicio da intensa
atividade de expressdo dos genes nas al¢as inoculadas com cepa selvagem de S. Typhimurium
ocorre 1 hpi, e é marcado por um segundo pico em periodos pés-infeccdo mais tardios
(LAWHON et al., 2011). A invasdo das células M das Placas de Peyer do ileo inicia-se 15
minutos apés infeccdo e a invasdo das células esta associada a uma resposta inflamatoria
neutrofilia aguda e intensa, com aumento da transcricdo de RNA para cxcl-8 (il-8), cxcl-1

(gro-a), cxcl-3 (gro-y) e cxcl-6 (gcp-2) 1 hora apds infeccdo por S. Typhimurium (SANTOS et
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al., 2002b). Com 2,5 horas de infeccdo por S. Typhimurium, os fragmentos de ileo de
bezerros submetidos cirurgicamente a ligadura de al¢a possuem diminuicdo da transcricdo do
RNA de uma ATPase de membrana plasmatica transportadora de calcio (PMCA) homobloga a
PMCA humana (SANTOS et al., 2002c). A PMCA é responsavel pelo transporte de calcio do
citoplasma para 0 meio extracelular, e a redugdo na expressdo do gene PMCA pode contribuir
para ocorréncia da resposta inflamatoria neutrofilica na patogenia da diarreia (SANTOS et al.,
2002c).

1.3.3 Outros modelos animais de infeccdo por Salmonella Typhimurium

Outros modelos animais tém sido utilizados com menor frequéncia para estudar a infec¢do por
sorotipos de S. enterica. Os primatas desenvolvem sinais clinicos similares aos sinais
apresentados por seres humanos apds infeccdo por S. enterica. Os macacos Rhesus
apresentam resisténcia a infeccdo por S. Typhi, entretanto a infeccdo pode ser induzida por via
oral em chimpanzés (EDSALL et al., 1960).

Os macacos Rhesus sdo susceptiveis a infeccdo por S. Typhimurium e apds 24 hpi apresentam
sinais parecidos com os da infeccdo alimentar por S. Typhimurium em humanos. A diarreia
em macacos Rhesus infectados por S. Typhimurium pode durar varios dias. As lesbes
intestinais em macacos Rhesus infectados por via oral com S. Typhimurium localizam-se
predominantemente no célon, embora os animais manifestem lesdes também no jejuno e ileo
(KENT et al., 1966). A colite intensa estd associada a diarreia moderada e inibicdo da
absorcdo de fluidos pelo intestino. A diarreia esta relacionada como a invasdo de S.

Typhimurium pela mucosa do jejuno e ileo (ROUX et al., 2010).

O modelo primata tem sido utilizado para estudos da infeccdo por S. Typhimurium em
pacientes imunocomprometidos. Nestes pacientes, S. Typhimurium gera uma enfermidade
invasiva com complicacBes graves, incluindo meningite, osteomielite ou choque séptico. A
salmonelose nao-tifoide invasiva ocorre com maior frequéncia em pacientes HIV positivos e
em criancgas coinfectadas por maléria (Tsolis et al, 2011). Estudos que utilizam macacos
Rhesus infectados pelo virus da imunodeficiéncia simia (SIV) e inoculados com S.
Typhimurium em modelo de ligadura cirtrgica de ileo possibilitaram um modelo para estudo
do virus HIV. Neste modelo primata, a infeccdo pelo virus SIV causa deplecdo das células T

CD4", debela a resposta imune IL-17 e induz invasdo intestinal e disseminacdo sistémica de S.



24

Typhimurium (RAFFATELLU et al., 2008; SANTOS et al., 2011).

1.4 FATORES DE VIRULENCIA E DE PATOGENICIDADE DE SALMONELLA
TYPHIMURIUM

O genoma de S. Typhimurium difere do genoma da Escherichia coli (E. coli) em apenas 20%
da sua composicdo (MCCLELLAND et al., 2001). MILLS et al. (1995) referem a aquisicéo
de sequéncias de DNA por S. Typhimurium ao longo do processo evolutivo que codificam
genes relacionados a invasao celular e estdo ausentes na regido cromossomal correspondente
de E. coli. Estes genes formam a Ilha de Patogenicidade 1 (SPI-1), presente na S. enterica e
ausente em bactérias comensais (BAUMLER, 1997), e codificam o Sistema de Secrecéo Tipo
I11 associado a invasdo (T3SS-1). SHEA et al. (1996) reconheceram outro locus conservado
no genoma da S. enterica e ausente em E. coli que denominaram ilha de patogenicidade 2
(SPI-2), do sistema de secrecdo tipo Il (T3SS-2). Os genes localizados nas llhas de

Patogenicidade codificam importantes fatores de viruléncia de S. enterica (HENSEL, 2004).

Em contato com condicBes intestinais como baixo nivel de oxigénio, alta osmolaridade,
ligeira alcalinidade, ocorre a expressdo dos genes da SPI-1 que ativam o T3SS-1 da S.
enterica (BAJAJ et al., 1996). O T3SS-1 transloca proteinas efetoras para o citoplasma das
células epiteliais do intestino do hospedeiro. As proteinas efetoras induzem rearranjo do
citoesqueleto de actina celular, com pregueamento da membrana plasmatica da célula do
hospedeiro, e consequente invasdo da S. enterica para o interior de macropinossomos
intracelulares (GALAN, 2001). S. Typhimurium penetra em células epiteliais intestinais e em
células fagociticas, como macrofagos, células dendriticas e neutréfilos (SANTOS e
BAUMLER, 2004). Outrossim, 0 T3SS-1 é responsavel por induzir a resposta inflamatoria
intestinal neutrofilica de S. Typhimurium. Proteinas efetoras codificadas pelos genes sipA
(sspA), sopA, sopB (sigD), sopD e sopE2 sdo componentes do T3SS-1 requeridos para
invasdo de células epiteliais (RAFFATELLU et al., 2005a) e também para induc¢do do influxo
de neutrdfilos no lumen intestinal apds infecgdo por S. Typhimurium em modelo experimental
de ligadura da algas de bezerros (ZHANG et al., 2002). As proteinas efetoras SopE, SopE2 e
SopB de S. Typhimurium estimulam a resposta imune celular através da ativacdo de proteinas
quinase ativadoras de mitose (MAPK) e da sinalizagdo de NF-kB, que induzem liberagdo de
fatores pro-inflamatorios CXC, como CXCL-8 e CXCL-2 (BRUNO et al., 2009). A proteina

SopE media a ativacdo da caspase-1, que resulta na ativagdo das citocinas IL-1p e IL-18
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(MULLER et al., 2009). LEE et al. (2000) comprovaram que mesmo extracelularmente, a

proteina efetora SipA induz migracéo transepitelial de neutréfilos.

HERNANDEZ et al. (2004) demonstraram que a proteina efetora SopB media a formacdo dos
macropinossomos no citoplasma da célula do hospedeiro atraves da manutencdo dos niveis de
da defosforilacdo do bifosfato 4,5-fosfatidilinusitol. Esta acdo da SopB inibe a fusdo do
lisossomo ao vacuolo contendo Salmonella (SCV) (BAKOWSKI et al., 2010). Salmonella no
interior do SCV permanece em condicdo acida do meio, o que ativa a expressdo da SPI-2 e
secrecdo de proteinas efetoras pelo T3SS-2 (COOMBES et al., 2004). A SPI-2 possui fatores
de viruléncia responsaveis pela manutencdo da sobrevivéncia intracelular da Salmonella, pela
manipulagdo do trafego do SCV (FIGUEIRA e HOLDEN, 2012) e é responsavel
adicionalmente pela inducdo de mecanismos pro-inflamatorios durante infeccdo por S.
Typhimurium. Em experimentos in vitro realizados por LYONS et al. (2004), os autores
demonstraram que a SPI-2 é necessaria para transcitose da flagelina, fator de viruléncia de S.
Typhimurium que é responsavel pela ativagcdo de TLR5 na membrana basolateral da célula do
hospedeiro infectado e consequente liberacdo da citocina pro-inflamatoria CXCL-8.
HAPFELMEIER et al. (2005) reportaram que ambos SPI, SPI-1 e SPI-2, sd0 necessarios para
inducdo de inflamacdo por S. Typhimurium via independente e dependente de MyD88,
respectivamente, em camundongo que apresenta colite. Macrofagos e células dendriticas
infectados com S. Typhimurium secretam IL-23 e IL-18 e ampliam a resposta inflamatoria
pela estimulacdo das células T a secretarem IL-17, IL-22 e interferon gamma (IFNy)
(GODINEZ et al., 2008; GODINEZ et al., 2009). KEESTRA et al. (2011) demonstraram que
a expressao de IL-23 durante a infeccéo intestinal por S. Typhimurium depende de MyD88.

Embora a inflamacdo neutrofilica auxilie na prevengdo da disseminagdo sistémica de S.
Typhimurium (SANTOS et al.,, 2009), a resposta inflamatoria intestinal fornece uma
vantagem seletiva para S. Typhimurium sobre a microbiota, promovendo o maior
multiplicacdo de S. Typhimurium no limen intestinal e aumentando a capacidade de
transmissdo fecal oral deste patogeno (LAWLEY et al., 2008). Ha diversos mecanismos que
S. Typhimurium utiliza para desempenhar vantagem competitiva em relagdo a microbiota
residente na colonizacdo do intestino inflamado; quer seja pelo escape a fatores
antimicrobianos secretados pelo hospedeiro no intestino, ou mesmo pela utilizacdo metabdlica
de produtos gerados pelo organismo hospedeiro ou a propria microbiota intestinal durante o
processo inflamatério (SANTOS, 2014).
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A expressdo de IL-22 induz a expressdo de fatores antimicrobianos e suprime a colonizacgao
de bactérias comensais (BEHNSEN et al., 2014). RAFFATELLU et al. (2009) demonstraram
que a IL-22 induz a expressdo de Oxido nitrico sintetase (iNOS), da mucina MUC4 e do
siderdforo lipocalina-2. A producéo de lipocalina-2 no intestino do hospedeiro infectado é
induzida pela acéo das citocinas IL-22 (AUJLA et al., 2008) e IL-17 (RAFFATELLU et al.,
2008). A lipocalina-2 desempenha a funcdo de neutralizacdo de um sideréforo ligante de ferro
férrico liberado por enterobactérias denominado enterobactina (RAFFATELLU e
BAUMLER, 2010), pela ligacio especifica a este siderdforo, com consequente impedimento
de absorcdo do sider6foro pela bactéria secretora (FLO et al., 2004). Apesar da acdo
antimicrobiana desenvolvida pelo organismo hospedeiro, S. Typhimurium apresenta nitida
multiplicacdo durante inflamagao intestinal e consegue superar a agdo da lipocalina-2, por
meio de outros mecanismos que promovem a aquisicdo seletiva de ferro em sua forma

catibnica ou quando este elemento esta ligado a sider6foros (RAFFATELLU et al., 2009).

Além da lipocalina-2, a calproteina é secretada por neutrofilos durante inflamacdo. A
calproteina sequestra metais como zinco e manganés no limen intestinal, com a finalidade de
restringir a disponibilidade de micronutrientes para utilizacdo por enteropatdgenos. S.
Typhimurium secreta um transportador de alta afinidade ao zinco, denominado ZnuABC, que
possibilita a multiplicacdo de S. Typhimurium e a vantagem competitiva sobre a microbiota
intestinal em ambiente inflamado (LIU et al., 2012). S. Typhimurium exerce adicionais
vantagens competitivas frente as bactérias comensais por meio da utilizacdo de
microelementos disponiveis no intestino inflamado (SANTQOS, 2014). Durante inflamacéo
intestinal, a respiracdo oxidativa das células fagociticas induz producdo de radicais de
oxigénio (ROS) que oxidam o tiossulfato a tetrationato, que € utilizado como aceptor de
elétrons em S. Typhimurium (WINTER et al., 2010). THIENNIMITR et al. (2011)
demonstraram que o uso do tetrationato como receptor de elétron permite a S. Typhimurium a
vantagem de utilizagdo da etanolamina como fonte de nutrientes durante respiracéo

anaerobica no limen intestinal inflamado.
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CAPITULO Il

ESTUDO DE MECANISMOS UTILIZADOS POR SALMONELLA ENTERICA
SOROTIPO TYPHIMURIUM PARA SOBREVIVER A PRIVA(;AO DE
FERRO EM MODELOS ANIMAIS?

1. INTRODUCAO

O ferro € essencial para o hospedeiro e o patdgeno. No hospedeiro, o ferro é requerido como
cofator para atividades metabdlicas ou fun¢des enzimaticas importantes e sua disponibilidade
usualmente é limitada em fluidos corpdreos ou soro sanguineo pela acao de proteinas ligantes
especificas, como a transferrina e a lactoferrina, ou pelo sequestro para o interior celular pela
proteina de estoque ferritina. Esta medida fisiologica é necessaria, pois o ferro em sua forma
livre facilita a formacédo de radicais livres, o que resulta em danos em proteinas, lipideos e
DNA celulares (HENTZE et al., 2004).

Durante a infeccdo, ocorre competicdo por ferro entre hospedeiro e patdégeno e as bactérias
necessitam, de maneiras distintas, evadir a resposta antimicrobiana que promove a privacéo
de ferro e internalizar este elemento para que consigam multiplicar efetivamente no
hospedeiro. Em micro-habitat com a presenca de oxigénio, o ion ferro é encontrado
predominantemente sob a sua forma oxidada e insoldvel, o ferro férrico Fe®'. Para
internalizacdo do ferro férrico, as enterobactérias secretam sider6foros, que sdo complexos
proteicos de baixo peso molecular ligantes de afinidade alta ao ferro férrico (O'BRIEN e
GIBSON, 1970; POLLACK e NEILANDS, 1970). A absorcdo do sideréforo-Fe** ocorre pela
ligacdo deste quelante a um receptor de especificidade alta presente na membrana externa da
bactéria secretora. Esse processo utiliza energia gerada por um complexo proteico
TonB/ExXbB/ExbD presente na membrana interna bacteriana, que possibilita a absor¢do do
ferro ligado ao sideréforo para o espaco periplasmético bacteriano. O sider6foro-Fe** é
internalizado para o citoplasma por meio de um complexo proteico de membrana interna
denominado ABC transportador (CARPENTER e PAYNE, 2014). Em micro-habitat com

baixa concentracdo de oxigénio, o ferro é encontrado predominantemente em sua forma

20 CAPITULO Il proveio de estudo que gerou 0 manuscrito cientifico intitulado “Iron acquisition
pathways and colonization of the inflamed intestine by Salmonella enterica Typhimurium” submetido
a FEMS Microbiology Letters (Anexo B).
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reduzida e solGvel, o ferro ferroso Fe?*. Como mecanismo de absorcdo de ferro ferroso Fe?*,
bactérias da familia Enterobacteriaceae possuem os genes feoABC, que codificam sistema
transportador de Fe?* presente na membrana interna bacteriana. Pelo fato de o Fe®" ser
soluvel, este elemento pode entrar no espago periplasmatico por difusdo, através de porinas,
assim receptores especializados na membrana externa ndo sdo necessarios para sua captacdo
(TSOLIS et al., 1996).

S. Typhimurium requer o metal ferro como um nutriente essencial. Aproximadamente 7% do
genoma de S. Typhimurium é regulado pelos niveis de ferro sob condi¢Bes in vitro
(BJARNASON et al., 2003). Em camundongos infectados por S. Typhimurium, no entanto,
observa-se menor quantidade de ferro inorganico disponivel no contetudo fecal (DERIU et al.,
2013), o que evidencia a restri¢do de ferro livre durante infeccdo intestinal. Adicionalmente, a
resposta inflamatdria durante a infeccdo por S. Typhimurium induz a secre¢do da lipocalina-2
(RAFFATELLU et al.,, 2009), proteina antimicrobiana que desempenha a funcdo de
neutralizacdo da enterobactina (RAFFATELLU e BAUMLER, 2010) por meio da ligagdo
especifica a este sideroforo e o consequente impedimento de absorcdo do sideroforo + ferro
pela bactéria secretora (FLO et al., 2004). A sintese da enterobactina ocorre em bactérias da
familia Enterobacteriaceae e é controlada pelos genes entCEBA, entD e entF e sua
internalizagdo para o espaco periplasmatico € mediada pelo receptor de FepA da membrana
externa (RAYMOND et al., 2003). A semelhanca de outras bactérias entéricas, S.
Typhimurium secreta a enterobactina; no entanto, também produz um sideréforo ligante de
ferro férrico denominado salmoquelina. Diferentemente da enterobactina, a salmoquelina ndo
é inativada pela lipocalina-2 e permite assim que S. enterica absorva ferro durante a infeccao
do lamen intestinal. A producdo da salmoquelina pela S. enterica, ocorre mediante uma
reacdo de glicosilagdo da enterobactina (MULLER et al., 2009). O grupo de genes iroN
iroBCDE é responsavel pela biossintese (iroB), exportacdo (iroC), e absorcdo (iroN) da
salmoquelina. Os mecanismos de absor¢do de ferro férrico e ferro ferroso presentes em S.

Typhimurium estdo ilustrados na Figura 1.
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Figura 1. Mecanismos de transporte e absorcdo de ferro férrico e ferro ferroso pela
Salmonella Typhimurium. Os receptores de membrana externa IroN e FepA ligam-se aos
complexos salmoquelina-Fe** e enterobactina-Fe**, respectivamente, e transportam o
complexo sideréforo-Fe*" através da membrana externa utilizando energia proveniente do
complexo TonB/ExbB/ExbD. Durante processo inflamatorio o hospedeiro secreta lipocalina-
2, que se liga especificamente a enterobactina, impedindo a absorcdo do complexo
enterobactina-Fe**. O ferro Fe?* é transportado pelo complexo FeoAB, presente na membrana
interna da bactéria.

Diversos estudos in vitro e in vivo tém sido desenvolvidos para avaliar os genes regulatérios
da homeostasia do ferro e 0s genes responsaveis pela secrecdo de proteinas relacionadas a
absorcdo de ferro férrico e ferro ferroso por S. Typhimurium. TSOLIS et al. (1996)
demonstraram que em condig¢des de limitagdo de ferro in vitro, mutantes de S. Typhimurium
com delecdo dos genes entB e tonB apresentam menor multiplicacdo que a cepa selvagem de
S. Typhimurium; a delecéo do gene feoB, contudo, ndo altera a multiplicacdo in vitro em meio
com limitagdo de ferro (TSOLIS et al., 1996). Em modelo murino tifoide, BENJAMIN et al.
(1985) demonstraram que a mutacdo induzida no gene ent nao induz diminuicao de viruléncia
bacteriana em camundongos infectados via intravascular ou via intraperitoneal. TSOLIS et al.
(1996) demonstraram ainda que no modelo murino tifoide, em camundongos infectados via
intragastrica, a delecdo no gene tonB ndo promove a diminuicao de viruléncia da cepa de S.
Typhimurium mutante; somente a mutante de S. Typhimurium com delecdo do gene feoB
apresenta menor quantidade de unidades formadoras de col6nias (UFC) por miligrama de
fezes quando comparada a cepa selvagem de S. Typhimurium recuperada no contetido fecal
dos animais trés dias apds infeccdo (TSOLIS et a.,, 1996). RAFFATELLU et al. (2009)

demonstraram que a salmoquelina é um importante fator de viruléncia de S. Typhimurium.
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Em modelo murino previamente tratado com estreptomicina que apresenta colite apos
infeccdo por S. Typhimurium, a delecdo do gene iroN promove menor colonizagdo do colon
dos animais infectados quando comparada a cepa selvagem de S. Typhimurium quando as
cepas de S. Typhimurium, mutante e selvagem, expressam genes pertencentes as T3SS-1 e
T3SS-2, envolvidos na indugéo de inflamag&o intestinal (RAFFATELLU et al., 2009).

Para completo entendimento da patogenia de S. Typhimurium é importante elucidar como esta
bactéria é capaz de induzir inflamacdo e favorecer sua multiplicacdo, criando vantagem
competitiva frente a outras enterobactérias, e quais 0s principais meios pelos quais S.
Typhimurium resiste a resposta antimicrobiana induzida durante o processo inflamatério. O
atual trabalho prop6s o estudo dos mecanismos pelos quais S. Typhimurium absorve ferro em
ambiente intestinal inflamado, por meio da utilizacdo de trés modelos experimentais animais
de infeccdo: o modelo murino pré-tratado com estreptomicina, 0 modelo murino tratado com
dextran sulfato de sédio (DSS) e o modelo de alcas iliacas de bovinos cirurgicamente ligadas.
O tratamento com DSS induz inflamacdo quimica aguda ou crénica do colon em
camundongos. Os animais com inflamacdo aguda induzida através da administragdo de DSS

apresentam colite ulcerativa neutrofilica, perda de peso e diarreia (OKAYASU et al., 1990).

2. OBJETIVOS

O objetivo deste estudo foi o de avaliar o papel da aquisicio de Fe?* e Fe*" por S.
Typhimurium durante a fase de infeccéo intestinal, bem como a relagéo da inflamag&o com a
aquisicdo deste microelemento. Os objetivos especificos foram:
I Determinar a participacdo dos genes feoB, tonB e iroN na colonizacao intestinal de
S. Typhimurium em camundongos pre-tratados com estreptomicina e em algas
iliacas de bezerros cirurgicamente ligadas.

Il. Verificar a interferéncia da inflamacéo induzida pelo T3SS-1 de S. Typhimurium
sobre a colonizagdo intestinal de mutantes tonB feoB, feoB, tonB e iroN de S.
Typhimurium em camundongos pré-tratados com estreptomicina e em alcas iliacas
de bezerros cirurgicamente ligadas.

1. Verificar a interferéncia da inflamacdo quimica induzida previamente a infeccdo
por S. Typhimurium sobre a colonizagéo intestinal de mutantes tonB feoB, feoB,

tonB e iroN de S. Typhimurium em camundongos tratados com DSS a 3%.
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3. MATERIAL E METODOS

3.1 APROVACAO PELA COMISSAO DE ETICA NO USO DE ANIMAIS

O estudo foi aprovado pela Comissio de Etica no Uso de Animais (CEUA) da Universidade
Federal de Minas Gerais sob 0s nimeros de protocolos 197/2008, 254/2012 e 386/2013.

3.2 CEPAS DE BACTERIAS E CONDICOES DE CULTIVO MICROBIOLOGICO

As cepas de S. Typhimurium utilizadas no presente estudo estdo listadas na Tabela 2. A cepa
IR715 é naturalmente resistente ao acido nalidixico e derivada da cepa selvagem S.
Typhimurium ATCC 14028. A inser¢do de um cassete de resisténcia a canamicina no gene
phoN da cepa IR715 gerou a cepa AJB715, nomeada no estudo como a cepa de referéncia de
S. Typhimurium. A cepa mutantes invA feoB (SW710), invA tonB (SW711), e invA tonB feoB
(SW712) foram construidas por introducdo de mutacdo invA::pGP704 da cepa SW399 nas
,105) (SCHMIEGER, 1972). As cepas foram cedidas pelo Department Medical Microbiology
and Immunology da University of California at Davis. A confirmagdo da mutacdo das cepas
invA feoB (SW710), invA tonB (SW711), e invA tonB feoB (SW712) foi realizada por PCR e

os iniciadores utilizados para estdo listados na Tabela 3.

Os meios de cultivo microbiolégico utilizados nos experimentos foram o meio nutriente (3g
extrato de carne, 5g peptona, 5g NaCl por litro), meio Luria Bertani (10g triptona, 5g extrato
de levedura, 5g NaCl por litro), e LB agar (10g triptona, 5g extrato de levedura, 5g NaCl, 13g
agar bacteriologico por litro). Quando apropriado, foram adicionados 0s antimicrobianos nos
meio de cultivo microbiologico nas seguintes concentragdes: acido nalidixico a 50 mg/L,

tetraciclinaa 12,5 mg/L, canamicina a 100 mg/L, e ampicilina a 100 mg/L.

Para avaliar a multiplicacdo das mutantes tonB feoB, feoB, tonB e iroN in vitro em meio com
limitacdo de ferro disponivel, as cepas selvagem e mutantes de S. Typhimurium foram
cultivadas por 12 a 16 horas em meio NB acrescido do antimicrobiano ao qual a cepa
cultivada possuia resisténcia e 0,2 mM 2-2"dipyridyl (Sigma Aldrich, EUA) e a multiplicacdo
microbiana foi mensurada por densidade Optica (OD) a 600 nm em espectrofotdmetro
(Biorad, EUA). As cepa de referéncia de S. Typhimurium (ref.) e mutantes tonB feoB, feoB,

tonB e iroN de S. Typhimurium foram inoculadas quando apresentaram valor de absorbancia
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de 0,01 em meio NB puro, meio NB suplementado com 40 pM FeSQOg4, 40 uM FeCl; ou 0,2
mM dipyridyl e foi realizada mensuracdo de OD600,n apds 24 horas.

Para inoculacdo nos camundongos pré-tratados com estreptomicina, camundongos tratados
com DSS e das alcas de ileo de bezerros cirurgicamente ligadas, as bactérias foram cultivadas
em meio Luria-Bertani (LB) com a adicdo dos antimicrobianos apropriados em ambiente
aerobico por 18 a 20 horas a 37°C sob agitacdo (200 rpm). Apds o periodo, os pré-indculos
foram diluidos em proporc¢édo 1:50 em meio LB (sem antimicrobiano) e incubados por 3 horas
a 37°C sob agitacdo. A concentracdo da bactéria foi medida por densitometria Optica a 600

nm para inoculagdo dos animais.

3.3 MODELO MURINO PRE-TRATADO COM ESTREPTOMICINA

Camundongos C57BI/6 fémeas com 6 a 8 semanas de idades foram previamente tratadas
intragastricamente, via gavage, com estreptomicina (200 mg/ulL) 24 horas antes da
inoculacdo, conforme descrito por BARTHEL et al. (2003). Apo6s 24 horas, 0s animais
coinfectados, na proporcdo de 1:1, com 0,1 mL de LB contendo em cada mistura 1x10’
Unidades Formadoras de Col6nias (UFC) de S. Typhimurium IR715 phoN (AJB715) e uma
das seguintes cepas mutantes: tonB feoB (AJB62), feoB (AJB15), tonB (AJB36), ou iroN
(AJB52). Outro grupo de camundongos foi coinfectado, sob as mesmas condig¢fes, na
proporcdo de 1:1, com 0,1 mL de LB contendo em cada mistura 1x10” UFC da mutante de S.
Typhimurium phoN invA (TH199) e uma das seguintes cepas mutantes: invA tonB feoB
(SW712), invA feoB (SW710), invA tonB (SW711), ou invA iroN (SPN454). Os animais
foram submetidos a eutanasia 48 e 96 hpi, com a eutanasia aplicada por sobredose de
quetamina, xilazina via intraperitoneal (9 mg de quetamina e 0,2 mg de xilazina) e
deslocamento cervical e foram coletadas as amostras de pellet fecal e ceco para cultivo
microbioldgico, histopatologia e RT-PCR quantitativo (QRT-PCR). Amostras de fezes foram
homogeneizadas em 2 mL de tampao fosfato salino (PBS) e plaqueadas em LB agar contendo
acido nalidixico e em agar LB contendo &cido nalidixico com a adi¢do do antimicrobiano ao
qual a respectiva mutante possui resisténcia. O indice de competitividade foi obtido pela
divisdo do namero de coldnias recuperadas nos tecidos dos animais infectados (namero de
UFC da cepa de referéncia/nimero de UFC da cepa mutante) pelo nimero de coldnias
inoculadas nos animais (nimero de UFC da cepa de referéncia/nimero de UFC da cepa

mutante). Amostras de ceco foram coletadas para histopatologia e qRT-PCR.
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Cepa Gendtipo Referéncia
TSOLIS et al., 1996
AJB15 IR715 feoB:: Tet®
TSOLIS et al., 1996
AJB36 IR715 tonB::Kan®
. BAUMLER et al.,
AJB52 IR715 iroN::pGP704-Amp
1998b
. . TSOLIS et al., 1996
AJB62 IR715feoB::Tet"tonB::Kan
. KINGSLEY etal.,
AJB715 IR715 phoN::Kan
2003
, STOJILIKOVIC et al.,
IR715 ATCC 14028 Nal
1995
RAFFATELLU et al.,
SPN452 IR715 invA::tetRAspiB::KSAC-Kan® 2009
RAFFATELLU et al.,
SPN454 |R715 invA::tetRAspiB:: KSAC-Kan®iroN::pGP704-Amp® 2009

SW399 IR715 invA::pGP704

SW710 IR715 invA::pGP704feoB:: Tet"
SW711 IR715 invA::pGP704 tonB::Kan®
SW712 IR715 invA::pGP704feoB:: Tet"4tonB::Kan®
TH199 IR715 phoN::KanRinvA::tetRA

WINTER et al., 2009a

Neste estudo

Neste estudo

Neste estudo

WINTER et al., 2014

*Tet”: resistente & tetraciclina (tetRA); Kan®: resistente a canamicina; Amp": resistente a

ampicilina; Nal®: resistente a cido nalidixico.
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Tabela 3. Sequéncia de iniciadores utilizados em PCR convencional para confirmacao de
mutagénese em cepas invA tonB feoB, invA feoB e invA tonB de Salmonella
Typhimurium

Iniciadores  Alvo Sequéncia (5°-3") Produto (Kb)
. cepa selvagem:
invA Fw 142 ATTACCACGCTCTTTCGTCTG
] SW399 neg_a
InvVA Rev 50 GCATTTATCAGGGTTATTGTCTC

0.5-0.6

feoB Fw  SW710 740TACATCCAGTTAGTAAGAAACAAGTAG cepa selvagem: 3
feoB Rev  SW712 741 GGTAACGCTTTCATCTTTGTGG mut®: 5 (3+2 Tet)

cepa selvagem:

tonB Fw  SW711 738 CGCTGTTTATTTATGTTGCCGTCG 0.9
tonB Rev  SW712 739 CCAATGCCTTATTGAATATGATTGC mut.: 2.2 (0.9
+1.3 Kan)

*neg= Negativo na cepa selvagem de S. Typhimurium. ® mut= mutante

3.4 MODELO MURINO TRATADO COM DEXTRAN SULFATO DE SODIO (DSS)

Camundongos C57BI/6 fémeas com 6 a 8 semanas de idades receberam administracdo oral ad
libitum de DSS (Affymetrix, EUA) a 3% diluido em &agua destilada estéril, fornecido no
bebedouro dos animais. Apds 120 horas de tratamento com DSS, os animais foram
submetidos a 4 horas de jejum hidrico e alimentar, ap6s o qual os animais foram inoculados,
na proporcdo de 1:1, com 0,1 mL de LB contendo 1x10’ UFC de S. Typhimurium IR715
phoN (AJB715) e uma das seguintes cepas mutantes: tonB feoB (AJB62), feoB (AJB15), tonB
(AJB36), ou iroN (AJB52). O fornecimento de DSS em bebedouro foi mantido até a eutanasia
dos animais. Apds 48 horas de infeccdo, os animais foram submetidos a eutanasia com
sobredose de quetamina, xilazina inoculados via intraperitoneal (9 mg de quetamina e 0,2 mg
de xilazina)e deslocamento cervical. Foi realizada necropsia e foram coletadas as amostras de

ceco e colon para cultivo microbioldgico e histopatologia.

3.5 MODELO DE ALCAS ILIACAS DE BEZERROS CIRURGICAMENTE LIGADAS
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Quatro bezerros machos de quatro semanas de idade foram submetidos a cirurgia conforme
descrito por SANTOS et al., (2002a) no centro cirdrgico de grandes animais da Escola de
Veterinaria da UFMG. Até o momento da cirurgia os animais foram mantidos em ambiente
sem o contato com animais da mesma espécie e de outras espécies, e alimentados duas vezes
ao dia com leite e dgua ad libitum. Os animais foram examinados e diagnosticados livres de
Salmonella spp, por obterem resultado negativo em swabs de fezes cultivados em meio

enriquecido de tetrationato (Difco, EUA) e estriamento em agar base XLT4 (Difco, EUA).

Os animais permaneceram em jejum por 24 horas antes da cirurgia de ligacdo das alcas
iliacas. Durante cirurgia e inoculacdo, a anestesia foi induzida com propofol, seguida de
entubacdo endotraqueal e manutencdo da anestesia com isofluorano, segundo descrito por
SANTOS et al. (2001b). Foi realizada uma laparotomia, com exposicdo das alcas iliacas e
ligadura de alcas iliacas com uma média de 4 cm de comprimento e 1 cm de espaco entre elas.
As alca iliaca ligada foi inoculada com injecdo intraluminal de 3 mL de meio LB na
proporcdo de 1:1 1 x 10° UFC da cepa de referéncia phoN (AJB715), e uma das seguintes
mutantes: tonB feoB (AJB62), feoB (AJB15), tonB (AJB36), ou iroN (AJB52). As demais
alcas iliacas ligadas foram inoculadas sob as mesmas condi¢des na propor¢do de 1:1 com a
mutante phoN invA (TH199), e uma das seguintes mutantes: invA tonB feoB (SW712), invA
feoB (SW710), invA tonB (SW711), ou invA iroN (SPN454). As alc¢as intestinais foram
recolocadas dentro da cavidade abdominal dos animais até o momento da coleta das amostras.
Os animais foram submetidos a eutanasia 8 hpi com sobredose de anestesia inalatoria. As
amostras foram coletadas para isolamento bacteriano e histopatologia. O fluido intestinal e
fragmentos iliacos removidos por punchs de biopsia de 6 mm foram homogeneizados em 2
mL de PBS estéril e a solucdo obtida foi plagueada em agar LB contendo &cido nalidixico e
em placa contendo acido nalidixico acrescido do antibidtico apropriado para multiplicacdo das

cepas mutantes.

3.6 EXTRACAO DE RNA TOTAL E RT-PCR QUANTITATIVO

Fragmentos de ceco dos camundongos pré-tratados com estreptomicina e infectados durante
48 horas foram armazenados em criotubos e conservados a -80°C. Resumidamente, 0s cecos
dos animais infectados foram ressuspendidos em 1 mL do reagente Tri (Tri-reagent, Sigma
Aldrich, EUA), homogeneizados e incubados no gelo por 5 minutos. Em seguida, foram

adicionados 0,2 mL de cloroférmio e as amostras foram mantidas em temperatura ambiente
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por 15 minutos, apds o qual foram centrifugadas a 4°C por 15 minutos a 12.000 x g. A fase
aquosa foi transferida para novo tubo com 0,5 mL de isopropanol, incubada durante 10
minutos, e submetida a seguir a centrifugacdo a 12.000 x g por 10 minutos, lavagem do
sedimento com 1 mL de etanol 75% e secagem. O RNA foi ressuspendido em 30 pL de agua
livre de RNase. Para a confeccdo do DNA complementar (cDNA), a transcri¢do reversa foi
realizada utilizando 5 uL de RNA (a 500 ng/uL) e reagentes do kit TagMan (Applied
Biosystems, EUA), sendo submetido ao ciclo de 25°C por 10 minutos, 48°C por 30 minutos e
95°C por 5 minutos. Foram utilizados 2,5 pL. de cDNA para cada reagdo de PCR em tempo
real, com volume total de 25 pL. Para a reagdo, foram utilizados 12,5 uL. de SYBR-Green
(Applied Biosystems, EUA), 8 uL de agua ultrapura e 1 uL. de cada iniciador a 10 uM (Tabela
4). Niveis de transcricdo de cxcl-2, cxcl-1 e lipocalina-2 foram analisados. O nivel de
transcricdo das amostras foram normalizados com base em valores do transcritos pelo gene
gapdh e os dados de qRT-PCR foram analisados pelo método comparativo de Delta-Ct
(LIVAK e SCHMITTGEN, 2001).

Tabela 4. Iniciadores usados para PCR em Tempo Real quantitativa (QRT-PCR)

Gene Sequéncias dos Iniciadores Referéncia

AGTGAACTGCGCTGTCAATGC iy
cxcl-2 AGGCAAACTTTTTGACCGCC PAIXAQ etal., 2009

TGCACCCAAACCGAAGTCAT i
cxcl-1 TTGTCAGAAGCCAGCGTTCAC PAIXAQ etal., 2009

ACATTTGTTCCAAGCTCCAGGGC

CATGGCGAACTGGTTGTAGTCCG DERIU et al., 2013

lipocalina-2

TGTAGACCATGTAGTTGAGGTCA

AGGTCGGTGTGAACGGATTTG PAIXAQ etal., 2009

gapdh

3.7 HISTOPATOLOGIA

Fragmentos de ceco e colon foram fixados em formalina 10%, incluidos em parafina,
desidratados em concentragOes crescentes de alcool, diafanizados em xilol e embebidos pela
parafina. Os blocos de parafina contendo o tecido fixado foram cortados em micrétomo e
geraram laminas histolégicas com a espessura de 5 um que foram destinadas a coloracgéo pela

técnica de hematoxilina e eosina (HE). Os cortes histologicos foram analisados quanto as
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alteracdes inflamatorias nos seguintes escores: 0 — auséncia de lesdo; 1 — lesdo discreta; 2 —

lesdo moderada e 3- lesdo intensa.

3.8 ANALISE ESTATISTICA

Dados de UFC e transcricio de RNA mensageiros medidos por gRT-PCR foram
transformados logaritmicamente e analisados por ANOVA seguida do teste t de Student. Os
escores histopatoldgicos foram analisados pelo teste de Mann Whitney (GraphPad Instat3,
EUA).

4 RESULTADOS E DISCUSSAO

4.1 CONFIRMACAO DO GENOTIPO DAS MUTANTES INVA TONB FEOB, INVA FEOB
E INVA IRON PROVENIENTES DA CEPA DE REFERENCIA DE SALMONELLA
TYPHIMURIUM

Para confirmar a delecdo do gene invA nas mutantes invA tonB feoB (SW712), invA feoB
(SW710) e invA tonB (SW711), foi realizada a PCR convencional e os produtos foram
separados por eletroforese em gel de agarose. A sequéncia de codificacdo de tonB e feoB foi
interrompida pela insercdo de um cassete de resisténcia a canamicina (Kan®) ou tetraciclina
(Tet®). O gene invA foi interrompido por insercdo de um derivado de pGP704 nas mutantes
tonB feoB, feoB e tonB (Figura 2).
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Figura 2. Confirmacdo dos mutantes de Salmonella Typhimuium por PCR. (A)
Representacdo esquematica dos genes alvo e abordagem de mutagénese. A sequéncia de
codificacdo de tonB e feoB foi interrompida com a inser¢do de um cassete de resisténcia a
canamicina (Kan®) ou tetraciclina (Tet®). O gene invA foi interrompido pela insercdo de um
derivado de pGP704. A localizacdo aproximada dos sitios de ligacdo de iniciadores € indicada
pela meia-seta. (B) As cepas mutantes de S. Typhimuium indicadas serviram como amostras
para a amplificacdo dos varios genes alvos. Os produtos de PCR foram separados por
eletroforese em gel de agarose. Marcadores de tamanho aproximado sdo indicados no lado
esquerdo do painel.

4.2 MULTIPLICACAO DE MUTANTES TONB FEOB, FEOB, TONB E IRON IN VITRO

O presente estudo avaliou os mecanismos de absorcéo de Fe®* por S. Typhimurium, mediado
pelo sistema Feo de transporte de ferro na membrana interna, e os mecanismos de absorc¢ao de
Fe** mediados pela proteina TonB e pela proteina IroN transportadora do sideréforo
salmoquelina. Os efeitos das mutacGes nos genes feoB, tonB, iroN, ou da dupla mutagdo em
tonB e feoB, sobre a multiplicacdo das cepas de S. Typhimurium foram avaliados inicialmente
in vitro. A cepa de referéncia de S. Typhimurium e as mutantes tonB feoB, feoB, tonB e iroN
foram cultivadas durante 16 horas aerobicamente em meio com restri¢do de ferro, pela adicdo
de 0,2 mM dipyridyl (quelante de ferro ferroso) em meio NB. A seguir, as cepas de referéncia
e mutantes de S. Typhimurium foram cultivadas em NB puro, ou NB suplementado com
FeSO,, FeClz ou de dipyridyl e foi realizada a leitura da densidade optica (OD 600 nm) dos

cultivos bacterianos por espectrofotdmetro 24 horas apos inoculacéo (Figura 3).



39

A cepa de referéncia de S. Typhimurium apresentou multiplicagdo similar quando cultivada
em meio NB ou em meio com suplementacdo de ferro FeSO,4, e FeCls. Em meio com
deplecdo de ferro ferroso (adicdo de dipyridyl), a cepa de referéncia demonstrou menor
multiplicacdo quando comparado a multiplicacdo nos meios ricos em ferro. Somente a cepa
com dupla mutacdo dos genes tonB e feoB demonstrou menor multiplicacdo em meio NB
quando comparado ao obtido pela mutante tonB feoB nos meios suplementados com FeSOy, e
FeCls. Assim como a cepa de referéncia, as mutantes feoB, tonB e iroN demonstraram
multiplicacdo similar quando cultivadas em meio NB ou nos meios com adi¢do de FeSO4 ou
FeCls; e menor multiplicagdo em meio com a quelacao de ferro ferroso. A menor multiplicagdo

no meio com deplecdo de ferro foi observado nos cultivos de tonB feoB e tonB.

A cepa de referéncia e as mutantes apresentaram diminui¢do da multiplicacdo em meio com
deplecdo de ferro ferroso, o que indica que a absorcao de ferro por S. Typhimurium ¢é fator
importante para multiplicacdo bacteriana in vitro. O ferro férrico é absorvido por bactérias
Gram-negativas através da sintese e secrecdo de sideroforos (O'BRIEN e GIBSON, 1970;
POLLACK e NEILANDS, 1970). A mutante tonB e o duplo mutante tonB feoB apresentaram
menor multiplicacdo em meio com deplecdo de ferro ferroso, quando comparadas as demais
cepas de S. Typhimurium. Estes resultados demonstram que a absorcdo de ferro férrico
mediada por TonB € necessaria para multiplicacdo in vitro. Os dados estdo de acordo com 0s
obtidos por TSOLIS et al. (1996), que indicaram que em condi¢des de limitacdo de ferro
ferroso in vitro, a mutante de S. Typhimurium com delecdo do gene tonB apresenta menor
multiplicacdo que a cepa selvagem de S. Typhimurium; enquanto a delecdo do gene feoB,
promove multiplicacdo in vitro similar a cepa selvagem em meio com limitacdo de ferro
(TSOLIS et al., 1996).



40

2,50 -
2,00 - S
£ .
E iso g (E i i
o ’ - ; e
g E'l' § 3l t ENB
o oo i H NE| NE ; 0+ FeSO4
0,50 | M fI o f: i i : @ +FeCI3
0,00 - $E i : . 8 . $ : 8- Fe (dypiridyl)
& \g L Q Ny
‘o« é@o 1&0 \'00 &
N
W

Figura 3. Multiplicacdo das cepas de Salmonella Typhimurium em meio rico em ferro e
em meio com limitacdo de ferro disponivel. As cepas de referéncia de S. Typhimurium
(S.Tm) e mutantes tonB feoB, feoB, tonB e iroN de S. Typhimurium foram inoculadas com
valor de absorbéncia inicial de 0,01 em meio nutriente puro (NB), meio NB suplementado
com de FeSO,4 40 UM (+FeSQ,), FeCl; 40 uM (+FeCls) ou dipyridyl 0,2 mM (-Fe [dipyridyl])
e realizada mensuracdo de OD600 nm ap0s 24 horas. As barras representam média e desvio
padrdo de trés experimentos independentes. * indica diferenca estatistica comparada a mesma
cepa em meio NB, teste de Tukey, * P<0,001. * indica diferenca estatistica entre cepas
mutantes comparadas & cepa de referéncia nos mesmos tratamentos, teste de Tukey, *
P<0,001.

4.3 COLONIZACAO INTESTINAL DE SALMONELLA TYPHIMURIUM E MUTANTES
TONB FEOB, FEOB, TONB, OU IRON, OU CEPA MUTANTE DE SALMONELLA
TYPHIMURIUM INVA E MUTANTES INVA TONB FEOB, INVA FEOB, INVA TONB
OU INVA IRON EM CAMUNDONGOS PRE-TRATADOS COM ESTREPTOMICINA

Para determinar como a inflamagdo intestinal afeta a obtencdo de ferro Fe’* e Fe** por S.
Typhimurium foi utilizado o modelo de infecgdo murino pré-tratado com estreptomicina. Os
camundongos utilizados neste experimento foram pré-tratados com estreptomicina 24 horas
antes da infeccdo e coinfectados via intragastrica com mistura 1:1 de S. Typhimurium de

referéncia e uma das cepas mutantes: tonB feoB, feoB, tonB, ou iroN.

BARTHEL et al. (2003) demonstraram que camundongos pré-tratados com estreptomicina e
infectados com S. Typhimurium desenvolvem inflamagdo neutrofilica aguda em ceco. A
inflamacdo intestinal observada no modelo murino pré-tratado com estreptomicina é
dependente do T3SS-1 de S. Typhimurium (BARTHEL et al., 2003). Para investigar 0s

mecanismos de obtencdo de ferro Fe?* e Fe**necessarios para S. Typhimurium multiplicar-se
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no intestino inflamado, foi avaliada a multiplicacdo da cepa de referéncia de S. Typhimurium
em relacdo a multiplicagdo das cepas mutantes tonB feoB, feoB, tonB, ou iroN. Para avaliar a
dependéncia da inflamacdo sobre a absorcdo de ferro no intestino, o experimento de
coinfeccdo com cepas de referéncia e mutantes de S. Typhimurium foi comparado com o de
coinfeccdo utilizando cepas com delecdo do gene invA. A coinfeccdo foi realizada em
camundongos pré-tratados com estreptomicina 24 horas antes da infeccdo e infectados
intragastricamente com meio LB estéril (controle negativo) ou com mistura 1:1 da cepa
mutante invA e uma das mutantes invA tonB feoB, invA feoB, invA tonB, ou invA iroN. A
mutante invA ndo tem o T3SS-1 funcional (RAFFATELLU et al., 2009), pois a invA é um
componente da membrana interna do Sistema de Secrecdo Tipo Il associado a invasao
(T3SS-1) da Salmonella, que é responsavel pela regulagdo da translocacdo de proteinas

bacterianas associadas a inflamagéo.

Como esperado (BARTHEL et al., 2003), os camundongos pré-tratados com estreptomicina e
coinfectados com a cepa de referéncia de S. Typhimurium e uma das mutantes tonB feoB,
feoB, tonB ou iroN desenvolveram inflamagdo cecal 48 hpi (Figura 4A e 4B).
Microscopicamente, observou-se infiltrado inflamatério neutrofilico intenso na mucosa e
submucosa, edema de submucosa intenso, diminui¢cdo do nimero de células caliciformes, e
ulceracdo multifocal da mucosa (Figura 4B). Os animais coinfectados com as cepas invA e
invA tonB feoB, invA feoB, invA tonB ou invA iroN apresentaram les6es inflamatérias menos
proeminentes no ceco 48 hpi (Figura 4C). Na analise histopatoldgica das amostras de ceco
obtidas 48 hpi foram classificados os escores para o infiltrado inflamatério na mucosa,
infiltrado inflamatério na submucosa, e edema de submucosa. Os escores histopatoldgicos
observados nas amostras de ceco de animais infectados com a cepa de referéncia e as cepas
mutantes tonB e iroN foram significativamente maiores que 0s encontrados nas amostras
coinfectadas com a cepa invA e invA tonB ou invA iroN (Figura 4A). Adicionalmente, a
inflamacdo nos fragmentos de ceco dos camundongos pré-tratados com estreptomicina e
infectados foi avaliada pela mensuracdo dos niveis de transcricdo dos genes cxcl-2, cxcl-1 e
lipocalina-2 por RT-PCR quantitativo as 48 hpi (Figura 5). A expressdao de cxcl-2 foi
significativamente maior em amostras coinfectadas com cepa de referéncia e feoB, e cepa
referéncia e iroN em relacdo as mutantes com delecdo do gene invA (Figura 5A). A
transcricdo dos genes cxcl-1 e lipocalina-2 foram maiores em amostras cecais coinfectadas

com cepa de referéncia e tonB feoB e com a cepa de referéncia e iroN (Figura 5B e 5C).
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Figura 4. Inflamacédo intestinal em camundongos preé-tratados com estreptomicina e
coinfectados com cepa referéncia e mutante de Salmonella Typhimurium. Camundongos
C57BI/6 foram coinfectados intragastricamente na proporcdo 1:1 com mistura de 1 x 10’ UFC
com a cepa de referéncia de S. Typhimurium e uma das mutantes de S. Typhimurium: tonB
feoB, feoB, tonB, ou iroN, ou foram coinfectados com a cepa mutante de S. Typhimurium
invA e uma das mutantes invA tonB feoB, invA feoB, invA tonB ou invA iroN. (A) Escore
histopatoldgico do ceco 48 hpi. As barras representam a media do escore histopatologico para
inflamacéo de submucosa (1S), inflamacdo de mucosa (IM) e edema de submucosa (ES) de
cinco camundongos por grupo. (B-C) Histopatologia de fragmentos de ceco coletados 48 hpi
de camundongos coinfectados com a cepa de referéncia e a mutante iroN de S. Typhimurium

(B) ou com a invA e a mutante invA iroN de S. Typhimurium (C) corados por hematoxilina-
eosina, 400x. * P<0,05.
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Figura 5. Quantificacdo de RNA mensageiro de ceco de camundongos pré-tratados com
estreptomicina e coinfectados com a cepa de referéncia e mutante de Salmonella
Typhimurium. Camundongos C57BI/6 foram coinfectados intragastricamente na proporgao
1:1 com mistura de 1 x 10" UFC com a cepa de referéncia de S. Typhimurium e uma das
mutantes de S. Typhimurium: tonB feoB, feoB, tonB, ou iroN (S. Tm), ou foram coinfectados
com a cepa mutante de S. Typhimurium invA e uma das mutantes invA tonB feoB, invA feoB,
invA tonB ou invA iroN (invA). (A-C) Transcrigdo de cxcl-2 (A) cxcl-1 (B) e lipocalina-2 (C)
em amostras de ceco 48 apds infeccdo, medida por RT-PCR quantitativo. Os dados
representam a média geométrica e erro padrdo da variacdo de expressao (fold change)
normalizada pela quantidade de transcrito de gapdh de cinco camundongos por grupo. *
P<0,05; ** P<0,01; *** P<0,001.
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Para avaliar a capacidade das mutantes tonB feoB, feoB, tonB e iroN em competir com a cepa
de referéncia de S. Typhimurium foi avaliado o indice de competitividade em amostras de
fezes e ceco provenientes dos camundongos pré-tratados com estreptomicina e infectados 48 e
96 hpi, respectivamente. O indice de competitividade corresponde a razdo entre as
quantidades recuperadas de duas cepas utilizadas em experimento de coinfec¢do normalizadas
pelos respectivos valores de UFC inoculadas (SEGURA et al., 2004). Observou-se que a
mutacdo no gene feoB induziu menor colonizacao intestinal, posto que cepa de referéncia de
S. Typhimurium apresentou multiplicacdo 33 vezes maior que a mutante feoB em amostra de
pellet fecal coletado 48 hpi (Figura 6A), e nove vezes maior em amostra cecal obtida 96 hpi
(Figura 6B). Durante coinfeccdo de cepa mutante invA e invA feoB, a recuperacdo de invA foi
21 vezes maior que invA feoB em amostras de pellet fecal (Figura 6A), e sete vezes maior em
amostras de ceco (Figura 6B). N&o houve diferenca significativa entre os grupos infectados
com cepas com potencial inflamatério (cepa de referéncia e feoB) dos com reducdo de
inflamacdo (invA e invA feoB), sugerindo que o mecanismo de absorcdo de Fe** por meio da
FeoB néo é influenciado por inflamagéo intestinal, sendo requisito para multiplicacéo de S.
Typhimurium em condigdes inflamatdrias e ndo inflamatorias. Nossos resultados coincidem
com os obtidos em camundongos intragastricamente infectados por S. Typhimurium que ndo
receberam o prévio tratamento com estreptomicina, 0s quais demonstraram que a mutacdo no
gene feoB induz menor recuperacdo de S. Typhimurium 3 e 4 dias pos-infec¢do (TSOLIS et
al., 1996).

Entre os grupos infectados com cepas com potencial inflamatorio (cepa de referéncia e tonB
feoB, tonB ou iroN), a cepa de referéncia demonstrou vantagem competitiva sobre as cepas
mutantes tonB feoB, tonB e iroN. Em amostras de pellet fecais a cepa de referéncia apresentou
multiplicacdo 361, quatro e quatro vezes maior que as cepas mutantes tonB feoB, tonB e iroN,
respectivamente (Figura 6A), e em amostras de ceco a multiplicagdo da cepa de referéncia foi
seis, trés e duas vezes maior que as mutantes tonB feoB, tonB e iroN (Figura 6B). Nos grupos
infectados com as cepas mutantes com reduc¢do de inflamacdo (invA e invA tonB feoB,invA
tonB ou invA iroN), no entanto, a vantagem competitiva da invA sobre as mutantes invA tonB
feoB,invA tonB ou invA iroN apresentou-se diminuida ou ausente. Em fezes coletadas as 48
hpi, a razdo entre a multiplicacdo de invA sobre a multiplicagdo de invA tonB feoB,invA tonB e
invA iroN foi sete, 0,6 e 0,4, respectivamente (Figura 6A). Em amostras de ceco coletadas,
este indice de competitividade da invA sobre as mutantes invA tonB feoB,invA tonB e invA

iroN foi 1, 1 e 0,2, respectivamente (Figura 6B). Uma vez que tanto o gene tonB quanto o
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iroN sdo necessarios para a absorcdo de Fe®* mediada pelo sideréforo salmoquelina, os
resultados obtidos demonstrando que os genes tonB e iroN sdo requeridos para multiplicacdo
de S. Typhimurium no intestino e dependentes da inflamacédo estdo em concordancia com um
estudo anterior desenvolvido por RAFFATELLU et al. (2009). Em amostras de fezes de
camundongos ndo tratados com estreptomicina e intragastricamente infectados, a mutagdo em
tonB induz discreta alteracdo no numero de bactérias recuperadas em comparacdo com a cepa
selvagem de S. Typhimurium (TSOLIS et al.,, 1996). Estes resultados sugerem que S.
Typhimurium utiliza ferro ferroso e férrico para sua multiplicacdo, e que esta vantagem
competitiva adquirida por S. Typhimurium é mais proeminente em meio inflamado do que em

meio ndo inflamado.
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Figura 6. Colonizacdo intestinal de camundongos preé-tratados com estreptomicina e
coinfectados com a cepa de referéncia e mutante de Salmonella Typhimurium.
Camundongos C57BI/6 foram coinfectados intragastricamente na proporg¢éo 1:1 com mistura
de 1 x 10" UFC da cepa de referéncia de S. Typhimurium e uma das mutantes de S.
Typhimurium: tonB feoB, feoB, tonB, ou iroN, ou foram coinfectados com a cepa mutante de
S. Typhimurium invA e uma das mutantes invA tonB feoB, invA feoB, invA tonB ou invA iroN.
Amostras de fezes coletadas 48 horas apés a infecgdo (A) e amostras de ceco coletadas 96
horas apds a infeccdo (B) para contagem bacteriana. Os dados estdo expressos em média e
erro padrdo do indice de competitividade (IC) das cepas de referéncia de S. Typhimurium
sobre mutantes tonB feoB, feoB, tonB, ou iroN (S. Tm) e do indice de competitividade (IC)
das cepas mutante invA de S. Typhimurium sobre mutantes invA tonB feoB, invA feoB, invA
tonB ou invA iroN (invA) normalizados pela razdo dos respectivos indculos. * P<0,05; **
P<0,01.
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4.4 COLONIZACAO INTESTINAL DE SALMONELLA TYPHIMURIUM E MUTANTES
TONB FEOB, FEOB, TONB E IRON EM CAMUNDONGOS TRATADOS COM DSS

O tratamento com estreptomicina induz alteragbes na composicdo da microbiota intestinal
(disbiose), com decréscimo da diversidade de bactérias presentes no ceco e ileo dos
camundongos infectados por S. Typhimurium (GARNER et al., 2009). Além disso, 0s
camundongos tratados com estreptomicina desenvolvem inflamacao cecal discreta mesmo na
auséncia da infeccdo por S. Typhimurium (SPEES et al., 2013). A fim de salientar o papel
geral da inflamagdo sobre os mecanismos de absorcao de ferro no intestino, foram realizadas
coinfeccdes entre S. Typhimurium e as cepas mutantes em camundongos com inflamagao
intestinal aguda quimicamente induzida, para padronizacdo da infeccdo em um modelo de

colite provocada pelo tratamento com DSS.

Os camundongos foram tratados com DSS a 3% durante 120 horas, seguido de inoculagcdo na
proporcdo de 1:1 com 0,1 mL de LB contendo 1x10” UFC de S. Typhimurium e uma das
seguintes mutantes: tonB feoB, feoB, tonB ou iroN. Os camundongos tratados com DSS
desenvolveram alteracGes inflamatérias no ceco (Figura 7A) e célon (Figura 7B)
caracterizadas histologicamente por infiltrado neutrofilico e linfo-histio-plasmocitario na
mucosa e submucosa, edema moderado a intenso de submucosa, e ulceracdo multifocal

intensa da mucosa.
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Figura 7. Inflamac&o intestinal em camundongos tratados com DSS e coinfectados com
cepa referéncia e mutante de Salmonella Typhimurium. Camundongos C57BI/6 foram
coinfectados intragastricamente na proporcdo 1:1 com mistura de 1 x 10’ UFC com a cepa de
referéncia de S. Typhimurium e uma das mutantes de S. Typhimurium: tonB feoB, feoB, tonB,
ou iroN. (A-B) Escore histopatoldgico do ceco (A) e cdlon (B) 48 hpi. As barras representam
a media do escore histopatologico para inflamacéo de submucosa (IS), inflamacdo de mucosa
(IM) e edema de submucosa (ES) de cinco animais por grupo coinfectado.
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No modelo murino tratado com DSS, o indice de competitividade da cepa de referéncia sobre
a mutante tonB indicou que a cepa de referéncia cresceu 15 e 13 vezes mais que a mutante em
amostras de ceco e colon, respectivamente, coletadas as 48 hpi (Figura 8A e 8B). Os
resultados foram similares na coinfecgdo com o mutante tonB feoB e com a mutante iroN. O
indice de competitividade da cepa de referéncia sobre a tonB feoB foi seis e 14 em amostras
de ceco e cdlon, respectivamente, e o da cepa de referéncia sobre a iroN foi cinco nas
amostras de ceco e seis nas amostras de cdlon (Figura 8A e 8B). A mutante feoB, no entanto,
foi recuperada em quantidade igual a cepa de referéncia no ceco dos animais tratados com
DSS e infectados (Figura 8A), e trés vezes menos em amostras de colon neste modelo animal
(Figura 8B). Estes resultados em conjunto indicam que em meio cuja inflamagdo é induzida
quimicamente pelo tratamento com DSS, os mecanismos de obtencdo de ferro em mutantes

tonB feoB, tonB e iroN induzem diminuicdo da vantagem de multiplicacdo a S. Typhimurium.
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Figura 8. Colonizacgédo intestinal de camundongos tratados com DSS e coinfectados com
cepa referéncia e mutante de Salmonella Typhimurium. Camundongos C57BI/6 foram
coinfectados intragastricamente na proporcéo 1:1 com mistura de 1 x 10’ UFC com a cepa de
referéncia de S. Typhimurium e uma das mutantes de S. Typhimurium: tonB feoB, feoB, tonB,
ou iroN. Amostras de ceco (A) e célon (B) coletadas apds 48 horas de infeccdo para contagem
bacteriana. Os dados estdo expressos em média e erro padrdo do indice de competitividade
das cepas de referéncia de S. Typhimurium sobre mutantes tonB feoB, feoB, tonB, ou iroN (S.
Tm/mutante) normalizados pela razdo dos respectivos indculos em cinco animais por grupo
coinfectado.
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4.5 COLONIZACAO INTESTINAL DE SALMONELLA TYPHIMURIUM E MUTANTES
TONB FEOB, FEOB, TONB, IRON, OU CEPA MUTANTE DE SALMONELLA
TYPHIMURIUM INVA E MUTANTES INVA TONB FEOB, INVA FEOB, INVA TONB
OU INVA IRON EM BEZERROS COM ALCAS ILIACAS CIRURGICAMENTE
LIGADAS

A vantagem competitiva da Salmonella mediada pelas diferentes vias de absor¢édo de ferro,
observada no modelo murino, foi avaliada em bovinos, espécie hospedeira natural da infeccao
por S. Typhimurium que desenvolve inflamacdo intestinal aguda semelhante a manifestacao
clinica e patologica de infecgdo por S. Typhimurium em seres humanos (COSTA et al., 2012).
As proteinas efetoras do T3SS-1 codificados pelo SPI-1 mediam o influxo de neutrofilos e o
acumulo de fluido no lamen intestinal no modelo de ligadura ileal de bezerros (SANTOS et
al., 2002b; ZHANG et al., 2002; COSTA et al, 2012). A razdo para 0 UsO no presente
trabalho da alca ileal de bezerro cirurgicamente ligada foi baseada em estudos anteriores que
demonstraram que 5 hpi por S. Typhimurium em macacos Rhesus submetidos a ligadura de
alca iliaca ha aumento da secrecdo de IL-17 (Raffatellu et al., 2008) e lipocalina-2 (Raffatellu
et al., 2009). Assim como o0s bovinos, 0s primatas sdo hospedeiros naturais de S.
Typhimurium e apresentam sinais clinicos que se assemelham aos observados em pacientes
humanos (KENT et al., 1966; SANTOS et al., 2011).

No presente estudo, o fluido ileal e tecido ileal de alcas cirurgicamente ligadas foram
coletados 8 hpi de algas inoculadas com uma mistura 1:1 da cepa de referéncia e uma das
mutantes, de modo semelhante ao que foi realizado em camundongos pré-tratados com
estreptomicina. Embora a coinfeccdo da cepa de referéncia e tonB feoB, feoB, tonB ou iroN
tenha induzido alteracdo inflamatdria proeminente as 8 hpi na mucosa ileal bovina, no modelo
de ligadura de alcas iliacas, a cepa de referéncia apresentou multiplicacdo em fluido intestinal
e no ileo em numeros semelhante a das mutantes com dele¢do dos mecanismos de absorcéao de
Fe?* e Fe*'e 0 mesmo ocorreu durante coinfeccdo com a mutante invA e invA tonB feoB, invA
feoB, invA tonB ou invA iroN nas amostras de fluido e ileo (Figura 9). Esta foi a primeira
tentativa de usar modelo de ligadura ileal de bezerro para elucidar os mecanismos de absor¢ao
de ferro por S. Typhimurium. O modelo de algas iliacas cirurgicamente ligadas tem uma
limitacdo intrinseca, que é poder ser realizado apenas por algumas horas uma vez que o

bezerro permanece sob anestesia durante todo o experimento (ALVES et al., 2003). O periodo
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de multiplicagéo de S. Typhimurium neste modelo é limitado a 8 hpi, 0 que pode explicar o
porqué deste ensaio ndo ter demonstrado nenhuma vantagem competitiva das cepas que

possuem as vias de captacdo de ferro em comparagdo com as cepas mutantes.
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Figura 9. Colonizacdo intestinal em modelo de ligadura de alca iliaca de bezerros e
coinfectado com cepa referéncia e mutante de Salmonella Typhimurium. As alcas iliacas
de bezerros foram ligadas cirurgicamente e coinfectadas na proporc¢éo 1:1 com mistura de 1 x
10° UFC com a cepa de referéncia de S. Typhimurium e uma das mutantes de S.
Typhimurium: tonB feoB, feoB, tonB, ou iroN, ou foram coinfectados com a cepa mutante de
S. Typhimurium invA e uma das mutantes invA tonB feoB, invA feoB, invA tonB ou invA iroN.
Amostras de fluido intraluminal (A) e de biopsia de ileo (B) foram coletadas 8 horas ap6s
infeccdo para contagem bacteriana. Os dados estdo expressos em média e erro padrdo do
indice de competitividade das cepas de referéncia de S. Typhimurium sobre mutantes tonB
feoB, feoB, tonB, ou iroN (S. Tm) e do indice de competitividade das cepas mutante invA de
S. Typhimurium sobre mutantes invA tonB feoB, invA feoB, invA tonB ou invA iroN (invA)
normalizados pela raz&o dos respectivos inoculos de 4 animais coinfectados.
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5. CONCLUSOES

Os modelos murinos pré-tratado com estreptomicina e o tratado com DSS possibilitaram
avaliar os genes de S. Typhimurium responsaveis pela absorcéo de ferro férrico e ferroso que
sdo importantes para multiplicacdo bacteriana no intestino inflamado. Nestes modelos
murinos, a absorcao de ferro férrico mediada pela salmoquelina e pela proteina de membrana
TonB de S. Typhimurium proporcionaram uma vantagem competitiva a S. Typhimurium no
ambiente intestinal inflamado, seja pela acdo do T3SS-1 de S. Typhimurium ou por
inflamacdo induzida quimicamente, pela administracdo de DSS. A captacdo de ferro Fe®*
mediada pelo FeoB também favorece a colonizacdo intestinal por S. Typhimurium em
camundongos pré-tratados com estreptomicina, mas ocorre independente da inflamagao
induzida pelo T3SS-1 de S. Typhimurium e ndo é observada no intestino de camundongos

com inflamac&o induzida pelo DSS.

CAPITULO lII

PAPEL DOS GENES viaB E TvIA DE SALMONELLA ENTERICA SOROTIPO TYPHI
NA EVASAO DA RESPOSTA IMUNOLOGICA NO INTESTINO DE
BEZERROS COM ALCAS ILIACAS CIRURGICAMENTE LIGADAS

1. INTRODUCAO

A febre tifoide acomete anualmente 20 milhGes de individuos e causa 200 mil mortes em todo
0 mundo (CRUMP et al., 2004). A doenca é causada por Salmonella enterica sorotipos Typhi
(S. Typhi) ou Paratyphi A, B ou C (S. Paratyphi). Ao contrério da enterite neutrofilica aguda
induzida por S. Typhimurium, a infeccdo por S. Typhi ou Paratyphi causa uma enfermidade
sistémica caracterizada por febre persistente, dores abdominais, hepatomegalia e
esplenomegalia (DAS et al., 2014) restrita a espécie humana. Apesar da caracterizacao clinica
e da restricdo de infeccdo por S. Typhi apenas aos seres humanos serem aspectos que
evidenciam a distingdo existente entre a enterite ndo-tifoide e a febre tifoide, S. Typhi possui
fatores de viruléncia comuns a S. Typhimurium, como as SPI-1 e SPI-2, e a expressdo de
padrdes moleculares associados a patégenos (MAMPs) como flagelina e LPS
(RAFFATELLU et al., 2006)
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S. Typhi adquiriu possivelmente por transferéncia genética horizontal a SPI-7, ilha de
patogenicidade ausente no genoma de S. Typhimurium e de S. Paratyphi (MCCLELLAND et
al., 2004). A SPI-7 contém os genes do operon viaB, responsaveis pela sintese da proteina
capsular de S. Typhi denominada Vi (HASHIMOTO et al., 1991). Estudos recentes tém
relacionado a producdo de capsula Vi a menor resposta inflamatéria induzida durante fase
inicial de infecc¢do por S. Typhi. HIROSE et al. (1997) demonstraram que em cultivo in vitro
de macréfagos humanos, a delecdo da capsula Vi em S. Typhi resulta em diminuicdo na
multiplicacdo intramacrofagica da mutante, associada a maior secrecdo de TNF-o pelas
células infectadas. Em cultivo in vitro em células intestinais da linhagem Caco-2, a interacao
entre dois dominios da membrana da celula eucariota com a proteina Vi capsular solGvel de S.
Typhi ou com S. Typhi que apresenta a proteina Vi em sua superficie induzem menor
secrecdo de CXCL-8 quando comparada a S. Typhi mutante que ndo expressa a proteina
capsular (SHARMA e QADRI, 2004). RAFFATELLU et al. (2005b) demonstraram que a
proteina Vi de S. Typhi induz menor expressdo de CXCL-8 via TLR5 ou TLR4/MD2/CD14
dependente. WILSON et al. (2008) observaram que a infec¢do por S. Typhimurium mutante
que expressa a proteina capsular Vi induz menor expressao de TNF-a e 6xido nitrico sintetase

(iNOS) no figado de camundongos infectados, de forma dependente de TLR4.

Portanto, a proteina capsular Vi é um fator de viruléncia utilizado por S. Typhi para blogquear
a quimiotaxia de neutrofilos na fase inicial de infeccdo (WANGDI et al., 2014). Os genes
relacionados a regulacdo (tviA), biossintese (tviBCDE) e exportacdo (vexABCDE) da proteina
Vi estdo localizados no locus viaB, no operon tviABCDEvexABCDE da SPI-7 de S. Typhi.
WINTER et al., (2008) demonstraram que a funcdo moduladora da secrecdo de CXCL-8
desempenhada pela proteina Vi é atribuida a expressao da sua proteina regulatéria TviA em
estudos de infec¢do por S. Typhi na linhagem celular T84 (derivada de adenocarcinoma de
cblon). Ainda em células T84 infectadas, a introducdo do gene tviA em S. Typhimurium reduz
a secrecdo de CXCL-8 e de flagelina (WINTER et al., 2008).

Os estudos que destacam os mecanismos de viruléncia de S. Typhi relacionados @ modulacéo
e bloqueio da inflamacdo neutrofilica no inicio da infeccdo intestinal no hospedeiro sdo de
extrema importancia para entendimento da patogenia de S. Typhi. Entretanto, a limitacdo da
ocorréncia de febre tifoide oriunda da infecgdo por S. Typhi restrita ao ser humano, tendo

como Unico modelo experimental o chimpanzé (EDSALL et al., 1960), restringe os estudos
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experimentais. O modelo de infecgdo experimental por S. Typhimurium em alca iliaca
cirurgicamente ligada é fortemente pertinente para estudos sobre a patogenia de S.
Typhimurium no ambiente intestinal inflamado (COSTA et al., 2012). RAFFATELLU et al.
(2007) observaram que a infeccdo por mutante S. Typhi com delecdo do gene viaB induz
maior acumulo de fluido intraluminal e maior transcri¢do de cxcl-1 e 1I-17 que a infeccdo pela
cepa selvagem de S. Typhi no modelo de algas iliacas cirurgicamente ligadas de bezerros. A
infeccdo no mesmo modelo animal com a cepa de S. Typhimurium que expressa 0 gene viaB
de S. Typhi induz resultado inverso, de diminui¢do da expressao de cxcl-1 e 11-17. Com isto, 0
modelo de ligadura de alca iliaca demonstrou ser ferramenta alternativa para estudo dos

mecanismos de patogenicidade presentes em S. Typhi e ausentes em S. Typhimurium.

2. OBJETIVOS

Este trabalho avaliou o papel dos genes viaB e tviA de S. Typhi na supressdo de inflamacéo in
vivo, através da utilizacdo do modelo de algas iliacas de bezerros cirurgicamente ligadas.
Assim, o presente estudo visou avaliar a capacidade de invasdo e inducdo de inflamagao da
amostra virulenta de S. Typhimurium e seus mutantes que expressam 0 gene viaB e 0 tviA,
através da mensuracdo do volume de fluido intraluminal, cultura bacteriana do intestino, e

histopatologia do ileo de bezerros. Os objetivos especificos foram:

I Determinar a capacidade de inducdo de inflamacdo da amostra virulenta de S.
Typhimurium e as respectivas mutantes em alcas iliacas de bezerros
cirurgicamente ligadas, pela mensuracdo de fluido luminal produzido e analise
histopatologia de fragmentos de ileo infectados.

Il. Determinar a capacidade de invasdo da amostra virulenta de S. Typhimurium e das

respectivas mutantes em alcas iliacas de bezerros cirurgicamente ligadas.

3. MATERIAL E METODOS

3.1 APROVACAO PELA COMISSAO DE ETICA NO USO DE ANIMAIS

O estudo foi aprovado pela Comissio de Etica no Uso de Animais (CEUA) da Universidade

Federal de Minas Gerais sob 0s nimeros de protocolos 197/2008.
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3.2 CEPAS DE BACTERIAS E CONDICOES DE CULTIVO MICROBIOLOGICO

As cepas de S. Typhimurium utilizadas neste estudo estdo listadas na Tabela 5. A cepa IR715
é S. Typhimurium naturalmente resistente acido nalidixico derivada da cepa selvagem ATCC
14028. As cepas foram cedidas pelo Department Medical Microbiology and Immunology da
University of California at Davis. Todas as bactérias foram cultivadas em ambiente aerobico a
37°C. Os meios de cultivo microbioldgico utilizados foram o meio LB (10g triptona, 5g
extrato de levedura, 5g NaCl por litro) e LB agar (10g triptona, 5g extrato de levedura, 5¢g
NaCl, 13g é&gar bacterioldgico por litro). Quando apropriado, foram adicionados 0s
antibidticos nos meio de cultivo microbioldgico nas seguintes concentragcdes: gentamicina a
50 mg/L (Sigma Aldrich, EUA); &cido nalidixico a 50 mg/L (Sigma Aldrich, EUA).

Tabela 5. Cepas de Salmonella Typhimurium utilizadas

Cepa Gendtipo Referéncia
AJB715 IR715 phoN::KanR? KINGSLEY et al., 2003
SW474 IR715 phoN::tviA-Cm"® WINTER et al., 2009b
SW737 IR715 phoN::Kan® ZinvA.:Tet® WINTER etal., 2014°
TH170 IR715 phoN::viaB HANEDA et al., 2009

%Kan": resistente & canamicina; Tet": resistente & tetraciclina (tetRA); Cm": resistente a

cloranfenicol.
3.3 MODELO DE ALCAS ILIACAS DE BEZERROS CIRURGICAMENTE LIGADAS

Quatro bezerros machos de 4 semanas de idade foram submetidos a cirurgia conforme
descrito por SANTOS et al. (2002a) e na secdo de material e métodos do Capitulo Il. As al¢as
iliacas ligadas foram inoculadas com injecdo intraluminal de 3 mL de meio LB contendo 1 x
10® UFC da cepa de referéncia phoN (AJB715), viaB (TH170), tviA (SWA474),0u de invA

(SW737). As alcas intestinais foram recolocadas no interior da cavidade abdominal dos

¥ O CAPITULO lil listado proveio de estudo de colaboracéo que possibilitou a geracéo do artigo
cientifico escrito por Winter et al. (2014) gerado durante o doutorado da aluna Luciana Fachini da
Costa (Anexo C).
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animais até eutanasia. Os animais foram submetidos a eutanasia 5 hpi com sobredose de
anestésico inalatorio. As amostras de tecido e fluido intraluminal foram coletadas para
pesagem de fluido luminal, cultivo bacteriano e histopatologia. Um fragmento de ileo por
porcao de alca inoculada foi removido por punch de bidpsia de 6 mm. As bidpsias retiradas
foram mantidas em PBS com gentamicina durante uma hora (50 pg/mL), apds o qual foram
homogeneizadas em 2 mL de PBS estéril e macerados. A solucdo obtida foi semeada em agar

LB contendo &cido nalidixico.

3.4 HISTOPATOLOGIA

Fragmentos de ileo foram fixados em formalina 10%, incluidos em parafina, desidratados em
concentragdes crescentes de alcool, diafanizados em xilol e embebidos pela parafina. Os
blocos de parafina contendo o tecido fixado foram cortados em micr6tomo e geraram laminas
histologicas com a espessura de 5 pum que foram destinadas a coloracdo pela técnica de
hematoxilina e eosina (HE). Os cortes histologicos foram analisados quanto as alteracoes
inflamatdrias nos seguintes escores: 0 — auséncia de lesdo; 1 — lesdo discreta; 2 — lesdo

moderada e 3- lesdo intensa.

4., RESULTADOS E DISCUSSAO

Para avaliar se a insercdo dos genes viaB e tviA em S. Typhimurium induz menor inflamacao
intestinal, a infeccdo experimental foi induzida no modelo de ligadura de algas iliacas de
bezerros. Apds inativacdo das bactérias extracelulares com o tratamento com gentamicina, os
fragmentos de ileo foram macerados e plagueados em diluicdo seriada. As mutantes de S.
Typhimurium viaB e tviA foram recuperadas em mesmo numero de UFC/mL que a cepa de
referéncia de S. Typhimurium nas amostras de ileo de bezerros obtidas 5 hpi (Figura 10), o
que indica que o locus viaB e o gene regulador da proteina Vi capsular, 0 gene tviA, nao
alteram a capacidade de invasao de S. Typhimurium. A delecdo do gene invA do T3SS-1 de
invasdo de S. Typhimurium induz menor recuperacdo bacteriana ap0s tratamento com

gentamicina, como esperado (Figura 10).
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Figura 10. Colonizagdo intestinal do modelo de ligadura de al¢a iliaca de bezerros
infectados com cepa de referéncia ou mutante viaB, tviA ou invA de Salmonella
Typhimurium. As algas iliacas de bezerros foram ligadas cirurgicamente e infectadas com 1
x 10® UFC com a cepa de referéncia de S. Typhimurium (S. Tm) ou uma das mutantes de S.
Typhimurium: viaB, tviA, invA. Amostras teciduais foram coletadas por bidpsia apds 5 horas
de infeccdo para contagem bacteriana. Os dados estdo expressos em média e erro padrdo do
Log de UFC/punch de quatro animais coinfectados. * P<0,05.

As alcas intestinais inoculadas com a cepa de referéncia AJB715 de S. Typhimurium
apresentaram maior acumulo de fluido luminal quando comparadas as porcGes iliacas
infectadas com as mutantes tviA e viaB e invA, e as mutantes viaB e tviA ndo apresentaram
diferenca em relacdo ao acimulo de fluido luminal (Figura 11). O acimulo de fluido luminal
no modelo de infec¢do por S. Typhimurium de alcas iliacas de bezerros ligadas ¢ uma medida
indireta da inducdo de diarreia. A infiltracdo de neutrofilos no intestino de bezerros infectados
por S. Typhimurium induz perda de integridade epitelial e efusdo de exsudato rico em
proteinas para o lumen intestinal (SANTOS et al., 2001a). A reducédo da inflamacéo intestinal
foi confirmado pela histopatologia (Figura 12A), evidenciado pelo intenso infiltrado
neutréfilo na mucosa e submucosa do ileo infectado pela cepa de referéncia de S.
Typhimurium (Figura 12C), com menor intensidade de inflamacdo nas alcas infectadas com

as cepas contendo viaB (Figura 12D) e tviA (Figura 12E).
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Figura 11. Acimulo de fluido luminal em modelo de ligadura de alca iliaca de bezerros
infectados com cepa de referéncia ou mutante viaB, tviA ou invA de Salmonella
Typhimurium. As alcas iliacas de bezerros foram ligadas cirurgicamente e infectadas com 1
x 10® UFC com a cepa de referéncia de S. Typhimurium (S. Tm) ou uma das mutantes de S.
Typhimurium: viaB, tviA, invA. A quantidade de fluido acumulado por alca ligada foi
coletado 5 horas apos infeccdo. Os dados estdo expressos como percentual de resposta
observado em relacdo a alga infectada com a cepa de referéncia (AJB715) de S.
Typhimurium. As barras representam as média e erro padrdo do Log de UFC/punch de quatro
animais coinfectados. * P<0,05; ** P<0,01.

1}

invA

A introducdo do locus viaB altera a resposta inflamatéria in vivo, por reduzir a expressao de
citocinas, o recrutamento de neutréfilos e o acimulo de fluido em bezerros infectados com a
S. Typhimurium viaB mutante (RAFFATELLU et al., 2007). Nossos resultados indicaram

que a atividade anti-inflamatoria do viaB é atribuida ao gene regulatério tviA.

WINTER et al. (2014) realizaram experimentos adicionais e observaram que 0 mecanismo
pelo qual a TviA da S. Typhi age pela supressdo do T3SS-1 e desta forma previne a

inflamacéo neutrofilica no processo inicial de infecc¢do por S. Typhi.



58

A
-
©
5 61
L)
% 5 1 OED
S, 4- ONP
" 31 aNE
& 2
o ‘:
8 q 4
0o +—=1

Figura 12. Inflamag¢&o no modelo de ligadura de alca iliaca de bezerros e infectados com
cepa de referéncia ou mutante viaB, tviA ou invA de Salmonella Typhimurium. As alcas
iliacas de bezerros ligadas cirurgicamente foram infectadas com 1 x 10® UFC com a cepa de
referéncia de S. Typhimurium (S. Tm) ou uma das mutantes de S. Typhimurium: viaB, tviA,
invA. (A) Fragmentos de ileo das alcas ligadas foi coletado ap6s 5 horas de infec¢do para
avaliacdo do escore histopatoldgico. Barras representam a media do escore histopatologico
para infiltrado neutrofilico (NE), hemorragia (HE), necrose/apoptose (NP) e edema (ED) de
fragmentos obtidos de quatro animais infectados. (B-C)Histopatologia de fragmentos de ileo
coletados 5 hpi inoculado com LB (B) ou infectados com a cepa de referéncia de S.
Typhimurium (C), com a cepa mutante viaB (D), tviA (E) ou invA de S. Typhimurium (F)
corados por hematoxilina-eosina, 600x.

5. CONCLUSAO

A insercdo e expressdo do gene regulatorio tviA e do locus viaB diminuem a inducdo de
resposta inflamatdria produzida pela S. Typhimurium no ileo de alcas de bezerros

cirurgicamente ligadas e infectadas.
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Salmonellosis is an important disease of cattle caused predominantly by Salmonella enterica serotypes
Typhimurium (S. typhimurium) and Dublin (S. dublin). S. typhimurium causes acute enteritis and exudative
diarrhea in calves. In addition to enteric disease, S. dublin can cause systemic infections, and may cause

abortion in pregnant cows. Calves are considered a relevant model for non-typhoidal salmonellosis in
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humans. Experimental oral infections or inoculation of ligated ileal loops in calves have been extensively
studied recently. This article reviews relevant published results regarding bovine salmonellosis as a
natural disease or as an animal model.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Salmonella spp. are gram-negative bacteria belonging to the
Enterobacteriaceae family. These bacteria have a broad host range,
and are associated with important losses in animal production as
well as with public health implications due to their role as food-
borne and/or zoonotic pathogens. There are more than 2500
known serotypes that belong to two species, namely Salmonella
enterica (with more than 2400 serotypes) and Salmonella bongori
(20 serotypes). Infection of warm-blooded animal species is caused
by several serotypes of S. enterica subspecies enterica (Brenner
et al., 2000). Some individual Salmonella serotypes have a predilec-
tion for a particular host, but they may infect and eventually cause
disease in other host species. These host-restricted serotypes in-
clude Choleraesuis (Chiu et al., 2004) and Dublin (Hughes et al.,
1971, Fang and Fierer, 1991) that preferentially infect pigs and
cattle, respectively. Other serotypes such as Typhimurium and
Enteritidis can infect a wide range of host species (Hohmann,
2001). Finally, some Salmonella serotypes are host-specific. For in-
stance, serotypes Typhi and Paratyphi infect only humans, causing
typhoid fever, whereas serotype Gallinarum infects chickens
(Baumler et al., 1998; Crump et al., 2004).

While several serotypes can infect cattle, bovine salmonellosis
is caused predominantly by Salmonella enterica serotypes
Typhimurium (S. typhimurium) and Dublin (S. dublin) (Richardson,
1975; Rings, 1985). Although these two serotypes can cause enteric
disease in cattle, there is a tendency for different clinical manifes-

* Corresponding author. Tel.: +55 31 3409 2239; fax: +55 31 3409 2230.
E-mail address: rsantos@vet.ufmg.br (R.L. Santos).
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tations. S. typhimurium is often associated with enteritis that
usually affects young calves, resulting in marked acute diarrhea
(Rankin and Taylor, 1966). Conversely, S. dublin is often associated
with systemic infections that may result in asymptomatic shed-
ding or in abortion in pregnant cows, clinical features that do not
necessarily occur together with diarrhea (Richardson, 1975; Carri-
que-Mas et al., 2010), whereas abortion is not a common clinical
manifestation of S. typhimurium infections (Carrique-Mas et al.,
2010). Importantly, cattle are one of the most common sources
of infection for human salmonellosis, which is a major public
health issue since Salmonella is one of the most important patho-
gens associated with food-borne infections worldwide (Tauxes,
1997; Flint et al., 2005). Importantly, Salmonella is often isolated
from healthy cattle in slaughterhouses (Bosilevac et al., 2009).
Natural infections not always trigger protective immunity, and
therefore re-infections may occur (Dougan et al., 2011).

Infection of mice with non-typhoidal Salmonella, particularly in
the case of S. typhimurium, results in a systemic disease that mim-
ics typhoid fever in humans (Santos et al., 2001c). Conversely,
infection of calves with S. typhimurium induces an enteric disease
that parallels clinical symptoms and pathological changes that
are observed in enteric salmonellosis caused by non-typhoidal Sal-
monella in humans (Santos et al., 2001c). Due to limitations of
working with a large animal model and the advantages of working
with a laboratory species, a streptomycin-treated mouse model of
infection that results in enteric inflammation in mice was devel-
oped (Barthel et al., 2003). This model is based on a marked deple-
tion of the intestinal flora prior to inoculation with Salmonella,
which was previously known to change the pattern of the host
response (Nardi et al., 1989). While this widely-used mouse model
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for Salmonella-induced enteric disease has the advantages associ-
ated with the well-characterized mouse genetics, calves are a
suitable and extensively used model for human enteric salmonello-
sis. Experimental infections in cattle have explored two routes of
infections, namely oral infections and inoculation of ileal ligated
loops (Hall and Jones, 1977; Smith et al., 1979; Wallis et al.,
1995; Watson et al., 1995, 1998; Bolton et al., 1999). Therefore, a
large amount of knowledge has been gained by exploring cattle
as a model for human disease, which has a major positive impact
on our knowledge of the disease in cattle. In this review the more
relevant aspects of Salmonella pathogenesis in cattle are discussed
in light of published results generated using the cattle as a model
for human enteric salmonellosis.

2. Natural Salmonella infection in cattle

Salmonellosis in cattle is most commonly caused by S. dublin
and S. typhimurium, but other serotypes are also capable of causing
infection in cattle as well (Richardson, 1975). S. typhimurium most
frequently affects calves at less than 2 months of age (Smith et al.,
1979; Younis et al., 2009). Clinical signs of salmonellosis include
fever, anorexia, prominent diarrhea, and dehydration, which are
secondary to acute necrotizing enteritis. Lethality is inversely pro-
portional to the age of the infected calf (Smith et al., 1979). Feces
tend to be watery, with variable amounts of mucus, fragments of
the intestinal mucosa or blood clots (Wray et al., 1987).

S. dublin is highly adapted to cattle, affecting both young and
adult animals. In young calves, S. dublin causes disease that is clin-
ically indistinguishable from S. typhimurium and is characterized
primarily by diarrhea. However, S. dublin has a much higher poten-
tial for systemic dissemination, which can result in meningoen-
cephalitis, polyarthritis or pneumonia, occasionally in the
absence of diarrhea (Rings, 1985). In adult cattle, infection with
this serotype is common, and it can be asymptomatic or character-
ized by abortion as the only detectable clinical sign (Hall et al.,
1979). S. dublin infection can also be associated with fever, reduced
milk production, and mild to moderate diarrhea (Wray and Sojka,
1981). Individual animals may shed S. dublin intermittently leading
to sporadic or repeated outbreaks of disease in a given herd (Wray
et al., 1987; Nielsen et al., 2004).

3. Bovine model for Salmonella-induced enteritis

Pioneering studies on experimental Salmonella infection in cat-
tle were performed by oral challenge. Orally infected calves devel-
op clinical signs that closely resemble those observed during
natural infections, which are characterized by prominent exuda-
tive diarrhea, anorexia, fever, dehydration, and prostration. Usu-
ally, oral inoculations with 10*-107 colony forming units (CFU)
cause transient diarrhea that persists for 2-8 days, while doses be-
tween 108 and 10'! CFU can result in lethal infections (Smith et al.,
1979).

In the 1990s, an ileal ligated loop model was adapted to cattle
from other species. The calf is anesthetized, portions of the ileum
are individually ligated, and selected Salmonella strains are inocu-
lated directly into the intestinal lumen of the ligated loop (Wallis
et al., 1995). This model allow a precise evaluation of early patho-
logic changes such as recruitment of neutrophils (Fig. 1), and fluid
secretion that can be directly assessed by measuring the amount of
fluid that accumulates in the lumen of the ligated loop (Fig. 2),
which is a surrogate of diarrhea (Santos et al., 2001b, 2002a). In
comparison to oral infection, the ligated loop model allows inocu-
lation of several strains in one single calf, thus drastically reducing
the number of animals required for a given experiment. Impor-
tantly, the lesions observed in this model have kinetics that are

similar to those observed as a result of oral infections (Zhang
et al., 2002). However, the ligated loop model is suitable only for
studying responses at early time points post infection, as the inoc-
ulated loops are removed and the animal is immediately eutha-
nized at the end of the surgical procedure (Santos et al., 2002a).

Calves infected orally with S. typhimurium have a short incuba-
tion period, developing prominent exudative diarrhea within 48 h
post infection. In some cases, infected calves develop anorexia and
central nervous system depression, and the disease has a peracute
course with death within 24 h post infection (Smith et al., 1979;
Tsolis et al., 1999). Usually, there is a fibrinopurulent necrotizing
enteritis characterized by severe diffuse neutrophilic infiltrate
and pseudomembrane formation on the surface of ileum and colon
(Tsolis et al.,, 1999). Lymphoid depletion is often observed in
mesenteric lymph nodes (Wray and Sojka, 1978; Tsolis et al.,
1999). Oral inoculation of calves with 10'° CFU of S. typhimurium
results in diarrhea with severe dehydration, mild to moderate
hemoconcentration, hypoglicemia, metabolic acidosis, and azote-
mia, associated with protein loss due to fibrinonecrotic enteritis,
which explains the decrease in total plasma protein and albumin
concentrations in spite of hemoconcentration (Santos et al,,
2002Db). Increased fibrinogen concentration, which is a marker for
acute-phase responses in cattle, indicates acute inflammatory dis-
ease. This massive neutrophilic infiltration in the intestinal mucosa
results in hematological changes that include marked neutropenia,
associated with a regenerative response with increased numbers of
band neutrophils and metamyelocytes at 48 h post infection
(Santos et al., 2002b).

The kinetics of invasion of the intestinal mucosa by S. typhimu-
rium have been characterized in detail in ligated ileal loops by elec-
tron microscopy (Santos et al., 2002a) and immunohistochemistry
(Reis et al., 2003). Salmonella readily invades M cells on the Peyer’s
patches as early as 15 min post infection, but it is also capable of
invading enterocytes and even goblet cells (Santos et al., 2002a;
Santos and Bdumler, 2004). At 1 h post infection S. typhimurium
is already found in the lamina propria, mostly intracellularly in
macrophages (Santos et al., 2002a; Santos and Bdumler, 2004).

S. typhimurium elicits a very strong neutrophilic influx in the
intestinal mucosa that results in loss of epithelial integrity and
effusion of a protein-rich exudate into the intestinal lumen, which
is a key event in the pathogenesis of Salmonella-induced diarrhea
(Santos et al., 2002a). Indeed, calves with leukocyte adhesion
deficiency (BLAD) do not develop a neutrophilic infiltration in
response to Salmonella infection, and in these calves, there is less

Fig. 1. Acute neutrophilic enteritis at 5h post infection with Salmonella enterica
serotype Typhimurium; hematoxylin and eosin. Detail: immunolabeling of
S. typhimurium in the intestinal mucosa with intense invasion of the lamina propria.
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Fig. 2. Score of inflammation (A) and volume of fluid accumulation (B) in bovine
ileal ligated loops throughout the time course of infection with Salmonella enterica
serotype Typhimurium (squares and dotted line), compared to uninfected control
loops (circles and solid line). *Statistically different from uninfected control
(P<0.05). Adapted from Santos et al., 2001b.

tissue damage, reduced fluid accumulation in the intestinal lumen,
and more systemic dissemination of bacteria when compared to
normal calves (Nunes et al., 2010). Importantly, intestinal infection
with S. typhimurium results in strong pro-inflammatory cytokine
response and consequently a marked acute inflammatory reaction
that could be interpreted as detrimental to Salmonella. However,
this acute host response is also associated with increase in
antimicrobial mechanisms that suppress the normal intestinal
microbiota, whereas Salmonella is capable of resisting this host
antimicrobial response, and therefore exploit inflammation to out-
compete the intestinal microbiota, favoring a massive shedding
and more efficient transmission (Santos et al., 2009). Salmonella
adaptation to the inflamed intestinal environment was further
characterized in a recent study, which elucidated how tetrathio-
nate enrichment provides a benefit during infection. Tetrathionate
broth medium has been widely used for enrichment and isolation
of Salmonella since the 1920s. Prior to use, tetrathionate is gener-
ated in the broth through oxidation of thiosulphate by a strong oxi-
dant (iodine). As a protective mechanism, the intestinal mucosa
converts hydrogen sulfide to thiosulphate. As a result of intestinal
inflammation, and the consequent generation of reactive oxygen
species, oxidation of thiosulphate leads to generation of tetrathio-
nate, mimicking the enrichment that occurs in vitro when Salmo-
nella is cultured in tetrathionate broth. As a result, this provides
a growth advantage for S. typhimurium over the competing micro-
biota in the lumen of the inflamed gut (Winter et al., 2010).

The bovine model has been a powerful tool for identifying the
role of Salmonella virulence factors required for enteropathogene-
sis (Table 1). For instance, two key events during S. typhimurium
infection is its ability to invade intestinal epithelial cells and sur-
vive within macrophages, which are dependent on Salmonella
Pathogenicity Islands (SPI) 1 and 2, respectively (Cirillo et al.,
1998; Wong et al., 1998; Wood et al., 1998; Galan, 1999; Blanc-
Potard et al., 1999). SPI-1 encodes the invasion-associated type III

secretion system (T3SS-1) that translocates effector proteins into
the host cell cytosol and induces actin rearrangements, resulting
in bacterial invasion (Galan, 1999). SPI-2 encodes a second type
Il secretion system (T3SS-2), required for intracellular survival in
macrophages (Cirillo et al., 1998). SPI-1 is absolutely requited for
Salmonella-induced enteritis in cattle (Tsolis et al., 1999). Oral
infection with a Salmonella mutant strain lacking invH a SPI-1 gene,
results in reduction of the severity of enteritis in calves (Watson
et al., 1998). Mutations in hilA, that encodes an activator of SPI-1
(Bajaj et al., 1995) and prgH, that encodes a T3SS-1 component
(Kubori et al., 1998) markedly reduces the intensity of diarrhea
and intestinal lesions (Tsolis et al., 1999). However, while SPI-2
plays a crucial role in virulence during systemic infection caused
by S. typhimurium in mice (Shea et al., 1999) and S. dublin in calves
(Libby et al., 1997), it is a minor contributor to diarrhea and inflam-
mation in calves infected by S. typhimurium (Tsolis et al., 1999).

Salmonella effector proteins SopA, SopB, SopD, SopE2, and SipA
are translocated into the host cell cytosol through the T3SS-1, act-
ing in concert to elicit neutrophil influx and fluid accumulation in
bovine ileal loops inoculated with S. typhimurium (Zhang et al.,
2002). The mechanism by which these effectors contribute to fluid
accumulation may be related to the ability of these proteins to
stimulate an inflammatory response. SipA and SopD elicit produc-
tion of chemoattractants that promote transepithelial neutrophil
migration in a tissue culture model (Lee et al., 2000). SopB and
SopE2 interfere with intracellular signaling pathways that may re-
sult in the expression of proinflammatory cytokines and chemoat-
tractants for neutrophils (Mirold et al., 2001). S. typhimurium
infection induces moderate changes in gene expression profile at
30 min post infection, which increases over the time-course of
infection up to 4 h post inoculation (Adams et al., 2011). Lawhon
et al. (2011) compared gene expression profile in bovine ligated
ileal loops challenged with wild type or a AsipAsopABDE2 mutant
of S. typhimurium that lacks effector proteins required for induction
of chemokine expression, neutrophilic infiltration, and diarrhea.
These authors demonstrated that S. typhimurium induces marked
changes in the gene expression profile, with a strong proinflamma-
tory response, characterized particularly by an increased expres-
sion of CCL2, CCL8, CXCL6, IL8, CXCL9, CXCL10, and CXCL11. As
expected, the mutant strain lacking all T3SS-1 effector proteins
required for enteropathogenesis induces a much milder host
response (Lawhon et al., 2011).

S. typhimurium induces cell death in cultured bovine macro-
phages, which depends on an intact T3SS-1 of the pathogen and
caspase-1 from the host (Santos et al., 2001a). It has recently been
demonstrated that flagellin, which is promiscuously secreted
through the T3SS-1, triggers host cell death through its interaction
with the cytosolic pathogen molecular pattern receptor Ipaf,
activating caspase-1 (Franchi et al., 2006; Miao et al., 2006).
Considering that caspase 1 cleaves and activates interleukin (IL)-
1B and IL-18, this Salmonella-induced macrophage death is a proin-
flammatory mechanism, thus it has been named pyroptosis (Bergs-
baken et al., 2009). However, the importance of this mechanism
in vivo in cattle is still not clear (Santos et al., 2001b).

Considering that Salmonella-induced diarrhea is important
cause of mortality in calves and that diarrhea is also an efficient
route for massive shedding of the organism and environment con-
tamination, the knowledge gained with these bovine experimental
infection models has greatly improved our understanding of the
pathogenesis of Salmonella-induced diarrhea in cattle.

4. Salmonella Dublin infection
S. dublin induces slightly different clinical manifestations in

comparison to S. typhimurium. Despite the evident importance of
S. dublin-induced enteritis in calves, there are fewer studies on
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Table 1
Genes and virulence factors required for Salmonella enterica serotypes Tympimurium and Dublin enteropathogenesis in calves.

Serotype Gene/virulence factor Protocol”  References

Typhimurium aro ol Smith et al. (1984), Jones et al. (1991)
invH IL Watson et al. (1995, 1998)
prgH Ol Tsolis et al. (1999)
hilA OIIL Tsolis et al. (1999), Ahmer et al. (1999)
SirA IL Ahmer et al. (1999)
sipA, sopA, sopD, sopE2 Ol and IL  Zhang et al. (2002), Zhang et al., (2003)
sopB Ol Tsolis et al. (1999), Zhang et al. (2002, 2003), Reis et al. (2003)
spiB ol Tsolis et al. (1999)
spv ol Tsolis et al. (1999)
SiiE, siiF Ol Morgan et al. (2004, 2007)
fC, fijB, flgk IL Winter et al. (2009)

Dublin sseD, ssaT IL Bispham et al. (2001)
pipA, B, D IL Wood et al. (1998)
sipB IL Galyov et al. (1997), Jones et al. (1998), Wood et al. (2000), Pullinger et al. (2007)
SopA IL Wood et al. (2000)
sopB IL Galyov et al. (1997), Jones et al. (1998), Wood et al. (1998, 2000), Pullinger et al. (2007, 2010)
sopD IL Jones et al. (1998), Pullinger et al. (2007)
spv ol Libby et al. (1997)
barA, envZ, phoQ, ssrA, gseC, baeS, dpiB, citA 1L Pullinger et al. (2010)
SDI-1 Ol Pullinger et al. (2008)

" Experimental protocol: Ol - oral infection; IL - ligated ileal loop.

pathological changes caused by S. dublin infection (Hall and Jones,
1977). After oral infection, S. dublin colonizes intestinal as well as
systemic sites (Hall and Jones, 1977; Paulin et al., 2002). Even at
early stages of infection, S. dublin tends to disseminate to mesen-
teric lymph nodes, spleen, liver, and lungs, whereas at later stages
of infection it may spread to other tissues, including placentomes
in pregnant cows (Hall and Jones, 1977). Abortions are associated
with replication of S. dublin in placentomes. S. dublin and S.
typhimurium have similar kinetics of intestinal invasion, resulting
in similar number of organisms within the intestinal mucosa at
early stages of infection (Watson et al., 1995; Paulin et al., 2002).
However, despite similar CFU numbers, S. typhimurium induces a
more intense secretory and inflammatory response in the intestine
when compared to S. dublin at 2 h (Paulin et al., 2002) and 12 h
post infection (Watson et al., 1998).

The bovine ileal ligated loop as well as oral infection models
have also been used to study S. dublin virulence factors. Similarly
to S. typhimurium, S. dublin express SPI-1 and SPI-5-encoded pro-
teins that are required for the enteropathogenesis. Inoculation of
a AsopB mutant into bovine ileal ligated loops elicits less inflam-
mation than the wild type strain, although the S. dublin AsopB mu-
tant strain invades the intestinal mucosa at similar levels when
compared to the wild type strain (Galyov et al., 1997). A similar
phenotype of the AsopB mutant has been demonstrated in
S. typhimurium (Santos et al., 2001b; Reis et al., 2003). SopB is an
inositol phosphate phosphatase that alters chloride secretion and
enhances fluid accumulation into gut (Norris et al., 1998). SopA
is also translocated into eukaryotic cells to promote the inflamma-
tory response and the fluid secretion into intestine (Wood et al.,
2000). In addition, S. dublin strains lacking genes from SPI-5 are
less enteropathogenic than the wild type strain in calves but main-
tain the ability to cause systemic infection in murine model (Wood
et al.,, 1998) , suggesting that the SPI-5 encoded genes are impor-
tant for enteropathogenesis.

Although the mechanisms that make S. dublin more capable of
systemic dissemination than S. typhimurium are not known, the
clinical manifestation suggests that S. dublin employs additional vir-
ulence mechanisms that promote systemic infection. S. dublin dis-
seminates from the intestine to systemic sites via draining
mesenteric lymph nodes and efferent lymphatics (Pullinger et al.,
2007). Interestingly, bacteria found to be disseminating from the

gut via the efferent lymphatics appear to be free, rather than carried
within cells. The spv (Salmonella plasmid virulence) locus plays an
important role in systemic salmonellosis in calves infected with
S. dublin (Libby et al., 1997). Several two-component regulatory sys-
tems that sense environmental signals are required for virulence of
S. dublin, with some of those being required for establishment of
infection at systemic sites (Pullinger et al., 2010).

S. dublin is adapted to cattle, but the mechanisms that drive
host-adaptation are poorly known. However, a specific S. dublin ge-
netic island, named S. enterica serovar Dublin island 1 (SDI-1), has
been demonstrated to play a role in pathogenesis in a host depen-
dent manner. Interestingly, SDI-1 plays no role in invasion of cul-
tured epithelial cells, intracellular survival in macrophages, or
virulence in mice, indicating that SDI-1 is likely a host-specific vir-
ulence factor for cattle (Pullinger et al., 2008).

5. Concluding remarks

Bovine salmonellosis is an extremely important disease for the
cattle industry as well as in terms of public health since human sal-
monellosis is one of the most important food borne diseases world-
wide. The emergence of multi drug resistant strains is beginning to
limit treatment options. Therefore, advancing knowledge on host-
pathogen interaction and pathogenesis of Salmonella can poten-
tially have a positive impact on our ability to reduce the risk of
both human and bovine infections. The fact that calves are an
excellent model for human Salmonella-induced enteritis has
resulted in a comparatively rapid advancement in research on
Salmonella infections in cattle. This model can certainly contribute
to future advances in the field. For instance, the calf model could be
useful to understand the inflammation-adapted lifestyle of
Salmonella and transmission.
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Abstract: Salmonella enterica serotype Typhimurium has mechanisms that result in
competitive advantage in the inflamed intestine. Here we utilized streptomycin pretreated mice,
dextran sodium sulfate (DSS) treated mice, and bovine ligated ileal loops to investigate
pathways for S. Typhimurium iron acquisition in the inflamed intestine. Coinfection with S.
Typhimurium reference strain and mutant strains including tonB feoB, feoB, tonB or iroN in
streptomycin pretreated mice demonstrated that ferric iron uptake requiring IroN and TonB
confers competitive advantage in the inflamed intestine. Importantly, the competitive advantage
of S. Typhimurium in iron uptake was only observed in inflamed intestinal tissues induced by
DSS over the double tonB feoB mutant strain.

Introduction

Salmonella enterica serotype Typhimurium (S. Typhimurium) interacts and competes with the
intestinal microbiota to acquire nutrients and effectively colonize the intestinal tract. Some of
the mechanisms by which S. Typhimurium can overgrow the intestinal microbiota have been
recently demonstrated (reviewed by Santos, 2014). The Salmonella Pathogenicity Island 1 (SPI-
1) encodes a type Il secretion system (T3SS-1) that is required for invasion of epithelial cells
and induction of the host inflammatory response (Tsolis et al., 1999; Barthel et al., 2003; Altier,
2005; Bruno et al., 2009; Raffatellu et al., 2009). Salmonella-elicited intestinal inflammation
generates an environment that favors growth of S. Typhimurium while commensal
microorganisms are suppressed (Stecher et al., 2007), thus increasing the risk of fecal-oral
transmission of this pathogen (Lawley et al., 2008).

S. Typhimurium requires iron as an essential nutrient. Approximately 7% of the S.
Typhimurium genome is regulated by levels of iron under in vitro conditions (Bjarnason et al.,
2003). In vertebrates, the ferric (Fe**) and ferrous (Fe*") forms of iron are available
extracellularly in limited quantities. One of the mechanisms by which the host limits iron in the
inflamed intestine is by secreting lipocalin-2 (Raffatellu et al., 2009), which has bacteriostatic
function (Flo et al., 2004), limiting iron availability by specifically binding to enterochelin, a
high affinity iron chelator (siderophore) produced by bacteria of the Enterobacteriaceae family
(Goetz et al., 2002). Similarly to other enteric bacteria, S. Typhimurium secretes enterochelin,
but it additionally produces a glycosylated form of enterochelin, an alternative siderophore
called salmochelin, which is not blocked by lipocalin-2 and therefore allows S. enterica to gain
a competitive advantage in the inflamed intestine (Hantke et al., 2003; Crouch et al., 2008;
Raffatellu et al., 2009).

Iron acquisition through salmochelin is mediated by iroBCDE and iroN, which are

responsible for biosynthesis (iroB), export (iroC), and absorption (iroN) of salmochelin (Hantke
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et al., 2003; Baumler et al., 1996). The process of internalization of this siderophore is an
energy dependent process, which requires the TonB/ExbB/ExbD ATP protein-complex located
at the inner membrane (Hannavy et al., 1990). Furthermore, TonB generates energy for
internalization of ferric-complexes into the periplasm of Gram-negative bacteria by specific
outer membrane transporters (reviewed by Braun & Hantke, 2011). The additional intestinal
iron source available for S. Typhimurium is the ferrous form (Fe**), which S. Typhimurium
absorbs through a membrane transporter encoded by the feoABC operon. FeoB is the inner
membrane Fe** transporter (Tsolis et al., 1996; Boyer et al., 2002).

Considering that iron acquisition is a key step in Salmonella enteropathogenesis, the
aim of this study was to evaluate the role of Fe?" and Fe*" acquisition by S. Typhimurium during

the intestinal phase of infection, as well as its relation to intestinal inflammation.

Material and Methods

Ethics statement

This study was approved by the Committee for Ethical Animals Use (CEUA) of the
Universidade Federal de Minas Gerais (Brazil) under protocol numbers 197/2008, 254/2012 and
386/2013.

Bacterial strains and culture conditions

Bacterial strains are listed in Table 1. IR715 is a nalidixic acid-resistant S. Typhimurium
strain derived from wild type ATCC14028. The invA feoB (SW710), invA tonB (SW711), and
invA tonB feoB mutants (SW712) were constructed by introducing the invA::pGP704 mutation
from SW399 into AJB15 (feoB mutant in IR715 strain), AJB36 (tonB mutant in IR715 strain),
and AJB62 feoB tonB mutant in IR715 strain), respectively, by generalized phage transduction
(P22 HT int-105) (Schmieger, 1972). Confirmation of mutagenesis in invA feoB (SW710), invA
tonB (SW711), and invA tonB feoB (SW712) was realized by PCR, with primers listed in Table
S1. Mutation of tonB was confirmed by visualization of a fragment of 2.2 kb corresponding to a
fragment of 0.9 kb of the band in the wild type strain plus the 1.3 kb of kanamycin resistance
cassette. Mutation of feoB was confirmed by visualization of a fragment of 5 kb, which
corresponds to the 3 kb fragment of wild type strain plus the 2 kb fragment from tetracycline
resistance cassette. Mutation in invA was confirmed by visualization of a fragment of 0.5 kb in
invA feoB (SW710), invA tonB (SW711), and invA tonB feoB (SW712) mutants, which is
consistent with the insertion of invA::pGP704 (Figura 1).

Bacteria were cultured aerobically for 18 hours at 37°C under agitation in Luria-Bertani
(LB) broth with appropriate antibiotics, followed by dilution 1:50 in LB broth (without

antibiotic) and incubation for 3 hours at 37°C under agitation. Bacterial concentration was
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estimated by measuring the optical density of cultures at 600 nm (OD600). Antibiotics were
added to LB broth cultures and LB agar plates at the following concentrations: 50 mg L™
nalidixic acid, 12.5 mg L™ tetracycline, 100 mg L™ kanamycin, and 100 mg L™ ampicillin.
Competitive indices were obtained by dividing the output ratio (CFU of the reference strain
over CFU of the mutant) by the input ratio (CFU of the reference strain over CFU of the
mutant).

For in vitro growth, reference strain (AJB715) and mutant strains of S. Typhimurium
were cultured overnight at 37°C under agitation in Nutrient Broth (NB) with 0.2 mM
2,2 dipyridil (Sigma Aldrich). Microbiological growth was estimated by measuring OD600.
Cultures were inoculated with an initial 0.01 OD600 in NB, NB supplemented with 40 uM
FeSOy, 40 uM FeCl; or 0.2 mM dipyridyl, and OD600was measured after 24 hours.

Streptomycin-pretreated mouse model

Six to eight-week-old female C57BL/6 mice were pretreated with streptomycin as
previous described (Barthel et al., 2003) and intragastrically inoculated with 0.1 mL of a 1:1
mixture containing 1x10" CFU of S. Typhimurium IR715 phoN mutant (AJB715), hereafter
named reference strain, and either one of the following mutant strains: tonB feoB (AJB62), or
feoB (AJB15), or tonB (AJB36), or iroN (AJB52). In parallel, mice were infected under the
same conditions with a phoN invA S. Typhimurium mutant strain (TH199) and either one of the
following mutant strains: invA tonB feoB (SW712), or invA feoB (SW710), or invA tonB
(SW711), or invA iroN (SPN454). Samples were collected at 48 hours post infection (hpi) for
bacteriologic culture, histopathology, and quantitative real time RT-PCR (QRT-PCR). Fecal
pellets were homogenized in 2 mL of sterile PBS and plated on LB agar containing nalidixic
acid and on LB agar containing nalidixic acid and other appropriate antibiotics to the respective
mutant strain. Cecum was collected for histopathological and gRT-PCR analysis. Total RNA
was extracted from cecum using the Tri-reagent (Molecular Research Center) and processed as
described (Raffatellu et al., 2008). gqRT-PCR was performed using SYBR Green (Applied
Biosystems), 7900HT Fast Real-Time PCR System and data were analyzed using the
comparative delta-Ct method (Livak & Schmittgen, 2001) normalized by transcriptional level of
gene gapdh. Primers used for qRT-PCR are listed in Table S2.

Dextran sulfate sodium (DSS) mouse model of enteritis

Six to eight-week-old female C57BL/6 mice received oral administration of DSS 3%
diluted in sterile water ad libitum. After 120 hours of DSS administration, mice were submitted
to 4 hours of food and water withdrawal, and then inoculated with 0.1 mL of a 1:1 mixture
containing 1x10” CFU of S. Typhimurium phoN mutant (AJB715), and one of the following
mutant strains: tonB feoB (AJB62), or feoB (AJB15), or tonB (AJB36), or iroN (AJB52). DSS
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treatment was maintained until euthanasia. Cecum and colon were collected at 48 hpi for

bacteriologic culture and histopathology.

Bovine ligated ileal loop model

Four healthy 4-week-old male Salmonella-free Holstein calves were used. Ligated ileal
loops were surgically made as previously described (Santos et al., 2002). Loops were inoculated
with intraluminal injection of 3 mL of sterile LB broth or with 3 mL of a 1:1 mixture containing
1 x 10° CFU of the reference strain phoN (AJB715), and one of the following mutant strains:
tonB feoB (AJB62), or feoB (AJB15), or tonB (AJB36), or iroN (AJB52). In parallel, loops were
inoculated under the same conditions with a phoN invA mutant (TH199), and one of the
following mutant strains: invA tonB feoB (SW712), or invA feoB (SW710), or invA tonB
(SW711), or invA iroN (SPN454). Samples were collected at 8 hpi for bacteriology and
histopathology. Intestinal fluid and homogenates from fragments of the intestinal mucosa
obtained with 6 mm biopsy punches in 2 mL of sterile phosphate-buffered saline (PBS) were

plated on LB agar plates containing nalidixic acid and appropriate antibiotics.

Statistical analysis

Bacteriology and mRNA levels measured by qRT-PCR were logarithmically
transformed and analyzed by ANOVA followed t test. Histopathology scores were analyzed by
Mann Whitney test.

Results and discussion

The reference strain (AJB715) as well as the tonB feoB, feoB, tonB and iroN mutant strains were
phenotypically evaluated under different conditions of iron availability in vitro. This
experimental design included a mutant strain defective for of the salmochelin receptor (iroN
mutant), a mutant strain defective for Fe*" uptake (tonB mutant), a mutant strain lacking the Fe**
uptake system (feoB mutant), and a mutant strain incapable of uptaking both Fe*" and Fe** (tonB
feoB mutant). The reference strain had similar growth rate in NB or when cultured in NB
supplemented with 40 uM FeSO, or supplemented with 40 uM FeCl; (Figure 2), which was
also observed in the case of feoB, tonB, and iroN mutant strains. Only the double mutant strain
(feoB and tonB) resulted in impairment of growth in NB media compared to growth in NB
supplemented with FeSO, or FeCls. Conversely, all strains tended to have an impaired growth in
iron-depleted media (NB containing dipyridyl, a ferrous iron chelator). However this effect was
more marked in tonB and tonB feoB mutant strains. These results demonstrate that deprivation

of iron (Fe** or Fe*) is detrimental to Salmonella Typhimurium growth in vitro, with more
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marked effect in the absence of ferric iron acquisition system (i.e. tonB and tonB feoB mutants)
when compared to the absence of a ferrous iron acquisition system (feoB mutant).

To determine how intestinal inflammation affects the uptake of Fe*" and Fe* by S.
Typhimurium, we utilized the streptomycin-pretreated mouse model. Streptomycin-pretreated
mice develop acute neutrophilic typhlitis after infection with S. Typhimurium, and this
inflammatory response is dependent on the invasion-associated T3SS-1 (Barthel et al., 2003).
Therefore, to evaluate the role of Fe** and Fe** uptake mechanisms in intestinal colonization of
S. Typhimurium, we determined the ability of iroN, tonB, feoB, and tonB feoB mutant strains to
compete with their respective wild type strain in streptomycin-pretreated mice. To investigate
the effect of inflammation on iron uptake by S. Typhimurium, these experiments were
performed both in a wild type background, and in an invA mutant background, which lacks a
functional T3SS-1 (Raffatellu et al., 2009). As expected (Barthel et al., 2003), streptomycin
pretreated mice coinfected with S. Typhimurium reference strain and tonB feoB, feoB, tonB or
iroN mutants developed cecal inflammation at 48 hpi, while coinfection with the invasion-
defective S. Typhimurium invA mutant and the invA tonB feoB, invA feoB, invA tonB or invA
iroN mutants elicited less inflammation at the same time point, as demonstrated by
histopathology and cxcl-1 and cxcl-2 transcription analysis (Fig. 3). Additionally, Icn-2
(lipocalin-2) transcription was also reduced in a less inflamed intestinal environment (i.e. mice
infected with invA mutant S. Typhimurium strains).

Approximately 10° CFU of the S. Typhimurium reference strain were recovered from
fecal pelets of mice from all groups, which was similar to invA mutant strains from all groups
(data not shown). In the wild-type strain background, competitive colonization defects were
observed for tonB feoB (361-fold), feoB (33-fold), tonB (3-fold) or iroN (4-fold) mutant strains,
with the tonB feoB mutant exhibiting the most marked defect (Fig. 3E). The competitive defects
for the tonB feoB, tonB or iroN mutants, all defective for Fe** uptake mechanisms, were reduced
(tonB feoB) or absent (tonB, iroN) when the same experiment was conducted on an invA mutant
background, in which reduced inflammation was observed (Fig. 3E). In contrast, the
competitive defect of the feoB mutant was the same in both wild type and invA backgrounds,
indicating that it was independent of inflammation, and that Fe?* uptake is equaly required
under both inflammatory and non-inflammatory conditions in the intestine. Since both TonB
and IroN are required for uptake of salmochelin, our results showing a requirement for TonB
and IroN uptake during inflammation are in good agreement with a previous study (Raffatellu et
al., 2009). Our results are also consistent with a previous study that demonstrated a modest
effect of a tonB mutation in mice infected intragastrically (IG) in the absence of streptomycin
(Tsolis et al., 1996), as well as a contribution of FeoB to fitness of S. Typhimurium in the non-

inflamed intestine. In the setting of inflammation, TonB-dependent iron uptake was also
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required for the probiotic activity of E. coli Nissle1917 (Deriu et al., 2013), suggesting that Fe**
is limiting to both E. coli and Salmonella in the inflamed intestine.

Streptomycin induces marked changes in the composition of the intestinal microbiota
(dysbiosis), with a decrease in the diversity of microbial communities in the cecum and ileum of
mice infected with S. Typhimurium (Garner et al., 2009). Furthermore, streptomycin treated
mice develop mild cecal inflammation even in the absence of S. Typhimurium infection (Spees
et al., 2013). In order to determine the general influence of inflammation on iron uptake
mechanisms in the intestine, competitive infections of S. Typhimurium and the mutant strains
included in this study were performed in mice with chemically induced (by 3% DSS) acute
intestinal inflammation. DSS treatment induces acute and chronic colitis in mice. The acute
phase is characterized by a neutrophilic ulcerative colitis, body weight loss, and diarrhea
(Okayasu et al., 1990). Therefore, DSS treated mice developed inflammatory changes in the
cecum (Fig. 4A) and colon (Fig. 4B), evidenced by moderate neutrophilic and lympho-histio-
plasmacytic infiltration in the mucosa and submucosa, and moderate submucosal edema, and
were coinfected with S. Typhimurium reference strain and tonB feoB, feoB, tonB or iroN
mutants.

Competitive indices between the reference and mutant strains in intestinal tissues
obtained at 48 hpi from 3% DSS treated mice demonstrated that the reference strain (AJB715)
had 15- and 12-fold higher CFU numbers when compared to the tonB mutant in the cecum and
colon, respectively (Fig. 4C and 4D). Similar results were obtained with the tonB feoB mutant
(Fig. 4C and 4D). This overgrowth was also induced upon iron uptake via IroN, as the reference
strain was recovered in 5- and 6-fold higher CFU numbers than iroN mutant in the cecum (Fig.
4C) and colon (Fig. 2D), respectively. The S. Typhimurium reference strain was recovered in
equal amounts when compared to the feoB mutant strain in the cecum (Fig. 4C), and only 3-fold
higher CFU numbers than feoB mutant in the colon tissues (Fig. 4D). These results indicated
that intestinal inflammation in DSS colitis model has similar influence in defective growth of
mutant with loss of ferric iron acquisition system.

The competitive advantage of Salmonella with intact iron acquisition pathways was also
evaluated in cattle, a host species that naturally responds to S. Typhimurium with acute
intestinal inflammation (Costa et al., 2012), paralleling the clinical and pathological
manifestations of S. Typhimurium infection in human patients. The T3SS-1 effector proteins
encoded in SPI-1 were demonstrated to mediate influx of neutrophils and fluid accumulation in
the bovine ligated ileal loop model (Santos et al, 2002; Zhang et al., 2002; Costa et al., 2012).
In the present study, fluid contents and bovine ileal tissues were collected at 8 hpi from loops
inoculated with a 1:1 mixture of the reference strain and one of the mutant strains, similarly to
mouse experiments described above. S. Typhimurium reference strain and the mutant strains

were recovered in similar CFU numbers from intestinal fluid and the ileal mucosa (Fig. 5).
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There were also similar CFU numbers of S. Typhimurium invA and the invA tonB feoB, invA
feoB, invA tonB or invA iroN mutants in the intestinal fluid and ileal mucosa (Fig. 5).
Importantly, coinfection of the reference strain and tonB feoB, feoB, tonB or iroN mutants
elicited a prominent inflammatory response at 8 hpi in the bovine ileal mucosa (not shown).
These results are in agreement with previous report in which S. Typhimurium induced marked
inflammatory changes at 5 hpi (Santos et al.,, 2002). As expected, coinfection with S.
Typhimurium mutant defective in invasion invA and the invA tonB feoB, invA feoB, invA tonB
or invA iroN mutants caused markedly less pathology when compared to the S. Typhimurium
reference strain (not shown). This was the first attempt to use bovine ileal ligated loop model to
elucidate iron uptake of S. Typhimurium, but this experimental model has an intrinsic
limitation, which is that the experiment can be conducted only for a few hours since the calf
remains under anesthesia during the course of the experiment (Alves et al., 2003). The number
of doublings that can be accomplished during 8 hours of infection in bovine ileal ligated loops is
limited, which may explain why this assay did not reveal any competitive advantage to strains
that carry intact iron uptake pathways in comparison to mutants.

In summary, ferric iron uptake mediated by salmochelin and by a TonB energy carrier
of S. Typhimurium provided a fitness advantage in the inflamed intestine of streptomycin
pretreated mice. Ferrous iron uptake mediated by FeoB also provided benefit during intestinal
colonization by S. Typhimurium in streptomycin pretreated mice, but this advantage was not

dependent on an inflamed intestinal environment.
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385 Table 1. Salmonella enterica serotype Typhimurium strains used in this study.

) Reference
Strain Genotype
Tsolis et al., 1996
AJB15 IR715 feoB::Tet®
Tsolis et al., 1996
AJB36 IR715 tonB::Kan®
) Baumler et al., 1998
AJB52 IR715 iroN::pGP704-Amp®
Tsolis et al., 1996
AJB62 IR715fe0B:: Tet*tonB::Kan"
Kingsley et al., 2003
AJB715 IR715 phoN::Kan®
Stojiljkovic et al.,
IR715 ATCC 14028 Nal® 1995
Raffatellu et al., 2009
SPN452 IR715 invA::tetRAspiB::KSAC-Kan®
Raffatellu et al., 2009
SPN454  IR715 invA::tetRAspiB::KSAC-Kan®iroN::pGP704-Amp®
Winter et al., 2009
SW399 IR715 invA::pGP704
This study
SW710 IR715 invA::pGP704feoB::Tet®
) This study
SW711 IR715 invA::pGP704 tonB::Kan®
) This study
SW712 IR715 invA::pGP704feoB:: Tet*4tonB::Kan®
Winter et al., 2014
TH199 IR715 phoN::KanRinvA::tetra

386 °Tet™: Tetracycline resistance (tetRA); Kan™: Kanamycin resistance; Amp~: Ampicillin
387 resistance; Nal®: Nalidixic acid resistance.
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Figure Legends

Fig. 1. Confirmation of S. Typhimurium mutants by PCR. (A) Schematic representation of the
target genes and mutagenesis approach. The tonB and feoB coding sequence was interrupted by
inserting a kanamycin (Kan®) or tetracycline (Tet") resistance gene cassette. The invA gene was
disrupted by insertion of a derivative of pGP704. Approximate location of primer binding sites
is indicated by half-headed arrows. (B) The indicated S. Typhimurium strains served as
templates for the amplification of the various gene targets. PCR products were separated by

agarose gel electrophoresis. Approximate size markers are indicated on the left side of the panel.

Fig. 2. Growth of S. Typhimurium reference strain and iron defectives mutants in iron-
supplemented and iron-depleted media. Reference strain of S. typhimurium (ABJ715) and tonB
feoB, feoB, tonB and iroN mutants were inoculated in an initial optical density at 600 nm
(OD600) of 0.01 in NB, NB supplemented with 40 uM FeSO, (+FeSO4), FeCl; 40 uM
(+FeClI3) or 0.2 mM dipyridyl (-Fe dipyridil) and OD600nm measurement was performed after
24 hours. Bars represent means + SD of three independent experiments. Asterisk indicates
statistical difference in treatments compared to NB media in the same strain, Tukey test, * P <
0.001. Number sign indicates statistical difference between mutant strains compared to
reference strain in the same treatment, Tukey test, P < 0.001

Fig. 3. Intestinal colonization of C57BL/6 mice pre-treated with streptomycin and coinfected
with S. Typhimurium and defective iron acquisition mutant strains. Mice were inoculated with
1:1 mixture of 1 x 10’ CFU of the S. Typhimurium reference strain and one of the mutant strains
tonB feoB, feoB, tonB, or iroN, or coinfected in invA negative background, with invA mutant
and one of the mutant strains: invA tonB feoB, invA feoB, invA tonB or invA iroN. Histological
score of the cecum at 48 hpi (A). Bars represent the average of histopathological scores for
submucosal inflammation (SI), mucosal inflammation (MI), and submucosal edema (SE).
Transcription levels of cxcl-2 (B), cxcl-1 (C) and lipocalin-2 (D) measured by gRT-PCR in
cecum collected at 48 hpi. Bars represent fold change over mock inoculated tissues normalized
by transcriptional level of gadph. Competitive index of reference strain and iron defective
mutants or invA mutant and invA iron defective mutants in pellet fecal at 48 hpi (E). Bars

represent geometric means £ SEM. * P < 0.05; ** P < 0.01.

Fig.4. Intestinal colonization of C57BL/6 mice treated with DSS 3% and intragastrically
coinfected with S. Typhimurium and defective iron acquisition mutant strains Mice received
DSS 3% diluted in water for 120 hours and were inoculated with 1:1 mixture of 1 x 10" CFU of
the S. Typhimurium reference strain (AJB715) and mutants tonB feoB, feoB, tonB, or iroN.
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Histological score of the cecum (A) and colon (B) at 48 hpi. Bars represent the average of
histopathological scores for submucosal inflammation (SI), mucosal inflammation (MI), and
submucosal edema (SE). Colony-forming units (CFU) recovered in cecum (C) and colon (D) at
48 hpi. Columns represent mean and standard error obtained from five mice for group. * P <
0.05; ** P <0.01.

Fig. 5. Intestinal colonization of bovine ligated ileal coinfected with S. Typhimurium and
defective iron acquisition mutant strains. Loops were inoculated with 1:1 mixture of 1 x 10°
CFU of the S. Typhimurium reference strain (AJB715) and tonB feoB, feoB, tonB, or iroN
mutants . Competitive indices in fluid (A) and ileal fragments (B) at 8 hpi. Columns represent

geometric mean and standard error obtained from four calves used for the ligated ileal model.
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Tabela S1. Primers used in PCR to confirm mutagenesis in invA tonB feoB, invA feoB, and invA

tonB of Salmonella Typhimurium.

Target
Primer Template Sequence (5°-3") product
(kb)
invA Fw SW399 142 ATTACCACGCTCTTTCGTCTG wt® neg.”
invA Rev 50 GCATTTATCAGGGTTATTGTCTC mut’: 0.6
feoB Fw SW710 740 TACATCCAGTTAGTAAGAAACAAGTAG wt: 3
feoB Rev SW712 741 GGTAACGCTTTCATCTTTGTGG mut: 5
tonB Fw SWr11 738 CGCTGTTTATTTATGTTGCCGTCG wt: 0.9
tonB Rev SW712 739 CCAATGCCTTATTGAATATGATTGC mut.: 2.2

“wt= wild type Salmonella Typhimurium
®neg= Negative PCR

¢ mut= mutant.
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443  Table S2. Primers used for gRT-PCR.

444
Genes* Primer Sequences (5- 3%) Reference
TGCACCCAAACCGAAGTCAT )
cxcl-1 Paixdo et al., 2009
TTGTCAGAAGCCAGCGTTCAC
AGTGAACTGCGCTGTCAATGC )
cxcl-2 Paixao et al., 2009
AGGCAAACTTTTTGACCGCC

ACATTTGTTCCAAGCTCCAGGGC

len-2 CATGGCGAACTGGTTGTAGTCCG

TGTAGACCATGTAGTTGAGGTCA

gapdh
AGGTCGGTGTGAACGGATTTG

Deriu et al., 2013

Paixao et al., 2009

445  *Abbreviations:

446  cxcl-1 =chemokine (C-X-C motif) ligand 1

447  cxcl-2 =Chemokine (C-X-C motif) ligand 2

448 Icn-2 = lipocalin-2

449 gapdh = Glyceraldehyde 3-phosphate dehydrogenase
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Abstract
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Delivery of microbial products into the mammalian cell cytosol by bacterial secretion systems is a strong stimulus for
triggering pro-inflammatory host responses. Here we show that Salmonella enterica serovar Typhi (S. Typhi), the causative
agent of typhoid fever, tightly regulates expression of the invasion-associated type Ill secretion system (T3SS-1) and thus
fails to activate these innate immune signaling pathways. The S. Typhi regulatory protein TviA rapidly repressed T3SS-1
expression, thereby preventing RACT1-dependent, RIP2-dependent activation of NF-kB in epithelial cells. Heterologous
expression of TviA in S. enterica serovar Typhimurium (S. Typhimurium) suppressed T3SS-1-dependent inflammatory
responses generated early after infection in animal models of gastroenteritis. These results suggest that S. Typhi reduces
intestinal inflammation by limiting the induction of pathogen-induced processes through regulation of virulence gene
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Introduction

One function of the innate immune system in the intestinal tract
is to generate temporary inflammatory responses against invasive
enteric pathogens while avoiding detrimental overreaction against
harmless commensal bacteria under homeostatic conditions. In
contrast to commensal microbes, pathogenic microbes express an
array of virulence factors to manipulate host cell functions.
Pathogen-induced processes, also known as patterns of pathogen-
esis [1], activate specific pathways of the innate immune system,
enabling the host to distinguish virulent microbes from ones with
lower disease-causing potential. By detecting pathogen-induced
processes the host can escalate innate immune responses to levels
that are appropriate to the threat [2].

Salmonella enterica serovar Typhimurium (S. Typhimurium), an
invasive enteric pathogen associated with human gastroenteritis,
triggers acute intestinal inflammation in the terminal ileum and
colon, thereby producing symptoms of diarrhea and abdominal
pain within less than one day after ingestion [3]. The inflamma-
tory infiltrate in the affected intestinal tissue is dominated by
neutrophils [4,5]. Similarly, neutrophils are the primary cell type
in the stool during acute illness [6-8]. In contrast, individuals
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infected with serovar Typhi (S. Typhi) develop a febrile illness
(typhoid fever) with systemic dissemination of the organism. In
contrast to Salmonellae-induced gastroenteritis, only a third of
patients develop diarrhea that is characterized by a dominance of
mononuclear cells in the stool [6]. The dominant cell type in
mntestinal infiltrates is mononuclear, while neutrophils are infre-
quent [9-11]. Unlike S. Typhi, interaction of S. Typhimurium
with intestinal model epithelia induces hepoxilin A3-dependent
transmigration of neutrophils [12]. Moreover, infection of human
colonic tissue explants with S. Typhimurium results in the
increased production of the neutrophil-attracting chemokine IL-
8, while S. Typhi does not elicit this response [13]. These
observations suggest that invasion of the intestinal mucosa by S.
Typhimurium is accompanied by a rapid escalation of host
responses leading to acute, purulent inflammation, while S. Typhi
elicits little intestinal inflammation during early stages of infection,
however the molecular mechanisms underlying these apparent
differences are poorly defined.

One pathogen-induced processes that triggers pro-inflammatory
immune responses is the transfer of bacterial molecules into the
host cell cytosol by secretion systems. The invasion-associated type
IIT secretion system (T3SS-1) expressed by all Salmonella serovars
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Author Summary

Bacterial pathogens translocate effector proteins into the
cytoplasm of host cells to manipulate the mammalian
host. These processes, e.g. the stimulation of small
regulatory GTPases, activate the innate immune system
and induce pro-inflammatory responses aimed at clearing
invading microbes from the infected tissue. Here we show
that strict regulation of virulence gene expression can be
used as a strategy to limit the induction of inflammatory
responses while retaining the ability to manipulate the
host. Upon entry into host tissue, Salmonella enterica
serovar Typhi, the causative agent of typhoid fever, rapidly
represses expression of a virulence factor required for
entering tissue to avoid detection by the host innate
immune surveillance. This tight control of virulence gene
expression enables the pathogen to deploy a virulence
factor for epithelial invasion, while preventing the subse-
quent generation of pro-inflammatory responses in host
cells. We conclude that regulation of virulence gene
expression contributes to innate immune evasion during
typhoid fever by concealing a pattern of pathogenesis.

and delivers effector proteins into the cytosol of epithelial cells
[14]. A subset of these translocated effector proteins activate Rho-
family GTPases [15-18], thereby triggering alterations in the host
cell cytoskeleton that result in bacterial invasion of epithelial cells
[19]. Excessive stimulation of Rho-family GTPases activates the
transcription factor nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) and promotes the subsequent release of
proinflammatory cytokines and chemokines [15,20,21]. In a bovine
model of §. Typhimurium-induced gastroenteritis, the rapid
induction of intestinal inflammation and diarrhea requires the
T3SS-1 apparatus as well as the effector proteins SipA, SopA, SopB,
SopD, and SopE2 [22-24]. Similarly, in a murine model of
Salmonella induced colitis, SipA, SopE and SopE2 can independently
induce intestinal inflammation [25] and mutants lacking a
functional T3SS-1 are unable to initiate neutrophil recruitment to
the intestinal mucosa during early infection [25,26]. These findings
indicate that T'3SS-1-mediated effector translocation induces innate
immune responses during S. Typhimurium-induced colitis.

Similar to S. Typhimurium, invasion of cultured intestinal
epithelial cells by S. Typhi is mediated by the T3SS-1 [27].
Replacement of S. Typhimurium T3SS-1 effector proteins with
their S. Typhi orthologues does not attenuate inflammatory
responses elicited by S. Typhimurium in the intestinal mucosa of
calves [28], demonstrating that . Typhi T3SS-1 effector proteins
can exhibit intrinsic pro-inflammatory properties i vivo. Thus, the
molecular basis for the absence of T3SS-1-dependent innate
immune responses early during . Typhi infection remains unclear.

Results

In contrast to S. Typhimurium, S. Typhi fails to activate
the NF-kB signaling pathway in human epithelial cells
To study the induction of pro-inflammatory signaling pathways
upon infection with . Typhimurium and S. Typhi, we employed a
human epithelial cell line permanently transfected with a NF-xB-
dependent luciferase reporter (HeLa 57A) [29]. Infection with the
S. Typhimurium wild-type strain SL1344 resulted in a significant
increase (7-fold; P<<0.01) in luciferase activity compared to mock-
infected cells (Fig. 1A), while a derivative of S. Typhimurium
SL1344 carrying a mutation in the T3SS-1 apparatus gene oA
(SW767) did not elicit NF-xB signaling [20,30]. In contrast to the
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S. Typhimurium wild type, the . Typhi wild-type strain Ty?2 failed
to trigger NF-kB activation (Fig. 1A), suggesting that S. Typhi is a
poor activator of T3SS-1-dependent inflammatory processes in
human epithelial cells.

Effect of the viaB operon on T3S5-1 mediated
inflammatory responses in epithelial cells

The T3SS-1 mediates invasion of non-phagocytic cells. S. Typhi
has been reported to differ from S. Typhimurium with regards to
mvasion of human epithelial cells [31-33], thus raising the
possibility that the observed differential activation of the NF-xB
signaling pathway could be due to varying degrees of invasiveness.
To test this hypothesis, HeLa cells were infected with S.
Typhimurium and S. Typhi strains and a gentamicin protection
assay was performed (Fig. 1B). The S. Typhimurium wild type
SL1344 and the S. Typhi wild type Ty2 were recovered in similar
numbers, while the respective isogenic mvAd-deficient mutants
displayed significantly reduced invasiveness. T3SS-1 activity has
to two functional consequences: manipulation of host signaling
pathways and subsequent bacterial uptake. To discern between
effects mediated directly by the T3SS-1 or indirectly by increasing
the intracellular bacterial load, we next sought to reinstate
invasiveness of the S. Typhimurium inud mutant without restoring
T3SS-1 function. Expression of the Yersinmia pseudotuberculosis invasin,
encoded by the plasmid pRI203, raised invasiveness of the S.
Typhimurium 4 mutant comparable to the wild type strain
(Fig. 1B), but failed to restore the ability to induce NF-kB activation
in epithelial cells (Fig. 1C) [34]. Taken together, these observations
indicate that immune evasion by S. Typhi did not directly correlate
with the intracellular bacterial load or invasiveness.

Despite causing disparate disease entities, the genomes of S.
Typhimurium and S. Typhi display remarkable similarity.
Chromosomal DNA sequences of both serovars are highly
syntenic, with mostly minor inversions, deletions and insertions
[35,36]. One DNA region that is present in S. Typhi but absent
from S. Typhimurium is the Salmonella pathogenicity island 7 (SPI-
7). Situated within SPI-7 is the viaB locus, an operon encoding
regulatory (i), biosynthesis (wtBCDE), and export (vexABCDE)
genes involved in the production of the virulence (Vi) capsular
polysaccharide of S. Typhi [37] (Fig. S1A). The viaB locus has been
shown to suppress Toll-like receptor (I'LR) signaling pathways
[13,38,39]. We therefore explored the contribution of the viaB
locus on diminishing NF-kB activation in epithelial cells (Fig. 1D
and S1B). Deletion of the entire viaB locus in S. Typhi (AviaB
mutant; SW347) markedly increased the ability to activate NF-xB
in epithelial HeLa cells (P<0.001). Akin to the findings with S.
Typhimurium, NF-xB signaling induced by the S. Typhi vaB
mutant was independent of invasiveness (Fig. S1C) but required a
functional T3SS-1 since inactivation of @4 in the viaB mutant
background (AviaB inwd mutant, STY4) completely abolished
luciferase activity (P<0.001) (Fig. S1D). These results supported
the idea that the uiB locus attenuates T3SS-1-induced, pro-
inflammatory signaling pathways in human epithelial cells.

The viaBlocus has been shown to alter interaction of S. Typhi with
host cells through multiple distinct mechanisms (reviewed in [40]).
The Vi capsular polysaccharide prevents complement deposition,
phagocytosis, and TLR4 activation, while the regulatory protein
TwviA is known to dampen TLR5 signaling. We therefore wanted to
discern whether the absence of NI-kxB signaling in human epithelial
cells is due to the production of the Vi capsule or due to altered gene
expression mediated by TviA. To this end, the #:4 gene cloned into a
low copy number plasmid (pTVIAI) was introduced into a . Typhi
via3 mutant (STY2). Expression of 4 under control of the native
promoter significantly lowered NF-kB activation (P<0.01) in
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Figure 1. S. Typhi does not elicit inflammatory responses in epithelial cells. Human epithelial cells permanently transfected with a NF-xB-
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growth media alone). (A) Cells were infected with the S. Typhimurium wild type SL1344, an isogenic invA mutant (SW767), the S. Typhi wild type Ty2,
an isogenic invA mutant (SW222). Luciferase activity as a measure of NF-kB activation was determined after 5 h (N =3). (B) Monolayers of cells were
infected for 1 h with the indicated Salmonella strains. Bacterial numbers recovered after 90 min of Gentamicin treatment were standardized to the
number of the bacteria in the inoculum (N=4). Plasmid pRI203 encodes the Y. pseudotuberculosis invasin. (C) Luciferase activity exhibited by
Salmonella-infected HelLa57A cells was determined as described above (N=4). (D) Cells were infected the S. Typhi wild-type strain Ty2, a AviaB
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P<0.05; **, P<0.01; ***, P<<0.001; ns, not statistically significant.
doi:10.1371/journal.ppat.1004207.9g001

comparison to cells infected with the S. Typhi vzzaB mutant carrying
the empty vector control (pWSK29). Remarkably, expression of tvid
reduced inflammatory responses to levels comparable to the .S. Typhi
wild-type strain (Fig. 1D and S1B), suggesting that the regulatory
protein TviA is involved in dampening inflammatory responses in
cultured human epithelial cells.

TviA reduces T3SS-1-mediated inflammation in the

bovine ligated ileal loop model
We had recently demonstrated that a S. Typhimurium strain
carrying the S. Typhi viaB locus on a plasmid elicits less mucosal

PLOS Pathogens | www.plospathogens.org

inflammation in a bovine ligated ileal loop model than the isogenic
S. Typhimurium wild type ATCC14028 [38], raising the
possibility that TviA might be involved in suppressing inflamma-
tory responses i vivo. To delineate the relative contribution of the
Vi capsule and the regulator TviA to reducing inflammatory
responses in the bovine ligated ileal loop model [23], we repeated
these studies with derivatives of S. Typhimurium strain ATCC
14028 in which the phoN gene in the chromosome had been
replaced with the entire S. Typhi vwaB locus (phoN::viaB mutant,
TH170) or the twid gene only (phoN::tvid mutant, SW474). In these
strains, transcription of fid and the downstream genes is solely

July 2014 | Volume 10 | Issue 7 | e1004207
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ileal mucosa (magnification 60x). *, P<<0.05; **, P<<0.01; ns, not statistically significant.

doi:10.1371/journal.ppat.1004207.9002

controlled by the native S. Typhi promoter [41,42]. This strategy
was chosen to ensure that attenuation of intestinal inflammation in
this model was not caused by introduction of the vaB locus on a
multi-copy plasmid [38].

We compared the phoNV::viaB mutant and the phoN::tvid mutant
to a strain carrying an antibiotic resistance gene Inserted
chromosomally in the phoN gene (phoN mutant, AJB715). The
phoN::viaB mutant, the phoN:tvid mutant, and the isogenic phoN
mutant were recovered in equal numbers from gentamycin-treated
tissue samples five hours after inoculation (Fig. 2A), suggesting that
neither the 4 gene nor the entire viaB locus interfered with tissue
mvasion. Consistent with our previous observations [38], the
phoN::viaB mutant elicited less fluid accumulation (Fig. 2B) and less
pathological changes in the mucosa (Fig. 2C and D) than the
isogenic phoN mutant. Remarkably, expression of i alone
(phoN::tvid mutant) significantly reduced fluid accumulation and
inflammation compared to the phoN mutant (P<0.01). The
responses elicited by the phoN:tvid mutant and the phoNV::viaB
mutant were indistinguishable, suggesting that the viaB-mediated
attenuation of inflammatory responses five hours after inoculation
of bovine ligated ileal loops with S. Typhimurium was mostly
attributable to the action of the TviA regulatory protein. Taken
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together, these data suggested that gene regulation mediated by
TviA could dampen inflammatory processes i vivo.

TviA represses transcription of regulatory, structural, and
effector proteins of the S. Typhi T35S-1

A functional T3SS-1 is required for the induction of intestinal
host responses in cattle [22,24,43]. A §. Typhimurium strain
carrying a mutation in the T3SS-1 apparatus gene invd (invd phoN
mutant, SW737) was significantly less invasive than a pho/N mutant
(Fig. 2A) (P<<0.05). Interestingly, inactivation of inwd (invd phoN
mutant) reduced fluid accumulation (Fig. 2B) and intestinal
inflammation (Fig. 2CG and D) by a magnitude that was similar
to that observed for the phoN:tvid mutant. This finding was
consistent with the idea that TviA reduces T3SS-1-dependent host
responses in viwo, prompting us to further investigate the
mechanism by which TviA inhibits T3SS-1 gene expression.

TviA is a key activator of the wiBCDEvexABCDE operon but can
also control transcription of genes outside its own operon (Fig.
S2A). Expression of TviA results in diminished motility and
flagellin secretion due to downregulation of the flagellar regulon by
repressing transcription of the flhDC genes [42,44]. FIhDC, the
master regulator of flagellar gene expression, activates transcrip-
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tion of class II flagellar genes, such as fid and fi< [45,46]. FliA is a
positive regulator of class III flagellar genes, including flagellin
[45,47]. To determine whether reduced motility or diminished
flagellin production could account for the TviA-dependent
reduction in NF-kB activation, we inactivated the fliC' gene
encoding the sole flagellin of the monophasic serovar Typhi,
thereby rendering strains carrying these mutations aflagellate and
non-motile. Deletion of the entire viaB operon (AviaB AfliC mutant,
SW483) in the ¢ background (AfliC mutant, SW359) significantly
increased NF-kB signaling in infected Hela and HEK293
epithelial cells (Fig. S2B and S2C). Expression of TviA from a
plasmid (pTVIAL) in a viaB fliC mutant reduced luciferase activity
to levels comparable to the fiC’ mutant (Fig. S2B and S2C),
demonstrating that TviA-dependent repression of NF-kB activa-
tion was flagellin-independent.

Gene expression profiling experiments suggest that TviA affects
transcription of T3SS-1 genes through the following signaling
cascade [42]: By repressing transcription of flhDC, TviA down-
regulates expression of FliZ. The regulatory protein FliZ is an
activator of /uld [48-50], the master regulator of T3SS-1 genes
[61,52], thus placing T3SS-1 gene expression under negative
control of TviA (Fig. S2A). We therefore analyzed the effect of
TviA on the transcription of a subset of regulatory, structural, and
effector proteins in S. Typhi (Fig. S3). Consistent with previous
findings, deletion of the Vi capsule biosynthesis genes alone (AfviB-
vexEE mutant, SW74) did not alter transcription of T3SS-1 genes
[42,44]. In contrast, concomitant deletion of #id and capsule
biosynthesis genes (AviaB mutant, SW347) significantly enhanced
transcription of the regulatory genes fliD, hild, and mvF, the
structural component gene prgH, as well as the effector genes sipd

and sopE (Fig. S3).

In the absence of TviA, the S. Typhi T3SS-1 effector
protein SopE is the major inducer of NF-kB activation in
epithelial cells

We next determined which T3SS-1 effector proteins contrib-
uted to pro-inflammatory responses elicited by S. Typhimurium
and S. Typhi. Previous work has demonstrated that SopE, SopE2,
SopB, and SipA contribute to NF-kB activation in epithelial cells
[15-17,53]. The bacteriophage-encoded sopF gene is present in S.
Typhi Ty2 but absent from S. Typhimurium strain ATCC 14028.
To better model the contribution of TviA on attenuating T3SS-1-
induced host responses, we chose to continue our studies using the
S. Typhimurium strain SL1344, an isolate that carries the sopE
gene. Consistent with previous reports [15-17,53], we found that
simultaneous inactivation of sopk, sopE2, sopB, and sipA (sopE sopls2
sopB  sipA mutant, SW868) reduced the ability of the S.
Typhimurium strain SL1344 to induce NF-kB activation to levels
observed in an isogenic . Typhimurium strain unable to
translocate effector proteins (inzd mutant; SW767) (Fig. S4). A S.
Typhimurium strain only expressing SopE (sopE2 sopB sipA
mutant, SW867) elicited considerable NF-xB activation. A
moderate NF-xB activation was also observed with S. Typhimur-
ium strains only expressing SopB (sopE sopE2 sipA mutant, SW972)
or only expressing SipA (sopE sopEZ2 sopB mutant, SW940) (Fig. S4).
Essentially no response was observed in cells infected with a
SL1344 derivative that only expressed SopE2 (sopE sopA sopB
mutant, SW973). Collectively, these data suggested that SopE was
the most potent inducer of pro-inflammatory responses in this
tissue culture model, while the contributions of SopB and SipA
were more modest.

We next determined the potential contribution of the S. Typhi
orthologues of these effectors to the induction of NF-kB signaling
in the absence of the #id gene (S. Typhi AviaB mutant, SW347)
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Figure 3. Effect of the regulator TviA on NF-kB activation
triggered by S. Typhi T3SS-1 effectors. Hela cells permanently
transfected with a NF-kB-luciferase reporter system (HelLa 57A) were
either mock treated (bacterial growth media alone) or infected with the
S. Typhi wild type Ty2, a AviaB mutant (SW347), a sopB sipA sopE AviaB
mutant (SW1217), an invA AviaB mutant (STY4), a sipA sopE AviaB
mutant (SW1214), a sipA sopE AtviB-vexE mutant (SW1215), a sopB sopE
AviaB mutant (SW1216), a sopB sopE AtviB-vexE mutant (SW1213), a
sopB sipA AviaB mutant (SW1211), or a sopB sipA AtviB-vexE mutant
(SW1212). After 5 h, luciferase activity was measured (N=4). Bars
represent geometric means * standard error. ¥, P<<0.05; **, P<<0.01; ns,
not statistically significant.

doi:10.1371/journal.ppat.1004207.g003

(Fig. 3). The sopE2 gene is a pseudogene in S. Typhi Ty2 and was
not further analyzed. Concomitant inactivation of sopE, sipA and
sopB in the S. Typhi viaB mutant (sopB sipA sopE AviaB mutant,
SW1217) completely abolished NF-kB-driven luciferase activity
(Fig. 3). This indicated that, akin to the findings with the S.
Typhimurium strain SL1344, SopE, SipA, and SopB are critical
for the induction of inflammatory responses in epithelial cells upon
infection with S. Typhi. A §. Typhi viaB sopB sipd mutant
(SW1211) elicited pronounced NF-kB activation, but a more
modest NF-kB activation was also observed with the S. Typhi viaB
sopE sipA mutant (SW1214) and the vaB sopE sopB mutant
(SW1216) (Fig. 3). These data suggested that SopE was the most
potent inducer of pro-inflammatory responses in 5. Typhi strains
lacking the #id gene while SopB and SipA contributed moder-
ately. In contrast, diminished NF-xB activation was observed with
S. Typhi wiB-vexE mutant (carrying the #id gene) and its
derivatives (Fig. 3). This intricate comparison between derivatives
of the viaBB mutant and the #iB-vex mutant allowed us to preclude
any confounding effects expression of the Vi antigen might have
on gene regulation: both the vaB mutant and the tiB-vexFf mutant
are non-encapsulated and only differ in their capability of
expressing fvid. In contrast, a simple f2d mutant would exhibit a
pleiotropic effect, 1.e. it would lack the regulatory TviA protein but
at the same time exhibit virtually no production of the Vi antigen
[37]. Collectively, these data suggested that TviA-mediated gene
regulation reduced T3SS-1 effector-triggered NF-xB activation.

TviA reduces activation of the Rac1 and NOD1/2
signaling pathway

Since Sopk triggered the most pronounced host responses in the
absence of wid, we focused our further analysis on this signaling
pathway. Mechanistic studies in cultured epithelial cells have
revealed that the bacterial guanine nucleotide exchange factor
(GEF) SopL activates the Rho-family GTPase Ras-related C3
botulinum toxin substrate 1 (RAC1) [15]. Excessive stimulation of
RAC1 by bacterial effectors is sensed by the nucleotide-binding
oligomerization domain-containing protein 1 (NODI) [30].
Activation of NODI leads to phosphorylation of the receptor-
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Figure 4. In the absence of tvi4, S. Typhi induces NF-kB activation in a RAC1- and RIP2-dependent manner. (A and B) Hela cells
permanently transfected with a NF-kB luciferase reporter system (HeLa 57A) were transfected with pCMV-myc (vector, black bars) or pRAC1-DN
(RAC1-DN, white bars) (A) Cells were transfected with the indicated GFP-SopE constructs or infected with the indicated S. Typhi strains for 5 h (N=3).
(B) Cells were mock-treated, infected with the indicated S. Typhi trains, or treated with the NOD1 agonist C;,-iE-DAP (an acylated derivative of y-D-
Glu-mDAP) for 5 h. (C) HeLa 57A cells were either treated with dimethyl sulfoxide (DMSO) or RIP2 inhibitor SB203580 dissolved in DMSO and
subsequently infected with the indicated S. Typhi strains or were mock treated (bacterial growth media alone) (N=3). Bars represent geometric
means * standard error. ¥, P<<0.05; **, P<<0.01; ns, not statistically significant.

doi:10.1371/journal.ppat.1004207.9004

marked contrast, infection with the S. Typhi vaB mutant led to a
substantial upregulation of NF-kB-driven responses. Abrogation of
RACI or RIP2 activity significantly blunted the induction of NF-xB
responses in cells infected with the vaB mutant. Moreover, NI-xB
activation in cells infected with a vaB sopB sipA mutant was inhibited
when cells were transfected with a plasmid construct encoding
RACI-DN (Fig. 4C), suggesting that SopkE, translocated into host
cells in the absence of TviA, could activate NF-xB signaling in a
RAC]1-dependent manner. Treatment with the RIP2 inhibitor did
not impact T3SS-1-mediated invasion of S. Typhi strains towards
epithelial cells (Fig. S5), excluding the possibility that the RIP2
inhibitor inadvertently interfered with the function of the T3SS-1
machinery. Collectively, these data supported the idea that TviA
restricts activation of the RACI-NOD1/2-RIP2 signaling pathway
in S. Typhi-infected epithelial cells.

interacting serine/threonine-protein kinase 2 (RIP2) and activation
of NF-kB signaling in epithelial cells [15,20,30,54]. The NOD1/2
signaling pathway in HeLa cells can also be triggered by SipA [34],
although this pathway plays a lesser role in the SopE-encoding
strain SL1344 (Fig. S4). Taken together, these findings raised the
possibility that TviA-mediated downregulation of SopE allows S.
Typhi to abate immune recognition by the RAC1-NOD1/2-RIP2
signaling pathway. To test this hypothesis, we abrogated RAC1 and
RIP2 signaling by either ectopically expressing a dominant negative
form of RAC1 (RACI1-DN) [30,55] or by treating cells with the
RIP2 inhibitor (SB203580) (Fig. 4). Consistent with previous
reports, ectopic expression of a GFP-SopE fusion protein alone
was sufficient to induce NF-xB activation while no upregulation of
this signaling pathway was observed with a GFP-SopE construct
lacking GEF activity (GIFP-SopE G168A) [30,56]. Simultaneous
expression of the GFP-SopE fusion protein and a RACI-DN

construct abrogated NF-kB signaling (Fig. 4A).

Infection of HelLa cells with the S. Typhi wild type or the T'3SS-1-
deficient viaB invA mutant did not result in a statistically significant
increase in NF-kB activation and abrogation of RAC1 or RIP2
signaling did not further impact signaling (Iig. 4A, B, and C). In
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Heterologous expression of TviA in S. Typhimurium
blunts T3SS-1-dependent responses in vivo

In addition to repressing T3SS-1 genes, TviA also suppresses
flagella expression (Fig. S2A) [57]. Flagellin is known to induce
pro-inflammatory responses by activating TLR5 [58] and the
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Figure 5. Expression of TviA in S. Typhimurium SL1344 reduces T3SS-1-driven NF-xB activation in epithelial cells. Hela 57A cells were
infected with S. Typhimurium or mock treated with bacterial growth media (mock treatment) and luciferase activity determined 5 h after infection
(N=4). (A) The SL1344 wild type, an invA mutant (SW767), a phoN mutant (SW759), and a phoN::tviA mutant (SW760) were used to infect monolayers
of Hela 57A cells. (B) Cells were infected with the SL1344 wild type, an isogenic sopB sopE2 sopE sipA mutant (SW868), a sopB sopE2 sopE mutant
(SW940), a sopB sopE2 sipA mutant (SW867), and derivatives thereof carrying a phoN (SW808; SW806) or a phoN:tviA (SW809; SW807) mutation,
respectively. (C) Prior to infection with the indicated S. Typhimurium strains, cells were either treated with DMSO or the RIP2 inhibitor (SB203580)
dissolved in DMSO. Bars represent geometric means * standard error. ¥, P<0.05; **, P<0.01; ns, not statistically significant.

doi:10.1371/journal.ppat.1004207.g005

NLRC4- (nucleotide-binding oligomerization domain [NOD]-
like receptor [NLR] family caspase-associated recruitment
domain [CARD]-containing protein 4-) inflammasome [59,60].
While our initial experiments in the bovine ligated ileal loop
model suggest that TviA could mitigate mucosal inflammation
(Fig. 2), it is conceivable that TviA-mediated gene regulation of
flagellar biosynthesis could have affected flagellin-dependent
innate immune pathways. To better study consequences of the
expression of TviA on the RACI-NODI1/2-RIP2 signaling
pathway in an animal model, we therefore generated a pholV::tvid
mutant in the §. Typhimurium SL1344 background (SW760).
Akin to the findings with S. Typhi, expression of TviA in S.
Typhimurium reduced transcription of T3SS-1 genes (Fig. S3)
and the phoN:tvid mutant elicited significantly less (P<<0.05) NF-
KB activation than the pho/N control strain (Fig. 5A and S6). We
next introduced the @id gene into SLL1344 derivatives that only
expressed the most potent inducers of the NF-kB pathway, SipA
(sopE sopE2 sopB phoN::tvid mutant; SW809) and SopE (sopl2 sopB
sipA phoN::tviA mutant; SW807). Upon infection of Hela cells
(Fig. 5B), strains carrying the phoN::fvid insertion elicited
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significantly less luciferase activity than the respective pho/N
mutants (P<<0.01), indicating that TviA is able to reduce the NF-
KB activation elicited by the S. Typhimurium orthologues of
SopE and SipA. Inhibition of RIP2 significantly reduced NF-xB
activation levels induced by the wild-type strain or the pho/N
mutant (Fig. 5C). The modest response induced by the phoN::tvid
mutant was further blunted by inhibition of RIP2 signaling (P<
0.05) (Fig. 5C), suggesting that TviA-mediated regulation of
T3SS-1 is partially able to avoid induction of the NOD1/2-RIP2
pathway w vitro.

To exclude any effects of TviA on flagellin-dependent pathways,
we introduced the phoN::fvid mutation into a non-motile S.
Typhimurium strain lacking phase 1 and 2 flagellins, FliC and
FIiB (fiC fjB mutant, SW762) (Fig. 6A). Both the fliC fljB mutant
and the fI:.C fijB phoN mutant (SW793) elicited significant levels of
NF-kB activation in cultured epithelial cells (Fig. 6A), while this
response was greatly reduced in cells infected with the fC fijB
phoN::tvid mutant (SW764). Inactivation of the essential T3SS-1
gene mvd completely abolished the ability to induce NF-xB
signaling (Fig. 6A).
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Figure 6. TviA reduces T3SS-1-dependent, flagellin-indepen-
dent inflammatory responses in the cecal mucosa. (A) HelLa 57A
cells were infected with an aflagellate SL1344 fliC fljB mutant (SW762), a
fliC fliB phoN mutant (SW793), a fliC fljB phoN::tviA mutant (SW764) and
derivatives carrying an additional mutation in invA (SW794; SW766). NF-
«B activation was determined as described above. (B and C) Groups of
streptomycin-pretreated C57BL/6 mice were intragastrically inoculated
with either a S. Typhimurium SL1344 fliC fljB phoN mutant (N =28), a fliC
fliB phoN::tviA mutant (N=8), a fliC fljB phoN invA mutant (N=4), a fliC
fliB phoN:tviA invA mutant (N=4), or LB broth (mock-treated; N=3).
12 h after infection, the relative abundance of Nos2 (B) and Tnfa (C)
mRNA was determined by qRT-PCR. Bars represent geometric means =
standard error. *, P<<0.05; **, P<<0.01; ns, not statistically significant.
doi:10.1371/journal.ppat.1004207.9g006

To directly assess the ability of TviA to impede inflammatory
processes in the intestinal mucosa, we used the Streptomycin pre-
treated mouse model [61]. In this model, detection of cytosolic
access by the S. Typhimurium T3SS-1 through the NOD1/2
signaling pathway contributes to intestinal inflammation early
during infection [30,34,62]. Compared to mock infected mice,
transcript levels of the pro-inflammatory genes MNosZ2, encoding
inducible nitric oxide synthase (INOS), and 7nfa, encoding tumor
necrosis factor (ITNI)-o, were significantly (P<0.05) elevated in the
cecal mucosa at 12 hours after infection with a non-flagellated S.
Typhimurium phoN fiC fjB mutant (SW793) (Fig. 6B and C).
Introduction of the S. Typhi wid gene into a S. Typhimurium fC
JUB mutant (phoN::tmd fliC fjB mutant, SW764) significantly (P<
0.05) reduced pro-inflammatory gene expression (Fig. 6B and 6C),
but not bacterial numbers recovered from intestinal contents or
Peyer’s patches (Fig. S7). Inflammatory responses observed in the
cecal mucosa at this early time point were T3SS-1-dependent,
because introduction of a mutation in w4 abrogated the ability of
S. Typhimurium to elicit pro-inflammatory gene expression.
Collectively, these data suggested that TviA represses T3SS-1-
dependent, early inflammatory responses i vivo through a flagellin-
independent mechanism.

Discussion

S. Typhi invades the intestinal mucosa without triggering the
massive neutrophil influx observed during gastroenteritis caused
by non-typhoidal serovars. Here we show that one mechanism for
attenuating host responses is a TviA-mediated repression of T3SS-
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1, a virulence factor known to induce potent inflammatory host
responses. Effector molecules translocated by the T3SS-1 into the
host cell cytosol activate Rho-family GTPases [15-17]. The
activation of Rho-family GTPases is a pathogen-induced process
that is sensed by NOD1 [21,30], which ultimately results in the
activation of pro-inflammatory responses m vitro [15,20,54] and
vivo [30,62]. However, S. Typhi requires a functional T3SS-1 to
invade the intestinal epithelium during infection [27]. Our data
suggest that S. Typhi might have evolved to invade the intestinal
epithelium without inducing a potent antibacterial inflammatory
response by regulating T3SS-1 expression in a TviA-dependent
manner. Osmoregulation prevents expression of TviA in the
intestinal lumen, which renders S. Typhi invasive [42] (Fig. 2A).
However, TviA expression is rapidly upregulated upon entry into
tissue [63], resulting in repression of T3SS-1 and flagella
expression while biosynthesis of the Vi capsule is induced
[42,44]. Here we show that TviA prevented NF-xB activation in
epithelial cells by reducing T3SS-1-dependent activation of
RACI. Furthermore, the TviA-mediated reduction of T3SS-1-
dependent inflammatory responses elicited at early time points in
animal models was independent of flagella and the Vi capsule.
These data support the hypothesis that TviA attenuates inflam-
mation because it rapidly turns off T3SS-1 expression upon entry
into tissue, thereby concealing a pathogen-induced process from
the host.

Bovine ligated ileal loops are suited to model the initial 12 hours
of host pathogen interaction, a time period during which
inflammatory responses are largely T3SS-1-dependent [22,23,64].
Similarly, in the mouse colitis model, inflammatory responses
elicited in the cecum at early time points (i.e. during the first 2 days)
after infection are largely T3SS-1-dependent [61,65,66]. However,
mechanisms independent of T3SS-1 are responsible for cecal
inflammation observed at later time points (i.e. at days 4 and 5 after
infection) in the mouse colitis model [65]. Expression of the . Typhi
Vi capsular polysaccharide in S. Typhimurium leads to an
attenuation of these T3SS-1-independent inflammatory responses
in the mouse colitis model [41], by reducing complement activation
and TLR4 signaling [67,68]. Thus the viaB locus reduces intestinal
inflammation by multiple different mechanisms (Fig. S2A). A TviA-
mediated repression of T3SS-1 reduces early inflammatory
responses while the Vi capsular polysaccharide attenuates responses
generated through T3SS-1-independent mechanisms at later time
points. It is tempting to speculate that the result of these immune
evasion mechanisms is a reduction in the intestinal inflammatory
response that could contribute to differences in disease symptoms

caused by typhoidal and non-typhoidal serotypes.

Materials and Methods

Ethics statement

This study was performed in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol on mouse experiments was approved by the Institutional
Animal Care and Use Committee of the University of California,
Davis (Permit Number: 16179). The protocol on calf experiments
was approved by the Institutional Committee at the Universidade
Federal de Minas Gerais, Brazil (Permit Number: CETEA 197/
2008).

Bacterial strains and culture conditions

The bacterial strains, including relevant properties, are listed in
table 1. Unless noted otherwise, bacteria were aerobically grown at
37°C in Luria-Bertani (LB) broth (10 g/l tryptone, 5 g/1 yeast
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Table 1. Bacterial strains and plasmids used in this study.

Strain designation Relevant characteristics®/Genotype Source/Reference
S. Typhi

Ty2 Wild-type strain, Vi* ATCC 700931°
STY2 Ty2 AviaB:Kan® [13]

STY4 Ty2 AviaB:Kan® invA:pINV5 (CmF) [13]

SW74 Ty2 AtviB-vexEz:CmF, Vi~ [57]
SW222 Ty2 invA:pINV5 (Cm®) [57]
SW347 Ty2 AviaB, Vi~ [42]
SW359 Ty2 AfliC [42]
SW398 Ty2 AviaB AfliC invA:pSW127 This study
SW483 Ty2 AviaB AfliC [42]
SW611 Ty2 AtviB-vexE:Cm® invA:zpSW127 This study
SW904 Ty2 AtviB-vexE, Vi~ This study
SW1207 Ty2 AviaB sopB:Mud) This study
SW1208 Ty2 tviB-vexE sopB:Mud) This study
SW1209 Ty2 AviaB AsopE This study
SW1210 Ty2 tviB-vexE AsopE This study
SW1211 Ty2 AviaB sopB:Mud) AsipA This study
SW1212 Ty2 AtviB-vexE sopB:Mud) AsipA This study
SW1213 Ty2 AtviB-vexE sopB:Mud) AsopE This study
SW1214 Ty2 AviaB AsopEAsipA This study
SW1215 Ty2 AtviB-vexE AsopEAsipA This study
SW1216 Ty2 AviaB sopB:Mud) AsopE This study
SW1217 Ty2 AviaB sopB:MudJ AsipA AsopE This study
S. Typhimurium

AJB715 IR715 phoN:Kan® [73]
CSo19 ATCC14028 phoN:Tn10dCm [74]

IR715 ATCC14028 Nal® [75]
SL1344 Strep" [76]
SPN305 IR715 AfliC:pSPN29 [42]
SW284 IR715 phoN: CmF® [42]
SW399 IR715 invA:pSW127 [71]
SW474 IR715 phoN:tviA-CmF® [42]
SW562 IR715 AinvA:Tet® 1771
SW737 IR715 phoN:Kan® AinvA:Tet? This study
SW751 IR715 phoN:pSW208 This study
SW759 SL1344 phoN:CmF This study
SW760 SL1344 phoN:tviA-Cm® This study
SW761 SL1344 AfliC This study
SW762 SL1344 AfliC fljB5001:Mud) This study
SW764 SL1344 AfliC fljB5007:Mud) phoN:tviA-Cm® This study
SW766 SL1344 AfliC fliB5001:Mud) phoN:tviA-Cm® AinvA:Tet® This study
SW767 SL1344 AinvA:Tet? This study
SW793 SL1344 AfliC fljB5001::MudJ phoN::pSW208 This study
SW794 SL1344 AfliC fliB5007:Mud) phoN:pSW208 AinvA:Tet® This study
SW798 SL1344 sopB:Mud) [30]
SW800 SL1344 sopE2:pSB1039 [30]
SW806 SL1344 AsipA sopB:Mud) sopE2:pSB1039 phoN:Tn10dCm This study
SW807 SL1344 AsipA sopB:Mud) sopE2:pSB1039 phoN:tviA-CmR This study
SW808 SL1344 AsopE sopB:Mud) sopE2:pSB1039 phoN:Tn10dCm This study
SW809 SL1344 AsopE sopB:Mud) sopE2:pSB1039 phoN:tviA-CmF This study
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extract, 10 g/l NaCl) or LB agar (15 g/l agar). To induce
expression of fid and Vi capsule biosynthesis genes, an overnight
culture in LB broth was diluted 1:50 in tryptone yeast extract
(TYE) broth (10 g/1 tryptone, 5 g/1 yeast extract) or Dulbecco’s
modified Eagle’s medium (DMEM) as indicated and incubated
aerobically at 37°C for 3 h. When appropriate, antibiotics were
added to LB broth cultures or LB agar plates at the following

Table 1. Cont.

Strain designation Relevant characteristics®/Genotype Source/Reference

SW839 SL1344 AsipA:pSW244 This study

SW867 SL1344 AsipA sopB:Mud) sopE2:pSB1039 [30]

SW868 SL1344 AsipAAsopE sopB:Mud) sopE2::pSB1039 [30]

SW940 SL1344 AsopE sopB::MudJ sopE2::pSB1039 This study

SW972 SL1344AsipA AsopE sopE2:pSB1039 This study

SwW973 SL1344 AsipA AsopE sopB:Mud) [30]

SW974 IR715 AsipA:pSW244 [30]

SW976 SL1344 AsopE [78]

SW977 SL1344 AsopE:pSW245 This study

SW1009 SL1344AsipA AsopE [30]

TH170 IR715 phoN:viaB [41]

E. coli

TOP10 F~ mcrA Almrr-hsdRMS-mcrBC) ®80lacZAM15 AlacX74 recA1 araD139 A(ara leu) Life Technologies
7697 galU galK rpsL (Strep®) endA1 nupG

DH5a Apir F~ endAl hsdR17 (r_m*) supE44 thi-1 recAl gyrA relA1 A(lacZYA-argF)U169 ®80lacZ Laboratory strain collection
A M15 hpir

S17-1 Apir recA1l thi pro hsdR (r~m*) zxx:RP4 2-(Tet®:Mu) (Kan®:Tn7) Apir 1791

2Cm®: Chloramphenicol resistance; Kan®: Kanamycin resistance; Nal®: Nalidixic acid resistance; Strep®™: Streptomycin resistance; Tet™: Tetracycline resistance (tetRA).

PAmerican Type Culture Collection, Manassas, VA.

doi:10.1371/journal.ppat.1004207.t001

concentrations:  carbenicillin =~ (0.1 mg/ml), chloramphenicol
(0.03 mg/ml), kanamycin (0.05 mg/ml), nalidixic acid (0.05 mg/
ml), and tetracycline (0.01 mg/ml).

Construction of plasmids
Standard cloning techniques were performed to generate the
plasmids listed in table 2. Cloning vectors and or(R6K)-based
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Table 2. Plasmids used in this study.
Plasmid designation Relevant characteristics®/Genotype Source/Reference
pCMV-myc ori(pMB1) bla Pcyyie myc-tag Clontech
pCR2.1 Cloning vector Life Technologies
pPEP185.2 ori(R6K) mobRP4 cat [80]
PEGFP-C1 ori(pMB1) Kan® Pcyyie EGFP Clontech
pPGFP-SopE sopE cloned into pEGFP-C1; N-terminal GFP tag [30]
PGFP-SopE-G168A G168A amino acid substitution in SopE in pEGFP-C1; N-terminal GFP tag [30]
pNFkB-luc NF-kB -responsive luciferase reporter plasmid [81]
pRAC1-DN Dominant-negative form of hRACT cloned into pCMV-myc; T17N amino acid substitution; [30]
N-terminal myc tag.
pRDH10 ori(R6K) mobRP4 cat tetC sacRB [82]
pRI203 Y. pseudotuberculosis invasin gene in pREG153 [83]
pSW28 Upstream and downstream regions of the tviBCDEvexABCDE region of S. Typhi Ty2 in pGP704 [57]
pSW208 Internal fragment of the S. Typhimurium phoN gene cloned into pEP185.2 This study
pSW233 Upstream and downstream regions of the tviBCDEvexABCDE region of S. Typhi Ty2 in pRDH10 This study
pSW245 Upstream and downstream region of the S. Typhimurium sopE gene in pRDH10 [78]
pTK-LacZ Normalization of transfection efficiency [84]
pTVIA1 tviA under control of its native promoter in pWSK29 [38]
pWSK29 ori(pSC101) bla [85]
doi:10.1371/journal.ppat.1004207.t002
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5'-CCTCTTTCAGGTCACTTTGGTAGG-.

3/

Target Sequence® Reference

Mutagenesis

S. Typhimurium phoN 5'-TCTAGACGATGGAAACAAGCTGC-3’ This study
5'-GAGCTCTACTAATGCCAGAAGTGT-3'

Real time PCR

Salmonella gmk 5'-TTGGCAGGGAGGCGTTT-3' [86]
5'-GCGCGAAGTGCCGTAGTAAT-3’

Salmonella flhD 5'-ACAGCGTTTGATCGTCCAG-3’ [63]
5'-GTTTGCCATCTCTTCGTTGA-3’

Salmonella hilA 5'-ATTAAGGCGACAGAGCTGGA-3' [42]
5'-GAATAGCAAACTCCCGACGA-3’

Salmonella invF 5'-GTTGTCGCACCAGTATCAGG-3’ This study
5'-TCGGATTCAGCATATGTCGT-3’

Salmonella prgH 5'-CACTGAACGGCTGTGAGTTT-3’ This study
5'-CGGCAGGTATATCAGGGAGT-3’

Salmonella sipA 5'-TTCAAATAATGTCGCCGGTA-3' This study
5'-TTCATCAGTAGCGTCTTCGC-3'

Salmonella sopE 5'-CAACACACTTTCACCGAGGA-3’ This study
5'-ATCATTGAGCGTTTGAAGCA-3’

Murine Gapdh 5'-TGTAGACCATGTAGTTGAGGTCA-3' [87]
5'-AGGTCGGTGTGAACGGATTTG-3’

Murine Tnfa 5'-AGCCAGGAGGGAGAACAGAAAC-3’ [68]
5'-CCAGTGAGTGAAAGGGACAGAACC-3’

Murine Nos2 5'-TTGGGTCTTGTTCACTCCACGG-3’ [88]

“restriction endonuclease cleavage sites are underlined.
doi:10.1371/journal.ppat.1004207.t003

suicide plasmids were routinely maintained in £. coli TOP10 and
DHb5a Apir, respectively.

An internal fragment of the phoN coding sequence was PCR
amplified from the S. Typhimurium IR715 chromosome using the
primers listed in table 3, subcloned into pCR2.1 (TOPO TA
cloning kit, Life Technologies), and cloned into pEP185.2 utilizing
the unique Xbal and Sacl restriction sites to give rise to pSW208.
To generate pSW233, pSW28 was digested with EcoRI and the
DNA fragment comprising the joint upstream- and downstream
regions of the tiB and vexE genes, respectively, was cloned into the
EcoRI site of pPRDHI10.

Generation of mutants by allelic exchange

Plasmids were introduced into S17-1 Apir and conjugation
performed as described previously [57]. The unmarked S. Typhi
AtviB-vexE mutant SW904 was constructed by inserting the
plasmid pSW233 into the STY2 mutant chromosome, selecting
for single crossover events (creating merodiploids) on LB agar
plates containing Cm and Kan. Sucrose selection was performed
as described previously [69] to select for a second crossover event,
thus effectively deleting the @wiBCDEvexABCDE genes, yielding
SW904. The deletion was confirmed by PCR. To facilitate
transduction of the unmarked AsopE mutation, pSW245 was
introduced in this locus in the SW976 chromosome by conjugation
with S17-1 Apir as the donor strain, creating SW977 as an
intermediate.
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Construction of mutants by P22-mediated generalized

phage transduction

Phage P22 HT wnt-105 was utilized for generalized phage
transduction in S. Typhimurium as described previously [70]. For
S. Typhi recipients, a similar protocol was followed except the
multiplicity of infection (MOI) was increased to 100.

A phage lysate of SW399 was used to transduce the
invA::pSW127 mutation into SW483 and SW74, thus generating
the S. Typhi AviaB AfliC invA mutant (SW398) and the AwiB-vexE
invd mutant (SW611). SW1207 and SW1208 were created by
transducing the sopB::Mudf mutation from SW798 into the AviaB
mutant (SW347) and the AwiB-vexE mutant (SW904), respectively.
The S. Typhi AviaB AsopE (SW1209), AtviB-vexE AsopE (SW1210),
AviaB sopB:Mud] AsopE (SW1216), and AwiB-vexE sopB:Mud]
AsopE (SW1213) mutants were constructed by transducing the
AsopE::pSW245 mutation from SW977 into SW347, SW904,
SW1207, and SW1208, respectively. Subsequent sucrose selection
allowed selecting for mutants that had lost the plasmid by allelic
exchange and generated a clean AsopE mutation, thus creating
SW1209, SW1211, SW1216, and SW1213, respectively. Similarly,
a P22 lysate of SW839 was used to transduce the AsipA::pSW244
mutation (SW839) into SWI1207, SWI1208, SW1209, and
SWI1210. The intermediates were subjected to sucrose selection,
thus creating the clean Asipd mutation of strains SWI1211,
SWI1212, SWI1214, and SWI215, respectively. The AviaB
sopB:Mud] AsipA AsopE mutant (SW1217) was generated through
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transduction of the AsopE:pSW245 mutation from SW977 into
the SW1211 chromosome and sucrose selection.

The S. Typhimurium SL1344 derivatives SW759 and SW760
were established by transducing the phoN:Cm® and phoN::tvid-
Cm® mutations from SW284 and SW474 into the SL1344 wild
type. Transduction of the AflC:pSPN29 from SPN305 into the
SL1344 wild type and subsequent sucrose selection gave rise to the
SL1344 fliC’ deletion mutant SW761. Subsequent introduction of
the fIB5001:Mud] into this strain led to the SL1344 AfiC
SyB5001:Mud] mutant (SW762). To construct SW764 and
SW793, the phoN:twid-Cm™  (SW474) and  phoN:pSW208
(SW751) mutations were transduced separately into SW762.
Invasion-deficient derivatives of these strains were generated by
transducing the invA::Tet® mutation from SW562 into SW764,
SW793, and SL1344, thus creating strains SW766, SW794, and
SW767, respectively. SW806, SW807, SW808, and SW809 were
generated by transducing the phoN::Tnl/0dCm (CSO019) or
phoN:wid-Cm®  (SW474) into SW867 or SW940. The Asi-
pA:pSW244 mutation (SW974) was moved into the SL1344 wild
type to create SW839. SW940 was established by transduction of
the sopB:Mud] mutation (SW798) into SW976 and subsequent
introduction of the sopE2:pSB1039 mutation (SW800). A P22
phage lysate of SW800 was used to create SW972 using SW1009
as the recipient strain. The phoN::Kan®™ mutation from AJB715
was transduced into SW562 to give rise to the phoN:Kan®
ineA:Tet® mutant (SW737).

Tissue culture experiments

HeLa 57A cells [29,34] were generously provided by R. T. Hay
(the Wellcome Trust Centre for Gene Regulation and Expression,
College of Life Sciences, University of Dundee, United Kingdom).
HEK-293 cells were obtained from ATCC (ATCC CRL-1573).
Both cells lines were routinely cultured at 37°C in a 5% CO,
atmosphere in DMEM containing 10% fetal bovine serum (FBS)
(Life Technologies). For NF-kB activation and invasion experi-
ments, cells were seeded in 24-well plates and 48-well plates
(Corning) at densities of 1x10° cells/well and 2x10° cells/well,
respectively, and incubated for 24 h prior to subsequent experi-
ments.

Measurement of NF-kB activation in epithelial cells

S. Typhi and S. Typhimurium strains were pre-cultured in TYE
broth as described above. Hella 57A cells or HEK-293 cells
transfected with a NF-kB -luciferase reporter construct were
infected with the indicated strains at a final concentration of
approximately 10° colony forming units (CFU)/ml. To synchro-
nize the infection, plates were centrifuged for 5 min at 500 g at
room temperature. After 3 h, cells were washed with DPBS and
incubated at 37°C for an additional 2 h in the presence of DMEM
containing 10% FBS. Cells were washed in DPBS, lysed in 0.1 ml
of reporter lysis buffer (Promega), and firefly luciferase activity was
measured using the luciferase assay system (Promega) in a
FilterMax3 microplate reader (Molecular Devices). Results are
expressed as percentage of maximum signal elicited in each
individual assay. In some experiments, cells were treated 30 min
prior to infection until the end of the experiment with either
DMSO (vehicle control) or the RIP2-inhibitor SB203580 at a final
concentration of 10 uM dissolved DMSO. The NODI1 agonist
C9-1E-DAP (Invivogen) was added a final concentration of
100 ng/ml.

For transfection assays [34], HeLa 57A cells were grown to a
confluency of about 60% and transiently transfected with a total of
250 ng of plasmid DNA, consisting of 50 ng of the B-galactosi-
dase-encoding vector pTK-LacZ, and either 200 ng of pCMV-
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myc (control vector) or 100 ng pPRACI1-DN and 100 ng of control
vector. For co-transfection with pGFP-SopE constructs, 50 ng of
pTK-LacZ, 10 ng of the pGFP-SopE plasmid, 90 ng of pEGFP
(empty vector), and 100 ng of either pCMV-myc or pRAC1-DN
was added. HEK-293 cells were transfected with 25 ng of pTK-
LacZ and 25 ng of pNFkB-luc. 48 h after transfection, cells were
infected with the indicated Salmonella strains or mock-treated (LB
broth) as described above. Efficiency of transfection was normal-
ized by adjusting luciferase values to B-galactosidase values.

Invasion assays

Invasiveness of the indicated Salmonella strains was determined
using a Gentamicin protection assay as described previously [71].
Briefly, HeLa 57A cells were infected at a MOI of 5 with Salmonella
strains pre-cultured in TYE broth. After 1 h, cells were washed
and media containing 0.1 mg/ml Gentamicin was added for
90 min. Diluted cell lysates (0.5% Triton-X-100) were spread on
LB agar plates to determine the number of CFU per well
Invasiveness was calculated as percentage of recovered bacteria
compared to the inoculum.

Bacterial gene expression analysis

Overnight cultures of the indicated S. Typhi and S. Typhimur-
ium strains were diluted 1:50 in TYE broth and incubated at 37°C
for 3 h. Total RNA was extracted from approximately
2x10° CFU using the Aurum Total RNA Mini Kit (Biorad).
1 pg of total RNA was subjected to an additional DNase treatment
(DNA-free kit, Life Technologies) and converted to cDNA using
MuLV reverse transcriptase (Life Technologies) in a 25 pl volume
as described previously [71]. 4 ul of this cDNA was used as the
template for real time PCR analysis with the primers listed in
table 3. Data was acquired on a ViiA 7 real-time PCR instrument
(Life Technologies). Relative target gene expression was normal-
ized to mRNA levels of the house keeping gene gmk, encoding
guanylate kinase (AACt method). DNA contamination was less
than 1% for all amplicons as determined by a separate RT-PCR
mock reaction lacking reverse transcriptase.

Bovine ligated ileal loop model

Salmonella Typhimurium was cultured in LB broth at 37°C
under agitation, followed by subculture in fresh LB (without
antibiotics) for 3 hours, at 37°C under agitation. Four 3—4 week-
old male healthy Salmonella-free Holstein calves were used in this
study. Ligated ileal loops were surgically prepared as previously
described [23]. Ligated loops were mock treated with intraluminal
injection of sterile LB broth or inoculated with 3 ml of suspensions
containing 1 x10® CFU of the S. Typhimurium ATCC14028 phoV
mutant (AJB715), a phoN:viaB mutant (TH170), a phoN::tvid
mutant (SW474), or a phoN ivd mutant (SW737). Ligated loops
were surgically removed at 5 h after infection for tissue sampling
and measurement of intraluminal fluid accumulation. Samples
containing the intestinal mucosa and the associated lymphoid
tissue were collected with a 6 mm biopsy punch. Each intestinal
biopsy was kept in sterile PBS with 50 pg/ml of gentamicin for
1 h, homogenized in 2 ml of PBS, serially diluted, and plated on
LB agar plates containing nalidixic acid. Additional biopsies were
fixed by immersion in 10% buffered formalin, processed for
paraffin embedding, cut and stained with hematoxylin and eosin.
Histopathologic changes including hemorrhage, neutrophilic
infiltration, edema, and necrosis and/or apoptosis were scored
from O to 3 (0 for absence of lesions, and 1, 2, or 3 for mild,
moderate, or severe lesion, respectively) for a combined total score
ranging from 0 to 12.
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Mouse colitis model

Animals were obtained from The Jackson Laboratory (Bar
Harbor), housed under specific-pathogen-free conditions and
provided with water and food ad libitum. Groups of female, 9-12
week old C57BL/6 mice were orally treated with 20 mg
Streptomycin. After 24 h, these mice were inoculated as described
previously [61] with either 0.1 ml LB broth (mock treatment) or
1x10? CFU of the S. Typhimurium SL1344 fLC /B phoN mutant
(SW793), the fliC fiiB phoN::tvid mutant (SW764), the fl:C fiB phoN
invA mutant (SW794), or the fliC fjB phoN:tvid invd mutant
(SW766) suspended in 0.1 ml LB broth. 12 h after infection,
animals were euthanized and tissues were collected. The bacterial
load was determined by spreading serial 10-fold dilutions of
homogenates on LB agar plates containing the appropriate
antibiotics. Flash-frozen cecal tissue was homogenized in a Mini-
beadbeater (Biospec Products) and RNA was extracted by the TRI
reagent method (Molecular Research Center). cDNA
generated using MuLlV reverse transcriptase and reverse tran-
scription reagents (Life Technologies). SYBR Green (Life Tech-
nologies)-based real-time PCR was performed as described
previously [72] using the primers listed in table 3. Data was
acquired by a ViiA 7 real-time PCR system (Life Technologies)
and analyzed using the comparative Ct method (AACt method).
Murine target gene transcription within each sample was
normalized to the respective levels of Gapdh mRNA.

was

Statistical analysis

Data obtained from tissue culture experiments, bacterial gene
transcription experiments, and the bovine ligated ileal loop model
was log-transformed prior to analysis with a paired Student’s itest.
To determine statistical significance for relative mucosal mRNA
transcription and tissue bacterial load between treatment groups,
an unpaired Student’s t-test was employed.

Supporting Information

Figure S1 TviA reduces T3SS-1-induced inflammatory
responses independent of bacterial entry into host cells.
(A) Genetic organization of the vaB operon in S. Typhi Ty2. (B)
The S. Typhi Ty2 wild-type strain, a AviaB mutant (SW347), a
AtviB-vexE mutant (SW74), a AviaB invA mutant (STY4), and a
AwiB-vexE invA mutant (SW611) cultured in DMEM were used to
infect HeLLa57 cells. NF-kB activation was determined after 5 h
(N=4). (C and D) HeLa 57A cells were infected with the S. Typhi
Ty2 wild-type strain, a AviaB mutant (SW347), a AviaB invd
mutant (STY4), or a AviaB invA mutant harboring pRI1203 (N = 3)
precultured in TYE broth. (C) Cells were infected at a multiplicity
of infection of 5 for 1 h and extracellular bacteria killed by
treatment with Gentamicin for 90 min. Recovered bacterial
numbers were standardized to the number of the bacteria in the
inoculum. (D) To determine NF-kB activation, luciferase activity
measured 5 h after infection (N=4). Bars represent geometric

means * standard error. **, P<0.01; ns, not statistically
significant.
(TIF)

Figure S2 TviA reduces T3SS-1-induced NF-kB activa-
tion independent of flagellin expression. (A) Schematic
representation of the TviA regulatory network in 5. Typhi and
effect on host signaling pathways. (B and C) HelLa 57A cells (B) or
HEK-293 cells transiently transfected with a NF-kB-dependent
reporter plasmid (pNFkB-luc) (C) were infected with a S. Typhi
AfliC mutant (SW359), a AfliC AviaB mutant (SW483), derivatives
carrying the cloning plasmids pWSK29 (pWSK) or the plasmid
pTVIAL, and a AfliC AviaB invA mutant (SW398). Luciferase
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activity was quantified 5 h after infection to determine NF-xB
activation levels (N'=3). Bars represent geometric means =
standard error. *, P<<0.05; ** P<<0.01; *** P<0.001.

(TTF)

Figure S3 Effect of TviA on bacterial gene expression in
vitro. The S. Typhi wild type Ty2 (WT), a AviaB mutant (SW347), a
AwiB-vexE mutant (SW74), the S. Typhimurium wild-type SL1344, a
SL1344 phoN mutant (SW759), a SL1344 phoV::tvid mutant (SW760),
the S. Typhimurium 14028 Nal® wild type (IR715), a 14028 Nal®
phoN mutant (AJB715), and a 14028 Nal® phoN:tid (SW474) were
cultured in TYE broth for 3 h. RNA was extracted and qRT-PCR
performed to determine the relative abundance of fIkD (A), fld (B),
ol (C), prgH (D), sipA (E), and sopE (F) mRNA. Data presented is
fold change over the abundance of mRNA recovered from the
respective wild-type strain after standardization to the housekeeping
gene gmk. The dotted line indicates no change in gene expression.
Bars represent geometric means from 3 (S. Typhimurium) or 4 (S.
Typhi) independent experiments * standard error. *, P<0.05; **,
P<0.01; #** P<0.001; ns, not statistically significant.

(TIF)

Figure $4 Contribution of SopE, SipA, SopB, and SopE2
to NF-kB activation in human epithelial cells. Hel.a 57A
cells were treated with media only (mock treatment) or infected
with the indicated S. Typhimurium SL1344 derivatives. Certain
Salmonella strains lacked defined T3SS-1 effector proteins to
analyze the responses induced by SopB (light grey bar), SipA
(white bar), and SopE (dark grey bar). NF-kB activation was
assessed 5 h after infection based on a NF-xB-driven luciferase
reporter system (N=4). Bars represent geometric means =
standard error. **, P<<0.01; ns, not statistically significant.

(TIF)

Figure S5 Inhibition of RIP2 signaling does not affect
invasiveness of §. Typhi strains. Hela 57A cells pretreated
with DMSO or RIP2 inhibitor (SB203580; dissolved in DMSO)
were infected with the indicated S. Typhi strains at a MOI of 10
and invasion determined by a Gentamicin protection assay. Bars
represent geometric means * standard error. ns, not statistically
significant.

(TIF)

Figure S6 Expression of TviA in §. Typhimurium 14028
Nal® reduces T3SS-1-driven NF-kB activation in epithe-
lial cells. HeLa 57A cells were infected with the S. Typhimurium
14028 Nal® derivatives or treated with bacterial growth media
(mock treatment). Luciferase activity determined 5 h after
infection (N=4). Bars represent geometric means * standard
error. ¥ P<0.01;

(TTF)

Figure S7 Bacterial colonization in the mouse colitis
model. (A and B) Streptomycin-pretreated mice were infected
with the indicated §. Typhimurium SL1344 derivatives as
described in Figure 6. The bacterial load in the colon content
(A) and the Peyer’s patches (B) was determined 12 h after
infection. Bars represent geometric means * standard error. ns,
not statistically significant.

(TIF)
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